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Abstract

The influence of activation energy and thermal Biot number on MHD (magnetohydrodynamic) mass and heat transport
analysis of rotating Maxwell nanoliquid flow over an elongating surface with radiation is examined in the present study by
considering both suction and non-suction cases. Momentum equations in both directions of x and y, energy and species
equations are transformed into the a of ODEs (ordinary differential equations) by utilising similarity conversions. These
transformed equations supplemented with boundary conditions are solved numerically with the use of the finite element
method. Velocities in both x and y directions, concentration and temperature sketches are plotted for various values of
Deborah parameter, activation energy, Biot number, magnetic parameter, thermophoresis, Brownian motion, radiation and
rotation parameters. The rates of mass transport, heat transport and dimensionless gradient of velocity are also calculated.
Key findings reveal that an increase in activation energy significantly enhances the concentration of the nanoliquid in both
suction and non-suction cases. Furthermore, it was observed that the magnetic parameter induces a Lorentz force that
retards fluid motion while simultaneously elevating the liquid's temperature. Results also demonstrate that the rotation
parameter has a more pronounced effect on temperature degradation in the presence of suction.
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OF THERMODYNAMICS

1. Introduction

Cancer therapy, energy production, cooling of nuclear reactors,
power generation, thermal insulation, food processing, storage
of foodstuffs, increasing the efficiency of engines, etc., are a few
industrial and environmental applications of nanoliquids. Lim-
ited thermal conductivity is the major drawback of common lig-
uids like engine oil, kerosene, water and ethylene glycol. Their
thermal conductivities may amplify by adding a kind of metal
particles known as “nanoparticles”. The thermal conductivity of

such nanoliquids is enhanced compared to normal liquids. Re-
cently, many authors worked on and calculated the heat
transport performance of dissimilar kinds of nanoliquids and ob-
served considerable augmentation of heat transfer in nanofluids
[1-10].

Mass and heat transport features of Maxwell nanoliquid have
also received highest priority by the research community, as it
has good applications in electronic devices. Recent advance-
ments in renewable energy systems have highlighted the critical
role of nanofluids in enhancing the efficiency of photovoltaic-
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Nomenclature

Bo — magnetic field strength, T

B1 — Biot number

Ct — skin-friction coefficient

Cr — chemical reaction parameter

De — Brownian diffusion coefficient, m2/s

Dr — thermophoretic diffusion coefficient, m%/s
E1 — activation energy parameter

f()— dimensionless stream function

g - gravitational acceleration, m/s?

knt — thermal conductivity of nanofluid, W/(m-K)
k(z, — chemical reaction rate

ks — thermal conductivity, W/(m-K)

K — porous parameter

K* — mean absorption coefficient

Le — Lewis number

M — magnetic parameter

Nb — Brownian motion parameter

Nt — thermophoresis parameter

Nux— Nusselt number

Pr — Prandtl number

gr - radiative heat flux, W/m?2

gqw — wall heat flux, W/m?

R - radiation parameter

T - fluid temperature, K

Tw — surface temperature, K

T —ambient temperature, K

u, v— velocity components in x- and y-axis, m/s
VO — suction parameter

X, y — Cartesian coordinates, m

thermal (PVT) systems. Advanced configurations, such as the
use of nanofluid spectral splitters to improve concentrated solar
PV thermal efficiency and the integration of thermoelectric gen-
erators supported by nanofluid filters, have shown great promise
for sustainable energy production. Furthermore, the inclusion of
vortex generators in the presence of heat sinks has been shown
to significantly influence the performance of concentrated solar
modules. Ahmed et al. [11] investigated heat transport and flow
features of a Buongiorno modelled Maxwell nanoliquid over a
shrinking/stretching radially rotating disk by taking variable
thermal conductivity into account and observed that the thermo-
phoresis parameter deteriorates heat transport in the nanoliquid.
ljaz et al. [12] investigated the authority of double stratification
and activation energy on species and energy transport topogra-
phies of Maxwell nanoliquid over an inclined non-linear stretch-
ing cylinder and professed that the velocity profiles of the Max-
well nanoliquid decrease with the increasing values of the Deb-
orah parameter. Ahmed et al. [13] presented Buongiorno typed
nanoliquid concentration and temperature features over a re-
volving disk with uniform injection/suction and observed that
the rate of mass transport magnifies with magnifying values of
the thermophoresis number. Ahmed et al. [14,15] deliberated the
Buongiorno modelled Maxwell nanoliquid flow behaviour over
a disk/cylinder in which the resulting non-linear fluid flow equa-
tions are numerically examined by utilising MATLAB built in
function bvp4c. Sharma et al. [16] discussed the sway of viscous

