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Abstract

The aim of present article is to explore the novel aspects of activation energy in

nonlinearly convective flow of Maxwell nanofluid driven by nonlinearly

stretched inclined cylinder. Generalized forms of Fourier’s and Fick’s law are

utilized through Cattaneo-Christov double diffusion scheme. Maxwell

nanomaterial model is used to describe the significant slip mechanism namely

known as Brownian and thermophoresis diffusions. Features of double

stratification, non-uniform heat generation/absorption, binary chemical reaction

and activation energy are considered for present flow problem. Modified

Arrhenius formula for activation energy is implemented. The resulting nonlinear

system is cracked for series solutions via homotopy technique. Effects of

different flow parameters on temperature, nanoparticle volume concentration and

velocity fields are examined through graphs and tables. Numerical computations

are performed for local Nusselt and Sherwood numbers. Our analysis reveals that

nanoparticle concentration is directly proportional to the chemical reaction with

activation energy. Moreover stratification variables diminish the temperature and

concentration. It is also noticed that higher estimation of Deborah number

declines the velocity profile of Maxwell fluid. Numerical outcomes are compared

with previous published results and found to be in good agreement for limiting

cases of the evolving parameters.
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1. Introduction
Non-Newtonian flows have attained considerable significance due to its applications

in the fields of applied science and engineering. Viscoelastic fluid is a subclass of

non-Newtonian fluid that exhibit both viscous and memory effect after the removal

of applied stress. Some common viscoelastic fluids are flour dough, egg white, poly-

mers, bitumen, blood and paints. Viscoelastic impacts are primarily essential when

there are abrupt changes in the strain rate as during contractions/expansions, pulsat-

ing flows and during start-up flow or stoppage. Maxwell model designates the visco-

elastic effects in terms of stress relaxation time that is the time required for the elastic

effects to decay. Viscoelastic materials are used in automobile bumpers, on computer

drives to protect from mechanical shock, in helmets (the foam padding inside), in

wrestling mats, in shoe insoles to reduce impact transmitted to a person’s skeleton.

Synthetic viscoelastic materials can be injected directly into an osteoarthritic knee,

enveloping cartilage-deficient joints and acting as a lubricant and shock absorber.

Abel et al. [1] performed numerical computations for steady flow of Maxwell fluid

in view of isothermal stretched surface. Hayat et al. [2] analyzed the problem of

Maxwell fluid with effects of melting heat transfer via homotopic technique. Ther-

mally stratified flow of Maxwell fluid with radiation effect is explored by Hayat et

al. [3]. Mustafa et al. [4] presented numerical analysis of Maxwell nanofluid over

an exponentially stretched plate. Radiative flow of Maxwell fluid in addition to

non-uniform heat source and slip effects is inspected by Zheng et al. [5]. Hayat

et al. [6] investigated nonlinear convective flow of Maxwell fluid with Cattaneo-

Christov double diffusion by variable thickness sheet.

Mechanism of heat and mass transport occurs naturally due to non-equilibrium state

of temperature and concentration within the medium or between different objects.

This process has great number of industrial and engineering applications like paper

production, artificial fibers, nuclear reactor cooling system, chemical waste migra-

tion, wire drawing, extrusion processes, hot rolling distillation towers and so on.

In past, remarkable efforts have been accomplished to discover system of heat and

mass transport by employing renowned Fourier’s law of heat theory [7] and Fick’s

law of mass diffusion [8]. Energy expression through Fourier’s law is of parabolic

type. That indicates that initial disturbance is promptly transmitted/sensed by the me-

dium under consideration. This fact of heat transfer is identified as “paradox of heat

conduction”. Later, Cattaneo [9] added a thermal relaxation time factor in heat

expression to resolve this paradox of heat. Christov [10] additionally revised Catta-

neo [9] theory by replacing time derivative with Oldroyd upper convective deriva-

tive. This modification is acknowledged by Cattaneo-Christov theory. The stability

in thermal state in Brinkman permeable medium by Cattaneo-Christov flux model

is offered by Haddad [11]. Hayat et al. [12] presented a comparative study of second

grade and elastico-viscous fluids in view of Cattaneo-Christov heat flux theory.
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Waqas et al. [13] examined heat transfer through Cattaneo-Christov heat flux model

for generalized Burgers fluid over a stretched surface. Hayat et al. [14] studied Jeffrey

fluid flow subject to Cattaneo-Christov double-diffusion over a stretched surface.

Some more recent research has been stated at [15, 16, 17, 18, 19, 20, 21, 22, 23].

The influence of heat generation/absorption on heat mechanism is another note-

worthy aspect in view of numerous physical problems. Heat distribution is directly

changed by heat generation/absorption in the fluid that consequently influenced the

rate of particle deposition in the medium/system like nuclear reactors, electronic de-

vices and semiconductors. Heat source/sink might be viewed as constant, space or

temperature based. In the present situation, we will examine non-uniform heat

source/sink that depends on space and temperature. Abo-Eldahab and El-Aziz

[24] discussed the effect of non-uniform heat source for the case of viscous fluid

only. Abel et al. [25] considered boundary layer flow of non-Newtonian over a

stretched sheet in view of non-uniform heat source and frictional heating. Abel

and Mahesha [26] studied the heat transfer of a non-Newtonian viscoelastic fluid

over a flat sheet in account of non-uniform heat source, variable thermal conductivity

and thermal radiation. Greesha et al. [27] deliberated the impact of non-uniform heat

source/sink for Casson fluid model. Some significant researches related to heat

source/sink are presented in the investigations [28, 29, 30, 31, 32].

