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The present paper deals with the study of the MHD upper-convected Maxwell nano-fluid flow through a bidirectional stretchable
surface. The influence of heat absorption and thermal radiation has been studied. Governing non-linear partial differential equations,
controlling the mass conservation, momentum conservation, energy conservation, and species concentration, are transformed into
ordinary differential equations with the help of an appropriate similarity transformation, which are then solved numerically by using
the bvp4c routine of MATLAB. The impact of various physical parameters on the velocity, temperature, and concentration distributions
is described briefly with the help of graphs. The skin-friction, rate of heat and mass transfers at the plate are computed numerically and
displayed through the table. able. Such a fluid flow problem may find applications in heat transfer mechanisms/devices.
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List of Symbols (Nomenclature)

a,b:  dimensional constants Rd: thermal radiation parameter
Bo: Magnetic field strength Re:: Reynolds number

C: Concentration of fluid Sh:: Sherwood number

C: stretching ratio parameter T: temperature of fluid

Cp: Specific heat at constant pressure Tw: wall temperature

Cw.  concentration on wall T ambient temperature

velocity components
Thermal diffusivity

Co: ambient concentration
Dg: Brownian diffusion coefficient

£

b}

Dr. Thermophoretic diffusion coefficient A fluid relaxation time

f'g': Non-dimensional velocity Vi Kinetic viscosity coefficient
Jw: mass flux @ Non-dimensional temperature
K: Thermal conductivity o) Stefan- Boltzman constant

Le: Lewis number T ratio of nanoparticle heat and base
M: Magnetic parameter m: similarity variable

Nb:  Brownian diffusion coefficient (non-dimensional) P density of fluid

Nt: Thermophoretic diffusion coefficient (non-dimensional) @ Non-dimensional concentration
Nu:: Nusselt number O temperature ratio parameter

Pr: Prandtl number Qo: Heat absorption coefficient

qr: Radiative heat flux 0: Heat absorption parameter

qw: surface heat flux

1. INTRODUCTION

Maxwell Nanofluid is used in cooling and heating systems. It enhances the rate of heat transfer by 15%. It is used in
chillers, heat pumps, energy recovery systems, pumps, fans and terminal units. In a Maxwell Nanofluid, submicron
Aluminum Oxide particles are suspended in the base fluid. Sajid et al. [1] studied the “Darcy-Forchheimer flow of Maxwell
Nanofluid flow with nonlinear thermal radiation and activation energy”. Increasing the Deborah number leads to decrease
in the velocity profile. When the thickness of the wall, Prandtl number and linear thermal radiation is increased then the
Nusselt number also increases and decreases when the thermophoresis parameter, magnetic parameter, Lewis number and
thermal conductivity is increased. Further it is observed that the Nusselt number increases when the temperature difference
parameter, Deborah number, porosity parameter, reaction rate constant and fitted rate constant is increased then the Nusselt
number also increases. Due to the presence of the Lorentz force there is a higher rate of collision of the molecules. The
velocity profile seems to be going uphill as the magnetic parameter is increased. Bilal et al. [2] studied the “Maxwell
Nanofluid flow individualities by way of rotating cone”. Kumara et al. [3] studied the “numerical simulation of heat transport
in Maxwell nanofluid flow over a stretching sheet considering magnetic dipole effect”. In their investigation they kept the
Prandtl number constant. For both the type of fluids the radial velocity profile kept decreasing as the ferromagnetic
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interaction parameter was increasing while the surface drag force kept increasing. The rate of heat transfer increased as the
scalar potential value increased. Thermal distribution is disrupted by increasing the thermal relaxation parameter. The rate
of heat transfer is better in the Newtonian liquid compared to the Maxwell liquid when the magnetic value is increased.
Biswas et al. [4] studied the “computational treatment of MHD Maxwell Nano fluid flow across a stretching sheet
considering higher order chemical reaction and thermal radiation”. The velocity of the nanofluid is enhanced by increasing
its thermal buoyancy whereas the velocity of the nanofluid falls down due to the resistive force produced by magnetic field
and the porosity. The Brownian motion and thermophoresis affect helps the nanoparticles to move about freely due to which
the temperature is increased. In the convection mode the rate of heat transfer is enhanced by increasing the Nusselt number.
The Lewis number increases as the solutal diffusivity decreases. Shuguang et al. [5] studied the “modelling and analysis of
heat transfer in MHD stagnation point flow of Maxwell Nano fluid over a porous rotating disc”. The radial velocity and the
azimuthal velocity drop down as the Deborah number increased whereas the axial velocity hiked up. When the value of
magnetic parameter was increasingly high, increased the viscosity of the fluid which in turn reduced the radial velocity
remarkably. The centrifugal force leads to an increased tangential velocity and axial velocity when the thermal biot number
value increases the temperature at the boundary layer increases. For higher values of Reynolds number, the concentration
profile increased. As the Prandtl number, Brownian motion, thermophoresis effect and the thermal biot number values
increased the Nusselt number profile decreased gradually. Adem and Chanie [6] studied the “inclined magnetic field on
mixed convection Darcy-Forchheimer Maxwell Nano fluid flow over a permeable stretching sheet with variable thermal
conductivity: The numerical approach”. In the hot surface the mixed convection parameter increases when the fluid velocity
is increased, while it is the opposite in case of the cold surface. There is a negative effect in the magnetic field parameter,
inertia coefficient and the angle of inclination when the fluid velocity increases. The Prandtl number is directly proportional
to the temperature and concentration profiles. When the activation energy increases the concentration profile also increases.
As the radiation parameters steadily increases the temperature spikes up. Faizan et al. [7] studied the “bio convection
Maxwell Nano fluid through Darcy-Forehheimer medium due to rotating disc in the presence of MHD”. It has been observed
the velocity across the radius and tangent increases whereas across the axis it tends to decrease when the magnetic parameter
is increased. There is a fall in all the velocity when the Deborah number is increased. When the thermal biot number is
increased the polymeric movement is enhanced. The motility of the microorganisms reduces as the bioconvective Lewis
number increases. By increasing the Darcy-Forchheimer and Deborah number the skin friction coefficient is increased.

