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Abstract

This article explores the unsteady flow, heat, and mass transport of a Prandtl nanofluid flow over a stretching sheet due to the existence of mixed

convection, first-order slip, and chemical reaction. The flow characteristics are analysed for the interaction of thermal and solutal Biot numbers.

The system of coupled non-linear leading partial differential equations (PDEs) is converted into non-linear ordinary differential equations (ODEs)

with the facilitation of given similarity transformations. Furthermore, these equations are solved by applying a semi-analytical method termed

the “Optimal Homotopy Analysis Method” (OHAM) using the computational software MATHEMATICA. The tables and figures present the

numerical computations of the pertinent parameters of the flow problems. The essential findings of this study are for the growing values of

the Prandtl parameter, the velocity profile is enhanced, and the temperature profiles show the opposite behaviour. Unsteady parameters reduced

the thickness of the heat and moving boundary layers. The temperature profiles are enhanced as the thermal Biot number grows, and similar

characteristics can be observed in the solutal Biot number on concentration profiles.
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1. Introduction

The exploration of boundary layer flow over an expanding

sheet has been used for decades in the existence of magneto-

hydrodynamics (MHD), which plays a significant role in en-

gineering and science. However, the problems involved with

those are generally relating to heat and mass transfer phenom-

ena. These developments include the manufacturing proce-

dures like the design of nuclear reactors, cooling processes of

∗Corresponding author: Tel.: +91-9848206694

Email address: drgopikrishnag@gmail.com (G. Gopi Krishna)

a stretching sheet in glass and polymer industries, wire draw-

ing, machine devices, automotive engines, paper production,

etc. Due to these industrial applications, many researchers have

gained more interest on stretching sheet with fluids having var-

ious physical characteristics. The boundary layer behavior over

laminar and turbulent flows on a continuous flat plate and solid

surfaces was initiated by Sakiadis [1, 2]. Tsou et al. [3] stud-

ied the continuously expanding surface by unvarying velocity.

Crane [4] explored an excellent work on two-dimensional flow

of boundary layer more than a stretching sheet. Further, sev-

eral researchers have designed the Newtonian vis-à-vis non-
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Newtonian fluid past a linear/nonlinear expanding sheets [5–9].

In recent years, research work has shown that base fluids

like water, engine oil, ethylene glycol, and grease contain low

thermal conductivity in comparison to the metals. To lead this

situation, the researchers introduced nanometer-sized metallic

particles and then significantly added them to base liquids. As a

result, thermo-physical properties improve continuously. Later,

these are known as nanofluids, which are created up of tiny

minute particle suspensions having a size between 10nm and 50

nm. Best examples of these fluids are metals like, Au, Cu, Ag,

oxidesAl2O3
,CuOcarbide ceramics,Tic,S ic, carbon nanotubes and

so on. This concept was a new kind of heat transfer medium that

attracted several researchers due to their tremendous utilization

in engineering fields and science, a few of them mentioned as

chemical production, micro-electronic cooling, air condition-

ing, transportation, ventilation, and so on. Choi & Eastman

[10] was one of the first researchers who worked on nanoflu-

ids. The conductivity of the fluids at the usual temperature was

experimentally studied by Chon and Kihm [11] and Li and Pe-

terson [12]. Buongiorno [13] has investigated that the Brow-

nian motion and thermophoresis influences are two extensive

forces that cause the (slip velocity) drift-flux of nanoparticles

in the base fluid. The accurate solution of Cassonnanofluid

above permeable shrinking/stretching sheets without and with

the extraneous Lorentz force was considered by Krishnendu et

al. [14]. Prasad et al. [15] interpret the enforce of the flux

model considering Williamson-Nanofluid flow through an ex-

panding sheet under variable thickness. Recently, Tlili and

Tawqeef [16] discussed the nanotechnology for water purifica-

tion: electrospunnanofibrous membrane in water and waste wa-

ter treatment. Dadheech et al. [17] characterized the Marangoni

convection flow of γ–Al2O3 nanofluids past a porous stretch-

ing surface with thermal radiation effect in the presence of an

inclined magnetic field. Mfon et al. [18] studied the impact of

biochemical synthesis, characterization, and electrodeposition

of silver nanoparticles on a gold substrate. Tlili et al. [19, 20]

and Hejazi et al. [21] explored the inclined surface slip flow

of nanoparticles with subject to mixed convection phenomenon

and molecular dynamic study of vacancy defect influence on

carbon nanotubes.