The mass transfer mechanism with chemical reaction and activation energy has been

given marvelous attention due to its numerous applications in geothermal reservoirs,

chemical engineering, thermal oil recovery, food processing and cooling of nuclear

reactors. The eminent Arrhenius law (Eq. (1)) is generally of the form [33]:

K ¼ B*ðT � TNÞbpexp�� EA

kðT � TNÞ
�
; ð1Þ

In the above expression, K stands for reaction rate, EA for activation energy and k

(¼8.61 � 10⁻⁵ eV/K) for Boltzmann constant. Here factor B* defines a noticeable

rise in reaction rate when temperature is enhanced. Activation energy phenomenon

is frequently applicable in eminent areas such as oil reservoir engineering or

geothermal. There exist few theoretical works in literature related to activation po-

wer for different flow problems. Theoretically, it is rather difficult to tackle mass

transfer equation indicating the state of all involved chemical reactions in the system.

According to chemical kinetic theory, this problem is over viewed by imposing the

restriction of binary chemical reaction. Truesdell [34, 35] initially discovered the

expression of thermochemical equation for mixture of materials. Bestman [36]

examined the impact of activation energy in naturally convective flow of binary

mixture through a permeable medium. Maleque [37] measured the feature of activa-

tion energy and exothermic reactions for unsteady flow of liquid past a vertical

porous surface. Kandasamy et al. [38] deliberated feature of heat and mass transfer
on.2019.e01121
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along a wedge in presence of suction or injection, chemical reaction and heat source.

Makinde et al. [39] analyzed unsteady convective flow with radiative heat transfer

and chemical reaction over a permeable flat plate.

The main objective of the present article is to investigate the nonlinearly convective

flow of Maxwell nanofluid in account of activation energy, non-uniform heat source/

sink and double stratification. The flow is induced due to nonlinearly stretched sur-

face of an inclined cylinder with thermal and solutal stratification phenomena. The

novelty of problem is to investigate the Cattaneo-Christov double-diffusion model

for viscoelastic fluid with additional effects of space and temperature dependent

heat generation/absorption, nonlinear mixed convection and duel stratification.

Brownian motion and thermophoresis are also considered. The novel binary chem-

ical reaction model is applied to portray the impact of activation energy. Solutions of

highly non-linear modeled equations are accomplished by employing homotopic

technique [40, 41, 42, 43]. Behaviors of various pertinent parameters on the velocity,

temperature, and concentration distributions are shown graphically. Nusselt and

Sherwood numbers are computed numerically for different involved parameters.
2. Model

Here we consider nonlinear convective flow of Maxwell nanofluid over an inclined

stretched cylinder of radius Ro in account of Cattaneo-Christov double-diffusion

model. The cylindrical polar coordinates ð~r; zÞ are preferred along radial and axial

directions of cylinder (see Fig. 1). Flow is maintained by nonlinearly stretching ve-

locity of the form WwðzÞ ¼ W�
oz

n

L with stretching rate W�
o > 0. Analysis has been

executed in presence of nonuniform heat source/sink, dual stratification, binary

chemical reaction, nonlinear mixed convection and Arrhenius activation energy.

Features of nanoparticles are also taken in the version of thermophoresis and Brow-

nian motion. Temperature and concentration at surface of cylinder are Tw ¼ To þ f1z
L

and Cw ¼ Co þ f3z
L . While ambient fluid temperature and concentration are stratified

in the form TN ¼ To þ f2z
L and CN ¼ Co þ f4z

L respectively. The governing equations

in view of boundary layer approximation are given by Eqs. (2) and (3).

v

vz
ð~ru1Þ þ v

v~r
ð~rw1Þ ¼ 0; ð2Þ

w1
vw1

vz
þ u1

vw1

v~r
þ lm

�
w2

1

v2w1

vz2
þ u21

v2w1

v~r2
þ 2w1u1

v2w1

v~rvz

�
¼ n1

v2w1

v~r2

þ~g1
~rf

�
J1ðT � TNÞ þJ2ðT � TNÞ2 þJ3ðC�CNÞ þJ4ðC�CNÞ2

�
cosf1;

