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Abstract—This study numerically examined unsteady double stratified EMHD mixed convection flow of nanofluid
via permeable stretching sheet. It also looked at the convective heat and mass boundary conditions as well as the
Navier velocity slip. In the thermal field, the effects of radiative heat transfer, heat generation/absorption, viscous dissi-
pation, together with Ohmic heating (both magnetic and electric fields) were considered. The concentration field
accounts for the chemical reaction. These show the physical behavior of electromagnetohydrodynamic flow associated
with the problem formulation. The characteristics in regard to convective heat and mass, Navier slips conditions, as
well as double stratification, were imposed. Such structure arises in energy efficiency and performance, which is achiev-
able without higher pumping power, serves in the extrusion manufacturing process involving the thermal system for
efficient devices particularly in polymeric, paper production, and food processing. The governing equations, which are
nonlinear partial differential equations, were modelled by ordinary differential equations using suitable transforma-
tions. The ODEs were solved numerically, using implicit finite difference method (Keller box method). The physical
implications deliberated on the behavior via the velocity, thermal energy, and concentration fields as well as the skin
friction coefficient; the Nusselt and Sherwood numbers were scrutinized in relation to several parameters via mathe-
matical model. The analysis shows that thermal and concentration stratifications decrease the distributions adjacent to
the sheet surface, indicating decrease in the concentration nanoparticles and reduction in thermal energy. Augmenta-
tion occurs with convective heat and mass Biot numbers with the fields. The electric and magnetic parameters exhibit
opposite flow behavior to the velocity and temperature. Chemical reaction and viscous dissipation weaken the concen-
tration profile. Numerical results were compared with the published data available in the literature for limiting cases,

and good agreement was noticed.
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INTRODUCTION

The study of mixed convection flow of nanofluids with chemi-
cal reaction over a stretching surface has vital roles in chemical and
metallurgy engineering industries. In essence, heat convection occurs
in wet cooling towers, during drying processes, moisture over agri-
cultural fields, processing of food, temperature/concentration trans-
fer, destruction of crops in freezing condition, polymer production,
motion in a desert cooler, evaporation over the surface (water body),
and others [1,2].

Study on heat and mass transfer, along with chemical reactions,
has significant value in various industries and has gained the atten-
tion of researchers recently. Chemical reaction occurs between two
or more chemicals, which leads to the transformation of substances
[3-5]. Conventional heat transfer occurring in oil, water;, and eth-

"To whom correspondence should be addressed.
E-mail: zainalaz@utm.my
Copyright by The Korean Institute of Chemical Engineers.

1021

ylene glycol mixtures are poor heat transfer fluids due to the low
thermal conductivity.

Nanofluids have the potential to reduce thermal resistance in
many applications, such as cooling in electronics chips, drug deliv-
ery, food processing, and emission reduction. Such fluids usually
contain a suspension of nanosized (10~°-10” m) particles from met-
als or nonmetallic materials into base fluids [6]. The impact of gold
nanoparticles on MHD mixed convection Poiseuille flow induced
by external pressure gradient and buoyancy force was studied [7].
Results signified that metals have a higher rate of heat transfer than
metal oxides. Xiao et al. [8] explored the facile one-pot aqueous-
phase synthesis of PdAu bimetallic nanoparticles with different Pd/
Au ratios. The presence of nanoparticles is to enrich the heat transfer
performance of the ordinary heat transfer liquids. The high cooling
rate expectation becomes impossible with the conventional fluid,
due to poor thermal conductivity. Brownian motion and thermo-
phoretic force features traced on the nanoparticles extensively con-
tributes towards enhancing the thermal conductivity of based fluids
[9,10].
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In view of the above analysis, the study conducted numerical
analysis on unsteady MHD flow of cross nanofluid over a stretch-
ing surface with non-linear radiation influence [11]. The Buon-
giorno nanofluid model was implemented to scrutinize the effects
of thermophoresis and Brownian motion. Impact of activation
energy over the chemically reactive radiative flow of Carreau nano-
fluid due to nonlinearly mixed convection was considered by Irfan
et al. [12]. Based on their findings, higher values of the magnetic
field, Brownian motion, and thermophoretic parameters tend to
increase the thermal energy of the Carreau nanofluid. Sheikholeslami
[13] studied the shape factor and Brownian motion impact on nano-
fluid modeling. Results prove that convection decreases with in-
crease in magnetic forces. The magnetic nanoparticles are also useful
in manufacturing magnetic cell separation, loudspeakers, drug deliv-
ery, magnetic resonance imaging, cancer treatment with magnetic
hyperthermia, etc. [14,15]. Khan et al. [16] examined partial slip char-
acteristics and entropy generation in MHD mixed convection flow
by the stretchable rotating disk. Interestingly, the velocity gradient
decreases via a magnetic field, slip variable, and suction parameter.

