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ABSTRACT

The heat and mass transfer being a driving force in MHD oscillatory free convective flow has been a subject of
many studies due to the increasing demand associated with transport processes, existing in nature and industrial
application. This study is carried out to investigate an effect of heat and mass transfer on unsteady MHD free
convective flow of Jeffrey fluid through porous medium in the presence of heat source. The dimensional governing
equations were solved by perturbation technigue. The solution for the flow characteristics of velocity, temperature
and concentration was obtained. The influence of different parameters such as: thermal Grashof number, mass
Grashof number, Jeffrey parameter and heat source/sink, Peclet number for heat and mass transfer (Pe & Pem),
and radiation parameter were investigated on the flow fields and presented graphically. The fluid velocity
decreases with increase in Hartmann number (H). It is found that mass transfer rate increases with increase in
Peclet number(Pem). It is noticed that rate of mass diffusion decreases with increase in chemical reaction
parameter (K). In addition, the temperature profiles depicted that an increase as the values of heat source/sink
parameter(Q), heat transfer Peclet number (Pe), and radiation parameter (N) increases respectively.

Keywords: Jeffery fluid, Unsteady free convection, Porous medium, Magnetohydrodynamics (MHD) and Heat

source/sink

1.0 INTRODUCTION

Fluids can majorly be categorized into two classes;
Newtonian and non-Newtonian fluids. Newtonian
fluids are those fluids that obey Newton’s law of
viscosity. Those fluids that deviate from the law are
said to be non-Newtonian. Typical non-Newtonian
fluids include blood, saliva, starch solutions,
toothpaste, and sauces. Due to the fact that non-
Newtonian fluids cannot be described by a single
constitutive equation like the Navier—Stokes equations,
they tend to be more complicated than Newtonian
fluids. Although complicated, non-Newtonian fluids
have found more industrial applications than
Newtonian fluids. Recently, there is much attention
which has been paid on the study of non-Newtonian
fluid flow. The non-Newtonian fluids can be
characterised as being of the differential, rate or
integral type, (Cioranescu et al. 2016). Some of the
non-Newtonian models which have been studied
include the Jeffrey model (Nadeem et al. 2021), the
Maxwell model (Sajid et al. 2021), the Oldroyd-B
model (Wang et al. 2019), and the Herschel-Bulkley
model (Magnon and Cayeux 2021). One non-
Newtonian fluid model of interest in this study is the
Jeffrey model which is of the rate type. The Jeffrey
fluid expresses the influence of the ratio of relaxation
to retardation times and its constitutive equation can be
reduced to that of a Newtonian fluid as a special case.
Unlike viscous fluid models, the Jeffrey model can be
used in non-Newtonian fluids to describe the stress

relaxation property (Kahshan et al. 2019). Due to its
viscoelastic properties, the Jeffrey fluid has found some
industrial applications in polymer productions. The
Jeffrey fluid model has recently attracted the attention
of many researchers since it gives better
approximations to most physiological fluids. To this
end, Suma et al. (2023) recently discussed the
implication of Brownian motion and thermophoresis
impacts on a hydromagnetic heat and mass transfer
with Jeffrey fluid flow affected by nanoparticle along
an upstanding plate. Yale et al. (2019) studied transient
heat transfer to MHD oscillatory flow of Jeffry fluid
through a porous medium under slip condition and
oscillating temperature. In another article, the effect
suction/injection on MHD oscillatory flow of Jeffry
fluid with heat source/sink through a porous medium
was investigated by Ibrahim et al. (2020). Additionally,
Sharma et al. (2017) used the Jeffrey fluid to model the
flow of blood in narrow arteries. Some other researches
which have been completed on the Jeffrey model
include the works by Khan et al. (2018) and Vaidya et
al. (2020).