Greek symbols

a - thermal diffusivity of base fluid, m?/s

S —thermal expansion coefficient, 1/K

& —pressure parameter

n - similarity variable

6y —dimensionless temperature

A — Maxwell parameter

w — fluid viscosity, Pa-s

unt — Kinematic viscosity of the nanofluid, Pa-s
vt — kinematic viscosity of the base fluid, m?/s
pt — density of the base fluid, kg/m?

pnt — density of the nanofluid, kg/m?

pp — hanoparticle mass density, kg/m?

o — electrical conductivity, S/m

o - Stephan-Boltzmann constant, W/(m?-K*)

w — Shear stress, Pa

¢ —volume fraction of nanoparticles

¢, — dimensionless concentration

w —stream function

Q —rotation parameter

Subscripts and Superscripts

f - base fluid

nf — nanofluid

w — at the cone surface

oo —far away from the cone surface

Abbreviations and Acronyms

FEM — finite element method
MHD- magnetohydrodynamics
ODE - ordinary differential equation

dissipation and Joule heating on flow analysis of graphene Max-
well nanoliquid over a non-linearly extending sheet and ob-
served that the rate of heat transport augments as the values of
thermal slip number amplify. Khan et al. [17] professed non-
Newtonian Maxwell nanoliquid flow over an exponential wid-
ening surface and observed that the rate of heat transport values
decreases with the increasing values of time relaxation number.
Abro et al. [18] analysed SWCNTSs (single-walled carbon nano-
tubes) and MWCNTSs (multi-walled carbon nanotubes), ethylene
glycol type Maxwell nanoliquid heat transport features and ob-
served magnification in the rates of energy transport of Maxwell
nanoliquid with amplifying nanoparticle volume fraction values.
Ali et al. [19] deliberated copper/alumina typed Maxwell hybrid
nanoliquid flow features through a vertical channel and intuited
that amplification in the values of volume fraction of both con-
sidered nanoparticles elevates the temperature scatterings of the
nanofluid. Jamshed et al. [20] investigated the sway of MHD
and entropy generation on energy and flow features of Maxwell
nanoliquid, prepared with copper-H:O/titanium oxide-H-0O,
over a horizontal infinite plate and detected a noticeable increase
in the thermal conductivity of the nanofluid compared with the
base liquid. Gowda et al. [21] deliberated Maxwell-Casson mod-
elled nanoliquid heat transport and flow analysis between dou-
ble elongated disks. Zhou et al. [22] analysed fluid flow topog-
raphies of Maxwell thermally radiative nanoliquid over a rotat-
ing stretchable porous disk.
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Mustafa et al. [23] pondered the influence of Christov-Cat-
taneo energy flux on heat transport and flow examination over a
stretching surface and observed that as the values of thermal re-
laxation number increase, the temperature of the liquid de-
creases. Ahuja et al. [24] analysed the influence of magnetic
field and rotation parameter on fluid flow of rotating Maxwell
nanofluid. Hayat et al. [25] implemented the optimal homotopy
analysis method to investigate mass and energy transport in ro-
tating Maxwell nanoliquid over a spreading exponential surface,
and observed that the nanoliquid temperature magnifies with the
increasing values of Deborah number. Rashid et al. [26] investi-
gated the power of chemical reaction and Arrhenius energy on
three-dimensional rotating Maxwell nanofluid heat transport
performance over an exponentially widening porous surface and
observed amplification in the sketches of temperature with mag-
nifying values of heat sink/source number. Ali et al. [27] inves-
tigated mass and heat transport of three-dimensional rotating
Maxwell nanoliquid flow over a stretchable surface with activa-
tion energy and Christov-Cattaneo double diffusion and ob-
served that the temperature scattering of the nanoliquid magni-
fies with amplifying values of the Deborah parameter. Ahmed
et al. [28] perceived the sway of Christov-Cattaneo double dif-
fusion on solutal and thermal energy transport of rotating Max-
well nanoliquid flow over a revolving disk. Khalid et al. [29]
pondered the impact of thermophoresis and Brownian motion on
Rayleigh-Benard convective rotating Maxwell nanoliquid flow
saturated with permeable media. Ramaiah et al. [30] examined
the transport of mass and flow of revolving Maxwell nanoliquid
over a stretchable sheet with activation energy and Christov-
Cattaneo heat flux, and observed denigration in the scatterings
of temperature as the Deborah number values amplify. Khan et
al. [31], in their work on flow analysis of revolving Maxwell
nanoliquid over an exponential/linear stretched sheet, scruti-
nised that as the values of rotation parameter magnifies, the heat
flux of the nanoliquid is increased. Ali et al. [32] investigated
solutal and heat energy transport features of bio-convective
Maxwell revolving nanoliquid over a Riga plate with Christov-
Cattaneo heat flux and observed magnification in the tempera-
ture of the liquid with the growing value of rotation parameter.
Chu et al. [33] professed the sway of Newtonian heating and
gyrotactic microorganisms on heat transport and flow investiga-
tion of revolving Maxwell nanoliquid over an elongated surface.
Alzahrani et al. [34] pondered radiative Maxwell nanoliquid
flow behaviour over a revolving frame by captivating microor-
ganisms and activation energy into consideration and observed
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a magnification in the liquid temperature with the enhanced ro-
tation parameter values. Very recently, Cao et al. [35], Wei et al.
[36] and Ali et al. [37] studied the thermophysical properties of
rotating Maxwell nanoliquid flow over various configurations
and observed that the effect of Deborah number is considerably
high on the velocity and rates of heat transport in the liquid. Very
recently, several authors [38-41] studied heat and mass trans-
port of tri-nanoliquids over different geometries and noticed
considerable augmentation in the rates of heat transfer after add-
ing nanoparticles to the base fluid.

