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In this research, the one-dimensional fluid code SIGLO-rf was used to study the internal parameters of RF capacitive discharge in
carbon dioxide, focusing mainly on time-averaged and spatio-temporal distributions of discharge parameters. With the help of this
code, in the range of distances between electrodes d = 0.04 — 8 cm, RF frequencies f= 3.89 — 67.8 MHz, and values of carbon dioxide
pressure p =0.1 — 9.9 Torr, averaged over the RF period axial profiles of the density of electrons, positive and negative ions were
calculated as well as potential and electric field strength. It is shown that the discharge plasma in CO: contains electrons, positive ions,
as well as negative ions. The negative ions of atomic oxygen are formed by the dissociative attachment of electrons to CO2 molecules.
Studies of the spatio-temporal dynamics of plasma parameters (electron density, potential and electric field strength, as well as
ionization and attachment rates) in RF capacitive discharge in CO2 showed that during half of the RF period, 1 to 3 ionization bursts
are usually observed. They correspond to stochastic heating in the near-electrode sheath and the formation of passive and active double
layers near the sheath boundaries. The passive double layer appears in the cathode phase and maintains the discharge plasma. The
active layer is formed in the anodic phase and ensures a balance of positive and negative charges escaping to the electrode during the
RF period. It was found that when the conditions pd = 2 Torr cm and fd = 27.12 MHz cm are met simultaneously, during half of the
RF period, 4 intense ionization peaks are observed: resulting from stochastic heating, passive, active, and additional (auxiliary) double
layers. The auxiliary double layer helps bring electrons to the surface of the temporary anode and occurs near its surface inside the
near-electrode sheath. Using the similarity law, the conditions for the existence of these 4 ionization peaks in a wide range of RF
frequencies, carbon dioxide pressures, and distances between electrodes were verified.
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INTRODUCTION

Radiofrequency capacitively coupled gas discharge has become practically irreplaceable in many plasma
technologies of micro- and nanoelectronics [1-9]. These include processes of plasma etching of semiconductor materials,
deposition of various coatings from the gas phase, and many others. Therefore, the properties of the RF discharge are
widely studied both experimentally [10—19] and theoretically [10, 20—29]. Numerical modeling allows us to study not
only the behavior of the average plasma parameter profiles (potential, electric field, ion and electron densities, etc.) over
the RF period, but also to determine their dynamics under various conditions [30-39], as well as to explain experimentally
observed phenomena and predict new ones.

Radiofrequency capacitive discharge in electronegative gases turned out to be especially rich in new phenomena [16,
17, 22, 40-53]. Electronegative gases are gases whose molecules capture free electrons, forming singly charged negative
ions. Their presence in a sufficiently high concentration in a gas mixture significantly changes the charged particle generation
and loss processes in the discharge plasma. The rate of ambipolar losses decreases [42, 44, 46], up to the transition of
ambipolar diffusion to free diffusion [47]. Accordingly, this affects the time-averaged plasma potential and the flow of
positive ions from the plasma to the electrodes [40, 41]. Due to the retention of negative ions in the average potential well in
the RF capacitive discharge, their density increases. In this case, it can exceed the electron concentration by tens to hundreds
(and sometimes thousands) times, and the plasma consists of positive and negative ions in approximately equal
concentrations with a small addition of free electrons [41, 42, 44, 46]. At certain moments of the RF period, double layers
of space charge may appear in the discharge [44, 54-58]. The enhanced electric field of the double layer leads to ionization
bursts, which allows maintaining stable discharge operation. We will consider this problem in more detail below.

In addition, the RF capacitive discharge is widely used in pumping CO, gas lasers [59-62]. Recently, a separate line
of research has actually formed, dedicated to the plasma conversion of carbon dioxide [63—76]. These studies aim to solve
the problem of the greenhouse effect associated with emissions of carbon dioxide into the atmosphere formed during the
combustion of fossil fuels. The researchers are seeking an efficient method of splitting CO» molecules into carbon
monoxide and oxygen, which can be used both in terrestrial conditions and to provide future colonies on Mars with fuel
and oxygen. In this case, high values of the conversion coefficient of CO, molecules can be achieved in the plasma of the
RF capacitive discharge [65—70]. However, the conversion process in such a discharge is quite complicated and not well
understood due to the high level of spatial inhomogeneity of the discharge plasma and the significant and fast change of
plasma parameters distribution during the RF period.
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In this paper, the dynamics of processes in a RF capacitive discharge in carbon dioxide is investigated using the
SIGLO-rf fluid code. Particular attention is paid to the mechanisms of direct ionization of CO, molecules by electron
impact, and the clarification of the reasons for their appearance in certain places of the discharge at certain moments of
the RF electric field period. The appearance of intense ionization in a certain part of the discharge should be accompanied
by increased dissociation of CO» molecules, which is of interest for solving the problem of plasma conversion of carbon
dioxide.

SIGLO-RF CODE DESCRIPTION

1D fluid code SIGLO-rf is the software intended for simulation of RF capacitively coupled discharge. It is based on
the equations and assumptions given in the papers of Prof. J.-P. Boeuf and Prof. L.C. Pitchford [56,58] and was developed
at the University of Toulouse.

SIGLO-rf allows self-consistent calculation of temporal and average axial profiles of the density of charged particles
(electrons, positive and negative ions), as well as potential and electric field strength over the RF period. In addition, it is
possible to determine the density of the discharge current (electrons and ions both in the plasma and on the electrode, full
current, displacement current), the power absorbed by ions and electrons, the electron temperature T, etc. At the same
time, SIGLO-rf numerically integrates the system of balance equations for electrons, positive and negative ions, as well
as Poisson's equation. Calculations are carried out from the initial value of the density of charged particles, which can be
changed before starting the calculations, until a periodic steady state is reached. At the very beginning, the type and
pressure of the gas p, the frequency of the RF electric field £, the distance between the electrodes d, and the gas temperature
T, are defined. lon-induced electron emission is not taken into account, the corresponding coefficient y = 0. That is, the
SIGLO-rf code can be used only for calculations of the low-current a-mode of the RF capacitive discharge. At the same
time, it is considered that 25% of electrons are reflected from the surface of the electrodes.

The input file with the gas parameters must contain the dependences of the average electron energy ¢, their mobility
e, the ionization coefficient oo = vi/(1cE), and the electron attachment coefficient n = va/(ueE), as a function of the
reduced electric field E/p at a gas temperature of 300 K. Next, the SIGLO-rf code determines the dependences of the
electron mobility ., the ionization frequency vi, the attachment frequency v, the energy loss frequency, and the diffusion
coefficient D, (which is determined using the Einstein’s relation) on the average electron energy €. Additionally, it is
assumed that p., D., v; and v, depend on the local average electron energy &(x,?) in the same way as under equilibrium
conditions.

The input file should also contain the dependence of ion mobility on the local reduced electric field E/p. The
diffusion coefficient of ions (both positive D, and negative D,) is determined from Einstein's relation at a weak field and
is considered constant.

The densities of electrons #., positive 7, and negative ions n,, the average electron energy € and the potential V
distribution are determined using the following equations. First, the balance equation for the density (continuity equation)
is used for electrons:

ong, . @
LD, =S, (1)

where
Se = (Vi - Va)ne + VdetachMn — krecomb(e—i)nenp" (2)

It can be seen from equation (2) that the detachment of electrons from negative ions with the frequency Vgetach 18
taken into account, and the coefficient recomb(e-iy describes the loss of electrons during their recombination with positive
ions.

Secondly, flow equations are also used to describe electrons
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as well as the energy balance equation
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As already mentioned above, the dependence of the electron diffusion coefficient D, on the average energy ¢ is
found using the Einstein relation,
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where kg is Boltzmann constant, e is elementary charge.
The energy flux @, in equation (4) is defined as

]
O, = —n.euE — Dea(nes). (6)
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The right-hand side of equation (4) contains
S, = —e® E —n,L(e). 7
Here, the energy loss term L(g) = epE? is assumed to be the same as under equilibrium conditions (where S: = 0).
For positive ions, the balance (continuity) equation is solved:

on G}
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ps ©)
where
Sp =ViNe — krecomb(e—i)nenp - krecomb(i—i)nnnp~ (9)

The coefficient krecomb(-i) takes into account the process of ion-ion recombination, that is, the loss of positive ions due to
their recombination with negative ions. In equation (8), the flow of positive ions

on
P, = +epyEn, — Dy~ (10)
where L, and D, are mobility and diffusion coefficient of positive ions, respectively.

Similarly, the balance (continuity) equation is solved for negative ions:

5} a
Sht—d, =S, an

where
Sp = VgNe — krecomb(i—i)nnnp — VgNy. (12)

Here it is taken into account that negative ions can be lost not only during ion-ion recombination but also when electrons
are detached from them with frequency vg. Recall that negative ions are formed with a frequency of v, as a result of free
electron attachment to the molecules of an electronegative gas.

The flux of negative ions is described by the formula

ong

®,, = —epyEn, — Dy ox’ (13)

where L, is mobility of negative ions, D, is their diffusion coefficient.
Poisson's equation for the electric potential should be added to the above fluid equations

62

e
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At the same time, the potential is related to the electric field £ by the equation
v
E= ~ (15)

Now consider the boundary conditions. For the fluxes or densities of charged particles on the electrodes, they were
as follows. The electron flux is equal to the thermal flow n.vi./4, where vy, is the thermal velocity of electrons. The ion
density on the electrode is zero. Taking into account the small diffusion coefficient of ions, this means that their flow is
equal to the drift flow when the ion velocity is directed towards the electrode. Otherwise, the ion flux is zero. We have
already noted above that the reflection coefficient of electrons from the surface of the electrodes does not depend on their
energy and is equal to 25%.

In addition, we consider the left electrode to be grounded (7(0) = 0), and the voltage from the RF generator with the
waveform V(d)=V,rcos(mt)) is applied to the right electrode.

Calculations are made for carbon dioxide. Preliminary, the dependences of the electron mobility L, the average
electron energy &, the ionization coefficient (the first Townsend coefficient o/p) and the attachment coefficient n/p on the
reduced electric field E/p. At the same time, cross sections of electron collisions with carbon dioxide molecules were
used, given in the LXCat database (www.lxcat.net) [78], where the cross sections from the Itikawa set [79] were chosen
for COs». In addition, the values of electron mobility in CO, given in [80] were used.

For CO, the mobility of positive CO," ions in its own gas was taken from [81, 82], for the mobility of negative ions,
the results of [81, 83] were used. The coefficient of recombination of positive and negative ions of 2:1077 cm3/sec was
taken from [84]. Coefficient of ion-electron dissociative recombination

CO," + & (300K) — CO + O

for cold electrons (300 K) is given in the paper [85]. Consider that this coefficient decreases with increasing electron
temperature [86]. Then, for electron temperatures of several €V, this coefficient should be equal to 3.8-10~% cm?/sec. To
take into account the process of detachment of electrons from negative ions
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O +CO;,—>0+CO,+e

we used the dependence of the detachment coefficient on the reduced electric field given in [87].

SIMULATION RESULTS
Now let's consider the results of calculating the parameters of the RF capacitive discharge in CO,, obtained using
the SIGLO-rf code.
Carbon dioxide is one of the so-called "electronegative" gases. Collision of an electron with an energy higher than
3.3 eV [79] with a carbon dioxide molecule can lead to dissociative attachment

CO;+e > CO+0,

as a result of which a negative atomic ion of oxygen is formed. The attachment process worsens the conditions for
maintaining the discharge. Free electrons can acquire high energy from the electric field and ionize gas molecules (that is,
create new charged particles instead of those lost in the plasma volume, on the electrodes and walls of the discharge chamber),
and must also carry the discharge current. An atom or gas molecule to which an electron has attached becomes a negative
ion, the mass of which is thousands of times greater than the mass of the electron. Such an ion is not able to acquire high
energy in the discharge to ionize gas molecules. Also, due to its inertness, it can carry only a small part of the discharge
current. Therefore, the electrons lost due to attachment must be compensated in ionization processes.

Therefore, positive ions CO,", electrons, and negative ions O~ should be present in the quasi-neutral plasma of the
RF discharge in carbon dioxide (see Fig.1). At the same time, to fulfill the condition of quasi-neutrality, the positive ion
density must be equal to the sum of the densities of electrons and negative ions, i.e. n, = n. + n,. So, from Figure 1 we
have, firstly, that in the center of the discharge n, =4.52:10' cm3, n, = 4.3-10'° cm™, n, = 2.2-10° cm, so the quasi-
neutrality is indeed fulfilled. Secondly, the negative ion density is about 20 times greater than the electron density. In fact,
in the central part of the discharge, we have an ion-ion plasma with a small admixture of free electrons. However, in the
near-electrode layers, the electron density is significantly higher than the negative ion density. It should be noted that
electrons fill the near-electrode layers gradually, and are present there only during some part of the RF period [14,20,21].
At the same time, the closer to the electrodes, the shorter the time the electrons stay there. Therefore, the time-averaged
electron density 7. in Figure 1 is much smaller than the positive ion density. But below we will see that when the near-
electrode sheath adjacent to the temporary anode is filled, the electron density will be practically the same in the layer as
the positive ion density.