Magneto-hydrodynamics (MHD) is the study of
electrically conducting liquids, such as salty water,
electrolytes, plasma, and liquid metals. This type of
fluid has a number of engineering and industrial
applications such as in growth of crystals, reactor
cooling, magnetic drug targeting, MHD sensors, and
power generation. MHD is dependent on the intensity
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of magnetic induction (Jawad et al. 2021). The
experimental investigation of modern MHD flow in a
laboratory was first carried out by Hartmann and
Lazarus (1937). This study provided the basic
knowledge for the development of many MHD
devices, such as MHD pumps, MHD generators,
brakes, flow meters, plasma studies, and geothermal
energy extraction. Since then, many works have been
carried out to investigate the impacts of MHD on free
convection flow through various channels. Free
convection flows through an oscillatory flow in the
involvement of heat source through a porous medium
has been a subject of growing interest of many
researchers due to its wide spectrum of applications in
geophysics, solid mechanics, ground water, hydrology,
oil recovery, thermal insulation, heat storage and in the
field of engineering (Chitra and Suhasini, 2018). In
view of the many applications of MHD oscillatory heat
transfer flows, Usman and Sanusi (2023) recently
explored the effects of non-Newtonian nanofluid flows
across a semi-infinite flat plate immersed in a porous
medium on heat radiation, Soret and pressure terms.
They took into account the surface temperature and
concentration, which are oscillatory in nature due to the
presence of various types of nanoparticles. Bafakeeh et
al. (2022) discussed the unsteady hydromagnetic
oscillatory natural convective heat and mass transfer
flow of a viscous and electrically conducting fluid
passing through a vertical plate immersed in a
permeable medium in the coexistence of chemical
reactions and thermal radiation affected by Hall current
and Soret factor. Narayana and Venkateswarlu (2016)
studied the consequences of chemical reaction and heat
source effects on unsteady MHD free convection heat
and mass transfer of a nanofluid flow past a semi-
infinite flat plate in a rotating system. The plate is
assumed to oscillate in time with steady frequency so
that the solutions of the boundary layer are the similar
oscillatory type. Sharma et al. (2022) emphasized the
analytical study of MHD oscillatory time-dependent
free convective viscous incompressible dissipative
flow passing through an upstanding channel
entrenched with porous medium in the coexistence of
heat generation and thermal radiation factors. Falade et
al. (2017) investigated the implications of
suction/injection effects on a time-dependent
oscillatory slip flow within an upright vertical channel
with unequal wall heating restricted to a transverse
magnetic field. Hamza et al. (2011) researched the
impacts of chemical reaction and slip condition on a
time-dependent hydromagnetic heat and mass transfer
flow across an upstanding channel saturated with
porous medium in a rotating system.

Investigating the effect of heat generation or absorption
on fluid flow is extremely fundamental in several
technological and physical problems of exothermic or
endothermic fluid response nowadays, and these
effects are crucial in monitoring the heat transference
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(Gambo et al. 2021). Several scholars have
investigated the effects of heat-generating/absorbing
fluid on various flow regimes. In this context, Ojemeri
et al. (2024) recently published an analytical
investigation of a chemically reactive hydromagnetic
fluid affected by heat generation/absorption flowing
across a superhydrophobic microchannel that is heated
alternatively. In addition, Ojemeri and Onwubuya
(2023) described the analysis of steady mixed
convection flow of Arrhenius-controlled chemical
reaction and an exothermic fluid along an isothermally
heated superhydrophobic microchannel due to heat
source/sink. In another paper, Ojemeri and Hamza
(2022) presented a theoretical investigation of a
chemically reactive fluid in a MHD natural convection
flow blended with heat source and sink effects
employing homotopy perturbation approach. They
concluded that raising the viscous heating parameter
significantly encourage the fluid motion and the
volume flow rate respectively. Oni and Jha (2019)
investigated the effects of a heat source and sink fluid
on natural convection confined to an upstanding
annulus  with  time-periodic  heating boundary
conditions. They discovered that heat generation and
absorption parameters affect velocity distribution,
periodic temperature profile, Nusselt number, and
frictional force at the cylinder walls, respectively.
Gambo and Gambo (2020) extensively scrutinized the
effects of fully developed natural convective flow of
heat generating/absorbing fluid in an open-ended
vertical concentric annulus with a magnetic field effect.
Their findings show that by carefully selecting
appropriate values for the heat generation or absorption
parameter and the Hartmann number, they may be used
to control the temperature and velocity profiles. Chu et
al. (2020) investigated the nonlinear thermal radiation
and heat sink/source of a bidirectional periodically
moving surface driven flow in a rate type nanofluid
containing a gyrotactic microbe. Zhao et al. (2021)
highlighted the effects of heat generation/absorption,
dissipation, radiative heat flux and joule heating on the
mixed convective entropy optimized nanomaterial
MHD flow of Ree-Eyring fluid formed by two rotating
disks. The consequences of thermal radiation, a heat
source, and an induced magnetic field on the natural
convective flow of a couple stress fluid in a flux-
isothermal vertical channel have been evaluated by
Hasan et al. (2020) using the method of an
indeterminate coefficient. Parthiban and Pasad (2023)
outlined a theoretical investigation of radiative-
convection effects on MHD fluid flow in a heated
square enclosure having a non-Darcy square cavity in
the coexistence of the Hall effect and the heat source or
sink.