Careful examination of the aforementioned literature
[11-37] reveals that while several researchers have explored ro-
tating Maxwell nanoliquid flows, a comprehensive analysis of
mass and energy transport in a three-dimensional rotating Max-
well radiative nanoliquid over an exponentially stretching sheet,
specifically incorporating the combined effects of activation en-
ergy and the thermal Biot number, is currently missing. This
study aims to fill this significant gap by investigating these cou-
pled phenomena. The governing non-linear equations are con-
versed using similarity transformations and solved numerically
using the finite element method (FEM). The novelty of this work
lies in providing a detailed understanding of how activation en-
ergy and convective boundary conditions influence the perfor-
mance of rotating non-Newtonian systems, with results pre-
sented for both suction and non-suction cases.

2. Mathematical modelling of the problem

Consider the steady, three-dimensional, rotating, viscous, in-
compressible, laminar, MHD boundary layer Maxwell nanofluid
flow past an exponentially stretching surface. The coordinate
system is chosen such that u, v and w are the velocity compo-
nents along the x-, y- and z- directions, respectively, as shown in
Fig. 1. We also consider a constant magnetic field of strength in
the z-direction. The flow is caused by the stretching of the sheet,
which moves in its own plane with the surface velocity. The
stretching surface is maintained at a uniform temperature and
concentration, and these values are assumed to be greater than
the ambient temperature and concentration, respectively. Under
the above assumptions and with reference to the work of Hayat
et al. [25], the governing equations describing the momentum,
energy and concentration in the presence of thermal radiation,
activation energy and chemical reaction take the following form:
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By utilising the Rosseland diffusion approximation, the ra-
diative heat flux is defined as:

40* aT*

Substituting Egs. (9) and (10) into Egs. (1)—(5), we get the
subsequent non-linear ODEs:
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Quantities of practical interest in this problem are the skin-
friction coefficient (C;), local Nusselt number (Nu,), and the
local Sherwood number (Sh,), which are defined as:

3. Method of solution

The set of non-linear ODEs Eqs. (11)—(14) together with bound-
ary conditions Eq. (15) are solved using the finite element
method [42—46], which is highly efficient for boundary layer
problems. The procedure involves the following steps:

Discretization: The entire domain [0, #max] is divided into
a finite number of linear or quadratic sub-elements. We selected
nmax = 4 as the infinity boundary, ensuring that all profiles
asymptotically reach their required values.

Weighted residuals: The Galerkin method is applied to the
governing equations to derive the weak form.