Now consider negative ions. The high density of negative ions in the discharge is explained by the fact that the time-
averaged potential of quasi-neutral plasma of the RF discharge in CO, is always positive (see Fig. 2). This leads to the
retention of negative ions in the plasma volume, these ions cannot get to the electrodes. Negative ion density is regulated
by the balance between their appearance as a result of attachment and losses due to detachment and ion-ion recombination.
These listed loss processes are not fast, due to which the concentration of negative ions in the plasma can be quite large.
Accordingly, the accumulation of negative ions in the plasma, firstly, reduces the ambipolar losses of positive ions
[46,47], and secondly, it reduces the average plasma potential. The value of this potential (207 V) is lower than the average
plasma potential in argon (230 V [88]).
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Figure 1. Time-averaged axial profiles of the density of Figure 2. Time-averaged axial profiles of potential and electric
electrons, negative and positive ions. RF discharge in CO2 at  field strength. RF capacitive discharge in CO2. p =1 Torr,
gas pressure p =1 Torr, frequency f=13.56 MHz, distance f=13.56 MHz, d=2cm, Uy=500V

between electrodes d=2cm, RF voltage amplitude

Uyr=500V.

The RF discharge in CO; has a greater thickness of the near-electrode sheath (approximately 4.5 mm) than in argon
under the same conditions (3 mm [88]). Therefore, the RF field strength near the electrode surface in CO; is significantly
lower, it approaches 850 V/cm (compared to 1400 V/cm for argon).
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The time-averaged electron energy (see Fig. 3) in the quasi-neutral plasma of RF discharge in CO, (approximately
3.5 eV) is significantly lower than for argon (reaches 6 ¢V [88]). The ionization rate, shown in Fig. 3, has two double
maxima, which indicates the presence of an additional charged particle bearing process in the RF discharge in CO»
compared to argon [88]. Below we will consider it in detail.

Regarding the average electron energy, we note that its value of 3.5 eV indicates that the main contribution to the
CO, conversion process under the conditions considered in Figures 1-3 (p =1 Torr, Uy= 1500 V) is not the direct
dissociation of molecules by electron impact, but “climbing the ladder” of vibrational levels of molecules followed by
their decomposition into CO and O [65,66, 89,90]. Electrons excite vibrational levels of CO, molecules, which then
exchange the vibrational energy, and some part of CO, molecules can get enough vibrational energy to reach the
dissociation threshold.

Now consider the dynamics of the plasma parameters, namely the change of their axial profiles over time. Fig. 4
shows the axial profiles of potential for several moments of the RF period.
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Figure 3. Time-averaged axial profiles of average electron Figure 4. Axial profiles of potential for different parts of the RF
energy and ionization rate. RF capacitive discharge in CO2. period. RF capacitive discharge in CO2. p=1Torr,
p=1Torr, f=13.56 MHz, d =2 cm, U= 500 V f=1356 MHz,d =2 cm, Uy=500 V

At first glance, these profiles are similar to the corresponding profiles for argon [88]. However, in the quasi-neutral
plasma, the slope of the profiles in CO; is greater, which indicates a higher RF electric field strength. In addition, near
the boundary of the collapsing near-electrode layer, the potential increases faster than in the plasma, and a so-called
"double layer" is formed [41, 44, 54-58]. This is best seen on the axial profile of the electric field strength, one of which
is shown in Fig. 5. In fact, the so-called "passive" (DL:) and "active" (DL,) double layers (by the definition in [41]) can
be seen on this axial profile. Note that an additional third double layer (DLs3) began to appear in Figure 3, the presence of
which is not mentioned in the papers of other authors. The role of these double layers, the conditions and causes of their
occurrence will be considered below.
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Figure 5. Axial profile of the electric field strength for the moment of the RF period #/7'= 0.4. RF capacitive discharge in COa.
“DL” stands for double layer. p =1 Torr, f=13.56 MHz, d =2 cm, U;y= 500 V

Figure 5 shows that in the central region of the plasma the field is approximately equal to 33 V/cm, and in the
"active" double layer it reaches 63 V/cm. Due to the exponential dependence of the ionization frequency on the electric
field strength, the ionization rate in the double layer (with approximately twice the electric field strength) should be two
dozen times higher than in the plasma volume.
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Let's find out why these double layers are needed in RF capacitive discharge in CO,. To do this, first consider the
dynamics of the electron density shown in Fig. 6. The densities of positive and negative ions practically do not change
during the RF period, so here we give them only for the initial moment #/7 = 0. At this moment, the electrons are
completely pushed out of the left near-electrode sheath by a strong electric field, fill the right sheath, and partially hit the
right electrode, which is a temporary anode. At the same time, on the corresponding profile in Fig.6 near the boundary of

the right sheath (approximately at x = 1.6 cm), we can see a spike in the electron density, in which 7, is even higher than
in the central region of the discharge.
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Figure 6. Axial density profiles of positive ions, negative ions and electrons for different parts of the RF period. RF capacitive
discharge in CO2. p =1 Torr, f=13.56 MHz, d =2 cm, U= 500 V

The electron density peak appeared due to the formation of an "active" double layer near the boundary of the right
sheath during the previous half of the RF period. This double layer should, firstly, approximate the density of electrons
and positive ions in the sheath to ensure quasi-neutrality, and secondly, bring to the right electrode the number of electrons
necessary to maintain the balance of the positive and negative charges throughout the RF period. This balance must be
fulfilled to ensure the stability of the discharge. But only positive ions and electrons in equal quantities can enter the
electrode, while the flow of negative ions to the electrode is zero (see Fig. 7).
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Figure 7. Time dependence of the current density of positive J, and negative ions J», as well as electrons J. on the left electrode.
p=1Torr, f=13.56 MHz, d =2 cm, U= 500 V

In the RF discharge in argon [88], where the concentrations of positive ions and electrons in a quasi-neutral plasma
were equal, there were no problems with ensuring the balance of charge flows to the electrodes. However, in the CO»
case, the electron density is approximately 20 times lower than that of positive ions. Therefore, for the required number
of electrons to enter the electrode, it must be generated as a result of increased ionization. Electrons born in the plasma
may not reach the electrode and stick to the gas molecules. Thus, the additional electron generation should appear just in
the sheath, if possible, near the electrode. This is the reason for the formation of an "active" double layer with an increased
RF electric field near the boundary of the near-electrode sheath.

Note that the presence of a maximum electron density in the region of the active double layer near the boundary of
the near-electrode sheath plays an important role. When the corresponding sheath borders the temporary anode, i.e. is in
the anodic phase, the electric field attracts electrons to this electrode. But from Figures 5 and 8, we see that closer to the
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temporary anode, the electric field changes its sign and pushes electrons away from it. Therefore, the electrons density
between the double layer and the point of the electric field sign-change increases due to their accumulation in this area.
Some of the electrons pass through the potential barrier, and some are reflected back. The electron density increase leads
to an increase in the diffusion current towards the temporary anode, as well as a decrease in the height of the potential
barrier. Thanks to this, the necessary number of electrons can reach the temporary anode, which allows for maintaining
the charge balance during the RF period.

E,V/cm

0.0 0.5 1.0 1.5 2.0

Figure 8. Axial profiles of the electric field strength for different moments of the RF period #/7. p =1 Torr, f=13.56 MHz,
d=2cm, Uys=500V

While the active double layer ensures the balance of the number of charges on the temporary anode, a "passive"
double layer is also observed near the border of the opposite near-clectrode sheath that is in the cathodic phase. It
maintains the electron density in the plasma at a level sufficient for stable burning of the discharge, when ionization
compensates for all electron losses. The electric field in the plasma volume is weaker than in the passive double layer and
mainly transfers the discharge current through the plasma.

Now let's consider the reasons for the formation of the third double layer (in Figures 5 and 8 it is marked as DL3).
The thickness of the near-electrode sheath is a complex function of the frequency and amplitude of the RF voltage, the
gas pressure, the electric field strength in the plasma volume, and the distance between the electrodes [2], and this is valid
for electropositive gases. In electronegative gases, this dependence is even more complicated. We said above that the
active double layer is formed near the boundary of the near-electrode sheath, which is in the anodic phase. Electrons born
in it move towards the temporary anode. However, it is necessary to consider the process of their loss due to attachment
to gas molecules. Suppose these losses are high enough so that fewer electrons pass through the near-electrode layer to
the electrode than is necessary to balance the charge on its surface. In that case, another double layer is formed closer to
the surface of the temporary anode, which is auxiliary and keeps the ionization rate higher than the attachment rate.

Let's return to the density profiles in Fig. 6. We considered only the profile for the initial moment #7 = 0. Recall
that at this moment a positive amplitude value of the RF voltage (+500 V) is applied to the right electrode.

Next, the voltage on the right electrode decreases, and the potential difference between the electrode and the plasma
increases (which we have already seen in Fig. 4). As a result, the thickness of the right sheath increases, and its border
begins to move away from the electrode. Accordingly, the electrons that previously filled the right layer began to be
pushed out of it. Electron density profiles move away from the right electrode.

In the case of low gas pressure, when electrons rarely collide with gas molecules, the reflection of electrons from
the boundary of the expanding near-electrode layer plays a significant role in maintaining the discharge, and it is called
"stochastic heating" [1, 4, 27]. Fluid modeling cannot describe the process of stochastic heating due to its non-local nature,
but we consider here only the case of higher pressure. Electrons that filled the near-electrode layer during the anodic
phase are pushed into the plasma by the electric field of the layer during the transition to the cathodic phase. However,
the frequent collisions of electrons with gas molecules make it possible to describe this process using a fluid code. The
term “wave-riding” electron heating is sometimes used in the literature just for the process of electron heating in the
cathode phase of the near-electrode sheath [57]. But usually, this heating is also called stochastic. We will continue to use
this name as well, but with the above in mind.

Due to stochastic heating of electrons a spike in the ionization rate appears in Fig. 9 in the right sheath and near its
boundary (in the figure it is marked as StH - "Stochastic Heating"). After a time of approximately #7 = 0.2, a passive
double layer (marked in Figure 9 as DL, — “Double Layer”) appears near the border of the expanding near-electrode
sheath, and after #/7 = 0.25, near the border of the left sheath, an active double layer (DL;) is formed. Thanks to the
increased ionization rate in it, electrons gradually fill the left near-electrode layer, maintain quasi-neutrality in the filled
part, and then partially escape to the left electrode to ensure the balance of the charge of the opposite sign. At /7= 0.4,
the formation of the third double layer (DLs) is observed. The corresponding behavior of the electric field strength is
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visible in Fig. 8. Later, at /T > 0.5, stochastic heating and a double layer are formed in the reverse order, which we can
see in Fig. 9. Note that approximately in the place where there was an active double layer with the maximum electric field
strength, then a region with a minimum field appears since a high level of ionization is maintained due to stochastic
heating (deeper in the sheath) and in the passive double layer, which is further from the electrode, deeper in the plasma
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Figure 9. Space-time dependence of the ionization rate. Peaks corresponding to stochastic heating (StH) and the formation of double
layers (DL) are marked. p = 1 Torr, f= 13.56 MHz, d =2 cm, U= 500 V

Now let's find out how the RF voltage amplitude under fixed other conditions affects the ionization processes in the
discharge during the RF period. The corresponding space-time dependencies are shown in

-
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Figure 10. Space-time dependence of the ionization rate. p = 1 Torr, f= 13.56 MHz, d=2 cm, U,y= a) 85 V, b) 600 V, c) 800 V, d) 1000 V

At the lowest RF voltage (85 V at a pressure of 1 Torr), we see only two peaks corresponding to the passive (DL1)
and active (DL,) double layers. Stochastic heating of electrons does not yet play a significant role in the discharge under
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these conditions. The ionization peak, corresponding to the third double layer, is also missing. At a voltage of 500 V (see
Figure 9), peaks of the ionization rate appear due to stochastic heating and the formation of the third double layer (DL3).
Their intensity increases rapidly with the increase of the RF voltage amplitude, and at the maximum voltage of 1000 V
considered by us, the intensities of all 4 peaks (StH, DL, DL,, DL3) become almost the same. That is, during the half of
the RF period, the discharge is supported by 4 bursts of ionization in different parts of the gap between the electrodes,
which, with some overlap in time, take place alternately St — DL, — DL, — DLs.