The ultimate objective of the present analysis is to
study Unsteady MHD free convective flow of Jeffrey
fluid through porous medium with effect of heat
source/sink. Equations of momentum, energy and
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diffusion, which govern the fluid flow, heat and mass
transfer are solved by using perturbation technique.
The effects of various physical parameters on fluid
velocity, temperature, concentration, skin friction
coefficient, Nusselt number and Sherwood number at
the plates are derived, discussed and shown through
graphs.

2.0 MATHEMATICAL FORMULATION

Consider an oscillatory flow of Jeffrey fluid and heat
transfer through a porous medium in a vertical infinite
channel with effect of heat source/sink in the presence
of transverse magnetic field. The radiative heat term in
horizontal direction is considered negligible in
comparison with vertical direction. At time t" [0,
the plate is given an impulsive motion in a horizontal
direction with uniform mean velocity U. The x'- axis

Momentum equation
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is taken along the plate (when y [1[10) and a straight
line perpendicular to that as the y' -axis. A magnetic
field of uniform strength B, is applied normal to the
plate along x’ -direction and the induced magnetic field
is assumed negligible. It is assumed that the flow is
subjected to suction of the fluid from one porous plate
and at the same rate fluid is being injected through the
other porous plate. It is also assumed that the fluid has
small electrical conductivity and the electromagnetic
force produced is very small. The pressure gradient is
also assumed negligible. Since the plate is considered
infinite in x" -direction, all the physical variables will
be independent of x" and are functions of y' and t'.
Under the usual Boussinesq’s approximation, the
governing equations of momentum, energy and
Concentration are written as follows:

TR TR AN g A _
otr ayl - p axl (1+»81) ay,Z kl + gﬁ(T T 0) + gﬁ(c C ) (1)
Energy equation
ar' au’ _ k 9*1' 1 99" | Q' o N oeBSW o o
at’ ayl - Py ayIZ pep ayr i pcp (T T 0) (T T 0) (2)
Concentration equation
ac’ yoc’ L, a'c!
Vo= Don (3)
With the initial and boundary condition
..o . . .
u-y —=0,T =T,,C =C,ony =0
oy (4)

u'=0,T =T, +(T,-T,)cost,C' =C,+(C, +C; )coswtony =a

where U is the axial velocity, t istime, ' is frequency of the oscillation, T the fluid temperature, p is the
pressure gravitational force, c,is the specific heat at constant pressure, K is the thermal conductivity, g is the

radiative heat flux, g is the coefficient of volume expansion, k' is the porous medium permeability coefficient,
B, is the electromagnetic induction, o,is the conductivity of the fluid, p is the denity of the fluid, v is the
kinematics viscosity coefficient. It is assumed that walls temperature, T, T, are high enough to induce radiative
heat transfer, and y* is the dimensionless slip parameter. Following Makinde and Mhone (2005), it is assumed
that the fluid is optically thin with a relatively low density and the radiative heat flux is given by:

L= 42Ty~ T (5)
where a is the mean radiation absorption coefficient.
To solve equations (1) — (3), we employ the dimensionless quantities and parameters:
x = %ﬂx —xay—y—:y =ya, VO——:U —VoUu——=>u =uU,
_W’a I_W_U _ﬂ l__ _TTO o 14 1 _ 1
w="Fow =Tmt=mot =00 =50 T =T o+6(T',—T),
_ap’ ; _ ppvU _Y_* * __ S_i _K_’ r_— 2
P=_ ==, ¥=_2V =va5 =4 ,Da=—=>k'=aDa (6)
N2 = 4a2q? H2 = a?0.BE Gr = gB(T' -T'o)a? Pe = Uapcy Re = va 0= 1a2
k' pv vU ’ ’ v’
1Al 2
b= 5 =+ ¢ (C'w = '), Ge = HEeC
Incorporating equation (6) in equation (1), (2), and (3), the governing equations now become:
_ 6P 1 o%u 2 2
Re[at Vs ay] -t ) )ay (H? + S*)u+Gro+Gceo ©)
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Pe[22 -V, ay] =29 L (N2 +Q — H?)P (8)
62¢
Pen [~ Vog] = 5 ©)