Many investigations of MHD mixed convection heat and mass
transfer against vertical stretching sheet were done in recent years
due to their applications in the area of engineering such as cool-
ing of electronic components, thermal insulation, solar collectors,
as well as designing buildings [17-20]. The impact of thermal radi-
ation is crucial to space technology and high-temperature processes.
Influence of nonlinear radiation using ferrofluid flow was deliber-
ated by Rashid et al. [21]. Their work incorporated viscous dissipa-
tion and Joule heating. Temperature is enhanced for the radiation
parameter, Eckert number, and heat generation parameter. Ther-
mal radiation helps in controlling heat convection process in poly-
mer processing. Reduction in thermal resistance of heat transfer
within the fluids would undoubtedly enhance diverse applications/
processes.

Stratification flow has gained attention due to its significant ex-
pediency in heat and mass transfer beside natural procedures. The
influence of gyrotactic microorganisms for the 2D stratified flow
of an Oldroyd-B nanomaterial was highlighted by Wagqas et al.
[22]. Applied magnetic field along with mixed convection was
considered in the mathematical formulation. The analysis of dou-
ble stratification in MHD flow of nanofluid by a stretching cylin-
der was carried out by Hayat et al. [23]. Brownian motion and
thermophoresis impacts are presented in the transport equations.
They studied a fluid having density fluctuations in the vertical bear-
ing (perpendicular direction) in relation to a stratified fluid. Con-
centration as well as temperature variations or dissolved phases with
varies densities account for the stratification generation. Inherently,
some applications of stratification are on convection of heat from
thermal sources in power plant condensers, heat rejection from
lake surroundings, thermal storage system in solar ponds, geother-
mal systems, heterogeneous mixtures in the atmosphere, etc [24-
26]. Simultaneous rise in both mass and heat transfer leads to dou-
ble stratification [27]. These significantly play an important role in
regulating the concentration as well as the temperature variations
of oxygen and hydrogen in water bodies (ponds and lakes), which
greatly affects growth in species. It is significant to examine double
stratification impacts on heat and mass transfer arise concurrently.
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These keep balance levels of hydrogen and oxygen for excellent
growth progression in species for enrichment beside energy effi-
ciency in devices [28-30].

Convective heat and mass transport at the surface are ordered
as the main class of convective fluid temperature/concentration.
Heat and mass transfer convective fluid over surface define a con-
vective heat exchange condition for entities in thermal and con-
centration fields, quantified heat capacity [31]. The heat and mass
transfer with convective boundary conditions cause considerable
change in processes, essentially inducing high temperatures. These
are found in systems of thermal energy storage, petroleum industry;
gas turbines, nuclear plants, conjugate heat transport, heat exchang-
ers, etc. [32]. In view of the above analysis, convective mass condi-
tion was introduced on the 2D MHD boundary layer flow of
nanofluid. Shehzad et al. [33] discussed the case with the existence
of an applied magnetic field. Heat and mass transfer characteris-
tics were explored by convective boundary conditions on hydro-
magnetic stagnation point flow of thixotropic nanofluid towards
over a stretching surface by Hayat et al. [34]. The convective bound-
ary conditions cause temperature slip relative to the convective fluid
temperature at the wall, which is suddenly affected by the mass trans-
fer. The temperature fluid is quite different from the prescribed wall
temperature. Better quality product from industry can be achieved
through good application based on heat and mass transfer processes.

The main aim of this study was to explore double stratification
through convective heat and mass conditions on unsteady MHD
mixed convection slip flow of nanofluid over a stretching sheet with
the electric field effects. It considers the physical characteristics of
electromagnetohydrodynamic flow with respect to stretching sheet.
In addition to the thermal field are thermal radiation, viscous dis-
sipation and Ohmic heating (electric and magnetic fields) in the
presence of heat generation/absorption. The concentration field
has an impact on the chemical reaction. The motion is electrically
conducted via a couple of electric and magnetic fields. Heat includ-
ing mass transport was engaged further down with the Brownian
movement beside thermophoretic force. Convective heat and mass
situations were considered over the model. Numerical simulation,
Keller box scheme, was used to tackle the governing scientific flow
model. A number of characteristics involving physical constraints
on the flow distribution, thermal energy distribution, nanoparticle-
concentration distribution, skin friction coefficient distribution, the
Nusselt number and Sherwood numbers were visualized via plots
and numerical data. Current results were compared with the avail-
able published data in the restrictive case and good agreement was
obtained.