Let's consider this procedure in more detail for the RF voltage amplitude of 1000 V. Figure 11 shows the axial
profiles of the ionization and attachment rates for several moments of the RF period. At the initial moment, when the
right electrode is a temporary anode and electron flow enters it, we see the presence of a peak near the electrode itself,
which corresponds to the third double layer DLs. It is in this region that the ionization process occurs faster than the
attachment. In other parts of the discharge, where the electrons are present (plasma volume and part of the right near-
electrode layer), electron losses prevail. Next, the sign of the potential on the right electrode changes, it becomes a
temporary cathode. The ionization rate for some time becomes small compared to the attachment rate (#/7' = 0.16). Next,
RF potential on the right electrode increases, the thickness of the right sheath increases, and at /7 = 0.29, the StH peak of
stochastic electron heating is visible, and the passive DL; and active DL, double layers begin to form. Over time, the
intensities of these three peaks increase, and at #7 = 0.35, when the RF current amplitude reaches a maximum, the
ionization rate in the entire interval significantly exceeds the electron loss rate due to attachment. At /7> 0.4, the peak
of stochastic heating practically disappears, but the peak of the ionization rate appears near the left electrode (temporary
anode) due to the formation of the third double layer DL3;, which becomes dominant by the end of the half-period #/7 = 0.5.
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Figure 11. Axial profile of ionization (blue lines) and attachment (red lines) rates for different moments of the RF period #/7.
p=1Torr, f=13.56 MHz, d =2 cm, U;y= 1000 V

Next, we will consider ionization processes in a wide range of carbon dioxide pressures. The corresponding space-
time dependences of the ionization rate are shown in Fig. 12 for the RF voltage amplitude of 1000 V. At a low pressure
of 0.1 Torr, one broad peak of the ionization rate is observed during half of the RF period. To find out its nature, we will
additionally analyze the axial profiles of reduced electric field strength E/p, shown in Fig. 13. From this figure, we can
see that the ionization peak appeared as a result of the simultaneous action of stochastic heating and additional heating of
electrons by the RF electric field in the plasma volume. Double layers are not observed under these conditions. When the
gas pressure increases to 0.2 Torr, the ionization rate during half of the RF period has two maxima: first, stochastic heating
occurs, and after #/7 > 0.25, a wide double layer is formed, occupying most of the left near-electrode sheath. It is the same
third, auxiliary double layer, which we talked about above.

At a gas pressure of 0.5 Torr, the peak of the active double layer is added to the ionization peaks of stochastic
heating, and the third double layer, which is located near the boundary of the near-electrode sheath, while the passive
double layer is still missing. It begins to appear at a gas pressure of 0.75 Torr and above. The peaks of the ionization rate
for a carbon dioxide pressure of 1 Torr are shown in Fig. 10, and we found that at this pressure, all three double layers
and stochastic heating are observed during half of the RF period. With a further increase in pressure to 1.5 Torr, the peak
of stochastic heating weakens significantly, and the peak of the third double layer also becomes significantly weaker. In
the case of a high gas pressure of 9.9 Torr, the peak of the active double layer dominates, the peak of the passive double

layer is approximately twice as large, and we also see a constant level of ionization in the RF electric field in the plasma
bulk.
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Figure 12. Space-time dependence of the ionization rate for different values of the gas pressure. f=13.56 MHz, d =2 cm,
Uir=1000 V: a) 0.1 Torr; b) 0.2 Torr; ¢) 0.5 Torr; d) 0.75 Torr; e) 1.5 Torr; £) 9.9 Torr
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As it follows from the above results, there is a narrow range of conditions under which 4 intensive ionization sources,
stochastic heating, and 3 double layers (passive, active, and auxiliary) can participate in the discharge. This phenomenon

is most clearly observed p = 1 £ 0.05 Torr, /= 13.56 MHz and d = 2 cm at high RF voltages U= 500-1000 V. For these
conditions, pd =2 Torr cm and fd =27.12 MHz cm

In [91], it was shown that RF gas breakdown and, in general, processes in RF capacitive discharge are controlled by
the similarity law

Ups =¥ (pd, fd.5),

where R is the radius of the discharge tube. Further analysis of the similarity law was carried out in papers [92-94].
Let’s find out whether the presence of 4 intense ionization peaks will be observed at other distances between the
electrodes, RF field frequencies, and gas pressure values. We will conduct the analysis for fixed values of the similarity
parameters pd = 2 Torr cm and fd = 27.12 MHz cm. That is, after changing the frequency of the RF electric field, we must
adjust the values of the distance between the electrodes and the gas pressure accordingly. For example, at a frequency of
3.89 MHz, the distance should be equal to 8 cm (to maintain fd = 27.12 MHz cm). Then the gas pressure should be 0.25
Torr (for pd = 2 Torr cm). We will do the same for other combinations of £, d and p. The calculation results presented in
Fig. 14 show that at fixed values of the similarity parameters pd =2 Torr cm and fd =27.12 MHz cm, at least in the
frequency range = 3.89 — 67.8 MHz, 4 intense ionization peaks are observed. That is, our calculations using the SIGLO—
rf code and the similarity law allow us to predict the behavior of ionization processes in a radio-frequency capacitive
discharge.
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Figure 14. Space-time dependence of the ionization rate. U,y= 1000 V:
a) f=3.89 MHz, d=8 cm, p=0.25 Torr; b) f=6.78 MHz, d=4 cm, p=0.5 Torr; ¢) f=27.12MHz, d=1cm, p=2 Torr
d) f=67.8 MHz, d=0.04 cm, p = 5 Torr

CONCLUSIONS
In this paper, the time-averaged and spatio-temporal profiles of the parameters of the RF capacitive discharge in
carbon dioxide were investigated using the one-dimensional fluid code SIGLO-rf, which numerically calculates the
balance equation (continuity equation) of electrons and each of the ion species (positive and negative), the electron energy
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balance equation, and Poisson's equation for the electric potential. The processes of ionization bearing of electrons and
positive ions, attachment of electrons to gas molecules, their detachment from negative ions, as well as processes of
recombination of positive ions with electrons and negative ions are taken into account. Processes of ion-induced electron
emission from the electrode surface are ignored, which limits the applicability of the code only to the low-current mode
of RF capacitive discharge.

With the help of this SIGLO-rf code, the averaged over the RF period axial profiles of the densities of electrons,
positive and negative ions, as well as the potential and electric field strength, were calculated in carbon dioxide. Most of
the results were obtained for the distance between the electrodes d = 2 cm and RF frequency f= 13.56 MHz, but additional
calculations were also carried out at d = 0.04-8 cm and /= 3.89-67.8 MHz. In the RF discharge in CO,, the quasi-neutral
plasma consists of electrons and positive ions, and as a result of the process of dissociative attachment of electrons to gas
molecules, negative ions of atomic oxygen appear. Their density in a quasi-neutral plasma is about ten times higher than
the electron density. These negative ions are retained in the plasma volume and reduce the average potential of the plasma
(compared to plasma in argon).

The spatio-temporal dynamics of electron density, potential and electric field strength, as well as ionization and
attachment rates in RF capacitive discharge were also studied. It is shown that in the RF discharge in CO,, to ensure the
balance of positive and negative charges that escape to the electrodes during the RF period, as well as to maintain quasi-
neutrality in the regions filled with plasma, near the boundary of the sheaths, passive and active double layers are formed.
In these double layers, thanks to the increased electric field, gas molecules are intensively ionized by electrons. At the
same time, during the first half of the RF period, three bursts of ionization are observed in the RF discharge in CO,, which
correspond to stochastic heating in one layer and the formation of double layers. This process is repeated in the reverse
direction in the second half of the RF period.

It is shown that under certain conditions, pd =2 Torr cm and fd =27.12 MHz cm, even 4 ionization peaks can be
observed during half of the RF period: resulting from stochastic heating, as well as the passive, active and auxiliary double
layers. The auxiliary double layer occurs inside the near-electrode sheath near the surface of the temporary anode and
contributes to bringing electrons to its surface. The simultaneous presence of 4 peaks was verified by calculations in a
wide range of distances between electrodes, values of carbon dioxide pressure, and RF frequencies.
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YUCEJBbHE MOJEJIOBAHHS TUHAMIKHW B4 €EMHICHOT'O PO3PSILY Y BYI'JIEKUCJIOMY TI'A3I
Bauepiii JlicoBebkuii, Cranicaas Ayain, Amanis Lllaxua3zapsnu, [1assio [laaTronos, Bosogumup €ropenkon
Xaprxiecokuil nayionanvruil yrieepcumem imeni B.H. Kapaszina, maiioan Ceoboou, 4, Xapkis, 61022, Yxpaina
V wmiit po6oTi oxHOBHMipHMH TinpoxuHamivHnil kox SIGLO-rf Gyo BHKOpHCTAHO JUIS DOCITI/DKEHHS BHYTpIMIHIX mapamerpiB BU
€MHICHOTO DO3psiLy y BYyIJIEKMciIoMy rasi. IIpoBeZeHO MOAENIOBaHHS CEpefHiX 3a 4acoM Ta MPOCTOPOBO-YacOBHX MpOdiiiB
mapameTpiB po3psay. s Iboro YruceNbHO O3B’ A3aHO PIBHAHHA OaJaHCY KOHIEHTPALT I KOYKHOTO 3 BUAIB 3apAPKEHHX YaCTHHOK
Ta pIBHSAHHS OajlaHCy eHepril eNeKTPOHiB, sKi OyiM JONOBHEHI TakoK piBHAHHAM IlyaccoHa Juisi eJIeKTpUYHOro IoTeHmiamy. 3a
noromororo 1poro koay SIGLO-rf B miamasoni Biacraneir mix enextpomamu d = 0,04 — 8 cm, wactor BU enekrpudHOro mosst
f=3,89—-67,8 MI't Ta 3Ha4eHs THCKY Byriekucioro rasy p = 0,1 —9,9 Topp po3paxoBano cepenni 3a BU mepiox ockoBi mpodimni
T'YCTHUHU €JIEKTPOHIB, HO3UTUBHUX Ta HEraTHBHMX 10HIB, a TAKOXK IOTEHLIAy Ta HANPY)KEHOCTI elleKTpu4Horo mnois. [lokaszano, mo
pospsaana mia3mMa B CO2 MICTUTH €JIEKTPOHH, NMO3UTHBHI 10HH, a TAaKOXK HETaTHBHI 10HM. BoHM yTBOpmMINCS HpH AHCOIiaTHBHOMY
TIPWIINIAHHI eJIeKTPOoHIB 10 MoKy COz if € HeraTHBHHMH i0HAMHU aTOMAapHOTO KHCHIO. 3a3BH4ail m1azma BU emHicHOTO po3psiny €
(haKTUYHO 10H-10HHOIO, TOMY IO KOHIICHTPALIs BUIBHUX €JICKTPOHIB y JCKijbKa JeCATKIB pa3iB MEHINA 332 KOHIIEHTPALIil0 HEraTUBHUX
ioHiB. HeraTHBHI 10HH HAKOMMUYYIOTHCS y TIa3Mi 3aBISKHA YyTPUMAHHIO B CEPEIHIN 3a YaCOM MOTEHIIIaNbHIN SAMi, IO TPU3BOJHUTE 10
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3MEHILICHHS MOTEeHIiaTy I1a3Mu. J{ocIiIKeHH IPOCTOPOBO-9acOBOI TMHAMIKHM ITapaMeTpiB IU1a3MH (TYCTHHH €JIEKTPOHIB, ITOTEHITIaTy
Ta HaIpPY>KEHOCTI eIeKTPHIHOTO OIS, & TAKOXK MIBUAKOCTEH i0Hi3anii Ta npunumnanis) y BU emuicromy pospsai B CO2 mokazain, oo
npotsiroM oaniei nomoBunn BY mepiogy 3a3Buuait cmocrtepirarotees Bix | go 3 cruteckiB iowi3auii. BoHM BigmoBigaioTh
CTOXAaCTHYHOMY HarpiBy y NMPHEIEKTPOJHOMY IIapi, IO € y KaToAHiM ¢a3i i Mexye 3 THMYaCOBHM HETATHBHUM €JEKTPOIOM, Ta
(hopMyBaHHIO NACHBHOT'O Ta AKTHBHOT'O MO/IBIHUX MIapiB OISl MEX NPHENeKTpoHUX mapiB. [lacuBHUIT MOABIHHMI IIap 3HAXOJUTHCS
Ois1 MeXi MPHUETeKTPOIHOrO Iapy y KaToAHid ¢aszi i miaTpuMye po3psiaHy IUia3My. AKTHBHHE map (GopMmyeTbcs Ol Mexi
MIPUEIEKTPOJHOTO IMIapy B aHOAHIN (a3l # 3abe3nedye OagaHC MOBMTHBHOTO Ta HETaTHBHOTO 3apsliB, IO HAJIXOISTh B €IEKTPO]
npotsiroM ycsoro BU nepiony. 3’sicoBaHo, 10 IIpH 0THOYAaCHOMY BUKOHaHHI yMOB pd = 2 Topp cm Ta fd = 27,12 MI'y cM npoTarom
nonosuHE BY mepiony cnocrepiraroTbes 4 iHTEHCHBHUX 10HI3aLIHUX MMIKH: BHACIIIOK CTOXaCTHYHOTO HArpPiBY, a TAKOXK (POPMYBaHHS
MMACHBHOTO, aKTHBHOTO Ta JOJATKOBOrO (JOMOMDKHOIO) MOABIMHUX ImapiB. J{ogaTKoBWi MOJBIHHWII miap cIpuUse ITiABEICHHIO
€JICKTPOHIB JI0 MIOBEPXHI THMYACOBOT0 aHO/A i BUHHMKAE MOOIN3Y HOTo IIOBEPXHI BCEpeIUHI NPUEIEKTPOAHOTO LIapy. 3a JOIOMOI 00
3aKOHY MOJIOHOCTI MepeBipeHO yMOBW iCHyBaHHS IMX 4 MiKiB ioHi3amil B mmpokoMy miama3zoHi BU wacTor f, 3Ha4eHB THCKY
BYTJICKHCIIOTO ra3y p Ta BiICTAHEW MiXk eJIEKTpoJiaMu d.