where u is dimensionless velocity, t the dimensionless time, y dimensionless coordinate axis normal to the plates,
6 dimensionless temperature, @ dimensionless concentration, Re the Reynolds number, Ha Hartmann number, Gr
Grashof number, Gc modified Grashof number, Pe Peclet number, N Radiation parameter, Q heat source/sink
parameter, Pe,, Peclet number for mass transfer, Vo sunction/injection parameter and Sc Schmidt number.

The initial and boundary conditions in dimensionless form are given by:

ou _ _ _
u—y@—O,B—O,d)—Oaty—O} (10)

u=20,0=coswt,¢p =coswtaty =1

3.0 METHOD OF SOLUTION

The dimensionless governing equations (6), (7) and equation (8) subject to boundary conditions (10) are solved
by regular perturbation techniques.

Solving the equations for purely oscillatory flow, let the pressure gradient, fluid velocity, temperature and
concentration be:

u = u,et +ue it (11)
6 = f,et + g e7it (12)
¢ = poe' + pre7" (13)

It is assume that — % =X [e'@t + g7t

Substituting (11), (12) and (13) into (7), (8) and (9) the solutions of the governing equations are obtained as
follows:

¢ =[Ae™Y + A,e T2t + [A3e73Y + Ae T ]e it (14)
0 = [B,e™Y + B,e ™%¥]e'®t + [B;e™3 + B,e ™V ]e 0t ' (15)
u=[Cie™¥ + Ce ™ + C3 + C,e™V + Cce ™| Cee™ + C,e7 %Y x et +

[D1e%Y + D,e™92Y + Dy + D™V + Dge™ ™Y + Dge™Y + D,e "] x emWt (16)

Using (14), (15) and (16), we write the skin friction, rate of heat transfer, and rate of mass transfer on the
boundaries as follows:
The rate of skin friction or shear stress on the boundary plates is given as follows:

2—1; . = [cyny — ¢y + cgmy — csmy, + cg1y — c;15] + [Dydy — Dpd, + DyMsy — DsM, + Dery — Doryle ™t

y=
17)

2—1; = [c;ne™ — cnye ™ + cymye™ — camue ™ + cgrye’t — corye 2 ]et + [Dyde® —
y=1 .

D,d,e™% + Dymze™ — Dgmye ™ + Dgrze™ — D,r,e et (18)

The rate of heat transfer on the boundary plates is given as follows:

% o = [B1M; — BzMz]eiwt + [BsM; — B4M4]e_iwt (19)
y:

% L = [BlMleMl - BzMze_MZ]eiwt + [33M36M3 - B4M4€M4y]e_iwt (20)
y:

The rate of mass transfer on the boundary plates is given as follows:

% o =[Ar — Azrz]eiwt + [Asrs — A4T4]9_iwt (21)
y:

% = [Ajrie™ — Ayrye™"?]ei@t + [Azrze™ — Agrye™t]e "ot (22)
y=

The constants All AZ' A3'A4-' Bli BZ' B3' B4—' Cl' CZ' C3, C4-' CSJ C6' C7, Dlt D2' D3' D4—! DS' D6! D7'
Ky, Kz, K3, Ky, Ks, Kg, K7, Kg, Ko, K10, K11, K12, My, My, M3, My, Ny, My, N3, Ny, T, T2, T3aNd Ty,
are defined in the appendix section.