The heat transfer rate of nanofluid is greater due to greater thermal activities as compared to the ordinary base fluids.
Rashid et al. [8] studied “the shape effects of nano size particles on magnetohydrodynamic Nano fluid flow and heat
transfer over a stretching sheet with Entropy generation”. They used Ag-water Nano fluid. Three differently shaped nano
particles that is sphere, blade and lamina was used for the study. They used Prandtl number = 6.2 for the experiment. The
laminar shaped Nano particles performed better than the other shaped particles in the temperature profile, heat transfer
whereas the sphere-shaped Nano particle gave the least performance. Sadiq [9] studied “the heat transfer of a Nano liquid
thin film over a stretching sheet with a surface temperature and internal heat generation”. He used copper, Alumina and
Titanium with water-based fluid. The temperature profile can be increased if the Nano particle volume fraction is
increased. When the Nano particle volume parameter and unsteadiness parameter is increased there is a decline in the
film thickness parameter. When the Nano particle volume fraction is increased the thermal boundary layer increases.
Sarada et al. [10] studied “the effect of magnetohydrodynamics on heat transfer behavior of a non-Newtonian fluid flow
over a stretching sheet under a local thermal non-equilibrium condition”. They considered their study on Jeffrey and
Oldroyd-B fluid. The heat transfer in the liquid and solid phase of both the fluid decreases as the thermophoresis parameter
decreases. Qureshi [11] studied “the MHD driven Prandtl-Eyring hybrid nano fluid flow over a stretching sheet with
thermal jump condition”. He used the Engine oil as his base fluid and the nano particles copper and zirconium dioxide.
The heat transfer rate is better when the hybrid nano fluid is used in comparison to the traditional nano fluid. When the
size of the nano particles is increased the rate at which the heat is transferred is also increased. The thermal conductivity
is better in the Prandtl-Eyring hybrid nano fluid. By increasing the thermal radiative flow, Reynolds number, magnetic
field, Brinkman number and Size parameter the entropy of the system increases. Anusha et al. [12] studied “the MHD of
nano fluid flow over a porous stretching / shrinking plate with mass transportation and Brinkman ratio”. Copper and
alumina Nano particles suspended in water as the base fluid was used to carry out the investigation. They found out that
when the porosity parameter is increased the transverse velocity will decrease. A similar effect takes place even with the
magnetic field. Abbas [13] studied “heat transfer enhancement of copper ethylene glycol based nano particle on radial
stretching sheet.” Differently shaped nano particle such as cylinder, platelet and sphere shape was used. The maximum
flow was recorded when the platelet shaped copper nano particle was used. The minimum heat transfer occurred in the
case of sphere-shaped particle. Rao and Deka [14] studied “the analysis of the MHD bi-convection flow of a hybrid nano
fluid containing motile micro-organisms over a porous stretching sheet”. They used water-based Nano-fluid having motile
organisms and copper and alumina nano particles. The nano fluid having the motile micro-organisms showed a better
result in heat transfer in comparison to the nano fluid without motile micro-organisms. When the magnetic field is
increased there is an increase in the concentration of nano particles and microbes, also the temperature profile while the
velocity profile decreases. Same is the effect of porosity parameter the velocity profile increases when the volume fraction
of copper and alumina is increased.