Nowadays, mixed convection problems have attracted var-

ious scientists and researchers owing to its important submis-

sion in industries as well as engineering, namely, fans used in

various devices, solar receivers, drying technologies, and so

on. Keeping an eyes on these applications, Moutsoglou and

Chen [22] designed the special possessions of buoyancy on

the continuously moving surface. Vajravelu [23] investigated

the heat transport aspects over an expanding sheet in the ex-

istence of cross flow. Magneto buoyancy forces acting on a

porous medium with viscous dissipation were in spected by

Das et al. [24]. Mixed convection nanofluid flow with MHD

on a stretching sheet with thermal radiation was studied by Af-

shraf et al. [25, 26]. Recently, Hayat and Nadeem [27] worked

on the buoyancy influences on the heat transport of Hematite–

water nanofluid by an expanding sheet. Habib et al. [28] re-

cently examined the impact of Stephen blowing on the stretch-

ing sheet-induced by the movement of nanofluids. Ohaeg-

bue et al. [29] discussed the analysis of hydromagnetic dou-

ble exothermic chemical reactive flow with convective cooling

through a porous medium under biomolecular kinetics. Asif et

al. [30] and Lund et al. [31] observed the unsteady flow of frac-

tional fluid between two parallel walls with arbitrary wall shear

stress using Caputo–Fabrizio derivative and fractional order-

two dimensional magnetohydrodynamics unsteady flow gener-

alized viscous fluid shrinking sheet.

Most of the above-cited researchers studied the effect of

steady/unsteadiness, stretching sheet with mixed convection,

melting heat of nanofluid, homogeneous–heterogeneous reac-

tions, convective boundary conditions, etc., using various syn-

thetic techniques. Owing to the earlier survey, no research has

yet been undertaken on the influences of buoyancy and chemi-

cal reaction with convectively heated unsteady Prandtlnanofluid

utilizing the optimal homotopy analysis technique. Consider-

ing all of these studies, the existing work aims to examine the

study of flow, heat and mass transfer description of an unsteady

mixed convective Prandtlnanofluid over a stretching sheet using

an approximate analytical study as OHAM (see, [32–34]).

Furthermore, Magnetohydrodynamic (MHD) flow over a

shrinking sheet and heat transfer with viscous dissipation has

been studied by Lund et al. [31]. Unidirectional flows of

fractional viscous fluids in a rectangular channel are studied

by Asif et al. [30]. Shoaib et al. [35] have examined he

three-dimensional Prandtl nanofluid flow model (TD-PNFM)

by utilizing the technique of Levenberg Marquardt with back

propagated artificial neural network (TLM-BANN). Hejazi et

al. [21] have examined the role of velocity slip effects for the

mixed convection flow of nanofluid endorsed due to an inclined

surface. Vaidya et al. [36] interpret the blood flow analysis

through a non-uniform inclined channel by treating blood as

a non-Newtonian Phan-Thien-Tanner (PTT) liquid. Shuai et

al. [37] discussed the atomic vacancy defect influence on nano

pumping performance of CNT structure with the molecular dy-

namics (MD) method. Alqahtani et al. [38] have designed the

atomic obstacle size influence on the Hydrogen flow inside a

nanochannel.

Recently, Guled et al. [39] discussed the OHAM method

for finding MHD slip flow and heat transfer of UCM fluid with

the effect of suction/injection due to stretching sheet. Raman-

jini et al. [40] studied the unsteady axisymmetric Williamson

nanofluid flow in the presence of mixed convection and ther-

mal radiation by optimal homotopy analysis method (OHAM).

Mallikarjun and Umadevi [41] examined the OHAM technique

on the MHD Cattaneo-Christov model for a Williamson fluid

flow across a wedge with a convective boundary condition.

The novelty arises because of the slip velocity condition as

well as the convective conditions for the heat and solutal pro-

file that enriches the flow phenomena with the afore-mentioned

subject cited. The comparative analysis with the earlier pub-

lished results shows the convergence criteria of the proposed

methodology. The significant characteristics of the pertinent

parameters are presented through Figures and the simulated re-

sults for the rate coefficients are also deployed in tabular form.
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2. Formation of the Problem

In this study, 2-D unsteady flow phenomena of a Prandtl

nanofluid flow through an expanding sheet in the existence of

mixed convective, chemical reaction, and first-order slip is con-

sidered. In addition to these, thermal and solutal boundary sit-

uations are considered. The stretching sheet is situated on a

plane surface at y = 0 having x-axis vertically upwards. Here

the surface is assumed to be impermeable v = 0 and the flow

is subjected to a transverse magnetic field of strength B0. Heat

transfer characteristics are analyzed by considering the effects

of Brownian motion and thermophoresis phenomena. The ve-

locity of the stretching sheet is assumed to be u and v along the

Cartesian co-ordinates x, y-direction respectively. A downward

gravitational force g is acting on the sheet. The nanoparticle

concentration and temperature by the surface of the stretching

sheet is defined as Cw and Twrespectively. Further, T∞ it denote

ambient temperature and C∞ indicates the nanoparticle concen-

tration of the sheet. There exist a buoyancy assisting flow above

the sheet and buoyancy opposing flow below the sheet (for more

details see Figure 1).