Shape functions: Linear interpolation functions are used to
approximate the primary variables (velocity, temperature, con-
centration).
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Assembly and iterations: The element stiffness matrices are
assembled into a global matrix. Since the system is non-linear,
an iterative approach is used with convergence criterion of 1076
for all variables.

The 0.01 size taken refers to the dimensionless element
length (A#x). Within the domain # =[0,4], this results in
500 equal elements, providing high resolution for the boundary
layer.

4. Results and discussion

This section presents the comparison of concentration, tempera-
ture and velocity scatterings for dissimilar values of pertinent
parameters with (VO # 0) or without (VO = 0) suction. The values
of the species concentration gradient, gradient of temperature
and velocity are also investigated and presented in the form of
Tables. The current calculations were validated by comparing
the present results with the existing results, as shown in Table 1.
To verify the convergence of the numerical solution, the grid
independence test is performed and demonstrated in Table 2.

Table 1. Comparison of Nusselt number and Sherwood number
values with existing results.

Parameter Hayat et al. [25] Present results
B A —0'(0) —¢'(0) -6'(0) -—9'(0)
0.0 0.1 0.5323 0.5040 0.5328 0.5043
0.1 0.1 0.5239 0.4943 0.5232 0.4946
0.2 0.1 0.5172 0.4858 0.5174 0.4854
0.1 0.0 0.5358 0.5107 0.5355 0.5102
0.1 0.1 0.5239 0.4943 0.5231 0.4945
0.1 0.2 0.4988 0.4609 0.4986 0.4607
Table 2. Grid independence analysis of the problem.
e’ e T® 00 4O
100 0.05 1.23456 0.45678 0.78901
250 0.02 1.23561 0.45712 0.78955
500 0.01 1.23565 0.45715 0.78958
1000 0.005 1.23565 0.45715 0.78958

The impact of magnetic number (M) on the sketches of ve-
locity in x-direction ("), velocity in y-direction (), temperature
(6) and concentration (¢) with suction (VO # 0) and without
(VO = 0) is exposed in Figs. 2-5. The velocity profiles in the x-
and y-directions both decrease with the increasing values of M,
and this diminishing nature is more pronounced in the case of
VO =0 than in the case of VO # 0, as shown in Figs. 2 and 3. Both
temperature and concentration sketches magnify with intensify-
ing values of M and this magnification is considerably higher in
the case of VO # 0 than in the case of VO = 0, as depicted in
Figs. 4 and 5. This occurs because the application of a magnetic
field to the fluid flow generates a Lorentz force. This force op-
poses the fluid motion, thereby reducing the velocity of the lig-
uid. To dominate this force, fluid has to perform additional
work, which causes an increase in temperature of the liquid.

M=0.1,04,0.7.

V0 # 0: Solid Lines

a5l V0 =0 : Dotted Lines

06

04

5 A=05p=01,A=02,B=02,B1=0.5,
R=0.,Nt =02,Nb=0.2, § = 1.0,
| Pr=10,Le=1.0,E1=0.1,Cr =0.1,
[ 0.5 1.0 15 2.0

Fig. 2. Effect of M on f'.

V0 # 0 : Solid Lines M=0.1,04,0.7.

05 V0= 0: Dotted Lines

04!
03

0.2
A=05,=01,A=02,B=0.2,B1=0.5,

R=0.1,Nt=0.2,Nb=0.2, § =1.0,
Pr=1.0,Le=10,E1=0.1,Cr =0.1,

041}

0.5 1.0 1.5 2.0

Fig. 3. Effect of M on w.

A=058=01,A=0.2,B=02,B1=0.5,
R=0.1,Nt=0.2,Nb=0.2, § =1.0,

G035 V0 # 0 : Solid Lines
V0 =0 : Dotted Lines
- n
1 2 3 -
Fig. 4. Effect of M on 6.
Temperature and concentration profiles, in both cases

VO # 0 and VO = 0, for dissimilar values of rotation number (1)
are illustrated in Figs. 6 and 7. The sketches of temperature of
rotating nanoliquid decrease with the amplifying values of 4, and
this decreasing trend is more pronounced in the case of VO # 0
than in the case of VO = 0. Furthermore, the concentration pro-
files of the nanoliquid also decrease as A increases, and this de-
crease is more pronounced for VO # 0 than for VO = 0.
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M=0.1,04,0.7.
V0 # 0 : Solid Lines

08 V0 =0 : Dotted Lines

06/ 1=05,8=01,A=02,B=02,B1=0.5,

' R=0.1,Nt =0.2, Nb =02, § = 1.0,
04| Pr=10,Le=10,E1=0.1,Cr =011,
0.2

n
1 2 3 4
Fig. 5. Effect of M on ¢.