When the energy is transferred through a space or medium in the form of waves or particles is called radiation. When
the temperature between two sources is different radiation takes place. In the field of medical science radiation is used
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for the diagnosis as well as the treatment for many diseases. It is also used in the system of communication etc.
Shoaib et al. [15] studied “the numerical investigation for rotating flow of MHD hybrid nanofluid with thermal radiation
over a stretching sheet”. The velocity profile decreases and the temperature profile increases for higher values of magnetic
parameter and rotation parameter. Both the velocity and temperature profiles increase when the Biot number and
concentration of nanoparticles are increased. Higher values of magnetic parameter and concentration of the particle
decrease the skin friction. Sreedevi et al. [16] studied “the heat and mass transfer analysis of unsteady hybrid nanofluid
flow over a stretching sheet with thermal radiation”. They have used carbon nanoparticles and silver nanoparticles
combinedly and the base fluid considered is water. Fatunmbi et al. [17] studied the “entropy analysis of nonlinear radiative
Casson nanofluid transport over an electromagnetic actuator with temperature dependent properties”. As and when there
is an appreciation in the magnitude of caption fluid perimeter viscosity variation parameter mass section term and
nanoparticles concentration flux terms there is a shrinkage in the hydrodynamic boundary layer, thus decelerating the
fluid flow. Increasing the Hartmann number and Richardson number accelerates the fluid flow. The temperature field
soars high as the wall heating parameter, thermophoresis, thermal conductivity, Brownian movement, viscose dissipation
shoots up. Whereas there is an opposite action by mass suction and Prandtl number parameter. Amplification of viscose
dissipation and suction leads to hike in entropy generation parameter. It is lowered when the thermophoresis and
Richardson numbers steps up. Yaseen et al. [18] studied “the system and opposing flow of MHD hybrid nanofluid flow
past a permeable moving surface with heat source/ sink and thermal radiation”. They have made their study on hybrid
nanofluid (Si0, - MoS, / water). Hussain and Sheremet [19] studied “the convective analysis of the radioactive Nano
fluid flow through porous media over a stretching surface with inclined magnetic field”. The thermal profile is intensified
as the nanoparticle concentration increases. The fluid velocity and magnitude of drag coefficient diminishes as the
Hartmann’s number rises. Jagdeesh et al. [20] studied “the convective heat and mass transfer rate on 3D Williams and
nanofluid flow via linear stretching sheet with thermal radiation and heat absorption”. When there is an upsurge in the
magnetic parameter the velocity of the Williamson fluid is higher than that of Nano fluid. The skin friction coefficient is
higher in the absence of Williamson parameter. The temperature is high in non-Newtonian fluid. Williamson fluid has
higher fluid velocity in comparison to nanofluid motion due to the electrical conductivity.

Absorption is a process in which the substances get absorbed in the solid/liquid/gaseous phase. In the process of
absorption, the Nernst distribution law is used. Gopal et al. [21] studied “the impact of thermal stratification and heat
generation /absorption on MHD Carreau nanofluid flow over a permeable cylinder”. They found out that the curvature
parameters led to more friction. Krishna et al. [22] studied “the radiation absorption on MHD convective flow of
nanofluids through vertically travelling absorbent plate”. They used Al,O5-water based and Ti0,-water based nanofluid
for their study. The radiation absorption parameter when increased, there is also an increase in the temperature and
velocity. The radiation parameter works like a catalyst for the velocity profile. Nemati et al. [23] studied “the MHD
natural convection in a cavity with different geometrics filled with a nanofluid in the presence of heat
generation/absorption using lattice Boltzmann method”. They used Cu-water based nanofluid for their study in a which
the particles are shaped as diagonal, smooth and curve. Dahab et al. [24] studied “the double diffusive peristaltic MHD
Sisko nanofluid flow through a porous medium in presence of non-linear thermal radiation, heat generation/ absorption
and Joule heating”. The velocity about the axis first increased and then gradually decreased when the magnetic parameter,
heat Grashof number, Darcy number, Nano particle Grashof number, rotation and solutal Grashof number increased. The
solutal Grashof number, heat Grashof number nano particle Grashof number, all these parameters, when increased led the
pressure gradient distribution to rise then fall after a while. When the non-linear thermal radiation and the temperature
ratio parameters are increased, the distribution of the temperature declines gradually. Asghar et al. [25] studied “the
magnetized mixed convection hybrid nanofluid with effect of heat generation/ absorption and velocity slip condition”.
They found out that when the volume fraction of the solute was high, the rate of heat transfer increased also helping in
the separation of the boundary layer. Mahmood et al. [26] studied “the numerical analysis of MHD tri- hybrid nanofluid
over a non-linear stretching/ shrinking sheet with heat generation /absorption and slip conditions”. In their investigation
they found that the tri -hybrid nanofluid showed up the best result and the conventional nanofluid showed the least result
when compared for the profiles, Nusselt number, velocity, skin friction and temperature. When the volume fraction was
increased all the three types of fluid showed an increasing graph for the velocity profile as well as the temperature profile.
The rate of heat transfer soar high as the suction parameter was increased. The velocity increased and the temperature
decreased for all the three types of fluid when the stretching parameter was increased. Muzammal et al. [27] studied “the
transportation of melting heat in stratified Jeffrey fluid flow with heat generation and magnetic field”. In their findings
they got to know that for higher values of Deborah number, velocity profile and the temperature profile increased. As the
stratified parameter increased the temperature profile showed a downhill curve. Also, the temperature of the fluid kept
falling when the melting parameter rose high. But higher Eckert number helped to increase the temperature of the fluid.
Many researchers [28-32] have contributed in this area of research.

Going through the above cited articles, authors are motivated to investigate the effects of nonlinear thermal radiation
and heat absorption on three dimensional MHD upper-convected Maxwell nano-fluid flow past a bidirectional stretching
surface. Governing equations are solved, numerically, by using bvp4c routine of MATLAB. The influence of key physical
parameters on velocity, temperature, and concentration profiles is analyzed and illustrated through graphical results.
Additionally, numerical values for the Nusselt number, and Sherwood number are computed and presented in tabular
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form. This investigation is relevant to various engineering applications involving heat and mass transfer processes in
complex fluids.