In consideration to these assumptions, the flow phenomena

for continuity, momentum, energy and nanoparticle concentra-

tion are insured as:

∂u

∂x
+
∂v

∂y
= 0. (1)

∂u
∂t
+ u ∂u

∂x
+ v ∂u

∂y
= v A

C1

∂2u
∂y2 + v A

C3
1

∂2u
∂y2

(

∂u
∂y

)2

−
σB2

ρ
u + g βT (T − T∞) + g βC (C −C∞).

(2)
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
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


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+
Q0

ρcp
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(
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(3)

∂C
∂t
+ u ∂C

∂x
+ v ∂C

∂y
= DB

∂2C
∂y2 +

DT

T∞

∂2T
∂y2

−K1 (C −C∞).
(4)

with respective boundary situations are:

u = U + α2
∂u
∂y
, v = 0, −

(

∂T
∂y

)

= hT (TW − T ) ,

−DB

(

∂C
∂y

)

= hc (Cw −C) at y = 0,

u→ 0 ,T → T∞ C → C∞ as y→ ∞.























(5)

Here u and v denote the velocity components along the Carte-

sian co-ordinates x, y-direction respectively, ν denote kinematic

viscosity, g be the gravitational force A and C1 are constants

related to Prandtl fluid, ρ is fluid density, σ is electric conduc-

tivity, βT be the coefficient of thermal expansion, andC be the

nanoparticle concentration of fluid respectively, βC concentra-

tion expansion coefficient, τ the heat capacity ratio, DB and DT

Brownian and thermophoretic diffusions respectively, Q0 is co-

efficient of heat generation / absorption, µ is dynamic viscosity,

K1 is rate of reaction, K is the thermal conductivity, cp be the

specific heat, α2 is the velocity slip parameter, hT and hC the

heat and mass transfer coefficient, T be the temperature, α1 be

the thermal diffusivity.

The involved governing PDE’s are transformed in to a set

of ODE’s through introducing the following transformation.

η = y
√

c0

ν(1−δt)
, ψ =

√

c0ν

(1−δt)
x f ′ (η) ,

θ (η) = T−T∞
Tw−T∞

, Tw = T∞ +
c0ν

(1−δt)
,

φ (η) = C−C∞
Cw−C∞

and Cw = C∞ +
c0ν

(1−δt)
.



























(6)

For the assistance of above modification, the fluid moments

along x and y direction are provided in the dimensionless form

as:

u = ∂ψ/∂y =
cx

(1−δt)
f ′ (η) ,

v = −∂ψ/∂y =
√

vc

(1−δt)
f ′ (η).

(7)

Taking into account, the similarity transformations and substi-

tuting stream function, Eqns. (2) - (5) can be reduced to the

following form:

α f
′′′

+ β f
′′′

f n2 + f f
′′

− Mn f
′

+ λT (θ + λcφ)

−Al
(

f
′

+
(

1
2

)

η f
′′
)

= 0.
(8)

θ
′′

+ Pr
[

f θ
′

+ Nbφ
′

θ
′

+ Ntθ
′

+ Ec f n2 + λθ
]

−Pr Al
(

θ +
(

1
2

)

ηθ
′
)

= 0.
(9)

φ
′′

+
(

Nt
Nb

)

θ
′′

+ Le fφ
′

− LeKcφ−

LeAl
(

φ +
(

1
2

)

ηφ
′
)

= 0.
(10)

f (η) = 0, f ′ (η) − α2 f ′′ (η) = 1,

θ′ (η) + BiT = BiT θ (η) ,

φ′ (η) + BiC = BiCφ (η)



















at η = 0,

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

(11)

The governing dimensionless quantities

α, β,Mn, λT , λC , Pr, A1,Nb,Nt, λ, Ec, Le,Kc, α2, BiT , and

BiC , present in the equations above are known as magnetic

parameter, Prandtl fluid parameters, thermal and concentration

buoyancy parameters, thermophoresis parameters, Brownian

motion, heat source/sink, unsteady parameter, the Eckert

number, the Lewis number, Prandtl number, velocity slip,

chemical reaction parameter, thermal and solutalBiot numbers

respectively, which can be defined as follows.