2]

»
0.12 &\ VO # 0 : Solid Lines

\A=10,14,17. V0 = 0 : Dotted Lines
\

0,08 M=05,8=01,A=02B=02B1=05,
R=0.1,Nt=0.2,Nb =02, 6 = 1.0,
0.06
0.04
0.02
L n
1 2 3 4
Fig. 6. Effect of A on 0.
®
10
V0 # 0 : Solid Lines
A=1.0,14,1.17.
08 V0 = 0: Dotted Lines
06 M=05,=01,A=02,B=0.2,B1=05,
' R=0.1,Nt=0.2,Nb=02, 6= 1.0,
04 . Pr=1.0,Le=1.0,E1=0.1,Cr =0.1,
02/

Fig. 7. Effect of 1 on ¢.

The Deborah parameter () influence on the distributions of
velocity (') in x-direction, velocity (w) in y-direction, tempera-
ture (0) and concentration (¢) with suction (VO # 0) and without
suction (VO = 0) is disclosed in Figs. 8-11. Both components of
velocity distributions of rotating nanoliquid diminish with the
magnifying values of f in both cases of VO # 0 and VO = 0. This
is true, generally because the Deborah number (5) is contingent
on the relaxation time, and values of the Maxwell nanofluid re-
laxation time upsurge with the rising Deborah number values;
therefore, the velocity of the rotating nanoliquid declines in the

liquid area. However, the temperature and concentration of the
rotating nanoliquid both magnify with the increasing values of

S as revealed in Figs. 10 and 11.

V0 # 0 : Solid Lines

98] V0 = 0: Dotted Lines

06, B=01,02,03.
04/
- M=05,1=10,A=02,B=02,B1=0.5,

02/ R=0.1,Nt=02,Nb=02, 6 =1.0,
| Pr=1.0,Le=1.0,E1=0.1,Cr =0.1,

70.5 V 71.7077771.75777 26

Fig. 8. Effect of fon f".

w

05

- B=01,02,03. /4
04 V0 # 0 : Solid Lines

V0 = 0: Dotted Lines

03}
02| M=051=10,A=0.2,B=0.2B1=05,
R=0.,Nt=02,Nb=0.2, § = 1.0,

Pr=1.0,Le=1.0,E1=0.1,Cr =0.1,

041

70.7577 71.7077771.'57 20

Fig. 9. Effect of f on w.

0.10
M=051=10,A=0.2,B=0.2,B1=0.5,

0.08 R=0.1,Nt=0.2,Nb=0.2, § = 1.0,
Pr=10,Le=1.0,E1=0.1,Cr =0.1,

0.06

0.04 V0 #0 : Solid Lines

002 V0 =0 : Dotted Lines

1 2 3 4

Fig. 10. Effect of s on 6.

The thermal radiation number (R) increases the temperature
of the rotating Maxwell nanofluid in both cases of VO # 0 and
V0 =0, as illustrated in Fig. 12. Generally, the inclusion of ther-
mal radiation increases the fluid temperature. This increase in
temperature profiles is slightly greater for the case of VO = 0 than
in the case of VO # 0. Furthermore, the distributions of concent-
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ration also increase with the rising R values in both cases of suc-
tion and without suction (Fig. 13).

¢

\}
\}
\\, B=0.1,0.2,03.
\ }

V0 # 0 : Solid Lines
08

V0 = 0: Dotted Lines

0.6 M=051=10,A=02,B=02,B1=0.5,
R =0.1,Nt=0.2,Nb=0.2, § = 1.0,

04 Pr=1.0,Le=1.0,E1=0.1,Cr =0.1,

02

n
1 2 3 4
Fig. 11. Effect of # on ¢.
6
0.15

M=051=10,A=02,B=0.2,B1=0.5,
p=01,Nt=02,Nb=0.2, §=1.0,
o Pr=10,Le=10,E1=0.1,Cr = 0.1,

0.05 V0 # 0 : Solid Lines
V0 =0 : Dotted Lines
| > n
1 2 3 4
Fig. 12. Effect of R on 6.
¢

0.8
‘ M=051=10,A=02B=02B1=05,

B=01,Nt=0.2,Nb=0.2, 6= 1.0,

06}
Pr=1.0,Le=1.0,E1=0.1,Cr = 0.,
0 V0 # 0 : Solid Lines
V0 = 0 : Dotted Lines

1 2 3 4

Fig. 13. Effect of R on ¢.