FORMULATION

1. Flow Scrutiny

Consider an unsteady two-dimensional mixed convection trans-
port of an incompressible electrically-conducting nano-liquid over
a linear permeable stretching sheet (see Fig. 1) with velocity desig-
nated as u,(x)=bx/(1—at), where b represents stretching rate as a
denotes constant obligating (time)™' dimensionless for (at<1, &>0).
Magnetic field denoted by B=B/./1—at, along with an electric field
E=E,/«/1—-at is applied normal to the flow field [35]. In this situa-
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Fig. 1. Physical flow geometry.

tion the magnetic-Reynolds variable is negligible. Also, induced-
magnetic-field is insignificant in contrast to the applied-magnetic-
field. Therefore, the induced magnetic field is inconsequential as
well as the magnetic-Reynolds-constant. The variable T denotes
the temperature, ¢ the concentration, and g is gravitational accel-
eration respectively. The equations governing the flow are presented
as:

6u ov

ox " 8y =0 M

6u au 6u o'u
at Yax 8y U(ay) (EB B'u)+ @

;f[(li woo)pfaoﬂT(T - Too) - (ppipfoo)ﬂgo(wi gpoc)]g

with the boundary conditions [36]:
0: u=u,+,,=— du v=v 3)
y= 6y’ ws
y—o0: u—0. 4)

Here (u, v) represents velocity components in the x- and y-direc-
tions, respectively; v, =—v,/s/1—at symbolizes wall mass transfer
(taken injection as (v,,<0), whereas suction depicts (v,>0)), ;=
liW1-at, o, B, ps and B, represents slip velocity factor, electrical
conductivity, coefficient of thermal expansion, fluid density, and
the mass diffusion coefficient, respectively.

Using the following transformations,

[bo [ b T-T, ¢-9,
= [2Y xf(n), n= , 0= . d= , 5
v= 1o =y ey T, ¢ =y ©)

with the stream function i defined as:

_oy oy
u—ay Ve, 6

Continuity Eq. (1) is satisfied and Eq. (2) is reduced as follows:

£ - 5(f’+ ﬂf”) +M(E,~ )+ A 0-N ) =0, @)
2
with the boundary conditions
f=s, f'=1+Lf", at =0; f'=0, as p—>o0. (8)

where ', 6 and ¢ are the dimensionalized variables representing
the velocity, temperature, and nanoparticles concentration, respec-
tively; s is the suction/injection parameter, d=a/b stands for the
unsteadiness parameter, A=Gr/Re’ is the mixed convection param-
eter, Gr=g/1- (pco)(Tf—To))f/u2 is the Grashof number (T, is the
reference temperature, and T;=T,+Ax/(1-at) represents the heated
fluid temperature (where A, is dimensional constant)), ¢=g+
Cx/(1—at) represents the heated fluid concentration (C, is dimen-
sional constant), N=(0,~p:.)(@—@)/ A1-@.)(T/~T,) denotes the
buoyancy ratio parameter, Re=u,x/v is the Reynolds number, L=
I'\/b/v is the parameter slip velocity, and E,=E/u, B, is the param-
eter electric field and M=0B/bpy is the parameter magnetic field.
Skin friction coefficient can be defined as follows:

7,

¢=—F, ©)
"l 1)
where
Ou
7,= (10)
(6y)y o
In this direction, 7, takes the shear stress along the stretching sheet

involving the nanofluid. The coefficient of the local skin-friction in
non-dimensional form follows:

e'c=f'(0), (11)

2. Energy Equation

Energy equation deals with the thermal radiation, viscous dissi-
pation as a consequence of the Ohmic heating with a convectively
heating stretching sheet. The impact of heat generation or absorp-
tion besides the thermal stratification were considered, in view; of
the Rosseland approximation of radiation [37,38]:
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with condition at the boundary [39]:

y=0: — anhf(Tf ), (13)

Ax

y—o: T-T, T+
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(14)

where ¢ is the mean absorption coefficient, and k” characterizes
Stefan-Boltzmann variable. The other constants h; a=k/(p)s 14 8
¢, are the convective heat transfer coefficient, the thermal-diffusiv-
ity connected the fluid, fluid kinematic-viscosity; the fluid density
and specific heat respectively. Also, Q=Q,/(1—at) represents the
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non-uniform heat generation/absorption coefficient (Q, is power-
ful uniform heat generation or the absorption variable), k denotes
the thermal conductivity, A, is the dimensional constant, Dy, is the
coefficient of Brownian diftusion, Dy represents the coefficient of
thermophoresis diffusion, 7=(oc),/(0c); is the heat transfer capacity
with respect to the nanoparticle divided by the heat capacity with
respect to the liquid.