α = A
C1
, β =

A2c3
0
x2

2C3
1
ν(1−δt)3 , Mn =

σB2(1−δt)

ρc0
,

λT =
gBT (1−δt)2(Tw−T∞)

c2
0
x

, λC =
BC (Cw−C∞)

BT (Tw−T∞)
,

Pr = ν
α1
, Nb =

τDB(Cw−C∞)

ν
,Nt =

τDT (Tw−T∞)

νT∞
,

λ =
Q0 x(1−δt)

ρc0cp
, Ec =

c0 x

cp(Tw−T∞)
, Le = ν

DB
,

Kc =
K1(1−δt)

c0
, α2 = λ1

√

c0

ν(1−δt)
,

BiT =
hT

K

√

ν(1−δt)

c0
and BiC =

hC

DB

√

ν(1−δt)

c0
.

(12)

2.1. Physical Quantities

The significant engineering quantities, such as mass transfer

rate, drag force, heat transfer rate, are computed as follows.

C fx
= τw
/

U2
w
, Nux =

xqw/α1 (Tw − T∞),

S hx =
x jw/DB (Cw −C∞) ,
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Table 1. Values of Nusselt number, Sherwood number and Skin friction, with the computed CPU time (in seconds) for Dissimilar governing variables and for fixed

BiC = BiT = 1, at 10th approximation.