9>>>=>>>;
ð3Þ
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here ðu1;w1Þ defines the velocities in ð~r; zÞ directions respectively, lm stands for

fluid relaxation time, n1

 �
¼ m

~r

�
f

!
for kinematic viscosity, f1 for angle of incli-

nation, ~rf for fluid density, L for characteristic length of the cylinder, ~g1 gravita-

tional acceleration, ðTo;CoÞ for reference temperature and concentration,

ðJ1;J2Þ for linear and nonlinear thermal expansion coefficients, ðJ3;J4Þ for

linear and nonlinear solutal expansion coefficients, respectively. Cattaneo-

Christove double diffusive scheme [44] is expressed in Eqs. (4) and (5).
q1 þje

�
vq1
vt

þV:V1q1 � q1:V1Vþ ðV1:VÞq1
�
¼�~k1V1T; ð4Þ

j1 þjc

�
vj1
vt

þV:V1j1 � j1:V1Vþ ðV1:VÞj1
�
¼�DBV1C; ð5Þ

in above equations DB stands for Brownian diffusion coefficient, q1 for heat flux, ~k1
for thermal conductivity, j1 for mass flux, ðje;jcÞ for relaxation time of heat and

mass fluxes respectively. Standard Fourier and Fick’s laws are obtained when je ¼

jc ¼ 0. For steady
�

vq1
vt ¼ vj1

vt ¼ 0

�
and incompressible fluid ðV1:V ¼ 0Þ;

Cattaneo-Christove double diffusion expression are given by Eqs. (6) and (7)
on.2019.e01121
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q1 þje½V:V1q1 � q1:V1Vþ ðV1:VÞq1� ¼ �~k1V1T; ð6Þ

j1 þje½V:V1j1 � j1:V1Vþ ðV1:VÞj1� ¼ �DBV1C; ð7Þ

The energy (Eq. (8)) and concentration (Eq. (9)) expressions in view of non-uniform

heat source/sink, activation energy, Brownian motion and thermophoresis are

u1
vT
v~r

þw1
vT
vz

þje
bUe ¼

~k1�
rCp

	
f

1
~r
v

v~r

�
~r
vT
v~r

�
þ bqm�

rCp

	
f

þt1DB

�
vC
v~r

vT
v~r

�
þ t1DT

TN

�
vT
v~r

�2

;

9>>>>=>>>>; ð8Þ

u1
vC
v~r

þw1
vC
vz

þje
bUc ¼ DB

~r
v

v~r

�
~r
vC
v~r

�
þ DT

TN

1
~r
v

v~r

�
~r
vT
v~r

�
� k

^ðC�CNÞ

�ðCw �CoÞbK 2

r

�
T
TN

�bp
exp
�
� Ao

T €k1

�
;

9>>>=>>>; ð9Þ

The boundary conditions (Eq. (10)) and Cattaneo-Christove expression bUe and bUc

are defined in Eqs. (11) and (12)

w1 ¼W*
oz

n

L
;u1 ¼ 0;T ¼ Tw ¼ To þ f1z

L
;C ¼ Cw ¼ Co þ f3z

L
at ~r ¼ Ro;

w1/0;T/TN ¼ To þ f2z
L
;C/CN ¼ Co þ f4z

L
as ~r/N;

9>>=>>; ð10Þ

bUe ¼ u21
v2T

v~r2
þw2

1

v2T
vz2

þ vT
v~r

�
w1

vu1
vz

þ u1
vu1
v~r

�
þ
�
w1

vw1

vz
þ u1

vw1

v~r

�
vT
vz

þ 2w1u1
v2w1

v~rvz
; ð11Þ

bUc ¼ u21
v2C

v~r2
þw2

1

v2C
vz2

þ vC
v~r

�
w1

vu1
vz

þ u1
vu1
v~r

�
þ
�
w1

vw1

vz
þ u1

vw1

v~r

�
vC
vz

þ 2w1u1
v2w1

v~rvz
; ð12Þ

The formulation of non-uniform heat source/sink bqm [45] is given by Eq. (13)

bqm ¼WwðzÞ~k1
zn1

�
~S1ðTw � ToÞ vF

vL1
þ ~S2ðT � TNÞ

�
; ð13Þ

where ~S1 and ~S2 defines coefficients of space and temperature dependent heat

source/sink, respectively. The positive case of ~S1 and ~S2 denote internal heat

generation, while negative values of represent internal heat absorption. Here

t1

�
¼ ðrCpÞp

ðrCpÞf

�
designates for specific heat ratio, DT for themophoretic diffusion
on.2019.e01121
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coefficient and ðCpÞf for specific heat respectively. The expression

bK2

r

�
T
TN

�bp
exp

�
� Ao

T €k1

�
is Arrhenius function with €k1ð¼ 8:61� 10�5Þ as Boltz-

mann constant, bK2

r reaction rate parameter and bp˛ð�1; 1Þ fitted rate constant

respectively.
According to the transformations mentioned in Eq. (14)

L1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðnþ 1Þ

2
W*

oz
n�1

Ln1

s �
~r2 �R2

o

2Ro

�
;JðL1Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

ðnþ 1Þ
n1W*

oz
nþ1

L

s
FðL1Þ;

w1ðL1Þ ¼W*
oz

n

L
F0ðL1Þ; Q1ðL1Þ ¼ T � TN

Tw � To
; F1ðL1Þ ¼ C�CN

Cw �Co
;

u1ðL1Þ ¼ Ro

~r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðnþ 1Þ

2
n1W*

oz
n�1

L

s �
FðL1Þ þL1

�
n� 1
nþ 1

�
F0ðL1Þ

�
;

9>>>>>>>>>>>=>>>>>>>>>>>;
ð14Þ

The flow expressions in view of above mentioned transformations are presented

by Eqs. (15), (16), and (17) along with transformed boundary conditions (Eq.