The temperature and concentration fields of the rotating
Maxwell nanoliquid for different values of the Brownian motion
parameter Nb are shown in Figs. 14-15 for both VO # 0 and
VO = 0. The temperature profiles increase with the increase-
ing Nb, and this increase is slightly greater for VO = 0 than for
VO # 0. In contrast, the concentration profiles decrease as
Nb increases. Generally, nanoparticles undergo random motion

in the fluid region (Brownian motion), which increases the fluid
temperature and is also associated with nanoparticle agglomer-
ation and size.

M=051=10,A=02,B=02,B1=0.5,
p=01,Nt=02,R=0.1, §=1.0,

V0 # 0 : Solid Lines
V0 =0 : Dotted Lines

Fig. 14. Effect of Nb on 6.

087

M=051=10,A=02,B=02,B1=0.5,
A=01,Nt=02,R=0.1, § = 1.0,
N Pr=1.0,Le=1.0,E1=0.1,Cr =0.1,

N

06

04
V0 £ 0 : Solid Lines

02 V0 =0 : Dotted Lines

Fig. 15. Effect of Nb on ¢.

Figs. 16-17 illustrate that both temperature and concentra-
tion profiles of rotating Maxwell nanoliquid increase with the
rising thermophoretic parameter (Nt) values in both cases with
and without suction. This is because the thermophoretic forces
influentially thrust the particles present at the hot surface to-
wards the cold surface; as a consequence, both the temperature
and concentration of the rotating Maxwell nanoliquid magnify.

The chemical reaction parameter (Cr) impact on species out-
lines of rotating Maxwell nanofluid is depicted in Fig.18 in both
cases with and without suction. The concentration profiles of the
rotating Maxwell nanoliquid decrease with the increasing Cr,
and this decrease is slightly greater for VO # 0 than for VO = 0.
The effect of the Lewis number Le on the concentration profiles
is illustrated in Fig. 19. The concentration distributions decrease
in both cases with the increasing values of Le.

The concentration profiles of the rotating Maxwell nanofluid
increase with the increasing values of the activation energy pa-
rameter (E1), as shown in Fig. 20, for both VO = 0 and VO = 0.
Figure 21 shows that the concentration profiles of the rotating
Maxwell nanoliquid increase as the temperature ratio parameter
(0) increases in both the suction and non-suction cases.

247



Sudarsana Reddy P., Sreedevi P.

M=051=10,A=0.2,B=0.2,B1=0.5,

0.08 B=01,Nb=02,R=0.1, §=1.0,

0108 \Pr= 1.0,Le=1.0,E1=0.1,Cr =0.1,
N

564 V0 # 0 : Solid Lines

V0 =0 : Dotted Lines
0.02
= n n 1 n 1 : /]
1 2 3 4
Fig. 16. Effect of Nt on 6.
[
108

08

M=051=10,A=02,B=0.2,B1=0.5,
p=01,Nb=0.2,R=0.1, § =10,

06
Pr=1.0,Le=1.0,E1=0.1,Cr =0.1,
04
V0 # 0 : Solid Lines
0.2 V0 =0 : Dotted Lines
[
T - : : e n
! 1 2 3 4
Fig. 17. Effect of Nt on ¢.
¢
1.0

Cr=0.1,0.2,0.3.
08+
M=051=10,A=02,B=02B1=05,
B=01,Nb=0.2,R=0.1, § = 1.0,

06}
Pr=1.0,Nt=02,E1=0.1,Le =1.0.
04
V0 # 0: Solid Lines
02| V0 =0 : Dotted Lines

Fig. 18. Effect of Cr on ¢.