α2 Le λ Kc Nt Nb λC λT Mn β α − f ′′(0) −θ′(0) φ′(0) CPU time

0.1 0.22 0.1 0.22 0.2 0.2 0.3 0.3 0.1 0.3 0.1 0.8862 0.5101 0.5553 159.65

0.5 0.7062 0.5407 0.5564 147.96

0.9 0.6265 0.5593 0.5583 156.10

0.1 0.22 0.1 0.22 0.2 0.2 0.3 0.3 0.1 0.3 0.1 0.8862 0.5101 0.5553 159.65

0.7 0.8033 0.5190 0.5555 144.09

1.1 0.7616 0.5250 0.5556 178.72

0.1 0.22 0.1 0.22 0.2 0.2 0.3 0.3 0.1 0.3 0.1 0.8862 0.5101 0.5553 159.65

0.5 1.1153 0.4768 0.5542 181.29

0.9 1.3027 0.4508 0.5536 136.20

0.1 0.22 0.1 0.22 0.2 0.2 0.3 0.3 0.1 0.3 0.1 0.8862 0.5101 0.5553 159.65

0.6 0.5159 0.5625 0.5576 177.85

0.9 0.0223 0.6128 0.5609 168.45

0.1 0.22 0.1 0.22 0.2 0.2 0.1 0.3 0.1 0.3 0.1 0.9630 0.4978 0.5548 139.40

0.3 0.8862 0.5101 0.5553 159.65

0.5 0.8059 0.5237 0.5558 164.20

0.1 0.22 0.1 0.22 0.2 0.2 0.3 0.3 0.1 0.3 0.1 0.8862 0.5101 0.5553 159.65

0.4 0.8429 0.4148 0.5664 138.24

0.6 0.8651 0.4620 0.5664 129.22

0.1 0.22 0.1 0.22 0.5 0.2 0.3 0.3 0.1 0.3 0.1 0.8862 0.5101 0.5553 159.65

1.0 0.8621 0.4613 0.5609 158.86

2.0 0.8403 0.4145 0.6079 177.31

0.1 0.22 0.1 -0.2 0.2 0.2 0.3 0.3 0.1 0.3 0.1 0.8674 0.5154 0.4133 123.04

0.5 0.8862 0.5101 0.5553 159.65

1.0 0.8961 0.5086 0.6312 124.09

0.1 0.22 0.1 0.2 0.5 0.5 0.1 0.2 0.1 0.2 0.2 0.8781 0.5051 0.5530 146.78

0.8862 0.5101 0.5553 159.65

0.9007 0.5204 0.5590 159.88

0.1 0.22 0.1 0.2 0.5 0.5 0.1 0.2 0.1 0.2 0.2 0.8864 0.5109 0.5553 162.32

0.8716 0.4696 0.5642 141.23

0.8576 0.4304 0.7089 135.21

0.1 0.22 0.1 0.2 0.5 0.5 0.1 0.2 0.1 0.2 0.2 0.8864 0.5109 0.5553 162.32

0.3 0.8321 0.3812 0.5723 144.21

0.5 0.7863 0.2875 0.5920 132.44

0.1 0.22 0.1 0.2 0.5 0.5 0.1 0.2 0.1 0.2 0.2 0.8864 0.5109 0.5553 162.32

0.66 0.8997 0.5107 0.6621 128.32

0.96 0.9071 0.5101 0.7089 142.40

0.1 0.22 0.1 0.2 0.5 0.5 0.1 0.2 0.1 0.2 0.2 0.8864 0.5109 0.5553 162.32

0.3 0.6241 0.5071 0.5071 135.52

0.5 0.4709 0.5057 0.5528 161.21

Table 2. Comparison of Skin friction coefficient f ′′ (0) for various approximation of α with Nb = Nt = Ec = Le = λT = λC = Kc = BiT = BiC = α2 = 0, α = β =

0.2, Pr = 1,Mn = 0.1.

α Habib et al. [28] Malik et al. [8] Khan et al. [9] Present result

0 -1.8428 -1.8421 -1.8463 -1.8478

1 -1.0100 -1.0089 -1.0041 -1.0012

5 -0.5213 -0.5210 -0.5223 -0.5205

10 -0.4150 -0.4152 -0.4148 -0.4156

where τw = ν

[

A
C1

∂u
∂y
+ A

6C3
1

(

∂u
∂y

)3
]

,

qw = −α1
∂T
∂y

and jw = −DB
∂C
∂y

at y = 0.

The dimensionless form can be created using the leading

transformations. The following is a reduction of the mass trans-

fer coefficient, skin friction coefficient, and heat transfer coeffi-
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cient.

Re1/2
x C fx

=

[

αβ

3
f ′′3 (0) + α f ′′ (0)

]

,

Re−1/2
x Nux = −θ

′ (0) and Re−1/2
x S hx = −φ

′ (0) ,

where Rex = c0x/ν (1 − δt) is called Reynolds number.

3. Method of Solution of the Problem

In the current article, the leading equations of highly non-

linear ODE’s (8)–(10) along with relevant boundary condi-

tions (11) are determined by a semi-analytical method, namely

“OHAM (Optimal Homotopy Analysis Method)” (see refer-

ences [32–34, 39–41]). The system of OHAM gives the aux-

iliary linear operators, initial estimates, and base functions of

the problem. To acquire the suitable solutions of the govern-

ing equations determining the sensible initial observations and

linear operating functions based on the boundary conditions.

f0 (η) = (1 + α2)−1
(

1 − 1/eη
)

, θ0 (η) = 1/eη

and φ0 (η) = 1/eη,
(13)

L f = f ′′′ − f ′′, Lθ = θ
′′
− θ′ and Lφ = φ

′′
− φ′. (14)

3.1. Convergence Criteria

The auxiliary parameters are referred to as convergence

control parameters (h f , hθ, hφ) , 0, which are useful for the

convergence criteria. As a result, the optimal homotopyanaly-

sis technique (OHAM) provides a suitable method for achieving

the convergent solution. The optimized values of h f , hφ and hθ,

we will illustrate the averaged and total squared.

The auxiliary parameters are referred to as convergence

control the parameters
(

~ f , ~θ, ~φ
)

, 0,

E
f
n

(

h f

)

= 1
M+1

∑M
K=0

(

N f

[

f[M](nk), θ[M](nk), φ[M](nk)
]2
)

E
f
n (hθ) =

1
M+1

∑M
K=0

(

Nθ

[

f[M](nk), θ[M](nk), φ[M](nk)
]2
)

E
f
n

(

hφ
)

= 1
M+1

∑M
K=0

(

Nφ

[

f[M](nk), θ[M](nk), φ[M](nk)
]2
)



























,

(15)

and Et
n = E

f
n + Eθ

n + E
φ
n , δy = 0.5, k = 20.

To reduce these errors, computational software such as

Mathematica is utilized for distinct values of n. Here, the obser-

vation clarifies that the averaging nearly and the residual errors

are reduced, while the approximation improves, this confirming

that OHAM successfully exists.