(18))

ð1þ 2bgL1ÞF000 � 2n
nþ 1

F02 þ 2
nþ 1

x1
��
1þ ~btQ1

	
Q1 þ ~N1

�
1þ ~bcF1

	
F1

�
cosf1

þFF00 þ bgF00 � x

2666664
ðnþ 1Þ

2

 
F000F2 þ bgð1þ 2bgL1Þ�1

�
FþL1

n� 1
nþ 1

F0
�2
!
F00

�ð3n� 1ÞF00F0Fþ 2nðn� 1Þ
nþ 1

F03 �
�
n� 1
2

�
L1F02F00

3777775¼0;

9>>>>>>>>>>=>>>>>>>>>>;
ð15Þ

ð1þ 2bgL1Þ
�
Q00

1 þPr~Nb

�
Q0

1F
0
1 þ

~Nt

~Nb
Q02

1 þEcF002
��

þ 2bgQ0
1 þPrFQ0

1

�PrUe

�
nþ 1
2

�
Q00

1F
2 � FF0Q0

1

	þ 2
nþ 1

�
~P1 þQ1

	�
nF02 � nþ 1

2
FF00
��

þ 2
nþ 1

�
~S1F0 þ ~S2Q1

	� 2
nþ 1

Pr
�
~P1 þQ1

	
F0 ¼ 0;

9>>>>>>>>=>>>>>>>>;
ð16Þ
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ð1þ 2bgL1ÞF00
1 þ 2bgF0

1 þ ScFF0
1 þ

~Nt

~Nb

�ð1þ 2bgL1ÞQ00
1 þ 2bgQ0

1

��
ScUc

��
nþ 1
2

��
F00

1F
2 � FF0F0

1

	þ 2
nþ 1

�
~P2 þF1

	�
nF02 � nþ 1

2
FF00
��

�

2
nþ 1

Sc
��
~P2 þF1

	
F0 þ g1F1

	� ScU3

�
1þ ~d1Q1

	bp
exp
�
� Eo

1þ ~d1Q1

�
¼ 0;

9>>>>>>>>=>>>>>>>>;
ð17Þ

F0ð0Þ ¼ 1; Fð0Þ ¼ 0; Q1ð0Þ ¼ 1� ~P1; F1ð0Þ ¼ 1� ~P2;
F0ðNÞ/0; Q1ðNÞ/0; F1ðNÞ/0;

�
ð18Þ

where x stands for Deborah number in terms of relaxation time, ~bc non-linear mixed

convection parameter for concentration, ~N1 for ratio of concentration to thermal

buoyancy forces, Eo for activation energy parameter, Gr Grashof number for tem-

perature, Uc for non-dimensional solutal relaxation time, Grashof number for con-

centration, Pr for Prandtl number, ~Nt thermophoresis parameter, U3 for reaction

rate constant, Sc Schmidt number, g1 for chemical reaction, ~d1 temperature differ-

ence, ~P2 for solutal stratification parameter, bg for curvature parameter, ~bt for non-

linear convection parameter for temperature, ~P1 for thermal stratification parameter,

x1 for mixed convection parameter, Ue for non-dimensional thermal relaxation

time, Ec for Eckert number and ~Nb for Brownian motion parameter, respectively.
These dimensionless quantities are defined in Eq. (19)

x¼ lmW*
oz

n�1

L
; ~bc ¼

JðCw �CoÞ
J3

; ~N1 ¼
~Gr
Gr

¼J3ðCw �CoÞ
J1ðTw � ToÞ ;

Eo ¼ Ao

TN
€k1
; Yc ¼W*

ojcz
n�1

L
; Gr ¼ ~g1J1ðTw � ToÞz3

v21
; g1 ¼

k
^
L

W*
oz

n�1;

Pr ¼
�
mCp

	
f

~k1
; ~Gr ¼ ~g1J3ðCw �CoÞz3

v21
; Y3 ¼ LbK 2

r

W*
oz

n�1; Sc¼
v1
DB

;

~Nt ¼ t1DTðTw � ToÞ
TNv1

; ~d1 ¼ ðTw � ToÞ
TN

; ~P2 ¼ f4
f3
; ~bt ¼

J2ðTw � ToÞ
J1

;

bg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

nþ 1
Lv1
R2
oW

*
o

z�
n�1
2 ; ~P1 ¼ f2

f1
;x1 ¼

Gr
Re2z

¼ L2J1ðTw � ToÞ~g1
W*2

o z
2n�1

s
;

Ec¼ W2
w

CpðTw � ToÞ; Ye ¼W*
ojez

n�1

L
; ~Nb ¼ t1DBðCw �CoÞ

v1
;

9>>>>>>>>>>>>>>>>>>>>>>>>>>>>=>>>>>>>>>>>>>>>>>>>>>>>>>>>>;

ð19Þ

Skin friction coefficient ~CF, Nusselt ~Nuz and Sherwood numbers ~Shz are given by