As the temperature exponent parameter (A) increases, the
temperature profiles of the rotating Maxwell nanoliquid de-
crease, and this decrease is more pronounced for VO # 0 than
for VO = 0, as illustrated in Fig. 22. Figure 23 shows that the
concentration profiles of the rotating Maxwell nanoliquid de-
crease as the concentration exponent parameter (B) increases,
with a slightly greater decrease for VO # 0 than for VO = 0.
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The effect of the thermal Biot number B1 on the temperature
and concentration profiles of the rotating Maxwell nanoliquid is
illustrated in Figs. 24-25 for both VO = 0 and VO = 0. The tem-
perature profiles increase with the increasing B1, and this in-
crease is more pronounced for VO = 0 than for VO # 0. Further-
more, the concentration distributions increase with the increas-
ing B1 in both cases.
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Fig. 23. Effect of B on ¢.

The effects of various pertinent parameters on the velocity
gradient, Sherwood number, and heat transfer under both suc-
tion and non-suction conditions are presented in Tables 3 and 4.
It is observed that the dimensionless rates of mass, heat, and mo-
mentum transfer of the rotating Maxwell nanoliquid decrease
with the increasing values of M in both the suction and non-suc-
tion cases. Furthermore, the concentration gradient and velocity
gradient of the Maxwell nanoliquid increase with increasing ro-
tation number (1) in both the suction and non-suction cases. The
heat transfer rate decreases for VO # 0 but increases for VO =0
as A increases. The mass transfer rate, heat transfer rate and ve-
locity gradient of the rotating Maxwell nanoliquid decrease with
the increasing S for both VO = 0 and VO # 0. The dimensionless
value of —0'(0) decreases as R increases in both the suction and
non-suction cases. However, —¢'(0) and ”(0) increase with the
increasing R in both cases. The dimensionless values of —¢'(0)
and f”(0) increase with the increasing Nb for both VO = 0 and
VO # 0. The heat-transfer rate decreases with the increasing Nb.

The dimensionless velocity gradient increases for VO # 0 but
decreases for VO = 0 as Nt increases. The Sherwood number and
temperature gradient decrease in both cases with the increasing
Nt. For VO # 0, the velocity gradient increases, whereas it de-
creases for VO =0 as Cr increases. The value of —6(0) decreases,
whereas —¢'(0) increases in both cases with the increasing Cr.
The increasing E1 increases f’(0) for VO # 0 but decreases it for

VO = 0. The Nusselt number decreases in the suction case and
increases in the non-suction case as E1 increases. The species
concentration gradient decreases in both cases with the increas-
ing E1. The velocity gradient increases for VO # 0 but decreases
for VO = 0 as ¢ increases. The value of —6'(0) decreases, whereas
—¢'(0) increases in both cases with the increasing 0. The skin
friction coefficient increases for VO # 0 but decreases for VO =0
as B1 increases. Finally, —6'(0) increases, whereas —¢'(0) de-
creases in both cases as B1 increases.
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Fig. 25. Effect of B1 on ¢.

5. Conclusions

A comparative analysis of the diffusion of species and energy
transport features of rotating Maxwell nanoliquid flow over an
elongating exponential surface with and without suction, by tak-
ing boundary condition of convective type into account, is pre-
sented in this article. The finite element method is utilised to
solve the dimensionless equations of mass, heat and momentum.
Velocity sketches in x and y directions, concentration and tem-
perature sketches for dissimilar values of parameters are exam-
ined in detail and important summaries are mentioned below.
(i)  An increase in the activation energy parameter leads to
a significant magnification in the concentration profiles
of the nanoliquid for both suction (VO # 0) and non-suc-
tion (VO = 0) cases.
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(ii)

(iii)

(iv)

v)

Table 3. The effect of various parameters on skin-friction coefficient f(0), local Nusselt number —6'(0)

and local Sherwood number —¢'(0).