4. Results and Discussion

The similarity transformations (6) - (7) are used to convert

the leading coupled non-linear PDE’s (2) - (5) into a set of

ODE’s (8) - (11). The optimal homotopy analysis scheme is

then used to solve these ODEs. Computational software, such

as Mathematica, is used to solve these differential equations. To

inspect the related physical parameters, such as Prandtl fluid pa-

rameters, α and β representative. Magnetic paramete Mn ther-

mal buoyancy parameter λT , concentration buoyancy parameter

λC , unsteady parameter A1, Brownian motion parameter Nb,

Prandtl parameter Pr, thermophoresis parameter Nt, heat source

or sink parameter λ, Lewis parameter Le, Eckert parameter Ec,

Figure 1. Schematic diagram of Prandtl nanofluid.

Figure 2. Velocity profile for distinct values of Al and Mn with α = β =

λc = λT = 0.3;α2 = λ = 0.1 Pr = BiT = BiC = 1Le = 0.22,Nb = Nt =

0.2, Ec = Kc = 0.2.

Figure 3. Temperature profile for distinct values of Al and Mn with α =

β = λc = λT = 0.3;α2 = λ = 0.1 Pr = BiT = BiC = 1Le = 0.22,Nb =

Nt = 0.2, Ec = Kc = 0.2.
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Figure 4. Velocity profile for distinct values of Aland αwith β = λc =

λT = 0.3 Mn = α2 = λ = 0.1 Pr = BiT = BiC = 1 Le = 0.22,Nb =

Nt = 0.2, Ec = Kc = 0.2.

Figure 5. Temperature profile for distinct values of Aland αwith β =

λc = λT = 0.3 Mn = α2 = λ = 0.1 Pr = BiT = BiC = 1 Le =

0.22,Nb = Nt = 0.2, Ec = Kc = 0.2.

Figure 6. Velocity profile for distinct values of Mnand β withα = λc =

λT = 0.3, Al = α2 = λ = 0.1 Pr = BiT = BiC = 1 Le = 0.22,Nb =

Nt = 0.2, Ec = Kc = 0.2.

Figure 7. Temperature profile for distinct values of Mn and β with α =

λc = λT = 0.3, Al = α2 = λ = 0.1 Pr = BiT = BiC = 1 Le =

0.22,Nb = Nt = 0.2, Ec = Kc = 0.2.

Figure 8. Velocity profile for distinct values of λT and λT with α = β =

0.3, Mn = α2 = λ = 0.1Pr = BiT = BiC = 1 Le = 0.22,Nb = Nt =

0.2, Ec = Kc = 0.2.

Figure 9. Temperature profile for distinct values of λT and λT with α =

β = 0.3, Mn = α2 = λ = 0.1Pr = BiT = BiC = 1 Le = 0.22,Nb =

Nt = 0.2, Ec = Kc = 0.2.

5
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Figure 10. Concentration profile for distinct values of λT and λT with

α = β = 0.3, Mn = α2 = λ = 0.1Pr = BiT = BiC = 1 Le = 0.22,Nb =

Nt = 0.2, Ec = Kc = 0.2.

Figure 11. Velocity profile for distinct values ofMn and α2 with Al =

λ = 0.1; β = α = λc = λT = 0.3,Pr = BiT = BiC = 1Le = 0.22,Nb =

Nt = 0.2, Ec = Kc = 0.2.

Figure 12. Temperature profile for distinct values of Ec and λ with

Al = α2 = 0.1, β = α = λT = λC = 0.3, Pr = BiT = BiC = 1,

Le = 0.22, Nb = Nt = 0.2, Mn = Kc = 0.1.

θ′ (0) are also studied in detail and dispense in Table 1.

Figure 13. Temperature profile for distinct values of Prand BiT withAl =

λ = α2 = 0.1,Le = 0.22BiC = 1, β = α = λT = λC = 0.3,Mn =

0.1,Nb = Nt = 0.2, Ec = Kc = 0.2.

Figure 14. Temperature profile for distinct values of Nb and Nt with

Al = α2 = λ = 0.1,β = α = λT = λC = 0.3, Mn = Kc = Ec = 0.2,

Pr = BiT = BiC = 1, Le = 0.22.

Figure 15. Concentration profile for distinct values of Nt with Nb = 0.3,

Al = λ = α2 = 0.2, β = α = λT = λC = 0.3, Mn = 0.1, BiC = Pr =

BiT = 1, Le = 0.22, Ec = Kc = 0.2.
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Figure 16. Concentration profile for distinct values of Kc and Le with

Al = λ = α2 = 0.1, β = α = λT = λC = 0.3, Mn = 0.1, BiC = Pr =

BiT = 1, Nb = Nt = 0.3,Ec = Kc = 0.2.