4.0 RESULTS AND DISCUSSION Grashof number Ge¢ (Gc =1, 5, 10). It can be mentioned
Figure 4.1 is plotted to observe the influence of | from both Figure 4.1a and 4.1b that the velocity profile
Grashof number and mass Grashof number. Figure | increases with increasing values of Grashof number
4.1a represent velocity profile for different values of | and Mass Grashof number in case of suction and
Grashof number Gr (Gr = 1, 5, 10) and Figure 4.1b | Injection. It is also noticed that velocity of the fluid is
represent velocity profile for different values of mass | higher in case of injection than suction. What causes
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this behavior is that, in case of suction, the fluid at
ambient conditions is brought closer to the surface and
reduces the thermal boundary layer thickness. The
same principle operates but in reverse direction in case
of injection. The velocity profiles for different values
of Jeffrey fluid parameter (8;=0.1, 0.2, 0.3) and
Hartmann number (H = 1, 2, 3)are shown in Figures
4.2a and 4.2b respectively. It is observed that the
velocity increase with increasing values of Jeffrey fluid
parameter in case of suction and Injection but decreases
with increasing Hartmann number for suction and
Injection. As Jeffrey fluid parameter is increases, the
fluid becomes more resistant to flow and its velocity
profile becomes more uniform and less prone to
distortion compared to a less elastic fluid.

Figure 4.3a and 4.3b represent the influence of heat
source/sink parameter (Q=1, 5, 10) on velocity and
temperature profiles respectively in case of suction and
injection. Both velocity and temperature of the fluid
increases with increasing values of heat source (Q>0)
while a reverse trend is observed in case of heat sink
(Q<0). The presence of heat source indicates higher
temperature generation while heat sink indicates heat
absorption in the channel. In Figure 4.4a and 4.4b, the
velocity and temperature profiles for different values of
Peclet number (Pe =1, 2, 3, 4) is presented respectively
in case of suction and injection of the fluid. Increasing
values of Peclet number enhances both velocity and
temperature profiles in case of suction and injection of
the fluid. It is seen that both temperature and velocity
profiles are higher in case of injection than suction.
Figure 4.5a and 4.5b are plotted to see the impacts of
Radiation parameter (N = 1, 2, 2.5) on both velocity
and temperature distribution respectively in case of
sucking and injecting fluid into the channel walls.
Higher values of Radiation parameter improved fluid
velocity and temperature in case of suction and
injection of the fluid.

The velocity and concentration profiles have been
presented in Figures 4.6a and 4.6b respectively for
different values of the mass transfer Peclet number
(Pem =1, 2, 3, 4) in case of suction and injection. It is
observed that both the velocity and the concentration
increase with increasing values of Peclet number. An
anomalous behavior is noticed on the velocity profile
in case of suction, velocity is higher than in case of
injection at around center of the channel. What cause
this behavior is the oscillating nature of the fluid.

The variation of the skin friction (zyandt,; ) on the
porous plate with material parameters are shown in
figures 4.7 to figure 4.12. The skin friction (tyandt; )
profiles for different values of heat source/sink
parameter (Q=1, 5, 10) are shown in Figure 4.7. It is
observed that skin friction aty = 0 (7,) increases with
increasing values of heat source (Q>0) while opposite
phenomenon is noticed for increasing values of heat
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sink (Q<0).At the plate y = 1 opposite trend is
observed. The skin friction against Reynold number
(Re) for different values of Radiation parameter (N =
1, 2, 2.5) are shown in Figure 4.8. Figure 4.8a represent
skin friction at the plate y = 0 and Figure 4.8b represent
skin friction at the plate y = 1 respectively. From Figure
4.8a it is seen skin friction is enhanced by increasing
values of Radiation parameter in case of suction and
injection. It is observed that skin friction is higher in
case of injection than suction. Similar scenario is
noticed but in opposite direction in Figure 4.8b. The
shear stress against Reynold number for different
values of Hartmann number (H = 1, 2, 3) at the plate y
= 0 and y = 1 are shown in Figure 4.9a an 4.9b
respectively. It is observed that skin friction, skin
friction decreases with increasing values of Hartman
number at the plate y = 0 but opposite trend is noticed
atplatey = 1.

The skin friction aty = 0 and y = 1 for different values
of Grashof number Gr (Gr = 1, 5, 10) are shown in
Figure 4.10a and 4.10b respectively in case of suction
and injection. It is observed that skin friction aty =0
and y =1 increases with increasing values of Grashof
number in case of suction and injection. It is also
noticed that at plate y = 0 skin friction is higher in case
of suction then injection but opposite trend is observed
at the plate y = 1. The skin friction against t for different
values of Mass Grashof number Ge (Gc = 1, 5, 10) are
shown in Figure 4.11a and 4.11b respectively at the
plate y = 0 and y = 1. Similar behavior is noticed for
the case of Grashof number in Figure 4.2.10. The skin
friction (toandt, ) profiles for different values of
Jeffrey fluid parameter (8,=0.1, 0.2, 0.3) are shown in
figure 4.12. It is observed that skin friction (z,)
increase with increasing Jeffrey fluid parameter but
skin friction (z,) decrease with increasing Jeffrey fluid
parameter.