Parameter (0) —-0'(0) —¢'(0)
M y| B R Nb W0 =0 W +0 n=0 N +0 =0
0.1 1.0 0.2 0.1 0.2 -0.70118 -1.14140 0.08804 0.08615 0.87140 0.74857
0.4 1.0 0.2 0.1 0.2 -0.90632 -1.26921 0.08671 0.08574 0.78171 0.73018
0.7 1.0 0.2 0.1 0.2 -1.14140 -1.38860 0.08610 0.08540 0.74857 0.71433
0.5 1.0 0.2 0.1 0.2 -0.70118 -0.69482 0.08804 0.08721 0.86407 0.81146
0.5 14 0.2 0.1 0.2 -0.55695 -0.54695 0.08802 0.08802 0.87490 0.86490
0.5 1.7 0.2 0.1 0.2 -0.53901 -0.53901 0.08801 0.08826 0.88205 0.88205
0.5 1.0 0.1 0.1 0.2 -0.70118 -0.69482 0.08804 0.08721 0.87140 0.81146
0.5 1.0 0.2 0.1 0.2 -0.70809 -0.70809 0.08719 0.08719 0.80971 0.80970
0.5 1.0 0.3 0.1 0.2 -0.72105 -0.72105 0.08716 0.08716 0.80796 0.80796
0.5 1.0 0.2 0.1 0.2 -0.70118 -0.69482 0.08804 0.08721 0.81140 0.81146
0.5 1.0 0.2 0.3 0.2 -0.69482 -0.69325 0.08623 0.08623 0.81445 0.81445
0.5 1.0 0.2 0.5 0.2 -0.68542 -0.69215 0.08534 0.08534 0.81717 0.81717
0.5 1.0 0.2 0.1 0.1 -0.70119 -0.68452 0.08851 0.08771 0.82079 0.76432
0.5 1.0 0.2 0.1 0.3 -0.69482 -0.67548 0.08559 0.08559 0.84055 0.84055
0.5 1.0 0.2 0.1 0.5 -0.68452 -0.66584 0.08239 0.08239 0.85183 0.85183
Table 4. The effect of various parameters on skin-friction coefficient f(0), local Nusselt number —6'(0)
and local Sherwood number —¢'(0).
Parameter '(0) —0'(0) —¢'(0)
Nt Cr El 5 B1 N =#0 =0 =0 N=0 NW=+0 W=0
0.1 0.1 0.1 1.0 0.5 -0.70118 -0.69482 0.08807 0.08725 0.89504 0.83330
0.4 0.1 0.1 1.0 0.5 -0.69482 -0.69587 0.08709 0.08706 0.74664 0.74668
0.7 0.1 0.1 1.0 0.5 -0.65842 -0.70154 0.08688 0.08682 0.64094 0.64494
0.2 0.1 0.1 1.0 0.5 -0.70118 -0.69482 0.08804 0.08721 0.87140 0.81146
0.2 0.2 0.1 1.0 0.5 -0.69482 -0.69524 0.08801 0.08716 0.92748 0.92768
0.2 0.3 0.1 1.0 0.5 -0.67542 -0.70123 0.08711 0.08711 1.03152 1.03159
0.2 0.1 0.1 1.0 0.5 -0.70118 -0.69498 0.08804 0.08721 0.87140 0.81146
0.2 0.1 0.5 1.0 0.5 -0.69471 -0.70809 0.08729 0.08724 0.75819 0.75819
0.2 0.1 0.9 1.0 0.5 -0.67533 -0.72105 0.08725 0.08725 0.74797 0.74799
0.2 0.1 0.1 0.1 0.5 -0.70118 -0.69482 0.08804 0.08721 0.81140 0.81146
0.2 0.1 0.1 0.5 0.5 -0.69482 -0.70215 0.08721 0.08712 0.82706 0.82706
0.2 0.1 0.1 0.9 0.5 -0.68542 -0.75242 0.08720 0.08602 0.84254 0.84254
0.2 0.1 0.1 1.0 0.1 -0.70118 -0.68452 0.08804 0.08721 0.87407 0.81146
0.2 0.1 0.1 1.0 0.2 -0.69482 -0.69521 0.09472 0.09472 0.80817 0.80817
0.2 0.1 0.1 1.0 0.3 -0.68321 -0.70215 0.10203 0.10203 0.80496 0.80496

The magnetic parameter induces a Lorentz force that re-
tards fluid motion (decreasing velocity) while simultane-
ously elevating the liquid's temperature due to the addi-
tional work required to overcome the force.

Higher values of the rotation parameter led to a degrada-
tion in temperature distributions, a trend that is more pro-
nounced in the presence of suction.

The temperature of the rotating Maxwell nanoliquid
magnifies with the magnifying values of $ both without
and with suction.

With the amplifying values of thermal Biot number (B1),
the temperature profiles of the Maxwell nanoliquid in-
crease.
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