Figure 17. Concentration profile for distinct values of BiC and Le with

Al = λ = α2 = 0.1,β = α = λT = λC = 0.3, Mn = 0.1, Pr = BiT = 1,

Nb = Nt = 0.3,Ec = Kc = 0.2.

Figure 18. Residual error profiles of velocity, temperature and concen-

tration for distinct values of Mn with Nb = 0.3, Al = λ = α2 = 0.1,β =

α = λT = λC = 0.3, BiC = Pr = BiT = 1,Le = 0.22, Ec = Kc = 0.2.

Figure 19. Residual error profiles of velocity and temperature for dis-

tinct values of Mn withNb = 0.3, Al = λ = α2 = 0.1, β = α = λT =

λC = 0.3, BiC = Pr = BiT = 1, Le = 0.22, Ec = Kc = 0.2.

Figure 2 and Figure 3, exhibits the influence of magnetic

parameters Mn and unsteady parameter A1 over the velocity

and temperature profiles. It is clearly shown that f ′ (η)decline

and θ (η)rises for extending values of Mn. In this case, for en-

hancing values of Mn generate the drag force called the Lorentz

force, which acts as drag force reverse to the flowing direction

which arises in a decline in rate. In consequence, the thick-

nesses of the boundary layer momentum diminish as a raise

in Mn. The increasing values of unsteady parameter A1 de-

crease the profiles f ′ (η) and φ (η) (see Figure 2 and Figure

3); this is due to the fact that the velocity gradient at the sur-

face is larger for extending values ofA1. As an effect of the

increased skin friction coefficient, the thickness of the bound-

ary layer decreases. Figure 4 and Figure 5 depict the influence

of α and A1 over f ′ (η) and φ (η). Here observing that f ′ (η)

extends and θ (η) reduces as long as higher values of α. Figs.

6 - 7 can be drawn for distinct values of β and Mn. For rising

values of β the velocity profiles shows dual nature and tem-

perature profiles decreases. The implication of λT and λC on

profiles is f ′ (η), θ (η) and φ (η) described in Figure 8, Figure

9 & Figure 10, extending values of λT a raise in velocity pro-

file f ′ (η) and temperature profile θ (η) decreases. Physically,

the λT positive values correspond to flow assisting and λT neg-

ative values results opposite behavior, whereas nλT = 0 signi-

fies then no appearance of buoyancy forces. However, a com-

pletely different pattern might noticed in the case of θ (η) and

φ (η). Same trend can be reflected for the situation of λC . Fig-

ure 11 is sketched for various observations of α2 and Mn on the

velocity profile. For extending observations of α2, it is known

that velocity distribution reduces and go on enhanching sig-

nificantly. Significance of the Eckert number along with heat

source/sink on the fluid temperature is dispense in Figure 12

θ (η) enhances as Ec increases and it is appropriate to the rela-

tionship between Ec and (Tw − T∞), heat source/sink parameter

also gives the same pattern. Figure 13 is strained the explana-

tion of dissimilar Pr and BiT on temperature profiles θ (η). The

fluid temperature enhances as BiT extends because BiT is pro-

7
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portional to hT . Suitably stronger convection is occurred due to

BiT that leads to augment in the profile. Clearly the tempera-

ture profile diminishes as larger values of Pr. Clearly, larger Pr

shows a greater heat capacity, which strengthen the heat trans-

fer. The influence of Nb and Nt on θ (η) and φ (η) are depicts

in Figure 14 and Figure 15. Here inspecting that temperature

profiles upgrades whereas concentration distribution declines

as long as the values of Nb increases. For Nt, both temper-

ature & concentration profile improves, this is because of the

property of thermophoresis that indicated as nano-particles mi-

grate from a hot place to a cooler place, as result θ (η) increases.

Figure 16 is drawn for various observations of Lewis parame-

ter Le and Kc over a concentration profile. Higher observations

of Le concentration profile decreases, this is because of Le has

inverse relation with DB, which leads to a decline the thickness

of the solutal boundary surface. Same effect has seen for the

case of Kc. Substantially, Kc > 0 shows destructive reaction

and whereas Kc < 0 gives constructive, and Kc = 0 gives null

chemical reaction. Figure 17 is plotted for various observations

of Le and BiC . φ (η) Increases for higher observations of BiC ,

this is because of solutal Biot number is directly proportional

to hC . Figure 18 and Figure 19 give averaged squared resid-

ual error graphs for different values ofA1, Mn andα. These graphs

can be drawn to check the physical behavior and how the resid-

ual errors behave with the particular parameters while applying

OHAM.