KurouoBi ciioBa: sucoxouacmomuuti emuichuil po3psao, 2i0poounamiyne MoOent08anHa, 8V2NeKUCIUL 2a3, WeUOKIicmyb ioHI3ayii;
NOOGIHI wapu, HeeamusHi i0HU
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The present objective is to numerically analyze the induced magnetic field (IMF) effect of an unsteady MHD flow of Casson fluid
through two infinite vertical plates. The effect of radiative heat has been scrutinized. Governing non-dimensional PDEs of the flow are
discretized by the finite difference method to some algebraic system of equations, which is then numerically solved concerning the
boundary conditions. The effects of the radiations, magnetic Prandtl number, Prandtl number, Hartmann number, and Casson parameter
on temperature profile, velocity profile, and induced magnetic field have been depicted through graphs. The radiative effect and Prandtl
number have considerable influence on the surface drag force and also on the rate of heat transfer.
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1 INTRODUCTION

Convective heat transfer takes place between a moving fluid and its surrounding surface when there is difference in
temperature. Such convective flows have wide applications in different fields of engineering and industries. It also has its
vast applications in many agricultural and industrial water distribution, geothermal mining and groundwater flows.
Magnetohydrodynamic convective flows have drawn more attention in the past few decades owing to its applications in
the study of chemical engineering, planetary magnetospheres and electronics.

For a free convective, the flow is induced by buoyancy forces. Free convection plays an important role to design
performance of several system as it provides large resistance to heat

transfer. The convection of non-Newtonian fluid has recently been able to draw the attentions of many researchers
as it has more explicable properties then the Newtonian fluid. A non- Newtonian fluid has the property that the
deformation rate varies with viscosity. It has its wide applications in crude oil extraction. Casson fluid is a most popular
non-Newtonian fluid that has its rheological effects on viscoelastic fluids. Casson fluid is a fluid with the properties of
high viscosity shear thinning and yield stress below which flow is restricted. It has its significant applications in the field
of chemistry and mechanics. Several mathematicians, engineers and scientists have analyzed the applications of Casson
fluids. Many researchers have also contributed their work on convection of a Casson fluid. Rodi and Mopuri [1] have
recently analyzed the convective flow a Casson fluid. They analytically deliberated the influence of magnetic field,
chemical reaction along with Soret effect of flow through an inclined semi-infinite plate. Vijayaragavan and
Karthikeyan [2] have examine the Hall current effect along with diffusion-thermo-effect, chemical reaction and radiative
effect. In 2021, Vijayaragavan et al [3] have investigated transient convective flow pass an inclined vertical plate. Their
work was concerned on transfer of mass and heat of a conducting Casson fluid. For a rotating system Pushpalatha [4]
explored free convection of Casson fluid. Perturbation technique was applied in solving the equations. Throughout their
study, they conclude that Casson parameter controls the fluid velocity profile and thermodiffusion effect enhance both
concentrations and velocity profiles.

The study of fluid flow via various physical configurations and media has been able to capture the interest of many
experts. Due to various significance of mass and heat transfer, magnetohydramic flow of fluid with the influence of
reaction by chemical has drag a lot of interest in the intervening years. Additionally, the radiative transport of heat has
several uses in the construction of nuclear power plants and different missile, satellite, and other technologies. Considering
all of these important applications, Sarma et al., [5] examine the mass transfer for a flow through an infinite plate. Laplace
transform method is applied in solving the governing equations. Their results show considerable changes due to influence
of different parameters and along with it the porosity of the medium slows down the fluid velocity which is in agrees with
physical reality. Through a flat plate and vertical cone Kumar et al., [6] have analyzed the non-Darcy convective flow.
Muhammad Wagqas et al [7] addresses the mixed convective flow of a viscous micropolar liquid with joule heating. The
occurrence of fluid is towards non-linear stretched surface. The equations governing the problem are solved by homotopic
procedure. A.K. Agrawal et al [8] have extended their work on transfer of mass of convective flow past a vibrating circular
cylinder.
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The research mentioned above have often been limited to relatively low magnetic Reynolds numbers, allowing for
the disregard of magnetic induction effects. If magnetic Reynolds number is relatively high, such effects is considered.
Due to its employment in numerous technological and scientific phenomena, such as MHD power generation, geophysics,
crude oil purification, glass making, etc., the IMF has many essential applications in the theoretical and experimental
studies. The study of mixed convective constant flow of a Newtonian fluid through a vertical infinite plate in porous
material was examined by Ahmed and Chamkh [9]. In presence of IMF the main objective was to study the rate of transfer
of heat and mass with the effects of chemical reaction, thermal radiation. Sarveshanand and Singh [10] analyzed the free
convective steady flow between two vertical infinite porous plate in addition of suction velocity.
Fadzilah Md. Ali et al., [11] numerically illustrated the transfer of heat of a steady convective flow through a stretching
sheet. Hazarika et al [12] numerical analyzed the convective flow with fuzzified boundary conditions and with the effect
of IMF. The impact of an IMF on a free convective unsteady flow of conducting fluid across a vertical semi-infinite plate
has been analyzed by Kumar and Singh [13]. The implicit finite difference approach of Crank-Nicolson type was applied
in solving the PDEs. Ahmed [14] precisely solved a continuous Poiseuille flow with mass and heat transfer under the
influence of a transverse magnetic field with effect of thermal diffusion and IMF.

The present study of MHD convective flow of Casson fluid through infinite vertical plates with induced magnetic
field is presumed to be used in various technological phenomena and will have significant role in many scientific
experimental processes. The effect of radiation can be seen in various space technology and in design of nuclear power
plants. The suction velocity plays an important role in artificially controlling the behavior of the boundary layer and hence
it has wide application in industries and aeronautical engineering. Hence, from the above properties of different
parameters and its wide applications in various fields has motivated to do the present analysis. The novelty of the present
study is to analyze MHD convective flow of fluid in addition with significant impact of magnetic Reynold’s number so
that the effect of induced magnetic field is considered along with the radiative effect.

2. PROBLEM FORMULATION
A free convective flow of a Casson fluid passing through two infinite vertical plates is assumed. Let d be the distance
between the two plates. The x" —axis is chosen vertically along the plate and the y’ —axis is chosen perpendicular to the
plate. By, is a uniform magnetic field applied along the y' —direction as shown in Figure 1. Initially, the fluid and the plate
are at a same temperature Ty. With time t > 0 the temperature of the first plate increases to T; while temperature of the
second plate is kept at temperature Ty. The magnetic Reynold’s number is not assumed to be small and so the induced
magnetic field is not insignificant.

I ’ =Ty
u

By

/ Yy
+——
d

Figure 1. Configuration of the flow problem

Equations governing the flow problem are:
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Boundary conditions are:

u=0T=T,H =0aty' =0 4
u =0T =T,,H =0aty’ =d. 5)

Where velocity along x’ —axis is u’ ,the suction velocity is v’ , t' ,T' ,H' are the dimensional time, temperature and induced
magnetic field respectively. The kinematic viscosity is v, g is the acceleration due to gravity, a is the casson parameter,
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B is the thermal expansion coefficient, 4, is the magnetic permeability, o is the electrical conductivity and p is the fluid
density.

The radiative term (;—C;‘" present in the energy Eq. (2.2) can be simplified by using Rosseland
approximation as given below:

, __ 40, 0T"*

G =~ (©)

where Stefan-Boltzmann constant is 6; and the mean absorption coefficient is k; .
With the application of Taylor’s series, we expand linear function T', about the free stream
temperature. Hence neglecting the high order terms the result of the approximation transforms into the form:

T'* = 4T$T' — 3T;. @)
Using Eq. (2.6) and Eq. (2.7), we have
dgr _ _ 160,T3 82T’
dy 3k, o0y'? (®)
Then Eq. (2.2) takes the form:
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Using the following non-dimensional quantities:
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and the boundary conditions are:
u=00=1H=0aty=0, (13)
u=00=0H=0aty=1. (14)

The non-dimensional skin friction (7 ) and Nusselt number (Nu) is given by:

<6u) N <66)
T=—\|5 , Nu=—|—
ay/ o ady

3. METHOD OF SOLUTION
The above transformed equation Eq. (2.10) - Eq. (2.12) are coupled non-linear partial differential equations. As the
analytical or exact solutions seems to be not feasible so we use Finite Difference Method (FDM) in order to solve the
differential equations. This method is comparatively precise, effective and has better stability characteristics. Here we
discretized the governing PDE about the point (i, j) and reduce it to a system of algebraic equations. The following
equations are the reduced form of finite difference approximation by truncating the higher order terms:

y=0

Ou Uiy — Uy
at ™ At
Ou _ Ujjyg — Uy

=T 4y
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The above equations discretize the dimensionless PDEs to a system of algebraic equations. The equivalent finite
difference scheme for equation Eq. (2.10)-Eq. (2.12) is as follows:

1
Ui+1,j7Uij -V Ujj+1~Ujj — (1+E)ui'i+1_2ui.i+“i.i—1 +0..+M Hi,]'+1_Hi,]' (15)
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At 0 Ay Pm (Ay)? Ay

Where At and Ay are the dimensionless time-step and finite difference grid size in the y —direction respectively. Here i
is the grid point in the time variable ¢ and j designates the grid points along the y —directions. The mesh size is considered
as Ay = 0.1 with time step At = 0.14. The order of accuracy of this method is o[(4y), (4y)?]. The scheme is
unconditionally stable and so this method is compatible.

4. RESULT AND DISCUSSION

An unsteady MHD convective flow of a Casson fluid through vertical infinite plate with IMF has been examined.
The governing non-dimensional equations has been discretized to algebraic system of equations. Along with the boundary
conditions the system of equations are numerically solved by Gauss-Seidel iterative method. The numerical results along
with the influence of the parameters have been depicted through tables and figures. Throughout our discussion we have
chosen arbitrarily some of the values for the parameters such as radiation parameter (N = 5), suction parameter (v = 1),
Casson parameter (o = 0.5), magnetic parameter (M = 5) and magnetic Prandtl number (Pm = 1). We have considered the
Prandtl number Pr to be 0.7 that corresponds to air in a range where the dynamic and the thermal boundary layer are
approximately equal. Figure 2 - Figure 5 displays the influence of Prandtl number, Hartmann number, radiation effect
and Casson parameter on velocity profile respectively.

1.4 0.012

. [re—— M=1,3,5,7.9 |
12} \ P=1357 | w57l J
| . >
11 | s 1 / ;.
W 0.008 | / ¥ \ k.
+ 1 0.006 / b
5 ! /
06 I‘I \ f
.“ \ 0.004 |
04t
e 0002 | \
0 e _ o N\
0 0.2 04 0.6 08 1 0 0.2 0.4 0.6 0.8 1
i i
Figure 2. Variation of Prandtl number(Pr) on velocity Figure 3. Variation of Hartmann number(M) on velocity
0.025 122007
a=0.15,0.20,0.25,0.30,0.35
A 1 L
0.02} i
08+
0.015 | 4
> Tost \/
0.01}
f
04+t
0.005 | N=4,68,10 07‘
0 0 T —
0 0.2 04 0.6 0.8 1 0 0.2 04 06 0.8 1
y-= y-
Figure 4. Variation of radiation parameter(N) on velocity Figure 5. Variation of Casson parameter(a) on velocity

The Prandtl number is a quantity that shows how the molecular diffusivity of heat and momentum are related. It
calculates the relative amount of heat and momentum in the velocity and thermal boundary layer. Figure 2 clearly depicts
the rise in Prandtl number, lowers the velocity boundary layer thickness. Figure 3 examines that with the rise in Hartmann
number the flow velocity lowers and reverse is the case as y increases. The velocity profile in Figure 4 shows a parabolic
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shape with the addition of radiation parameter with maximum value somewhere in the middle region. It also examines
that due to high effect of radiation, the velocity increases. Casson fluid exhibits high viscosity shear thinning
characteristics as well as yield stress. The impact of the Casson parameter on the fluid velocity is anticipated. Figure 5
demonstrates that as o rise, the rate of motion considerably increases. Figure 6 and Figure 7 depict how temperature
changes with the addition of N and Pr. In both the figures temperature tends to zero at maximum value of y. The thermal
boundary layer thickness rise with the rise in radiation effect whereas it lowers with the rise in Pr. Figure 8 and Figure 9
demonstrate how the induced magnetic field is influenced by the M and Pm.
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It is clear that the variation of Hartmann number initially increases the induced magnetic field, which falls down
after a certain value of y. The same observation is seen in case of variation of magnetic Prandtl number on IMF. Nusselt
number is a non-dimensional heat transfer coefficient. It is a coefficient that is used to determine the conduction or
convection of heat transfer. Table 1 and Table 2 shows how the N and Pr affect the heat transfer rate. It follows that when
the radiation rise, the heat transfer rate lowers. Similarly, the rate of heat transmission is slowed down as the Pr increases.
Table 3 -Table 7 exhibit the variation of Skin friction with influence of Casson parameter, Hartmann number, radiation
parameter, Prandtl number and magnetic Prandtl number. The viscous drag force is enhanced with rise in Casson
parameter. Table 4 illustrates that rise in M results in a steady decrease in the magnitude of skin friction. That is the
frictional force lowers due to addition of magnetic field. Table 5, Table 6 and Table 7 shows that the direction of drag
force is reversed as radiation parameter, Prandtl number and magnetic Prandtl number increases.