Bringing together the defined variables in Eq. (5) along with Egs.
(12)-(14), results in:

1

Pr(1+ %‘Rd) 0"+ 10105~ & s+ z 0+20)+Nbg0  (19)

+Nt@” +Ec(f") + €6+ MEc(f'—E,)’ =0.
With defined boundary conditions,
0=—B,(1-s,—6), at n=0; =0, as n—o. (16)

Here, Bﬂ:(hf/k)m denotes the thermal Biot number, Nb=(x),
Dy(— @)/ (pc)sv represents Brownian motion constant, Nt=(x),
Dy(T;~T,)/(pc) UL, is the thermophoresis constant, Ec:ufv/cp(Tf—
T,) is the Eckert number, Pr=u/« is the Prandtl number, s=v,/
M the suction parameter, Rd=40"T/K’k the thermal radiation
parameter, s,=A,/A, the thermal stratification parameter, and &=
Qu/b(px); denotes heat generation (£>0) or absorption (£<0) also
when £=0 indicates absence of heat generation/absorption effects.
The Nusselt number is defined as follows:

Xy
Nu=———, 17)
K(T,~T,)
where q,, represents the surface heat flux, expressed as:
16T,
qw——[(lw z “’]a—Tj , 18)
3k" )0y

y=0
The Nusselt number in non-dimensional-form can be defined as:

Nu/Re'*=— (1+ ng)(ﬁ) 0(0), (19)

3. Mass Transfer

Convective mass flow impact over nanoparticle concentration
as regards to concentration stratification and the homogeneous-
chemical-reaction for first order is modelled as:

o9, 09, d¢_p (°¢) Dr@T\ |
Erd +V6y fDB(ayz) + Tw(ay’l;) k,(p—,). (20)
with boundary conditions:
0
y=0: _Dsﬁzhg(%_ ?) (1)
Cx

y—>o0: ¢_)¢w:¢°+lfat (22)
Such that @ @, k,=ky/(1-at), h, Dy, C, and =@ +Cx/(1-at)
denote the variable concentration of the hot fluid, the concentra-
tion at the surface, the rate of chemical reaction, the variable mass
transfer coefficient, Brownian diffusion coefficient, dimension con-
stant and the heated fluid concentration (ie. C, is dimensional

constant), respectively.
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Employing the transforms in Eq. (5) into Egs. (20)-(22), we get
St Sef , By, NNty
@"+Scfg'—Sct'¢p—Scs,, f'— 5Sc(sm+ 5 ¢+ ¢) + Nb 0'—Scyg=0 (23)

Subjected to boundary condition:
¢'=—B,(1-s,,— @), at n=0; ¢=0, as p—w (24)

Here, B12=(hg/DB)m is the mass Biot number, s,,=C,/C, is the
mass stratification parameter, y=ky/b denotes the chemical reac-
tion constant (>0 takes the destructive chemical reaction param-
eter, and y<0 is generative chemical reaction parameter) [40].

The Sherwood number is defined as follows:

XQqm

Sh= —21 (25)
Dy(@— @)
where
9¢
m=—D , (26)
q 86Yy:0

q,, is surface-mass-flux of the nanofluid.
The Sherwood number is presented in a non-dimensional form
as:

Sh/Re2=— (1—_15—;) #(0), 27)

ANALYSIS

The ordinary differential equations which are highly nonlinear
(7), (15), and (23) subjected to the boundary conditions (8), (16),
are (24) are solved numerically (Keller box scheme [41]). The
physical significance of the dimensionless parameters and their
range of variation are presented [35,42-47] for selection of values
in the parametric study. As justification of the current numerical
method, the outcomes were obtained and scrutinized with pub-
lished works of [43,45] and [48] in a few restrictive situations when.
The accessible computational values are in good agreement as com-
pared to others, as shown in Table 1, for the coefficient of the skin
friction generated.

5% L=0.0
— — 1=0.5 ]|
08
0.7
06 Pr=6.2, Rd=Ec=0.5, E,=§=o.or.
—_ Nb=Nt=M=o0.5, A=N=j=0.1,
Zos s,=s =£=0.1, B, =B, =5¢=5
o
04
03 .
s=0.0, 0.5, 1.0, 1.5
02 .
0.1 s
0
0 1 2 3 4 5 6 7 8 9 10

Fig. 2. Strength of s on the velocity distribution £ (7).
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Table 1. Comparison over coefficient of the skin friction —f"(0) when E,=4=L=N=0

M s ) Khan and Azam [48] Ibrahim and Shankar [43] Hayat et al. [45] Present results
0.0 0.0 0.0 - 1.0000 - 1.000000
0.5 - 1.2808 1.2808 1.280776
0.5 0.5 - 1.5000 - 1.500000
1.0 0.5 - 1.6861 - 1.686141
0.0 1.4142 1.414214
0.2 1.5177 1.517745
0.7 1.8069 1.806880
1.0 2.000 2.000000
1.5 0.5 - 1.8508 - 1.850781
2.5 0.5 - 2.0000 - 2.000000
1.0 0.0 - 1.4142 1.4142 1.414214
5.0 - - 2.4494 2.449490
0.0 0.0 1.0000 - - 1.000000
0.2 1.06801 - - 1.068012
0.4 1.13469 - - 1.134685
0.6 1.19912 - - 1.199117
0.8 1.26104 - - 1.261040
1.2 1.37772 - - 1.377720
14 1.43284 - - 1.432831
2.0 1.58737 - - 1.587358