The variation of the Nusselt number against t for
different values of heat source/sink parameters shown
in Figure 4.13a and 4.13b respectively at the plate y =
0 and y = 1. Increasing values of heat source parameter
enhances Nusselt number while increasing heat sink
parameter decreases Nusselt number at the platey = 0
but opposite behavior is seen at the plate y = 1. The
Nusselt number (Nu, and Nu,) profiles for different
values of Radiation parameter (N = 1, 1.5, 2, 2.5) is
shown in Figure 4.14a and 4.14b at the plate y = 0 and
y =1 respectively. It observed that Nusselt number
(Nuy) increases with increasing Radiation parameter
while the Nusselt number(Nu,)decreases with
increasing Radiation parameter.

The variation of the Sherwood number against
suction/injection parameter for different values of mass
Peclet number (Pm =1, 2, 3, 4) is shown in Figure 15a
and 15b respectively aty =0 and y = 1. Higher values
of Sherwood number is recorded when the

114


https://portal.issn.org/resource/ISSN/3027-1118

DOI: https://doi.org/10.57233/ijsgs.v10i1.600 ISSNp: 2488-9229; ISSNe: 3027-1118

1JSGS FUGUSAU VOL. 10(1)

suction/injection parameter values is large at the plate
y = 0 (Fig.15a), however similar trend is observed at y
=1 (Fig.15b).
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5.0 CONCLUSION

In this present study, an analytical investigation has
been carried out to study unsteady MHD free
convective flow of Jeffrey fluid through porous | ii.
medium with effect of heat source/sink. Solutions for
the model have been obtained by using regular
perturbation techniques. The following conclusions are

made:

i. It is observed that the velocity of the fluid
increases with increasing values of Grashof

vO0 v0

Figure 15 (a and b): Sherwood number (ShO and Sh1) profiles for different values of Pm

number and Mass Grashof number in case of
suction and Injection. It is noticed that velocity of
the fluid is higher in case of injection than suction.
It is noticed that the wvelocity increase with
increasing values of Jeffrey fluid parameter in case
of suction and Injection but decreases with
increasing Hartmann number for suction and
Injection.

Both velocity and temperature of the fluid
increases with increasing values of heat source
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(Q>0) while a reverse trend is observed in case of
heat sink (Q<0).

iv. Increasing values of Peclet number enhances both
velocity and temperature profiles in case of suction
and injection of the fluid. It is seen that both
temperature and velocity profiles are higher in
case of injection than suction.

v. Higher values of Radiation parameter improved
fluid velocity and temperature in case of suction
and injection of the fluid.

vi. It is observed that both the velocity and the
concentration increase with increasing values of
Peclet number. An anomalous behavior is noticed
on the velocity profile in case of suction, velocity
is higher than in case of injection at around center
of the channel.

vii. It is observed that the skin-friction coefficient at
the plate (when y = 0) increases with increasing
values of heat source (Q>0) while opposite
phenomenon is noticed for increasing values of
heat sink (Q<O0) at the plate (when y = 1) opposite
trend is observed.

viii. It is seen that skin friction is enhanced by
increasing values of Radiation parameter in case
of suction and injection (when y = 0). It is
observed that skin friction is higher in case of
injection than suction. Similar scenario is noticed
but in opposite direction (wheny = 1)

iXx. It is observed that skin friction, the skin-friction
coefficient decreases with increasing values of
Hartman number at the plate (when y = 0) but
opposite trend is noticed at plate (wheny = 1).

X. It is observed that skin friction (when y = 0)
increase with increasing Jeffrey fluid parameter
but skin friction (when y = 1) decrease with
increasing Jeffrey fluid parameter.

xi. Increasing values of heat source parameter
enhances the rate of heat transfer while increasing
heat sink parameter decreases the rate of heat
transfer at the plate (when y = 0) but opposite
behavior is seen at the plate (wheny = 1).

xii. It observed that the rate of heat transfer (wheny =
0) increases with increasing Radiation parameter
while (when y = 1) decreases with increasing
Radiation parameter.
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