2. MATHEMATICAL MODEL
A steady state, viscous, incompressible, upper-convected Maxwell nano-fluid flow through a bilinear stretchable
surface parallel to xy —plane is considered for the study. A uniform magnetic field of strength B, is applied normal to the
surface i.e. parallel to z-direction. Furthermore, nonlinear thermal radiation and heat absorption are incorporated into the
formulation of the energy equation. The stretching surface velocities in the x and y - directions are defined as U,,(x) =
ax and V,,(Y) = by, respectively, as illustrated in Fig. 1.

Te -1
Bo
{-‘{[7 6 \ m(y) = by
(Ty=az 2 |/ 4 .
— /'L' x
" >
Tw
/ / / / / Uy(@)=az
Vo =by v

Figure 1. Schematic diagram of the physical configuration

The governing equations for velocity, temperature, and nanoparticle concentration in the described problem are

given as follows [33-36]:
Based on the assumptions aforementioned, equations governing to the present problem are:

a_” & ow =0 (1)
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2 2 2 2 2
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The following boundary conditions regulate the current circumstance:
u=U, =ax, v=V, =by, w=0,T=T7T_,C=C, atz=0 ©)
u,v—->0, T->T7T,C->C_, as z — oo

where symbols have their usual meaning (see “List of Symbols™).
Introducing similarity and dimensionless variables as follows:
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q,=— 12 aai;, u=axf'(n), v=avg'(n), w=—Jav(fm)+gm))
o= A= = \/%z L T=7.((6,~1)0+1)
q, =—136;* 7.°((6,-1)6+1) aaiz 7

Using equation (7), the mass conservation (1) is satisfied. Also, together with the B.Cs. (6), governing equations (2),
(3), (4) and (5) assume the form:

7=+ (MPR+1)(f+) )" +K (2 (f+8) S = (f+&) [")-M*f'=0 (8)
g7 g +(MPK+1)(f+2)g" +K(22'(f +8)g" - (f+g)’g”)-Mg' =0 ©)

0”+(%)Rd[(1+(0w ~1)6)' 6" +3(6,-1)(1+(6, -1)6)° yl} +Pr(f +g)d +PrNi@” + QPrO+PrNbgy =0 (10)
¢”+%e”+PrLe(f+g)¢’=o (11)

fO)=0, fO=1 g0)=0, gO)=c, O0)=1 ¢0)=1
f()=0, g'()=0, 6()=0, ¢(e0)=0 (12)

Non-dimension parameters are defined as

B2 ¢,V 46T T,
K = Aa, M2=O._0’ P =2_pp , Rd:o-_*m’ 6,=-2, Q:i
pa o k kk T. apc, (13)
D D.
Nb:T B(Cw_cm)v Ntz_Tz(Tw_Tm), Le:i’ c:é’ k:apc
v T. v D, a ’

The most important physical quantities for the problem in engineering point of view are the local Nusselt and
Sherwood numbers, which are defined by the following relations:

xq,, Y
N, =— 4o A — 14
TR, -T) * "D, (C.—C.) ()

w

where, heat and mass fluxes are defined by

oT oC
() i =-D,| & 15
o (az J S B(az J (1

Thus the non-dimensional Local Nusselt and Sherwood numbers are as follows:
-1 , -1 ,
Re.”* Nu, :—[H %R WW}H(O), Re. 2 Sh, = —¢'(0) (16)

In equations (8) - (16), symbols have their usual meaning (see “List of Symbols”).

3. RESULTS AND DISCUSSION

Non-linear ordinary differential equations are found from the controlling non-linear partial differential equations
(1) - (5) with the help of suitable similarity transformation. These equations (8) - (11) together with boundary conditions
(12) are solved, numerically, through MATLAB’s bvp4c routine.

To gain some physical insight into the flow pattern, the effects of different physical parameters on the velocity
(f'(m)), temperature (8(n)) and nanoparticle concentration (¢p(n7)) profiles have been plotted in the form of graphs
(Figures 2 - 28). Figures 2-8 display the effects of various physical parameters on the fluid velocity. It is observed from
the Figs. 2-8 that the profiles of fluid velocity are getting increased on increasing thermophoresis parameter, thermal
radiation parameter and Lewis number. These concludes that the thermal radiation parameter, thermophoretic diffusion
and Lewis number have the tendency to enhance the fluid velocity at the vicinity of the plate. It is also observed that fluid
velocity is getting decreased on increasing the Deborah number, magnetic parameter, stretching ratio parameter and
Prandtl number. As we know, increase in Deborah number increases viscosity of the fluid and hence the velocity decreases
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as shown in Fig. 2. This indicates that the fluid relaxation time, magnetic field, stretching ratio have the tendency to retard
the fluid velocity. Since we know that Prandtl number represents the strength of thermal diffusion, on increasing Prandtl
number the strength of thermal diffusion is getting reduced and vice-versa. Hence, we can conclude that the thermal
diffusion has the tendency to enhance the fluid velocity.