1. Velocity Profiles

Fig. 2 demonstrates the behavior of suction s and velocity slip L
on the velocity profile. The nanofluid motion gradually decreases
under the strengths of slip conditions (L>0), for a rise in suction
(s>0), as the velocity profile drops. The outcomes strongly depend
on the power law existing between the slip flow and the shear stress
at the wall, due to non-adherence of the fluid to a solid boundary.
At impermeable (s=0.0) and no-slip (L=0.0) stages, the flow is at
maximum level up-direction the vertical direction on the surface.
A higher magnitude of suction parameter gives way to resistance
to the fluid flow resulting in decrease in the velocity. Note that the
velocity profile increases at the surface of the stretching sheet for a
small amplitude of the suction parameter. Both parameters reduce

_ EI=0.0 |

— EI—'-O,I

Pr=6.2, Rd=Ec=o0.5, &=0.01,
Nb=Nt=s5=0.5, M=N=j=0.1,
s,=s,_=&=L=0.1,B, =B, =Sc=5

4A=0.0, 0.1, 0.2, 0.3

Fig. 3. Strength of A on the velocity distribution f (7).

the velocity distribution for higher values.

In Fig. 3 exhibits the behavior of mixed convection parameter A
and electric field parameter E, on the velocity profile. The nano-
fluid flow along the stretching sheet is minimal at force convec-
tion flow locale (1=0.0) alongside with absence of an electric field
(E;=0.0). For heated stretching surface locale (1>0), the convec-
tion current augments the nanofluid flow greatly subject to the elec-
tric field (E,#0.0). Applying the electric field intensified natural
convective heat transfer of nanofluid. The natural convection cur-
rent is controlled by the forced convection of the fluid molecules
and nanoparticles along the stretching sheet flow direction. Aug-
mentation of the mixed convection parameter and electric field
enhances the buoyancy force, which boosts the velocity and the

N=o0.1
e — — N=1.0 |
0.8 R
0.7 e
Pr=6.2, Rd=Ec=0.5, E =o.01,
06 B
Nb=Nt=s=0.5, M=A=}=0.1,
E s S_=Sm=€‘=L=0.1, B”:B_;Sc:s,o |
—
04} =
03 1
&=0.0,0.1,02 03
0.2f - g
0.1 .
0 L e -
0 1 2 3 4 5 6 7 8

Fig. 4. Strength of Jon the velocity distribution (7).

Korean J. Chem. Eng.(Vol. 36, No. 7)



1026 Y. S. Daniel et al.

—— Rd=0.0
— — Rd=1.0 |
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E 05 Sr=sm=€=0. X BI_I=B'2=Sc=S

.
0.4
03 1
0.2f M=0.0,0.5 1.0, 1.5

Fig. 5. Strength of M on the velocity distribution f (7).

momentum boundary layer thickness. Electric field creates room
for the fluid molecules-particles intensifications in such a way that
the Lorentz force tends to strengthen the physical forces which
resulted in boosting the flow of the nanofluid velocity.

The consequence connected with unsteadiness parameter ¢ with
respect to the acceleration case (5>0) and the ratio of concentra-
tion to thermal buoyancy forces over the fluid velocity are repre-
sented in Fig. 4. The velocity profile decreased for the higher ac-
celeration case (5>0), lower with an effect of the buoyancy ratio
parameter. This results in a thinner momentum boundary-layer.
The nanofluid flow behavior decreases across the vertical surface
due to prevailing strengths from the stretching sheet constant. This
causes the momentum boundary-layer thickness to be lower for a
high amplitude of the buoyancy ratio and unsteadiness parameters.

Fig. 5 depicts the impacts of magnetic and thermal radiation on
the velocity profile. The velocity profile is reduced with the rising
of the magnetic field, conversely with thermal radiation. The Lorentz
force related to the magnetic field rises, leading to significant resis-
tance to the flow. Advancing magnetic field leads to a stronger
hydromagnetic body force, which reduces fluid and nanoparticle
motion. The existence of thermal radiation results in strengthen-
ing the flow of molecules besides the nanoparticles. The radiation
intensification means a reduction in the absorption coefficient. This
reveals the significant role thermal radiation plays on the surface
heat transfer, whenever the occurrence of convection heat transfer
coefficient is lower.