4.1. Physical Parameters Effect on −f ′′(0),−f ′(0) and −θ′(0)

The consequence of different Skin friction coefficient phys-

ical parameters − f ′′(0), Sherwood number and Nusselt num-

ber θ′(0) and φ′(0) are numerically presented in Table 1. The

shear rate reduces for upper values of Mn, Al and enhances

for α, λT , λC and the remaining parameters doesn’t show any

effect. θ′(0) enhances for higher observations of Mn, λ, Ec,

Nb, Nt, BiT and declines for A1, Q, λT , λC ,Pr, and there is

no effect for the remaining parameters. In the similar way, φ′(0)

falls for larger observations of λC ,A1, Le, Kc and enhances for

Nb, Nt, BiC . Concentration will not affect other parameters.

4.2. Comparison Results of the Work

Here, comparing the results with the earlier published re-

sults of Habib et al. [22], Malik et al. [8] and Khan et al.

[9] for dissimilar iterations of the Prandtl parameter α on the

skin friction coefficient − f ′′(0) the numerical results are pre-

sented in Table 2. The rest of the parameters should be fixed

at certain appropriated values. Obtained numerical results are

approximately the same as the present work and hence confirm

the current work.

5. Conclusions

In this section, we analyzed the influence of unsteady

Prandtl nanofluid flow above a stretching sheet due to the in-

teraction of first-order slip and chemical reaction along with

thermal and solutalBiot influence. The significant contribution

of the leading physical parameters is exhibited by graphs and

tables. With the help of these results, the important key points

of this work can be written as:

• The fluid velocity vis-a-vis fluid temperature reduces for

increasing the values of unsteady parametersA1.

• The rising values of β the rate profiles initially reduce and

then extend, but the temperature profiles decrease.

• For higher values of buoyancy parameters (both ther-

mal and concentration buoyancy parameters), the veloc-

ity profile raises, and opposite results are produced in the

fluid temperature.

• For higherα2, the fluid velocity decrease and gradually

increase as away from the sheet.

• The fluid temperature enhances for rising values of Eck-

ert number, and the same behavior can be noticed in the

case ofλ.

• The temperature profiles improve for higher values of

thermal Biot number. SolutalBiot number also shows the

same result.

• Concentration profiles reduce for higher values ofKc.
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Nomenclature

A and C1 = Constants related to Prandtl fluid.

A1 = Unsteady parameter.

B0 =Magnetic field strength (tesla).

BT , BC = Thermal and solutalBiot numbers.

C = Concentration of the stretching sheet.

C fx
= Skin friction.

Cw = Concentration at wall.

cp = Specific heat at constant pressure

(J kg−1K−1).

C∞ = Ambient concentration.

DB = Brownian diffusion coefficient (kgm−1s ).

DT = Thermophoresis diffusion coefficient

(kgm−1s K).

Ec = Eckert number.

f = Dimensionless stream function (m2s−1).

hT , hC = Heat and mass transfer coefficients.

K1 = Rate of reaction.

Kc = Chemical reaction parameter.

Le = Lewis number.

Mn =Magnetic parameter.

Nb = Brownian motion parameter.

Nt = Thermophoresis parameter.

Pr = Prandtl number.

q = Heat flux per unit area (Wm−2).

Q0 = Heat generation/ absorption parameter

(Wm−3K−1).

T = Temperature (K).

Tw = Temperature at wall (K).

T0 Solid temperature (K).

T∞ = Ambient temperature (K).

U = Velocity of the radially stretching

Riga plate (ms−1).

u,w = Velocity components in the r and z

directions (ms−1).

x, y = Cartesian coordinates.

Greek symbols:

α & β = Prandtl fluid parameters.

α1 = Thermal diffusivity parameter.

δ = Dimensional constant.

η = Similarity variable.

λ = Heat source/sink parameter.

λT & λC = Thermal and concentration

buoyancy forces.

µ = Coefficient of viscosity (Ns m−2).

µ∞ = Ambient viscosity parameter.

ν = Kinematic viscosity (m2s−1).

φ = Dimensionless concentration.

ρ∞ = Fluid density (kgm−3).

σ = Electrical conductivity.

ψ = Stream function (m2s−1).

θ Dimensionless temperature (K).

θr = Fluid viscosity parameter (Pa s).

τ = Effective heat capacity of nanoparti-

cle (J K−1).

Subscripts

∞ = Condition at infinity.

w = Condition at the wall.

Superscript

'= Differentiation with respect to η.
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