Eq. (20)
on.2019.e01121
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~CF ¼ 2tw
~rW2

w

; ~Nuz ¼ zqw
~k1ðTw � ToÞ

; ~Shz ¼ zjw
DBðCw �CoÞ; ð20Þ

where wall shear stress, wall heat and mass flux are defined in Eq. (21)
tw ¼
����ð1þ xÞvw1

v~r

����
~r¼Ro

; qw ¼�
����~k1vTv~r

����
~r¼Ro

; jw ¼�
����DB

vC
v~r

����
~r¼Ro

; ð21Þ

Using Eqs. (14) and (21) in Eq. (20), we obtain Eq. (22)

1
2
~CFðRezÞ

1
2 ¼
�
nþ 1
2

�1
2

ð1þ xÞF00ð0Þ;

~NuzðRezÞ�
1
2 ¼�

�
nþ 1
2

�1
2

Q0
1ð0Þ;

~ShzðRezÞ�
1
2 ¼�

�
nþ 1
2

�1
2

F0
1ð0Þ;

9>>>>>>>>>>>>>>=>>>>>>>>>>>>>>;

ð22Þ

in which local Reynold number is defined by Eq. (23)

Rez ¼ znþ1W*
o

Ln1
: ð23Þ

3. Methodology

The selected initial approximations ðF� ðL1Þ;Q�
1ðL1Þ;F�

1ðL1ÞÞ and linear operators

ð£F; £Q1
; £F1

Þ are presented by Eqs. (24) and (25)

F
� ðL1Þ ¼ 1� expð�L1Þ; Q

�
1ðL1Þ ¼

�
1� ~P1

	
expð�L1Þ;

F
�
1ðL1Þ ¼

�
1� ~P2

	
expð�L1Þ;

�
ð24Þ

£F½F� ¼ F000 � F0; £Q1 ½Q1� ¼Q1
00 �Q1; £F1 ½c1� ¼Q1

00 �F1; ð25Þ

with associated properties (Eq. (26))

£F½bq1expð�L1Þ þ bq2 þ bq3expðL1Þ� ¼ 0;

£Q1 ½bq4expð�L1Þ þ bq5expðL1Þ� ¼ 0;

£F1 ½bq6expð�L1Þ þ bq7expðL1Þ� ¼ 0:

o
ð26Þ

According to procedure (see Ref. [46]), the general solutions (Eq. (27)) interms of

special solutions ðbFmðL1Þ; bQ1mðL1Þ; bF1mðL1ÞÞ are
on.2019.e01121
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FmðL1Þ ¼ bFm þ bq1expð�L1Þ þ bq2 þ bq3expðL1Þ;
Q1mðL1Þ ¼ bQ1m þ bq4expð�L1Þ þ bq5expðL1Þ;
F1mðL1Þ ¼ bF1m þ bq6expð�L1Þ þ bq7expðL1Þ:

o
ð27Þ

where bqjðj ¼ 1� 7Þ are the arbitrary constants given by Eq. (28)

bq1 ¼�bFmð0Þ þ vbFm

vL1

����
L1¼0

; bq2 ¼
vbFm

vL1

����
L1¼0

; bq4 ¼� bQ1mðL1Þ
��
L1¼0

bq6 ¼�bF1mðL1Þ
��
L1¼0

; bq3 ¼ bq5 ¼ bq7 ¼ 0:

9>>=>>; ð28Þ

4. Analysis

The nonlinear flow problem is examined through homotopic technique for conver-

gent solution. In this method, auxiliary parameters are involved which provide

great freedom to adjust the convergence region for velocity F00ð0Þ, temperature

Q0
1ð0Þ and concentration F0

1ð0Þ profiles. Therefore, h� curves of 20th order approx-

imation are shown in Fig. 2. It is noticed that permissible values of hF; hQ1
and hF1

lie in the ranges ð�1:7 � hF � �0:7Þ; ð�1:6 � hQ1
� �0:9Þ and ð�1:5 � hG �

�0:8Þ: Convergence of the derived solutions is studied from Table 1 to highlight

26th; 30th and 20th order of approximations for F00ð0Þ; Q0
1ð0Þ and F0

1ð0Þ respec-
tively. Fixed values of emerging parameters for present analysis are bg ¼ x ¼ ~P1 ¼
Uc ¼ 0:3; Pr ¼ Sc ¼ 1:5; ~bt ¼ ~P2 ¼ ~S1 ¼ ~bc ¼ Ue ¼ ~S2 ¼ 0:2; U3 ¼ ~N1 ¼
Fig. 2. hF; hQ1
and hF1

� curves.
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Table 1. Numerical convergence of F00ð0Þ; Q0
1ð0Þ and F0

1ð0Þ when bg ¼ x ¼
~P1 ¼ Uc ¼ 0:3; Pr ¼ Sc ¼ 1:5; ~bt ¼ ~P2 ¼ ~S1 ¼ ~bc ¼ Ue ¼ ~S2 ¼ 0:2;

U3 ¼ ~N1 ¼ Eo ¼ ~d1 ¼ 1:0; p ¼ ~Nt ¼ n ¼ x1 ¼ ~Nb ¼ 0:5; g1 ¼ 0:9; Ec ¼
1:0 and f1 ¼ p

4
.