Figures 9 to 18 explain the temperature profiles of the nano-fluid and the influence of flow parameters. It is clearly
seen from Figs. 9-18 that with the increase in K, M, Rd, 8,,, Nt, Nb and Q the fluid temperature is getting increased while
the fluid temperature is getting decreased on increasing C, Pr and Le. This shows that the Deborah number, magnetic
field, thermal radiation, temperature ratio, thermophoretic diffusion, Brownian diffusion, thermal diffusion and heat
absorption are the cause for rise in fluid temperature whereas stretching ratio and Lewis number are the cause for fall in
fluid temperature. By increasing the magnetic parameter M, a drag force known as Lorentz force also increases which
resultantly reduces the velocity of fluid (Fig. 3) and hence rate of heat transfer is reduced (Table - 1) and this leads to an
increment in temperature (Fig. 10).

Figures 19 to 28 illustrate the impact of various flow parameters on species concentration. It is evident from Figs. 19-28
that with the increase in K, M, Rd, 8,, and Q there is an increment in the concentration profile, where there is a decrement
in the concentration profile with the increase in C, Nt, Nb, Pr and Le. This signifies that the Deborah number, magnetic field,
Radiation temperature ratio, heat absorption and thermal diffusion have the tendency to accelerate the concentration of the

fluid while stretching ratio, thermophoretic diffusion and Lewis number have opposite effect on this.
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To visualize the effects of various physical entities on the rate of heat transfer and rate of mass transfer, a numerical
result has been displayed in a tabular form in Table 1. It is noticed from Table 1 that the rate of heat transfer at the surface
is getting enhanced by thermal radiation parameter, temperature ratio, stretching ratio and Lewis number, while it is
getting reduced by the fluid relaxation time, magnetic field, thermophoretic diffusion, Brownian diffusion, thermal
diffusion and heat absorption. It is also visualized from the table 1 that stretching ratio, thermophoretic diffusion,
Brownian diffusion and Lewis number are the inducive agent for the rate of mass transfer at the surface while fluid
relaxation time, magnetic field, thermal radiation, temperature ratio, thermal diffusion and heat absorption serve as a

reducing agent for the rate of mass transfer at the surface.

Table 1. Numerical values of the Nusselt number and Sherwood number against different values of flow parameters

K| M |Rd| 6, | ¢ | Ne | Nb| Pr| Le | O Re. ™" Nu, Re."* Sh,
0.2 1.66974664 7.86824129
0.6 1.50948141 7.81943062
1 1.35790927 7.77406945

0.2 1.57854902 7.86103299
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K | M |Rd| 6, | ¢ | Ne | Nb| Pr| Le | O Re.™"* Nu, Re_ ™" Sh,
0.6 1.46355607 7.81540597
1 1.35790927 7.77406945
0.1 0.14818961 7.84184626
0.5 0.77939 7.79639224
1 1.35790927 7.77406945
1 0.49470041 7.81019105
1.3 1.00056998 7.78539034
1.5 1.35790927 7.77406945
0.1 1.01893114 6.63511542
0.5 1.35790927 7.77406945
1 1.63307299 8.97380238
0.1 1.35790927 7.77406945
0.2 1.22993982 7.78864098
0.3 1.11422449 7.8013766
0.4 1.54494505 7.77329499
0.5 1.35790927 7.77406945
0.6 1.19313544 7.77410782
5 1.17361175 6.49367177
7 1.35790927 7.77406945
9 1.38784655 8.88283191
5 1.35594007 5.36581493
7 1.35686267 6.43219245
10 1.35790927 7.77406945
0.05 1.53680377 7.77435377
0.1 1.35790927 7.77406945
0.15 1.14720189 7.7735382

4. CONCLUSIONS
A detailed study has been carried out on steady state, viscous, incompressible, upper-convected Maxwell nano-fluid flow
through a bilinear stretchable surface considering the effects of nonlinear thermal radiation and heat absorption. The
significant results are summarized as follows:

e “Non-linear thermal radiation, thermophoretic diffusion, thermal diffusion and Lewis number are acting as an
inducive agent for fluid velocity near the plate while fluid relaxation time, magnetic field, stretching ratio are acting
as a reducing agent for the same”.

e “Deborah number, magnetic field, thermal radiation, temperature ratio, thermophoretic diffusion, Brownian
diffusion, thermal diffusion and heat absorption are the cause for rise in fluid temperature whereas stretching ratio
and Lewis number are the cause for fall in fluid temperature”.

e  “The Deborah number, magnetic field, radiation, temperature ratio, heat absorption and thermal diffusion have the
tendency to accelerate the concentration of the fluid while stretching ratio, thermophoretic diffusion and Lewis
number have opposite effect on this”.

e “Rate of heat transfer at the surface is getting enhanced by thermal radiation parameter, temperature ratio, stretching
ratio and Lewis number, while it is getting reduced by the fluid relaxation time, magnetic field, thermophoretic
diffusion, Brownian diffusion, thermal diffusion and heat absorption.”

e  “Stretching ratio, thermophoretic diffusion, Brownian diffusion and Lewis number are the inducive agent for the rate
of mass transfer at the surface while fluid relaxation time, magnetic field, thermal radiation, temperature ratio, thermal
diffusion and heat absorption serve as a reducing agent for the rate of mass transfer at the surface”.