Table 1. Nusselt Number with change in radiation parameter.

N Pr Nusselt number
1.0 0.7 -4.04438
3.0 0.7 -4,06635
5.0 0.7 -4.07465
7.0 0.7 -4.07901

Table 2. Nusselt Number with change in Prandtl number.

N Pr Nusselt number
1.0 1.0 -4.0596
1.0 3.0 -4.1710
1.0 5.0 -4.3003

1.0 7.0 -4.4480
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Table 3. Skin friction with change in Casson parameter

a M N Pr Pm SKkin friction
0.15 5.0 1.0 0.7 1.0 0.00920
0.20 5.0 1.0 0.7 1.0 0.01177
0.25 5.0 1.0 0.7 1.0 0.01413
0.30 5.0 1.0 0.7 1.0 0.01632
0.35 5.0 1.0 0.7 1.0 0.01834

Table 4. Skin friction with change in Hartmann number

a M N Pr Pm SKkin friction
0.5 1 1.0 0.7 1.0 0.02374
0.5 3 1.0 0.7 1.0 0.02370
0.5 5 1.0 0.7 1.0 0.02362
0.5 7 1.0 0.7 1.0 0.02350
0.5 9 1.0 0.7 1.0 0.02334

Table 5. Skin friction with change in radiation parameter

a M N Pr Pm SKkin friction
0.5 5.0 1.0 0.7 1.0 0.02362
0.5 5.0 3.0 0.7 1.0 0.02354
0.5 5.0 5.0 0.7 1.0 0.02352
0.5 5.0 7.0 0.7 1.0 0.02350
0.5 5.0 9.0 0.7 1.0 0.02349

Table 6. Skin friction with change in Prandtl number

[V} M N Pr Pm Skin friction
0.5 5.0 1.0 0.25 1.0 0.02369
0.5 5.0 1.0 0.50 1.0 0.02365
0.5 5.0 1.0 0.75 1.0 0.02361
0.5 5.0 1.0 1.00 1.0 0.02357
0.5 5.0 1.0 1.25 1.0 0.02348

Table 7. Skin friction with change in Magnetic Prandtl number

o M N Pr Pm Skin friction
0.5 5.0 1.0 0.7 0.25 0.02371
0.5 5.0 1.0 0.7 0.50 0.02368
0.5 5.0 1.0 0.7 0.75 0.02365
0.5 5.0 1.0 0.7 1.00 0.02362
0.5 5.0 1.0 0.7 1.25 0.02358
5. CONCLUSION

We examined the free convection of an unsteady flow of a Casson fluid through vertical plates of infinite length
with the effect of IMF. Here, an electrically conducting and viscous fluid is considered. The equations which govern are
non-dimensionalized to a system of PDE’s and then solve numerically. The graphical representations of the fluid
properties under the influence of embedded parameters shows considerable changes. The tabular illustration of rate of
heat transfer and the surface drag force shows significant influence of the parameters. The present study of fluid through
infinite vertical plates is frequently used in many technological phenomena.

The results of the present study can be concluded as below:

The rise in Prandtl number leads to the fall in velocity profile and the rise in Hartmann number initially lowers
the velocity profile which is then reverse later on.

The velocity profile falls with the rise in Casson parameter and radiation parameter.

The fluid temperature falls with the application of Prandtl number and rise with the

rise in radiation parameter.

Induced magnetic field initially rise with the rise in magnetic Prandtl number and Hartmann number which
decreases later on.

The heat transfer rate for the fluid problem is decreased with the radiation parameter and Prandtl number.

With the application of Casson parameter the viscous drag force increases. The viscous drag force falls as the
radiation effect, magnetic Prandtl number and Prandtl number rises.
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YUCEJBHE JTJOCJI)KEHHS KOHBEKTUBHOI'O IOTOKY KACCOHOBOI PIJIMHM ITIOB3 HECKIHYEHHY
BEPTUKAJIBHY IJIACTHUHY 3 IHAYKOBAHUM MATHITHUM IIOJIEM
Xipen Jeka?, Ilapicmira Ixykan™P
“@akynvmem mamemamuku, Yuieepcumem Kommon, Accam, Inois
b Tenapmamenm mamemamuxu, Koponiecvkuti 2nobanviuii ynisepcumem, Accam, Indis

[ToTouna MeTa HoJsirac B YUCEIBHOMY aHali3i edekTy ingykoBaHoro maraitHoro rnoist (IMIT) necranionapHoro MI'/l nmotoky pinuHu
Kaccona yepe3 1Bi HECKiHUEHHI BEpTHKaNIbHI IUIACTHHU. BruB paniamiiinoro Temna 0yio perensHo BUBYeHO. KepiBHi Ge3po3MipHi
YaCTKOBI YaCTKOBI ZieTajli HOTOKY IHUCKPETH3YIOThCS METOAOM CKIHYEHHHUX PI3HMIb A0 AEsAKOi anreOpaiuHOl CHCTEMH PIBHSHB, sSKa
HOTIM YHCENBHO PO3B’S3y€THCS IOAO 'PAHUYHMX YMOB. BIUMB BunpoMiHIOBaHb, MarHitHoro uucna Ilpanntis, uucna Ilpannris,
gncnaa ['aptmana ta mapamerpa Kaccona Ha mpodine TemmeparypH, mpodinb IIBHAKOCTI Ta iHAYKOBaHE MarHiTHe mone Oyio
300pakeHo Ha rpadikax. Pamianiiiamii edekt i uncno [IpaHaTnsg MaroTh 3HAYHUH BIUIMB HA CHITy TIOBEPXHEBOTO OTOPY, a TAKOX Ha
MIBUAKICT TEIUIONEepeaadi.

Kunrouosi cnoBa: MI/]; piouna Kaccoua; indyxkosane macnimune none; FDM
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The study investigates the unsteady free convective two-dimensional MHD flow past a vertical porous plate with convective surface
boundary condition in porous medium in slip flow regime under the action of variable suction velocity. Analytical solutions are
obtained for the system using perturbation technique that converts non-linear coupled governing partial differential equations into
non-dimensional form of ordinary differential equations. Effects of variable suction velocity, rarefactions parameter and heat
change parameter are analysed and discussed graphically for various values of effective physical parameter such as Grasshof
number, Magnetic field parameter, Prandtl number, Permeability parameter on fluid velocity and temperature, skin friction, and
heat transfer.

Keywords: Magneto hydrodynamic flow; Permeability; Rarefaction;, Convective heat change; Variable suction-velocity

PACS: 47.35.Tv, 47.65.-d ; 47.56.+v

INTRODUCTION

Magneto hydrodynamic (MHD) flow under various physical situations has been of great interest in the recent
years because of numerous applications in the field of science and technology, and industry; e.g. in production of
Rayon and Nylon, Purification of crude oil, MHD generator and pumps, functioning of a nuclear reactor, etc. Such
flows that are buoyancy induced, density varied driven by temperature gradient in presence magnetic field occurs in
many situations in our everyday life as well; in the atmospheric flow (movement of air around solar system), extracting
geothermal energy, exploring oil from ground etc. Over the years, many researchers have studied unsteady free MHD
convective flow past a flat solid plate with oscillating temperature or with a constant temperature.
Martynenko et al. [1], Das et al. [2], Hossain et al. [3]. Sahoo et al. [4] have studied on such unsteady MHD free
convective flow with suction parameter and with heat source. MHD flow over a moving permeable vertical surface
using perturbation technique was studied by Abdelkhalek [5]. Flow over a solid wall with no-slip boundary condition
where fluid particles acquire no velocity but have finite tangential velocity commonly called a slip-flow regime. Such
flow over a solid surface or wall plays importance role in many practical applications in science-technology, industry,
atmospheric phenomenon etc. Sharma and Chaudhary [6], Khaled and Vafai [7], Mehmood and Ali [8], Chaudhary
and Jha [9], Hayat et al. [10] have studied heat transfer problems which have effect of slip flow regime on Unsteady
MHD flow. Makinde[11], Gangadhar et al. [12], Olanjrewaju et al. [13] and Garg et al. [14] have studied such type of
fluid flow under the condition convective heating of surfaces. Garg et al. [15] have studied free convective unsteady
MHD flow past a vertical plate with convective surface boundary condition in slip flow regime. N. Kalita et al. [16]
studies on a unsteady flow which passed over an vertically plate in presence of some chemical reaction.
S. Sarma et al. [17] investigate on different frequency of waves on unsteady MHD flow over different temperature in
porous medium. A. Selvaraj et al. [19] studies on MHD parabolic flow which passed over isothermal plate with rotation
effect in mass, heat diffusion. Mv Krishna [20] investigate on Unsteady MHD rotating flow in various temperature in
Jeffrays fluid. P.K. Pattnaik et al. [20] studies on the effect of chemical reaction in MHD flow over a stretching sheet.
R.S. Nath et al. studies on various stratification effect in Magnetohydrodynamics Nanofluid which passed over an
vertical plate in porous medium in the presence of radiation, heat source.

In this paper, two dimensional unsteady free convective viscous MHD flow past a vertical plate in porous medium
in slip-flow regime under the action of variable suction velocity has been studied. A uniform magnetic field acts
perpendicular to the surface and a suction velocity varies with time. Analytical equations are obtained for the flow
system using perturbation technique. The objective this study is to analysis the rarefaction effect and convective heat
change within the medium of the of the free convective flow system in presence of magnetic field past a vertical wall
with surface boundary condition in slip flow regime. The flow patterns are analysed and discussed with the help of a
graphs for different values of Magnetic field, Suction velocity, medium permeability, Grasshof number, Prandtl
number, etc.
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FORMULATION OF PROBLEMS
Consider an unsteady free two-dimensional flow which passes through porous medium with convective surface
boundary condition in slip flow regime. The variable suction velocity V=V, (1+€ Ae'“t) and magnetic field are applied

perpendicular to the wall. We take x-axis along the wall and y-axis normal to the wall. As shown in Figure below.
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Since the pate is considered to be infinite in x-direction, therefore its flow of variable are function of y and t only.
After neglecting viscous and magnetic dissipation along with Boussinesq approximations, the governing equations can
be written as

1 Y
6 12 gﬁ(T Too) BZ '_u (1)
aT iw'¢'\0T'_ 9%T
ﬁ-nVo(HeAe”" ¢ )a—y,:(l m, 2)

where u and v are the x and y components of the velocities respectively, A is the variable suction velocity, T is the
temperature, o is the frequency, 9 is the kinematic viscosity of the fluid, p is the fluid density, a(:p%)is the thermal
14

diffusity of the fluid, § is the thermal expansion coefficient, k is the thermal conductivity, g is the acceleration due to
gravity, o is the electrical conductivity, B, is the magnetic field in y direction.
The boundary condition are:

u' L( ) k(a )=hy(Ty — T,,) at y'=0, 3)

u'->0,T->T, as y' - >00, )

where T,,=T (0, t) and L is some body dimension defined by characteristics dimension flow field.
We now introduce the non-dimensional variables into equations 1-4 as follows

Y O w1ty 92
y_ v 7t 4v 90) VZ 3u Vo’e_Tf_Too’k KU%’ (5)
Now, equation 1 and 2 reduces to
1du %u 1
ZE—(I‘F Ae”"t) =a—yz+Gr9—Mu—;u, (6)
106 _ it 1026
490t (1+€eAe ) P ayz’ ™
The boundary condition (3) and (4) in the dimensional form below
ou a9
Hay o = —Hy(1-6)aty=10
u=0, 9=0asy—>00 (®)

where Gr = —:(Tf T, ) is the Grashof number , M =
0

T is the Rarefaction

h
parameter , Hf=k—Vf is the convective Heat change parameter and Pr= T is the prandtl number
0

SOLUTION OF THE PROBLEM
In order to solve the boundary value problem, it is first reduced to ordinary differential equation from partial
differential equation using perturbation technique. Assuming small amplitude € <1, the velocity u and temperature 6
near the plate can be represented as
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u(y,t) = up(y) +ee' uy (y)te?euy(y), ©)
0(y,0) = Oo(y) +ee' 0, (y)+e* e 0,(y). (10)

Substituting the value of equation (9) and (10) into equation (6) and (7) and comparing the coefficient of identical
powers of € we obtain

ug () + G:00(y) + up(y) — Euo(y) =0, (1)

w' () +w () + Aue(y) - % twuy () + Gr61(y) — §u1 (¥)=0, (12)
uy () + up () + Au () — 5 iow () + 6,0, () — §u, () = 0, (13)
85 (v) + P-6p(y) = 0, (14)