Approximation L F00ð0Þ L Q0
1ð0Þ L F0

1ð0Þ

1 0.38642 0.30745 0.58247

5 0.39123 0.32012 0.58479

11 0.39627 0.31426 0.58640

16 0.40878 0.32562 0.58718

20 0.41403 0.32766 0.58956

26 0.42891 0.33412 0.58956

30 0.42891 0.33694 0.58956

36 0.42891 0.33694 0.58956

42 0.42891 0.33694 0.58956
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Eo ¼ ~d1 ¼ 1:0; p ¼ ~Nt ¼ n ¼ x1 ¼ ~Nb ¼ 0:5; g1 ¼ 0:9; Ec ¼ 1:0 and f1 ¼ p
4.

Table 2 is constructed for numerical values of local Nusselt Nuz and Sherwood

Shz numbers for diverse emerging parameters. It is noticed that larger values of

Ue, Pr and ~P2 corresponds to the enhancement of Nusselt number however it dimin-

ishes for greater values of ~S1, ~Nt; ~P1 and Uc: It is perceived that Sherwood number

rises with the increase inUe; ~Nb; ~P2, Pr and ~S1 while it declines when ~P1 and ~Nt are

enhanced. Here negative signs of Nusselt and Sherwood numbers characterize the

transfer of heat and mass from cylindrical surface to the fluid (i.e., normal to the sur-

face). Tables 3 and 4 are computed to compare numerical results of F00ð0Þ andQ0
1ð0Þ

with published results. It is perceived that present results are in good match with the

previous solutions.
5. Results and discussion

In this section, we will examine in detail the role of various flow variables on veloc-

ity F0ðL1Þ, temperature Q0
1ðL1Þ, concentration F0

1ðL1Þ, heat transfer rate and mass

transfer Nusselt number in graphical and tabulated frame. Figs.3, 4, 5, 6, and 7 are

revealed to show the influence of bg; x; ~bt; ~bc and f1 on F0(L1). Velocity profile

decreases near the surface of cylinder while it enhances away from the surface.

Fig. 3 shows the feature of curvature parameter bg on F0ðL1Þ. Velocity profile van-

ishes asymptotically at some large values of. It is also prominent that boundary layer

thickness increases. For greater estimation of, the radius of cylinder gradually de-

creases. So contact surface area of cylinder with the fluid decreases, which offers

less resistance to the fluid motion. Therefore, F0ðL1Þ increases. Impacts of Deborah

number x on F0ðL1Þ are presented in Fig. 4. It is observed that velocity profile
on.2019.e01121
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Table 2. Numerical values of ~NuzðRezÞ�
1
2 and ~ShzðRezÞ�

1
2 when g1 ¼ 0:9, bg ¼

x ¼ 0:3; U3 ¼ ~N1 ¼ Eo ¼ ~d1 ¼ Ec ¼ 1:0; Sc ¼ 1:5; ~bt ¼ ~bc ¼ 0:2; n ¼
x1 ¼ p ¼ 0:5 and f1 ¼ p

4
.

Pr ~Nb ~Nt ~P1 ~P2 Uc Ue ~S1

L

�
nD1
2

�1
2
Q0

1ð0Þ L

�
nD1
2

�1
2
F0

1ð0Þ

0.6 0.5 0.5 0.3 0.2 0.3 0.2 0.2 0.63743 0.58893

1.4 0.85856 0.75205

2.0 1.01772 1.00130

1.5 0.1 0.5 0.3 0.2 0.3 0.2 0.2 0.80632 0.05884

0.6 0.78427 0.87407

0.8 0.73593 0.98916

1.5 0.5 0.1 0.3 0.2 0.3 0.2 0.2 0.86094 0.93704

1.5 0.5 0.1 0.3 0.2 0.3 0.2 0.2 0.86094 0.93704

0.6 0.77561 0.49833

0.8 0.70283 0.12053

1.5 0.5 0.5 0.0 0.2 0.3 0.2 0.2 0.86719 0.87640

0.3 0.83011 0.82077

0.5 0.77059 0.76344

1.5 0.5 0.5 0.3 0.0 0.3 0.2 0.2 0.75056 1.27534

0.3 0.77575 1.34103

0.5 0.79540 0.84569

1.5 0.5 0.5 0.3 0.2 0.1 0.2 0.2 0.88566 0.86745

0.4 0.88539 0.87342

0.5 0.87520 0.89011

1.5 0.5 0.5 0.3 0.2 0.3 0.1 0.2 0.76876 0.85878

0.4 0.78456 0.87453

0.5 0.79348 0.88324

1.5 0.5 0.5 0.3 0.2 0.3 0.2 0.1 0.85432 0.95759

0.3 0.81672 0.98432

0.5 0.76043 1.21434
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declines for greater values of x. In fact, higher values of x correspond to an enhance-

ment in relaxation time that produces more resistance to the fluid flow. Ultimately

F0ðL1Þ decreases. Variations of ~bt and ~bc on velocity distribution F0ðL1Þ are shown
in Figs. 5 and 6. For higher estimation of ~bt, movement of fluid particle increases. In

fact, for greater ~bt the temperature difference ðTw � TNÞ increases which is account-
able for velocity enhancement. Increasing trends of velocity F0ðL1Þ is also observed
for greater ~bc (see Fig. 6). Fig. 7 portrays the decreasing trend of F0ðL1Þ against an

angle of inclination 4₁. Since inverse relation exist between velocity profile and an
on.2019.e01121
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Fig. 3. Response of F0ðL1Þ with bg.