ORCID
G.P. Gifty, https://orcid.org/0009-0006-6803-9560; ©S.B. Padhi, https://orcid.org/0000-0001-9610-918X
B.K. Mahatha, https://orcid.org/0000-0001-9110-1445; ©G.K. Mahato, https://orcid.org/0000-0003-4549-0042

REFERENCES

[1] T. Sajid, M. Sagheer, S. Hussain and M. Bilal, “Darcy-Forchheimer flow of Maxwell nanofluid flow with nonlinear thermal
radiation and activation energy,” AIP Advances 8, 035102 (2018). https://doi.org/10.1063/1.5019218

[2] S. Bilal, K. Ur Rehman, Z. Mustafa and M.Y. Malik, “Maxwell Nanofluid Flow Individualities by Way of Rotating Cone,”
Journal of Nanofluids, 8, 596603 (2019). https://doi:10.1166/jon.2019.1607

[3] B.C. Prasannakumara, “Numerical simulation of heat transport in Maxwell nanofluid flow over a stretching sheet considering magnetic
dipole effect,” Partial Differential Equations in Applied Mathematics, 4, 100064 (2021). https://doi.org/10.1016/j.padiff.2021.100064

[4] R. Biswasa, Md.S. Hossain, R. Islam, S.F. Ahmmed, S.R. Mishra and M. Afikuzzaman, “Computational treatment of MHD
Maxwell nanofluid flow across a stretching sheet considering higher-order chemical reaction and thermal radiation,” Journal of
Computational Mathematics and Data Science, 4, 2772-4158 (2022). https://doi.org/10.1016/j.jcmds.2022.100048



156

EEJP. 3 (2025) GP. Gifty, et al.

(3]

(9]

(10]

[11]
[12]
[13]
[14]

[15]

[16]

[17]

(18]

(26]

[27]

(28]

[29]

S. Li, M. Faizan, F. Ali, G. Ramasekhar, T. Muhammad, H. Abd El-Wahed Khalifa and Z. Ahmad, “Modelling and analysis of
heat transfer in MHD stagnation point flow of Maxwell nanofluid over a porous rotating disk,” Alexandria Engineering Journal,
91, 237-248 (2024). https://doi.org/10.1016/j.a¢j.2024.02.002

G.A. Adem and A.G. Chanie, “Inclined Magnetic Field on Mixed Convection Darcy Forchheimer Maxwell Nanofluid Flow Over
a Permeable Stretching Sheet With Variable Thermal Conductivity: The Numerical Approach,” Journal of Applied Mathematics,
(2024). https://doi.org/10.1155/2024/6750201

M. Faizan, et al., “Bio-convection Maxwell nanofluid through Darcy Forchheimer medium due to rotating disc in the presence
of MHD,” Ain Shams Engineering Journal, 15(10), 102959 (2024). https://doi.org/10.1016/j.asej.2024.102959

Rashid, Umair., Dumitru Baleanu, Azhar Igbal and Muhammd Abbas, “Shape Effect of Nano-size Particles on
Magnetohydrodynamic Nanofluid Flow and Heat Transfer over a Stretching Sheet with Entropy Generation,” Entropy, 22(10),
1171 (2020). https://doi.org/10.3390/e22101171

M.A. Sadiq, “Heat transfer of a nano-liquid thin film over a stretching sheet with surface temperature and internal heat
generation,” J. Therm. Anal. Calorim. 143, 2075-2083 (2021). https://doi.org/10.1007/s10973-020-09614-x

K. Sarada, R.J.P. Gowda, L.E. Sarris, R.N. Kumar and B.C. Prasannakumara, “Effect of Magnetohydrodynamics on Heat Transfer
Behaviour of a Non-Newtonian Fluid Flow over a Stretching Sheet under Local Thermal Non-Equilibrium Condition,” Fluids,
6(8), 264 (2021). https://doi.org/10.3390/fluids6080264

M.A. Qureshi, “A case study of MHD driven Prandtl-Eyring hybrid nanofluid flow over a stretching sheet with thermal jump
conditions,” Case Studies in Thermal Engineering, 28, 101581 (2021). https://doi.org/10.1016/j.csite.2021.101581

T. Anusha, U.S. Mahabaleshwar and Y. Sheikhnejad, “An MHD of Nano-fluid Flow Over a Porous Stretching/ Shrinking Plate with
Mass Transpiration and Brinkman Ratio,” Transp. Porous. Med. 142, 333-352 (2022). https://doi.org/10.1007/s11242-021-01695-y
A. Igbal, and T. Abbas, “A study on heat transfer enhancement of Copper (Cu)-Ethylene glycol based nanoparticle on radial
stretching sheet,” Alexandria Engineering Journal, 71, 13-20 (2023). https://doi.org/10.1016/j.a¢j.2023.03.025

S. Rao, and P.N. Deka, “Analysis of MHD Bioconvection Flow of a Hybrid Nanofuid Containing Motile Microorganisms over a
Porous Stretching Sheet,” BioNanoScience, 13, 2134-2150 (2023). https://doi.org/10.1007/s12668-023-01180-4