01 () — B0, (y) + B6{(y) + AR.6,(¥) = 0, (15)

05 (y) — 2P.0,(y) + B65(y) + AR6{(y) = 0. (16)

The corresponding boundary condition (8) reduces to

Uy = H%", w = HZ—L:, u, = %‘Z—‘;‘E—Hf(l—eo), %:erl at y=0
%=Hf92 at y=0, (17)
uy=0,u; =0,u, =0,6,=0,06, =0,0, =0asy - o, (18)
Solving the set of equation (11) — (16) under boundary condition (18), we get
Uo(y)=Ase7™Y — Age™PTY, 19)
U (y) = Ajoe ™Y — APV — A6 7MY + Age Y, (20)
Uy (y) = Aze™™ + Apue™Y — Ase PV + Ajge ™Y — Ae ™Y, (21
0o (y) = Aze™", (22)
0,(y)=—Aze ™Y + Ae PV, (23)
0,(y) = Ase™™3Y + Age PV + Ajge 2V, (24)
The final equation for temperature and velocity are as follows:
O(y)=A,e PV —Aze ™2V + A,e PV + Ace™™3Y + Age PV + Ajge™2Y, (25)
u(y) =A,e ™Y — Age PV + A pe™2Y — A e TPV — Aj,e ™Y + Age ™Y + Ajzem ™Y +
+A,e7™Y — Ajce PV + Ajge ™Y — A e ™Y (26)

Skin-Friction
The equation of Skin Friction is

Tx= (Z_;)y:() = _m1A7 + PrAg + 8(—A10m2 + A11Pr + Alzml - Agmg)e_wt -

—2(A13my + Ajgmg — AysPr + Ajgmy — Ajymy). 27

Coefficient of Heat Transfer
The coefficient of Heat transfer is Nusselt number which is dimensionless

Nu= (%)yzo = —A,Pr + Agmy — A,Pr — Aqms — AgPr. (28)

RESULTS AND DISCUSSION
The purpose the study is to investigate effects of variable suction velocity A, rarefactions parameter H and
convective heat change parameter Hr on fluid velocity and temperature, skin friction, and heat transfer represented by
Nusselt number at the plate. Momentum and energy equations of the flow system are solved by perturbation technique.
Expressions for fluid temperature and velocity, skin-friction and Nusselt Number on the wall are shown in equation
1.25 - 1.28 respectively. While calculating the numerical values of physical quantities of our interest, the values of non-
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dimensional quantities are considered as Gr=5.0, w =5.0, Pr=0.71, K=1.0, H= 0.4, H=1.0, M=1.5. The effects of A, H &
Hf on transient velocity and temperature profiles, Skin friction and Nusselt number over the wall are shown in
Figures (i) - (xv) as given below.

Fig(i) shows velocity profile (y > 0.0) for various values of suction parameter A (= 0.0 to 5.0) at M =1.5 & 2.5. The
plots show that fluid velocity decreases gradually away from the wall and then rises slowly. Near the wall ( y=0.0 to 1.0)
fluid velocity higher for higher values of A while away (y = 0.1 to 7.0 ) velocity is lower for higher values of A. Further
away from the wall (y > 7.0), fluid velocity is less variable with rise of A. Nature of this variations are same for variation
of magnetic parameter M = 1.5 & 2.5, however, the critical point from where the nature of variation of fluid velocity rises
slowly is decreased with the increase of M (e.g. for M=1.5 at y=1.0 whereas, for M = 2.5 at y = 0.6). Rise of value of M
causes decrease of u at a point y> 0.0.

M=15

A=0D

A=1D

A=20

A=ED

uty)

Figure (i). Effect of suction parameter A on velocity profiles

Fig(ii) shows velocity profile (y > 0.0) for various values of heat change parameter Hr (=0.1 to 2.0) at M =1.5 & 2.5.
The plots show that fluid velocity decreases gradually from the wall to a certain extent and then rises slowly. Near the
wall (y= 0.0 to 1.5) fluid velocity higher for higher values of Hr while away (y = 0.1 to 8.0) velocity is less for higher
values of Hy. Further away from the wall (y> 8.0), variation of fluid velocity is less variable with rise of Hy. The nature of
this variation is same for M (= 1.5 & 2.5). Rise of value of M decreases the values of u at a point y > 0.0.

M=15 M=25

—— =01
— Hi=05
Hi=10

——Hf=20

ugyy

Figure (ii). Effect of Hr on velocity profiles

Fig(iii) shows effect of Rarefaction parameter (H) on velocity field at y > 7.0 at M =1.5 & 2.5. For all values of H,
fluid velocity near the wall decreases, then gradually increases away from it. Near the wall, at a point y < 6.0 fluid velocity
decreases with the rise of H(z0.0 to 5.0); away from it gradually becomes less significant ; nature of these variation are
same for magnetic parameter M(z 1.5 & 2.5). Fig(iv) shows velocity profile (y > 0.0) for various values of K (=1.0 to
10.0) at M = 1.5 & 2.5. For all values of K, near the wall y < 6 velocity decreases with the rise of K and slowly increases
away from it. For higher values of K, magnitude of velocity also more. Nature of variations are same for M (=1.5& 2.5).
Fig(v) shows velocity profile (y > 0.0) for various values of Prandtl number (Pr) for M =1.5 &2.5. As Pr varies from 0.71
to 10.0, fluid velocity (u)has significant change near the wall but not that away from it. Near the wall y < 1.0 fluid velocity
increases with the rise of Pr. Higher the value of Pr higher is the fluid velocity (u) near the wall. But away from it velocity
is almost independent to the variation to the variation of Pr. This nature of variation is same for M = 1.5 & 2.5. Fig(vi)
show velocity profile (y > 0.0) for various values of M(=0.01 to 2.0). With the rise of magnetic field M velocity gradually
decreases; the rate of decrease is much higher near the wall y < 2.0. Away from it, the effect of magnetic field gradually
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becomes less significant. Fig(vii) show velocity profile (y > 0.0) for various values of Gr(=1.0 to 15.0). Near the wally <
3.5, fluid velocity largely depends upon changing values of Gr. Higher the value of Gr, fluid velocity is higher. Away
from the wall y > 3.5 (approx.) velocity gradually becomes less dependent to Gr.

M=15 M=25

H=0.0

B0 71

P=30 250

P=100

Figure (vi). Effect of M on velocity profile Figure (vii). Effect of Gr on velocity profile
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Fig(viii) show temperature (8)profile (y > 0.0) for various values frequency w( frequency by which suction velocity
changes). It is seen that away from the wall, with the rise of w(=1.0 to 2.0), 6 decreases gradually. Effect of w is
significantly effective near the wall y<4.0 while away from it much less. Fig(ix) show temperature (8) profile (y > 0.0)
for various values of Heat change parameter Hy; the plots show much significant effect of Hr on fluid temperature near
the wall in compare to away from it. In the neighbourhood of the wall, with the rise of H¢(=0.1to 5.0), temperature(6)
first increases and then decreases sharply toward y= 5.0; thereafter almost no impact of Hy on temperature (8). Within
the very near to the wall y<0.5 temperature rises then deceases sharply towards y= 5.0 (approx.). Fig(x) show temperature
(8) profile (y= 0.0) for various values of Prandtl number (Pr). It is seen that with the increase of Pr (= 0.1to 0.5),
decreases gradually away from the wall. The rate of decrease is significant within near the wall y < 3.0, beyond which it
is very less. Fig(xi) show temperature () profile ( y > 0.0) for various values of Suction parameter A. It is seen that rise
of A(z1.0 to 5.0) fluid temperature 6 first increases then decreases slowly away from the wall. At near to the wall y<0.5
temperature rises up but then deceases sharply to the away from it. At away from the wall, temperature has less effective
with rise of A.
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Fig(xii) shows effect of rarefaction parameter H & Suction parameter A on skin frictiont. It is seen that skin friction
on the wall gradually decreases with the rise of A for all values of H(= 0.0 to 1.0). Skin friction on the wall increases with

the rise of H. this nature of variation is almost same for M = 1.5 & 2.5.
M=1.5 M=2.5

Figure (xii). Effect of H on skin friction
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Fig(xiii) shows effect of heat change parameter Hr & Suction parameter A on skin frictiont on the wall. It is seen

thattgradually decreases with the rise of A for all values of Hr(= 0.2 to 1.0). skin friction T decreases from higher values
of Hy, nature of this variation is same for M = 1.5 & 2.5. Fig. (xiv) show effect the variation of Nusselt number Nu (i.e. the
rate of heat transfer) with different values of Heat change parameter Hf & Suction parameter A. Nu gradually increases
with the increase of A. Further, Nu is higher for higher values of Hy. Fig. (xv) show effect the variation of Nusselt number
Nu with different values of Prandtl number Pr and & Suction parameter A. Nu gradually increases with the increase of
A; Nu is higher for higher values of Pr(0.2 to 5.0).

Nu

(M)

(i1)
(iii)

(iv)
™)

M=15 M=25

- :
Figure (xiv). Effect of Hr on Nusselt number Figure (xv). Effect of Pr on Nusselt number

CONCLUSIONS
The effect of slip-flow regime is such that fluid velocity is maximum at the wall and away from it gradually
decreases. Effects of suction parameter, heat change parameter, Rarefaction parameter and medium permeability are
distinctively visible at the wall while away from it less dependent. At the wall, and near it fluid velocity increases
directly with the increase of suction parameter, heat change parameter and permeability parameter; whereas
decreases with the increase of effects of rarefaction parameter. Change of Prandtl number has direct impact on
velocity within very near the wall only. Nature of these variations is same for rise of magnetic field.
Within the slip flow regime Grashoff number has direct effect while magnetic field has opposite effect.
Unlike the fluid velocity, fluid temperature, within the slip-flow regime initially increases and then decreases
exponentially away from the wall. With the rise of heat change parameter and suction parameter, temperature rises
whereas it decreases with the rise of frequency.
Skin friction on the wall decreases with the rise of suction parameter whereas it decreases for higher values of heat
change parameter and rarefaction parameter. This nature variation is same for increase of magnetic field.
Nusselt number that represents the rate of heat transfer within the fluid, increases with rise of suction parameter; it
increases with the rise of heat change parameter, rarefaction parameter and Prandtl number.
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The past few years have seen enormous investments in research and development of next generation technologies with potential use
in aerospace. Engine oil provides grease, air conditioning, maintenance, rust prevention, reduced sound and turbine functioning
among its many functions within an airplane engine. Among these, lubrication is paramount. Without lubrication, it goes without
saying that any moving components would wear out very fast. The present study investigates the significance of heat transport
properties entropy generation on MHD dusty hybrid nanofluid flow over a heated stretching sheet in the presence of heat generation.
By using the suitable self-similarity variables, the partial differential equation is transformed into ordinary differential equations.
After then, the dimensionless equations are solved by using the MATLAB solver in bvp4c scheme. Graphs and tables are explained
how the operational factors affect fluid flow efficiency. The velocity profile enhanced for increasing magnetic field values, however
the energy outline exhibited the reverse behavior, which we observed. During the course of our research, we came to the conclusion
that mixed nanofluids are superior to dusty small fluids in terms of their ability to transport energy transporters.

Keywords: Entropy generation; Dusty fluid; MHD, Thermal radiation; Hybrid nanofluid

PACS: 44.05.+¢, 44.30.+v, 44.40.+a, 47.10.ad.

1. INTRODUCTION

Researchers across a wide variety of scientific and technological sectors have been increasingly interested in tiny
fluids over the course of a lengthy period of time. To produce a fluid that is devoid of impurities, such as dust tiny
particles, into the surroundings represents an incredibly difficult activity. This means that regular fluids' heat
transmission capacities may be enhanced by adding these millimeter- or microscopic-shaped atoms, called dust tiny
particles. The identification of this group may be traced back to the presence of dusty liquids. The study and
investigation that is related to such substances has shown to be beneficial in a wide range of practical scenarios, such as
oil transportation, combustion, reactor tubes, and a great number of other technical sectors; a number of scientific
studies are available in this field [1][2][3]. Through the use of a variety of presumptions regarding dust particles, That
was the calendar year 1962, Saffman [4] discovered the mathematical formulas that govern the velocity at which dust
grains move. Because it was thought that dusty molecules accumulated in the belief area formed a pseudo-fluid, he
neglected to take into consideration for the relationships among individual dust grains when he used his method, Marble
[5] investigated the problem of a gas containing trace amounts of solid.