2. Temperature Profiles

Fig. 6 presents the impacts of thermal radiation with, as well as
without, electric field over the thermal profile. Higher values of
radiation parameter cause an enhancement of temperature field
and thicker thermal layer thickness. This is because the mean absorp-
tion coefficient decays with higher values of thermal radiation,
which is responsible for the intensification of the thermal field.
Hence temperature distribution increases. Presence of the electric
field when the thermal radiation is absent reduces the tempera-
ture, leading to a thinner thermal-layer thickness to the smallest
level of energy. Applying an electric field offers better enhance-
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Fig. 7. Strength of Ec on the temperature distribution &7)).

ment of heat transfer due to the stretching sheet surface.
Intensification in parameter magnetic field M and Eckert num-
ber Ec yields higher temperature and thickness of thermal layer as
in Fig. 7. A drag-kind of force known as Lorentz strength is cre-
ated through the magnetic force over electrically-conducting lig-
uid. The nanofluid flows naturally over the surface and experiences
an electromagnetic retarding force. Trailing natural convection flow
(4>0) of an electrically conducting nanofluid with the applied mag-
netic field, the two body forces (buoyancy force and a Lorentz force)
interact with each other and, in turn, influence the transport pro-
cesses of heat and mass. These take a critical role in numerous
engineering processes, such as materials manufactured via extru-
sion practices, and heat treated materials flowing among a feed roll
and wind up roll over the surface retain these features. The viscous
dissipation connects the relationship between the kinetic energy to
the enthalpy difference with respect to the temperature. Higher
value of Eckert number implies the cooling of the plate means loss
of heat from the plate to the nanofluid. It shows that the inter-
change over the kinetic energy toward subjective energy as the result
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Fig. 8. Strength of s, on the temperature distribution & 7).

of the work done with the viscous fluid stresses. Dissipation war-
rants the conversion of the mechanical energy within the down-
ward-flowing fluid to thermal and acoustical energy. Most eng-
ineering devices are configured in streambeds to moderate the
kinetic energy of flowing fluids, reducing their erosive potential on
the fluid surfaces. Consequently, advance dissipative heat pro-
duces an increase in the nanofluid temperature.

Fig. 8 illustrates the variation in temperature profile with the stim-
ulus of thermal stratification parameter s, destructive chemical reac-
tion parameter (y>0) and generative chemical reaction parameter
(y<0). It was established that temperature distribution consider-
ably declines as the thermal stratification parameter intensifies.
The surface temperature drops with an augmentation in thermal
stratification. The occurrence in reservoirs can be minimized through
vertical mixing of oxygen to the point that bottom fluid becomes
anoxic by the action of biological procedures. It reduces more with
generative chemical reaction and enhances with destructive chem-
ical reaction near the stretching sheet. This relationship mostly
occurs when heat is transferred from a hotter region to a colder
region in fluids arising as a result of temperature variation.
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Fig. 9 shows the behavior of thermal Biot number B; and
mixed convection parameter 1 over the thermal field. It signifies
an enhancement in the temperature as well as the layer thickness
due to thermal Biot number. Essentially, Joule heating forms as a
result of flow of electric current conducting nanomaterial-parti-
cles beside the molecules. During the collision among the flowing
nanoparticles and the molecules some of the kinetic energy is
released to heat, leading to intensification of the temperature of the
system. Increase in the thermal convective parameter strengthens
heat transfer coefficient in addition to thermal layer thickness. The
reverse effect was noticed with accumulative mixed convection. At
the heated stretching surface locale (1>0), the convection current
decreases the nanofluid temperature.

The impact of heat generation (£>0) and absorption (£<0)
with Brownian motion Nb on the temperature profile is depicted
in Fig. 10. It is determined that thermal field and layer thickness are
strengthened when heat generation intensifies, while reverse effects
are noticed during heat absorption. Influence of heat generation
accounts for the energy manifestation. Heat generation is significant
during removal of nudlear fuel debris, separating fluids in packed-bed
reactors, storage of foodstuffs, and underground dumping of radioac-
tive waste solid. In the heat generation mechanism, a great quantity of
heat is generated, which leads to an enhancement of temperature
profile. Brownian motion raises the thermal field with augmenta-
tion in both situations. The behavior shows that they contain the
random movement of microscopic nanoparticles suspended in a
fluid at the molecular and nanoscale level as this is the process pre-
vailing in the thermal behavior of nanoparticles in nanofluid.

3. Concentration Profiles

Fig 11 demonstrates the effect of Schmidt number Sc and Brown-
ian motion parameter Nb on the concentration profile. Schmidt
number takes in the Brownian diffusion coefficient, which decreases
with higher values. Hence concentration together with the accom-
panying thickness-layer decays for intensification. Similar behavior
occurred with Brownian motion parameter. The random motion of
microscopic, nanoparticles in the fluid at the nanoscale level adds
to decay in the concentration. The reason is that the random behav-
ior of the liquid molecules versus particles continues for augmenta-
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Fig. 12. Strength of Nt on the concentration distribution ¢(1).

tion with Brownian flow; resulting in a reduction in the distribution.

In Fig. 12, the flow behavior of thermophoresis parameter Nt
and chemical reaction parameter y are shown with respect to the
concentration profile. Higher value of thermophoresis parameter
strengthens the thermophoretic force, and this leads to the flow of
nanoparticles in the region connected with tendency to minimal
thermal energy resulting in intensification. These are attributed to
the flow of the nanoparticles’ energies from the region of the hot
surface to the vicinity of the cold surface. Strong force is witnessed
with suspension of nanoparticles as a result of the temperature gradi-
ent. The chemical reaction reduces the concentration and layer
thickness for an increase in values. This is because in the heteroge-
neous-chemical-reaction, nanoparticles and fluid-molecules reac-
tants are in different phases.