M. Shoaib, M.A.Z. Raja, M.T. Sabir, S. Islam, Z. Shah, P. Kumam and H. Alrabaiah, “Numerical investigation for rotating flow
of MHD hybrid nanofluid with thermal radiation over a stretching sheet,” Sci. Rep. 10, 18533 (2020).
https://doi.org/10.1038/s41598-020-75254-8

P. Sreedevi, P.S. Reddy and A. Chamkha, “Heat and mass transfer analysis of unsteady hybrid nanofluid flow over a stretching
sheet with thermal radiation,” SN Appl. Sci. 2, 1222, (2020). https://doi.org/10.1007/s42452-020-3011-x

E.O. Fatunmbi, A.T. Adeosun and S.O. Salawu, “Entropy analysis of nonlinear radiative Casson nanofluid transport over an
electromagnetic actuator with temperature-dependent properties,” Partial Differential Equations in Applied Mathematics, 4,
100152 (2021). https://doi.org/10.1016/j.padiff.2021.100152

M. Yaseen, M. Kumar and S.K. Rawat, “Assisting and opposing flow of a MHD hybrid nano fluid flow past a permeable moving
surface with heat source/sink and thermal radiation,” Partial Differential Equations in Applied Mathematics, 4, 100168 (2021).
https://doi.org/10.1016/j.padiff.2021.100168

M. Hussain and M. Sheremet, “Convection analysis of the radiative nanofluid flow through porous media over a stretching surface
with inclined magnetic field,” International Communications in Heat and Mass Transfer, 140, 106559 (2023).
https://doi.org/10.1016/j.icheatmasstransfer.2022.106559

S. Jagadeesh, M.C.K. Reddy, N. Tarakaramu, H.Ahmad, S. Askar and S.S. Abdullaev, “Convective heat and mass transfer rate
on 3D Williamson nanofluid f low via linear stretching sheet with thermal radiation and heat absorption,” Sci. Rep. 13, 9889
(2023). https://doi.org/10.1038/s41598-023-36836-4

D. Gopal, S.H.S. Naik, N. Kishan and C.S.K. Raju, “The impact of thermal stratification and heat generation/absorption on MHD
Carreau nano fluid flow over a permeable cylinder,” SN Appl. Sci. 2, 639 (2020). https://doi.org/10.1007/s42452-020-2445-5
M.V. Krishna, N.A. Ahamadb and A.J. Chamkha, “Radiation absorption on MHD convective flow of nanofluids through
vertically  travelling  absorbent  plate, Ain  Shams  Engineering  Journal, 12(3), 3043-3056  (2021).
https://doi.org/10.1016/j.asej.2020.10.028

M. Nemati, H.M. Sani, R. Jahangiri and A.J. Chamkha, “MHD natural convection in a cavity with different geometries filled
with a nanofluid in the presence of heat generation/absorption using lattice Boltzmann method,” J. Therm. Anal. Calorim. 147,
9067-9081 (2022). https://doi.org/10.1007/s10973-022-11204-y

S.M. Abo-Dahab, R.A. Mohamed, A.M.A. Alla and M.S. Soliman, “Double diffusive peristaltic MHD Sisko nanofluid flow
through a porous medium in presence of non linear thermal radiation, heat generation/ absorption, and Joule heating,” Sci. Rep.
13, 1432 (2023). https://doi.org/10.1038/s41598-023-27818-7

A. Asghar, A.F. Chandio, Z. Shah, N.a Vrinceanu, W. Deebani, M. Shutaywi and L.A. Lund, “Magnetized mixed convection
hybrid nanofluid with effect of heat generation/absorption and velocity slip condition,” Heliyon, 9, 2¢13189 (2023).
https://doi.org/10.1016/j.heliyon.2023.e13189

M. Zafar, SM. Eldin, K. Rafique and U. Khana, “Numerical analysis of MHD tri-hybrid nanofluid over a non-linear
stretching/shrinking sheet with heat generation/absorption and slip conditions,” Alexandria Engineering Journal, 76, 799-819
(2023). https://doi.org/10.1016/].aej.2023.06.081

M. Muzammal, M. Farooq, Hashim and H. Alotaibim “Transportation of melting heat in stratified Jeffrey fluid flow with heat
generation and  magnetic  field,” Case  Studies in  Thermal Engineering, 58, 104465  (2022).
https://doi.org/10.1016/j.csite.2024.104465

B.K. Mahatha, R. Nandkeolyar, G.K. Mahato and P. Sibanda, “Dissipative Effects in Hydromagnetic Boundary Layer Nanofluid
Flow Past A Stretching Sheet with Newtonian Heating,” Journal of Applied Fluid Mechanics, 9(4), 1977-1989 (2016).
https://doi.org/10.18869/acadpub.jafm.68.235.24451

R. Nandkeolyar, B.K. Mahatha, G.K. Mahato and P. Sibanda, “Effect of Chemical Reaction and Heat Absorption on MHD
Nanoliquid Flow Past a Stretching Sheet in the Presence of a Transverse Magnetic Field.” Magnetochemistry, 4(1), 1-14 (2018).
https://doi.org/10.3390/magnetochemistry4010018