Over the last several years, a significant number of researchers have been concentrating their efforts on finding
methods to improve heat transfer. This has happened due to the fact that this subject is significant in a variety of
corporate and technical settings. It is common practice to use biological fluids in thermal transfer, including glycol,
water, and crude oil. The restricted circulation of heat which is associated using these types of liquids leads in a
restriction to the thermal transfer, which is an additional aspect to consider that should be taken into consideration. The
concept of small liquids was conceived with the intention of including several small particles that were dispersed across
the initial substance at the same time. Because of this, the word "hybrid nanofluid" came into being as a consequence
[6][71[8]. In the process of creating methods for burning and cooling, mixed nanofluids represent a major step forward.
Within the moment, these small particles have been used to enhance the thermal look of liquids. Incorporating a number
of different kinds of tiny particles results in the formation of a fluid with improved heat transmission. The substances in
question have a broad range of applications, including but not limited to the usage of steaming water and braking fluid
for automobiles. Additionally, it is used in thermal transfer systems and transformations, in addition to being utilized in
frequently used domestic appliances like refrigerators. Extensive research has previously been carried out by a
multitude of researchers using hybrid tiny particles in their examinations, as shown in Refs. [9][10][11][12].
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Dusty liquid atoms, measuring micro meters of in size, are dispersed throughout the foundation solution.
Numerous researchers and experts are currently motivated to support the movement of dusty liquid as a consequence of
its present improvements and increasing importance in the demands of connected to mechanical, commercial, technical,
and pharmaceutical domains. This is due to the fact that dusty liquid is becoming increasingly prevalent. Natural gas
shipment, refinery cleaning, power plant transmission lines, combustion, adaptable steel coverings, substance drying
out, soil preservation by natural storms, natural reliability, health, and medical care (especially in bacterial agriculture,
developing stem cells differentiation, particular molding of plastic, tumors diagnosis and treatment, and cold therapies)
all make utilize dusty water [13].

The present study aims to scrutinize the carrying of hybrid nanofluid across a stretching sheet in existence of
MHD and porosity with engine oil as base fluid. Also, thermal radiation is taken into account. Notwithstanding the
utility of the investigation, the flow framework in problem has never been shared before and its movement
characteristics have never been tested. The availability of several research addressing the industrial uses and
improvements of mixed nanofluids generated the investigation. A computer technique called the bvp4c method is used
to resolve the mathematical framework. In this study, we provide a qualitative evaluation of the system's characteristics.
The present model may be applicable in the acrospace industry. Considering that oil is used over cooling functions in
aviation machines much more frequently than water is used in automobile engines.

2. MATHEMATICAL MODEL
In the current of dusty hybrid particles, steady 2D leading hybrid nanofluid flow has been considered into the
model. In this model we considered the sheet is taken as along the x —axis and the flow confined to y > 0. Here we taken
the y —axis is normal to the sheet. The movement of the heated stretching sheet taking the x —axis is U=rx. And also,
an additional M field strength By is forced through x —axis see in (Fig. 1). Table 1 show that clear-cut outputs of the
base fluid and nanoparticles. The arranged governing flow equations are [14][15][16].
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=— Tp—T). (6)

The appropriate flow boundary requirements that have been enforced for hybrid nano- fluid and dust phases can be
stated as follows:
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The following is a transformation of equations (2)—(6) and their corresponding boundary conditions using mathematical
equations (8)—(10) and the corresponding authorities.
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The nondimensional parameters are:
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Rd = U* L Radiation parameter Ec =—————— Eckert number
3Kk, (c,) (T.-T.)
S/
1 . L . My (C,, ) 1
B, =—— Fluid - particle interaction parameter for temperature Pr= T Prandt] number
T, s

. K S .
p =— Particle interaction parameter
rm

The dimensional form of Crand Nu, are given by
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C/' - 2
Pyt
Where shear stress 7, is
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The non-dimensional form of Egs. (16 —17) are converted as
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k 3

/

Where Re, is the local Reynolds number.
Entropy generation analysis

k 165°T* |(0T Y
smo=—L kMJr& (a_j s
T 3k, o) T,

©

The Entropy generation number N, becomes
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Table 1. Hybrid nanoparticles of thermo physical properties [17][18][19].

Property Engine oil Cu AlLOs3

Density p (kem™) 884 8933 3970

Specific heat C, (Jkg 'K ™) 1910 385 375

Heat conductivity k, (Wm™'K™") 0.144 401 40

Electrical conductivity o (Qm) ™' 0.125x10™" 5.96x10’ 131.7x107°
3. NUMERICAL METHOD

The Bvp4c method was used to numerically solve the non-dimensional system of Eqgs. (11) — (14) and (15). With
this technique, we started by transforming the fundamental Differential equations into a set of first-order ODEs, so that

we introduced the new set of variables are

f:jl,f'Zjz,f":j3,fm:j3’,9:j4,9,=]'5,9”2]‘5,,[7:]'6,

F’:j7sF”:j7,’0p :jB’Hp, =Js

!

j1,:j2
jz’:j3
[ D N
_(J2)2+J1]3+%1ﬁ (J7_]2)_Z3M2
S 2 )
]3 - &
L Z,
j4’=j5
.. . . . Z .
Pr jjs+Prl ﬂz(]s_J4)+ﬂvECPr(]7_]2)2+Z}MEC(]2)2
== 1 (k,, 4 4
—| " +—Rd |Pr
| Z, kf 3
j6':j7
L (17)2—ﬂ*(jz—j7)]
Jr = ]
L Js
jsl:jl)
L }/ﬂt(js_j4)j|
Jo =7 |7/
L J4
As well as the boundary conditions are
]2(0):15
]1(0)20,
j4(0):17
jz(oo):()a
jé(oo):O,
j7(CD)=O,
j4(w):Oa
js(oo):()

4. CODE VALIDATION

The results of the present code were compared to those obtained by Mishra et al. for the case of various values of
Prandtl number, as shown in Table 2. We discovered a significant level of convergence between the current findings. In
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this case, the step size in the technique is (4 = 0.001), and the operation is frequent until the desired level (1 xlO’g) of

accuracy is reached. As a result, the current code is justified.

Table 2. Comparison of —0'(0) for f=f3, =Ec=¢ =¢,=¢,=0

Pr Mishra et al.[14] Present results (Bvp4c)
0.72 1.088623 1.088621
1 1.333333 1.333333
10 4.796819 4.796818

5. RESULTS AND DISCUSSION
The comparison results are obtained from Table 2, which shows the in local heat transfer rate for different values
of the Pr. The findings of both investigations were determined to be quite accurate. The M, Rd, f3,,I" all are given a

physical explanation in this section. The trend of M against the f '(77) and 9(77) outlines are presented in Figs 2 and 4.

For the larger values of M the f ’(77) outline decreased. Physically, the magnetic field M increases, it generates a

Lorentz force, which converts slows down the fluid movement. Notwithstanding the fact that the Lorentz force operates
in opposite to the movement of a liquid, causing it to accelerate down and consequently diminishing the velocity field,
we noticed that the opposite trend was seen with regards to the profile of temperatures. The impact of I* on the velocity
outline is presented in Fig 3. For the higher values of I* parameter the velocity profile declined. The impact of Rd on
energy profile is seen in Fig. 5. Increasing the values of the radiation parameter will result in an improvement to the
thermal profile. When viewed from a physical viewpoint, the energy barrier layer is connected to the greater
temperature.

1 : : : ‘ 1 : : : :
Solid lines : Hybrid nanofluid Solid lines  : Hybrid nanofluid
Dashed lines : Dusty fluid Dashed lines : Dusty fluid
0.8 1 0.8
B B
S0.6) 0.6
< <
2 S
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0.2 - 027
0 ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘
0 0.5 1 L5 2 2.5 3 0 0.5 1 15 2 25 3
7 7
Figure 2. Sway of M on f"(n),F, (1) Figure 3. Sway of I"on f"(1),F,(n)
1 ‘ : 1 ; : : : :
Solid lines : Hybrid nanofluid Solid lines : Hybrid nanofluid
Dashed lines : Dusty fluid Dashed lines : Dusty fluid
0.8} ] 0.8+
.
& 0 E o6}
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S 04; T 04} =
0.2, 0.2 1%
0 = ‘ ‘ 0 ‘ ‘
0 0.5 1 Ly 2 2.5 3 0 0.5 1 1.5 2 2.5 3
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Figure 4. Sway of M on 6(7),0, () Figure 5. Sway of Rd on 0(n),0,(n)

Fig 6 impacts on the energy profile by changing the /S parameter. When greater values are assigned, the f,
parameter for both the hybrid and dusty scenarios decreased, influencing the temperature profile. Fig 7 demonstrates the
impact of the /" and M on C, (Re)”

r
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Skin Friction

Solid lines  : Hybrid nanofluid
Dashed lines : Dusty fluid
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Figure 6. Sway of /5 on H(U),Hp (77) Figure 7. Sway of I" and M on C, (Re)(:'j

It shows that the C, (Re)(:'j is decreasing in increasing values of M, while the enhanced nature we noticed on

enlarging the M parameter values, which is presented in Fig 8.

Fig 9. Impact of Br parameter on entropy generation outline. When increasing Br values the entropy generation
profile enhanced. From a strictly physical point of view, when the Br rises, viscous dissipation becomes more important
than heat transfer. The presence of an increased Brinkman number suggests that the entire system is experiencing an
increased amount of viscous dissipation. In the process of viscous dissipation, the transformation of mechanical force
towards temperature takes place inside the movement of the liquid. This is a consequence of the motion of friction that
happens inside the fluid itself.

Nusselt Number 4
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o 2.5
S
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Figure 8. Sway of Rd and M on Nu, (Re)r Figure 9. Sway of Br on N,

Inside the liquid, the creation of entropy is facilitated by the transformation of energy from movement towards
thermal power via this process, while the opposite trend we noticed on Fig 10.
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Figure 10. Sway of Br on Be Figure 11. Sway of M =1.0 for Stream lines

Through the utilization of streamlines, it is possible to demonstrate the flow of a fluid throughout a particular area
in an approach that is not only clear but also simple for anyone to understand. It is possible that the utilization of
streamlines will allow for an improved understanding of significant flow characteristics, such as the places for splitting,
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recycling zones, and areas of differential motion. The flow of fluids in a variety of structures, such as pipes, pathways,
through things, and other infrastructure, may be shown and described with the use of streamlines, which are designed to
guide investigators and programmers.

Figs 11, 12 and 13 shows that the (M =1.0,2.0, 3.0) impacts on streamlines. Changing the magnetic field

intensity may influence streamlines in a moving fluid structure, especially in MHD fluxes where the liquid is
conductive to electricity and combines with a field of magnets. The major explanation for the influence that raising the
intensity of the field of magnetic attraction has on streamlines is the Lorentz force, and this is a consequence of the
relationship among the magnet domain and the positively charged particles that are present in the liquid.

7
S
-~

YN

-\ e
J \ = / %///\

Mé \E\i 0.2////{/ //J/’

Figure 12. Sway of M =2.0 for Stream lines Figure 13. Sway of M =3.0 for Stream lines
6. CONCLUSIONS

An investigation of a numerical model used in the entropy generation on MHD of hybrid nanofluid composed of Cu-
AlOj3 and engine oil was carried out in the present investigation. For the purpose of resolving the problem of velocity
and temperature, the numerical approach, also known as the bvp4c method. The research produced several of interesting
findings, which are listed below:

Velocity profile declined for the higher values of the magnetic field parameter values.

The energy profile enhanced with an increasing radiation parameter value.

The skin friction factor decreased for the larger values of the M parameter.

The Nu outline increased, for the increasing values of the M.