Fig. 13 portrays the behavior of mass (concentration) stratifica-
tion parameter s,, and thermal radiation parameter Rd on the con-
centration profile. It shows that the volumetric fraction sandwiched
between the surface and reference nanoparticles decays when mass
stratification increases. Thus, the concentration distribution drops,
with increase in the flow fields as a result of concentration differ-
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ences. However, the concentration distribution decreases with the
existence of thermal radiation parameter. The coefficient of the
mean absorption drops upon intensification, and that accounts for
decrease in concentration distribution. This fact yields a decayed
trend of the fluid concentration.

Fig. 14 illustrates the power connecting with mass convective
Biot number B,, beside Eckert number Ec over the nanoparticle con-
centration distribution. A great multitude of mass convective Biot
number associated with the mass transfer at the surface results in
the strengthening of the concentration field. The involvement of
mass transfer coefficient intensifies for higher values, which leads
to thicker solutal layer thickness. Also, the existence of Eckert num-
ber reduces the fluid concentration. The Eckert number measures
the loss of energy through flow configuration. It is the relationship
between enthalpy difference and the kinetic energy of liquid parti-
cles. Because the Eckert number heightens the fluid particles which
collide more repeatedly with one another, and hence they tend to
release more heat, which leads to decelerating concentration.

4, Skin Friction, Nusselt and Sherwood Numbers
Figs. 15 and 16 portray the differences in the skin friction coef-
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Fig. 16. Effect of L and M on the skin friction profile.

ficient involving unsteadiness parameter & electric field E;, mixed
convection parameter J, the ratio of concentration to thermal
buoyancy forces N, velocity slip parameter 1. and magnetic field
M. The profile decreases with increase in the electric field, but the
unsteadiness parameter increases conversely with the mixed con-
vection parameter. This is attributed to the fact that supplementa-
tion in & depreciates the flow field and larger A gives rise to more
buoyancy force. An increase in the values of E, reciprocates strongly
on the flow of fluid molecules and nanoparticles in the boundary
layer. In the vicinity of the stretching medium, reversed behavior
occurs with the unsteadiness parameter. As a result, the thinner
boundary-layer subsequently lessens the skin friction distribution.
The profile drops with upsurge velocity slip parameter L and the
ratio of concentration to thermal buoyancy forces N, but rises with
magnetic field M. The main physical implication of the results is
that both momentum and hydrodynamic layers are reduced, thinned
with strong magnetic fields. It is attributed to increases in values of
N, and is dosely associated with the fluid motion along the stretch-
ing surface with nanofluids. The decline in the nanofluid velocity
is due to the thermal force applied on the surface, which reduces the
flow field. Increase in the ratio of concentration to thermal buoy-
ancy forces as a consequence of the velocity slip decreases the coeffi-
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Fig. 17. Influence of s, and £ on the Nusselt number profile.
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cient of the skin friction near the stretching sheet. Consequently,
the boundary-layer-thickness declines to justify the skin friction
decay. The magnetic field displays the opposite role noticed with
the skin friction coefficient profile.

Figs. 17 and 18 show the variation of heat generation & thermal
stratification s, thermal radiation Rd, electric field E,, heat convec-
tive number B, and Eckert number Ec on the Nusselt number.
The profiles rise for increases in thermal radiation parameter and
thermal stratification parameter but decrease with heat genera-
tion. The temperature between surface and reference temperature
drops when s, advances. Small mean absorption coefficient results
in higher radiation parameter, and as a result temperature distri-
bution grows. Consequently, increases in thermal radiation plus
thermal stratification cause the motion of nanofluid to concentrate
over the layer of the boundary, causing thicker boundary-layers
including heightening the Nusselt-number. On the other hand, the
existence of viscous dissipation decays the profile, whereas the
reverse occurs with the heat convective number B, beside electric
field E,. The heat convective Biot number has a high dependency
relation to the heat transfer at the surface, so larger profile is at-
tributed to higher values of B;. An increase in the electric field and
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heat convective number increases the rate of heat transfer on the
surface sheet and the boundary layer thickness. The Eckert num-
ber demonstrates opposite flow behavior accordingly, leading to a
reduction of the profile. Physically, as a result of frictional heating,
extra kinetic energy is stored in the fluid particles. So, the higher
values in temperature difference are reduced at the surface of the
sheet.

Fig. 19 establishes the combined consequences of mass stratifi-
cation parameter s,,, Brownian motion parameter Nb and chemi-
cal reaction y on the Sherwood number profile. Both Nb and y
intensify the mass transfer. Nevertheless, their impacts on wall mass
flux are less noticeable from the figure. Higher values of s, depress
the Sherwood number. It is expected that volumetric fraction of
nanoparticles between surface and reference concentration drops
when solutal stratification is heightened.