157
Effects of Radiation and Absorption on Three Dimensional Magnetohydrodynamic... EEJP. 3 (2025)

[30] G.K. Mahato, B.K. Mahatha, R. Nandkeolyar and B. Patra, “The Effects of Chemical Reaction on Magnetohydrodynamic Flow
and Heat transfer of a Nanofluid past a Stretchable Surface with Melting,” AIP Conference Proceedings, 2253, 020011 (2020).
https://doi.org/10.1063/5.0019205

[31] G.K. Mahato, B.K. Mahatha, S. Ram, and S.B. Padhi, “Radiative and Convective Heat Transfer on MHD Stagnation point
Nanofluid Flow past a Stretchable Surface with Melting,” AIP Conference Proceedings, 2435, 020037 (2022).
https://doi.org/10.1063/5.0083936

[32] B.K. Mahatha, S.B. Padhi, G.K. Mahato and S. Ram, “Radiation, Chemical Reaction and Dissipative Effects on MHD Stagnation
Point Nano-Fluid Flow Past a Stretchable Melting Surface,” AIP Conference Proceedings, 2435, 020040 (2022).
https://doi.org/10.1063/5.0083933

[33] L.C. Liu and H.I. Andersson, “Heat transfer over a bidirectional stretching sheet with variable thermal conditions,” Int. J. Heat
Mass Transf. 51, 4018-4024 (2008). https://doi.org/10.1016/j.ijjheatmasstransfer.2007.10.041

[34] M. Awais, T. Hayat, A. Alsaedi and S. Asghar, “Time-dependent three-dimensional boundary layer flow of a Maxwell fluid,”
Comput. Fluids, 91, 21-27 (2014). https://doi.org/10.1016/j.compfluid.2013.12.002

[35] K. Jafar, R. Nazar, A. Ishak and I. Pop, “MHD stagnation point flow towards a shrinking sheet with suction in an upperconvected
Maxwell (UCM) fluid,” Int. J. Math. Compt. Phys. Elect. Comput. Eng. 8(5), 1-9 (2014).

[36] T. Hayat, M. Awais, M. Qasim and A.A. Hendi, “Effects of mass transfer on the stagnation point flow of an upper-convected
Maxwell (UCM) fluid,” Int. J. Heat. Mass Trans. 54, 3777-3782 (2011). https://doi.org/10.1016/j.ijheatmasstransfer.2011.03.003

BILIUB BUITPOMIHIOBAHHS TA IIOTJIMHAHHS HA TPUBAMIPHUI MATHITOTIIPOIAHAMIYHUAMA (MI']T)
MMOTIK HAHOPIIWHU MAKCBEJIJIA 3 BEPXHbOIO KOHBEKIIE€IO
I.IL Ti¢ri?, C.B. Maaxi?, b.K. Maxarxa®, I'.K. Maxaro®
“Kagpeopa mamemamuxu, Texnonoeiunuii ma meneddxcmenmuuii ynigepcumem Llenmypion, Odiwa, Inois
bCepeons wixona Padxcxisxpum +2, Jlambeoxea, Kodepma, rcapixand, Inoisn
‘Kagheopa mamemamuxu, Incmumym npuxnaonux nayx Amimi, Ynisepcumem Amimi, [ocaprxano, Panui-835303, Inois

VY wmiit crarti gocmimkyersess MIT/I-noTik HaHOpiguHM MakcBeiia 3 BEPXHBOIO KOHBEKLIEIO dYepe3 ABOCHPSMOBAHY PO3TSDKHY
MoBepxHI0. Byno JociipkeHo BIUIMB MOTIMHAHHS TeIlla Ta TEIJIOBOTO BUIpOMiHIOBaHHs. HemiHiiiHi qudepeHmianbHi piBHIHHS 3
YaCTHHHUMH MOXIAHUMH, 1[0 KOHTPOJIIOIOTH 3aKOHU 30€peKEHHs MacH, 30epeKeHHsI IMITYJIbCY, 30epEeKeHHsI SHePrii Ta KOHIIEHTPALif0
YaCTUHOK, TIEPETBOPIOIOTHCS Ha 3BUYAIHI TU(EpeHLialbHI pIBHIHHS 32 JOMOMOTO0 BiAIOBIAHOTO MEPETBOPEHHS MOMIOHOCTI, SIKi
MOTIM PO3B'SI3YIOTHCS YHCENIFHO 3a JIomoMororw npoueaypu bvpdc y MATLAB. Brius pisaux (i3W4HHX HmapaMeTpiB Ha PO3MOILT
LIBUIKOCTI, TEMIIEpaTypH Ta KOHIEHTpALil KOPOTKO ONMUCYEThCS 3a JOMOMOror rpadikiB. TepTs MOBEpXHIi, MIBUIAKICT TEIUIO- Ta
MAacOIEPEHECEHHsI Ha MIIACTHHI 00YUCIIOITHCS YHCENBHO Ta BioOpaxatoThes y Tabnumi. Taka 3a1aya MOTOKY PiIMHU MOXE 3HAWTH
3aCTOCYBaHHS B MEXaHI3Max/IPUCTPOSIX TeTuIoNepeIayi.
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