Table 3. Comparative analysis of present results of eF00ð0Þ via x when bg ¼ x1 ¼
~bt ¼ 0 ¼ ~bc ¼ ~N1 ¼ f1.

x Ref. [48] Ref. [1] Present (HAM)

0.0 0.999978 0.999962 1.00001

0.3 1.101848 1.101850 1.10196

0.6 1.150160 1.150163 1.15019

0.8 1.196690 1.196692 1.19676

1.2 1.285253 1.285257 1.28538

1.6 1.368641 1.368641 1.36867

2.0 1.447616 1.447617 1.44783

Table 4. Comparative analysis of present results of �Q0
1ð0Þ via n and Ec when

Pr ¼ 1:5:

Ec n Ref. [47] Present (HAM)

0.0 0.5 0.595277 0.59538

1.5 0.574537 0.57457

3.0 0.564472 0.56452

1.0 0.5 0.556623 0.55671

1.5 0.530966 0.53085

3.0 0.517977 0.51788
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2405-8440/� 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Article Nowe01121

https://doi.org/10.1016/j.heliyon.2019.e01121
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 4. Response of F0ðL1Þ with x.
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inclination 4₁. Thus, influence of gravity lessens for greater f1 about z-axis that

brings decline trend in velocity field within the range of boundary layer. Figs. 8,

9, 10, 11, 12, 13, 14, and 15 are sketched to examine the temperature profile

Q₁(L₁) for different values of Behavior of temperatureQ1ðL1Þ for larger estimation
Fig. 5. Response of F0ðL1Þ with ~bt.
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Fig. 6. Response of F0ðL1Þ with ~bc.
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of Ec is displayed in Fig. 8. One can observe that temperature Q1ðL1Þ is an

increasing function of Ec. For greater Ec, fluid friction generates rapidly that con-

verts mechanical energy to thermal energy and as a result Q1ðL1Þ increases. The
temperature variation against thermal relaxation parameter Ue is displayed in
Fig. 7. Response of F0ðL1Þ with f1.
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Fig. 8. Response of F0ðL1Þ with Ec.
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Fig. 9. Here both temperature and thermal layer thickness are reduced via greater

values of Ue. Since material particle takes more time for heat transfer to its neigh-

boring particles due to thermal relaxation enhancement. Fig. 10 reveals the effect of

Brownian motion parameter ~Nb on Q1ðL1Þ. Increase in temperature Q1ðL1Þ and
Fig. 9. Response of Q1ðL1Þ with Ue.
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Fig. 10. Response of Q1ðL1Þ with ~Nb.
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apposite boundary layer thickness is found for greater marks of ~Nb (see Fig. 5). In

fact, additional heat is generated due to random motion of liquid molecules within

the frame of higher ~Nb. Therefore, temperature Q1ðL1Þ upsurges. Behavior of ther-
mal stratification parameter ~P1 on Q1ðL1Þ is sketched in Fig. 11. Higher estimation
Fig. 11. Response of Q1ðL1Þ with ~P1.
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Fig. 12. Response of Q1ðL1Þ with ~Nt.
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of ~P1 reduces the temperature and thermal boundary layer thickness. This is due to

the fact that the temperature difference ðTw � TNÞ gradually decreases which causes
a reduction in the temperature Q1ðL1Þ profile. Variation of on temperature Q1ðL1Þ
is portrayed in Fig. 12. Here Q1ðL1Þ and related boundary thickness are noticeably
Fig. 13. Response of Q1ðL1Þ with Pr.
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Fig. 14. Response of Q1ðL1Þ with ~S1.
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increased for larger ~Nt. Quick flows of fluid particles are established far away from

cylindrical surface due to thermophoretic force caused by the temperature gradient.

Due to which fluid that is more heated is shifted away from the surface and conse-

quently as ~Nt increases, the temperatureQ1ðL1Þ inside the boundary layer upsurges.
Fig. 15. Response of Q1ðL1Þ with ~S2.
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Fig. 13 reveals that temperature and thermal boundary layer thickness are diminished

prominently for larger Pr. Since, Prandtl number is the ratio of momentum to thermal

diffusivities. Increase in Prandtl number corresponds to weaker thermal diffusivity

and stronger momentum diffusivity that consequently lowers the temperature profile.

Fig. 14 is plotted to examine the temperature against distinct irregular heat parameter
~S1. HereQ1ðL1Þ boost up for higher marks of ~S1. In fact, it produces more thermal

boundary thickness that becomes a source to generate heat. Hence enlargement in

Q1ðL1Þ is pragmatic. Effect of space and temperature dependent heat source/sink

parameters ~S1 and ~S2 on temperature Q1ðL1Þ are represented in Figs. 14 and 15.

It is analyzed from these figures that more heat is produced for larger estimation

of ~S1 > 0 and ~S2 > 0. Due to which temperature field enhances in both cases.