The effect of thermophoresis parameter Nt and Schmidt num-
ber Sc on wall mass flux with the impact of mass convective Biot
number B, is given by Fig. 20. The mass convective Biot number
has extraordinary reliance on mass transfer coefficients. That is,
greater mass transfer coefficients lead to heightened concentration.
It can be noticed that Sherwood number curves rise for larger val-
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Fig. 20. Influence of B;, and Nt on the Sherwood number profile.
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ues of mass convective Biot number and Schmidt number. Smaller
values of mass convective Biot number along with an increase in
thermophoresis parameter leads to decay in the wall mass flux.

CONCLUDING REMARK

The current study explores the impacts of electric field on un-
steady doubly stratified MHD mixed convection slip flow of nano-
fluid against vertical stretching sheet with the existence of convec-
tive heat including mass conditions. In the heat conduction, the
accounts of thermal radiation, viscous dissipation, and Ohmic heat-
ing with heat generation/absorption were examined. In concentra-
tion field, the impact of chemical reaction was considered. The
main findings of the study are given below:

1. The convective heat and mass Biot numbers contribute to the
enhancement of the temperature and concentration fields as well
as thicker layers.

2. Thermal and mass stratification parameters decrease the tem-
perature and concentration fields with an increase in their values.

3. Heat conduction is strengthened by the magnetic field, heat
generation, Eckert number, and thermal radiation parameter, but
decreases with heat absorption and electric field.

4. Concentration field enhances with lower values of chemical
reaction, Brownian motion, and Schmidt number.

5. A higher velocity slip parameter of electric field intensifies the
skin friction coefficient, whereas reverse effects occur with mixed
convection parameter, unsteadiness parameter and magnetic field
for higher values.

6. Increasing the values of thermal stratification, thermal Biot
number and radiation parameters increases the Nusselt number,
whereas Sherwood number gets strengthened with the chemical
reaction parameter, Brownian motion parameter, and Schmidt
number.
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NOMENCLATURE

a,b :stretching constants [s ']

B, :strength of magnetic field [kgs *A™']

B :applied magnetic field [kgs *A™']

B, B, : heat and mass convective Biot number

¢ :skin friction coefficient [Nm™]

¢,  :specific heat at constant pressure [JKg K]
D;  :brownian diffusion coefficient [m’s ]

D; :thermophoresis diffusion coefficient [m’s™']
E, :electric field factor

F,  :electrical field

E  :applied electric field
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Ec  :Eckert number

f'  :stream function variable
g :acceleration due to gravity [ms ]
Gr  :Grashof number

] :Joule current

k,  :rate of chemical reaction

k : thermal conductivity [Wm 'K ']
L :velocity slip constant

M :magnetic field

Nb  :Brownian motion parameter
Nt  :thermophoresis parameter

Nu :Local Nusselt number

P : pressure [Nm ]

Pr  :Prandtl number

q  :radiative heat flux [Wm™]

G :wall mass flux

q, :wall heat flux

Rd  :radiation parameter

Re  :Local Reynolds number

S,  :concentration stratification constant

S : thermal stratification constant
Sc  :Schmidt number
t : time [s]

T  :temperature [K]

T, :reference temperature [K]

T;  :fluid heated temperature K]

T, :ambient temperature [K]

(1, v) : velocity components onward (%, y) [ms ']
u, :stretching velocity [ms ']

v,,  :wall mass transfer

Greek Symbols

: volumetric coefficient of thermal expansion [K ']

: Stefan-Boltzmann constant [Wm 2K %]

: heat generation/absorption

: fluid electrical conductivity [s’A’kg 'm ]

: Unsteadiness parameter

: dimensionless similarity variable

: dynamic viscosity of the fluid [Nsm ]

: Kinematic viscosity [m’s

: density [kgm ]

: particle density [kgm ]

: density of the fluid [kgm ]

- heat capacity with respect to the liquid [Jm K ']

(o), :heat capacity with respect to nanoparticle [Jm K ']

v :stream function

@  :concentration of the fluid [kgm ]

@  :reference concentration [kgm ]

@  :fluid heated concentration [kgm™’]

@, :nanoparticle volume fraction at large values [kgm ]

¢  :dimensionless temperature [K]

o : dimensionless concentration [kgm ]

7 :heat transfer capacity with respect to the liquid equivalent
to Heat capacity with respect to the nanofluid

7,  :surface shear stress [kgm s ’]

A mixed convective parameter

*

V"I M A™®

TE®
=S

¥ :chemical reaction constant

Superscript
, : differentiation with respect to 77

Subscripts

oo :quantities at the free stream

m  :mass

W :quantities at the wall/surface [ms ']
0 : reference condition
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