Figs. 16, 17, 18, 19, 20, 21, 22, 23, 24, and 25 examine the influences of ~Nt; Uc;

Sc; U3; ~Nb; g1; Eo; ~d1; ~P2 and ~S1 on F1ðL1Þ: Fig. 16 illustrates the effect of ~Nt

on F1ðL1Þ. Enhancing behavior of concentration F1ðL1Þ and boundary thickness

is found for increasing values of ~Nt. Existence of nanoparticles in fluid is in good

agreement for the development of thermal conductivity. Such advanced thermal con-

ductivity specifies the rise in concentration profile. Concentration distribution

F1ðL1Þ in frame of solutal relaxation time Uc is displayed in Fig. 17. Here concen-

tration F1ðL1Þ diminishes due to controlling influence of Uc. Impact of Schmidt

number Sc on F1ðL1Þ is disclosed through Fig. 18. Here F1ðL1Þ is found to be

decreasing function of Sc. Since, there exist an inverse relation between Schmidt

number and mass diffusivity, therefore greater Sc leads to weaker mass diffusivity
Fig. 16. Response of F1ðL1Þ with ~Nt.
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Fig. 17. Response of F1ðL1Þ with Uc.

21 https://doi.org/10.1016/j.heliy

2405-8440/� 2019 Published

(http://creativecommons.org/li

Article Nowe01121
that is accountable to lower the concentration F1ðL1Þ profile. Declining impact of

concentration F1ðL1Þ is observed for larger U3 in Fig. 19. The growing nature of

U3 is responsible for rise in the expression U3ð1þ ~d1Q1Þbp exp�� Eo

1þ~d1Q1

�
.

Fig. 18. Response of F1ðL1Þ with Sc.
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Fig. 19. Response of F1ðL1Þ with U3.
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Physically, destructive rate of chemical reaction upsurges for greater estimation of

U3. This is used to dissolve/terminate the fluid specie more efficiently. Fig. 20 is re-

marked for the impact of ~Nb on F1ðL1Þ. Enhancing conduct of F1ðL1Þ and rele-

vant boundary thickness is identified for greater ~Nb. An increase in ~Nb corresponds
Fig. 20. Response of F1ðL1Þ with ~Nb.
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Fig. 21. Response of F1ðL1Þ with g1.
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to more collision among liquid particles due to which concentration F1ðL1Þ re-

duces. Impact of generative/destructive chemical reaction g1 on concentration

F1ðL1Þ is outlined in Fig. 21. There is an increase in F1ðL1Þ in vision of destruc-

tive chemical reaction variable g1 > 0. However, opposite trend is seen for
Fig. 22. Response of F1ðL1Þ with Eo.
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Fig. 23. Response of F1ðL1Þ with ~d1.
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generative chemical reaction g1 < 0. Fig. 22 elucidates the increasing trend of acti-

vation energy Eo on nanoparticle concentration F1ðL1Þ. The modified Arrhenius

function declines when Eo increases. This eventually endorses the generative chem-

ical reaction due to which nanoparticle concentration rises. Fig. 23 shows the effect
Fig. 24. Response of F1ðL1Þ with ~P2.
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Fig. 25. Response of F1ðL1Þ with ~S1.
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of concentration F1ðL1Þ against temperature difference parameter ~d1. Here

declining role of ~d1 on F1ðL1Þ is observed. It specifies that relevant layer thickness

rise when difference between surface and ambient temperature enlarges. Features of

~P2 on F1ðL1Þ are presented in Fig. 24. It is noticed that concentration F1ðL1Þ
Fig. 26. Response of 0:5CFðRezÞ0:5 with x.
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Fig. 27. Response of 0:5CFðRezÞ0:5 with ~bc.
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profile decreases for greater marks of P₂. Physically, it is because of difference be-

tween the surface and ambient concentration reduces for higher P2. Consequently,

F1ðL1Þ decreases. Fig. 25 empowers us to decide that growth in ~S1 leads to decline

in concentration F1ðL1Þ curve. Physically, increasing ~S1 develops the thermal

boundary layer thickness and hence it generates heat. That ultimately reduces fluid

concentration F1ðL1Þ. Figs. 26 and 27 are prepared to examine the impact of

emerging parameterson skin friction coefficient CF. For greater estimation of x

skin friction coefficient diminishes (see Fig. 26) while reverse behavior is observed

for larger ~bc (see Fig. 27).
6. Conclusion

Here we have analyzed heat and mass transport phenomena for Maxwell nanofluid

over a nonlinear stretched cylinder. The novel binary chemical reaction model is

executed to describe the effect of activation energy for nonlinearly convective

flow of viscoelastic fluid. The main findings are summarized as follows:

� F0ðL₁Þ decays for higher estimation of x and f1 while it boots up for bg, ~bt and
~bc.

� Higher estimation of Deborah number declines the velocity F0ðL₁Þ profile.

� Temperature distribution declines for thermal relaxation time Ue and thermal

stratification parameter ~P1.
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� Stratification variables ð ~P1; ~P2Þ diminish the temperature and concentration

distributions.

� Concentration F1ðL1Þ profile has reverse behavior for greater values of both ~Nb

and ~Nt.

� Higher Pr results in the reduction of Q1ðL1Þ profile while Nusselt number

enhances.

� Nanoparticle concentration F1ðL1Þ is directly proportional to the chemical reac-

tion with activation energy.
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