Streamlines have an oscillating character, which is necessary for magnifying the magnetic field parameter.
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AHAJII3 TEHEPAIIIT EHTPOIIIT HA TTEPHIHOMY MMAJIOBOMY OTOKY HAHOPIIMHHA HAJI HATPITUM
PO3TATI'YIOUUM JIUCTOM: AEPOKOCMIYHA TEXHOJIOI'TA
[ynicerri Pamacekap?, IL . Censi®’, Magypy Cyaxakapa Penni®, C.P.P. Penuid, lllaik 3akip®, Canranarnam Cywuira'
“Kagpeopa mamemamuru, Memopianvruii koneoic indicenepii ma mexnonoeitl imeni Padocuea I'anoi (asmonommuil),
Hanosn 518501, Anoxpa-Ilpadews, Inois
b Tenapmamenm npuxnaonoi mamemamuxu, Ilpi ITaomasamxi Mazina Biwea Bidvsinasm, Tipynami, Indis
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4 Tenapmamenm mamemamuru, Oceimuiii ponod Konepy Jlaxwmaiis, Boypamnem, Xatidapabao, Tenanzana, 500043, Inois
¢Texnonoeiyna wixkona, Yuieepcumem Anonno, Yummop, Anoxpa-Ilpaoew, 517127, Inoia
Ienapmamenm npuxnaduoi mamemamuxu yuicepcumem Hoei Bemana, Kadana, 516003, Anoxpa-Ilpadew, India

3a ocTaHHI KilbKa POKIB OyJ0 3p00JICHO BEIMYE3HI IHBECTHUIIi B JOCHIIKEHHS Ta PO3POOKY TEXHOJIOTIH HACTYITHOTO MOKOJIHHS 3
MOTEHIIHHUM BUKOPHCTaHHIM B apOKOCMiYHIl ramy3i. MoTopHa onvBa 3a0e3rnedye MacTHiIO0, KOHANUIIOHYBaHHS MOBITPSI, TEXHIYHE
00CIIyroByBaHHs, 3al00iraHHs ipKi, 3HWKEHHSI OIyMy Ta poOoTy TypOiHu cepex Garathbox (yHKLiH aBuryHa sitaka. Cepen HUX
NepLIOYEproBe 3HAYCHHS Ma€ 3MallleHHs. 3pO3yMiJIo, 0 0e3 3MalleHHs Oyb-sKi PyXOMi KOMIIOHEHTH YK€ LIBHUJIKO 3HOLIYIOTHCS.
VYV upoMy [OOCHIMIKEHHI JOCTIIKYEThCS 3HAYCHHS TIeHepalii eHTPOmil TemIOTPaHCIOPTHHX BJIACTUBOCTEH y MHOTOLI IHIOBOT
ribpuanoi HaHopianHn MI'Jl Haj HArpiTHM JIHCTOM, IO PO3TATYETHCS, 38 HASBHOCTI TeIUla. BUKOPHUCTOBYIOUM BIiINOBiAHI 3MiHHI
camonomiOHOCTI, audepeHiaTbHe piBHSAHHSA B YaCTUHHUX IOXIJHUX IEPETBOPIOETHCS Ha 3BHYaliHE Au(epeHLianbHE PiBHSHHS.
[Ticnst mporo 6e3po3MipHi PIBHSIHHS PO3B’SI3YIOTHCS 3a Jonomoroio po3s’szyBaua MATLAB y cxemi bvp4c. I'padiku ta Tabmmmi
MIOSICHIOIOTh, K eKCIUTyaTalliifHi ()aKTOpH BIUIMBAIOTH HA €(EKTHUBHICTH ITOTOKY PimuHH. [Ipodinb IIBHIKOCTI ITOCKIIOBABCS UL
30UIBIICHHS 3HaY€Hb MarHiTHOTO IOJIs, OJJHAK SHEPreTHYHUH KOHTYpP IEMOHCTPYBAB 3BOPOTHY IOBEAIHKY, SIKY MU crocTepirani. Y
XOJ1i HAaIIOro JOCIIPKEHHS] MU AIHIUTM BUCHOBKY, 110 3MilllaHi HAaHO(IIIOIM NepeBepIIyIOTh MUIONOAIOHI HEBEJIUKI PIIUHU 3 TOUKH
30py 1X 3JaTHOCTI TPAHCIIOPTYBATH MEPEHOCHUKH SHEPTii.

KuarouoBi cinoBa: cenepayis enmponii; nunoga piouna; MIJ]; meniose eunpominioganisi; 2iopuona Hanoguoio



213

EasT EUROPEAN JOURNAL OF PHYSsICs. 3. 213-225 (2024)
DOI:10.26565/2312-4334-2024-3-21 ISSN 2312-4334

EXACT ANALYSIS OF MHD CASSON FLUID FLOW PAST AN EXPONENTIALLY
ACCELERATED VERTICAL PLATE IN A POROUS MEDIUM WITH RADIATION
ABSORPTION, HEAT GENERATION, AND DIFFUSION-THERMO EFFECTS
WITH THERMAL AND SOLUTAL RAMPED CONDITIONS

Dibya Jyoti Saikia®"*, ®Nazibuddin Ahmed¢, Ardhendu Kr. Nandi®, Dip Jyoti Bora®
“Department of Mathematics, Gauhati University, Guwahati 781014, India
bDepartment of Mathematics, Basugaon College, Basugaon-783372 Assam, India
“Department of Mathematics, Cotton University, Guwahati 781001, India
*Corresponding Author e-mail: dssaikial 8@gmail.com
Received May 11, 2024; revised July 7, 2024; accepted July 12, 2024

The current investigation aims at to examine the effect of radiation absorption, heat generation and Dufour number on MHD Casson fluid
flow past an exponentially accelerated vertical plate in a porous medium with chemical reaction. The governing equations for momentum,
energy and concentration are solved by implementing the Laplace transformation method. Skin friction, rate of heat transfer and rate of
mass transfer expressions are also extracted and depicted in tabular form. Investigation simulates that Casson parameter diminished the
fluid velocity, whereas energy flux due to a mass concentration gradient improves the temperature field of the flow problem. In addition
to this, temperature field is observed to be developed under the influence of radiation absorption and heat generation. Furthermore, the
effects of different non-dimensional parameters on velocity field, temperature fluid and species concentration are exhibited graphically.
Keywords: MHD; Radiation absorption; Casson fluid;, Heat generation; Dufour effect

PACS: 44.25. f, 44.30. v, 44.40. a, 47.65. d

1. INTRODUCTION

Magnetohydrodynamics (MHD) has an extensive range of application in abundant areas of applied research such as
engineering, astrophysics, biological science etc. Hannes Alfven [1], the great plasma physicist, initiated the field of
MHD. The influence of unsteady MHD natural convective flow in the vicinity of an impulsively moving upright plate
was cogitated by Seth ef al. [2]. BS Goud [3] studied the effects of heat radiation on the MHD stagnation point stream
across a stretched sheet with slip boundary conditions. Rath et al. [4] probed at the effects of Dufour and viscous
dissipation on MHD natural convective flow through an accelerated vertical plate. Singh et al. [5] investigated the effects
of time-varying wall temperature and concentration on MHD free convective flow of a rotating fluid owing to moving
free-stream with hall and ion-slip currents.

In recent times, due to the significant growth of technological industries, the importance of the out-turn of thermal
radiation on MHD heat transfer problems is seen to be increasing. There are numerous engineering activities that takes
place at a very high temperature and therefore to avoid radiation from such activities, knowledge of thermal radiation
becomes more important to build suitable equipment. Through a vertically travelling absorbent plate, the effect of
radiation absorption on MHD convective flow was studied by Krishna et al. [6]. Using radiation absorption effect
Rao et al. [7] analyzed the unsteady MHD flow past an exponentially accelerated plate surrounded by porous medium. In
addition, Endalew and Nayak [8] also studied the effects of thermal radiation and inclined magnetic field on MHD flow
past a linearly accelerated plate in the existence of porous medium.

Fluids that defiant Newton’s law of viscosity termed as non-Newtonian fluids. This means that in case of a non-
Newtonian fluid constant viscosity becomes independent of time. The most common example of non-Newtonian fluids
is honey, butter, blood, saliva, Casson fluid etc. Kateria and Patel [9] investigated the influence of heat generation and
chemical reaction on MHD Casson fluid flow over an upright plate surrounded by porous medium. Zhou et al. [10]
investigated the two-dimensional time dependent radiative Casson fluid flow under the impact of heat source. Some other
researcher such as, Sulochana et al. [11], Reyaz et al. [12], also performed their research work related to MHD heat and
mass transfer by using Casson fluid.

In many engineering applications, the influence of heat generation has been found to be of considerable importance.
There are many researchers, in whose research work the application of the effect of heat generation is observed. Among
them, Jamuna and Balla [13], Ali et al. [14], Khan ef al. [15] are the researcher who have studied the impact heat
generation in their research work. The impact of non-uniform heat source/sink and temperature dependent viscosity
modeled by Reynolds on Cattaneo-Christov heat flow was studied by Nayak et al. [16].

The energy flux due to a mass concentration gradient is called Dufour effect. Nayak et al. [17] investigated the
impacts of Dufour and Soret on unsteady MHD flow past a stretching upright plate in porous medium. In addition, the
impact of Dufour effect can also be seen in many other studies by various researchers such as Ahammad and Krishna [18],
Jawad et al. [19] etc.
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In recent times, it is observed that the chemical reaction becomes an integrated part of the research work of various
researcher due to the extensive application of chemical reaction in various mechanisms of chemical engineering and heat
and mass transfer problems.

Most recently, in the research work of Ahmed and Saikia [20] was found to be use of chemical reaction to investigate
the changes of various flow characteristics such as fluid concentration and fluid velocity etc. In presence of chemical
reaction, the unsteady MHD natural convective flow past an exponentially accelerated plate embedded in a porous
medium was investigated by Rath and Nayak [21]. Moreover, we may also cited the research work of the researchers —
Gopal et al. [22], Raddy et al. [23], Haq et al. [24] for their excellent work using chemical reaction.

The preeminent objective of this research work is to figure out an analytical solution for the effects of radiation
absorption, Dufour, heat generation and chemical reaction on MHD Casson fluid flow past an exponentially accelerated
vertical plate in a porous medium with thermal and solutal ramped conditions. Kateria and Patel [25], Mopuri et al. [26],
Reddy and Chamkha et al. [27] are some of the prominent researchers in whose work the effects of radiation absorption,
chemical reactions, the Dufour effect, and heat generation and absorption can be seen. Although the use of all effects such
as Dufour, radiation absorption, chemical reactions, and heat generation in the presence of Casson fluid distinguishes our
study from others.

2. MATHEMATICAL FORMULATION
As depicted in Figure 1, a rectangular cartesian coordinate system is set up so that x " -axis is taken in upward vertical
direction along which the length of the plate is measured.
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Figure 1. Physical outline of the flow problem

The y ' -axis is taken parallel to the direction of the magnetic field and z ' -axis is taken along the width of the plate.
Now to idealize the flow problem the following assumptions are taken into account.
e Initially at ¢' <0, the plate and the neighboring fluid are at static condition.
e  The plate embedded in the porous medium maintain a uniform temperature 7' .
e  The fluid adjacent to the plate maintain a uniform concentration C'  at each point of the fluid.
e The plate accelerated exponentially with velocity U, e*" at time t ' > 0 and at this period of time the concentration

@, -co

and temperature of the fluid is either gets improved or dropped to C'=C' + and
T -T' )t )
T'=T 'w+M respectively.
e  There is no external electric field present.
e  The fluid considered to be non-Newtonian in nature.
Under the above assumptions the governing equations for the flow problem are sated below:
Equation of continuity:
ou'
—=0 1
o 1)
Momentum equation:
ou' 1\ou' oB*u' —
-7 _ . _ o” 4 "(C'-C' )+ (T'=T" 2
1 |- P (e (T o

Energy equation:
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oT o’T A C D, K, o°C
-2l 9, (r'-1,)+0(C-C,)+=——. 3)
ot pC,ov" pC, C, oy
Species continuity equation:
oC o’C =, .
—=D,,——k|(C -C_). 4
of Mo ( ) @
Equation of state:
p.=p1+f (T =T, )+5(C-C.)] 5)
The initially opted boundary conditions are:
Aty'20: u'=0, T'=T"_, C'=C"_; t'<0,
u'=U,e", T'=T",, C'=C",; 0<t'<t
. at y'=0; (6)
u'=Ue", T'=T", , C'=C', ; (>t
As y'>o:u'-50, T'57',, C'>C', Vt'>0
where,
t' t'
T, =1.,+(1,-T,)—, C,=C_+(C -C,)—.
t, t,
Introducing the non-dimensional parameters:
U 1 t’ 1 Tl_T’ C’_Cl V Al T’,_TV
y: Uy ’t:_Bu:u_,T: J '“y ’C: g C'O > Gr: gﬁ( ‘;/ 00)7
V t[) U() TW_TDC CM’_COO U()
vgp'(C',~C', B} K'U}
Gm: gﬂ( ‘; )’M:O- 02‘/’ = anz’ = 20 ’a:a't()’
U, PU, pPCU, v
. c'.,—-C' )t vpC D,K.(C' —-C' ’t
QIZQI( Iw 'oc)o,Pr:pp’ Du: M T( w ac), Ra:Uo g,
T, -T, K Cy(T',-T",) v
k=Ft0, SC—L
DM

Implementing the non-dimensional parameters, the governing equations (2), (4), (5) and the initial boundary condition
(6) transform to the following structures:

0C Ra0’C
e e @
ot Sc oy
2 2
a—T=&6—f+HRaT+Qj‘C+DuRaaf. (8)
ot Pr oy oy
1)0° 1
%=Ra 1+— a—L;—Ra(M+—ju+R0tGrT+RaGch. O]
ot S )oy K
At y20:u=0,C=0, T=0; t<0,
u=e", T=t,C=t; 0<t<l1
At y=0: (10)
u=e", T=1 C=1 T>1

As y—>o0:u—>0,C—>0,T—>0, Vi>0.

4. METHOD OF SOLUTION
We have implemented the Laplace transformation method to find an analytical solution for concentration,
temperature, and velocity field for the flow problem. The procedure for accomplishing these solutions is stated below:
Taking Laplace transformation of the equations (7)-(9) gives:

2_ p—
Ra L _se(s+k)C=0, (11)
dy
Ra d°T — — ’c
RadT | (HRa—5)T=-0"C-Duka LS, (12)
Prdy dy
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=

Ra| 1+ |4 (54 1)u=-RaGrT-RaGmC, (13)
B)dy

Again, taking Laplace transformation of the non-dimensional initial boundary condition stated in (10) gives:

= 1 ety oo 1
At y=0: T:s_z(l_e )’C_sz(l ¢ ),u s—a (14)

As y—>oo:?—>0,5—>0,;—>0

The equations (11) - (13) are solved subject to the condition (14) and the solutions are obtained as follows:

-5

1-e

— G
C=— il (15)
s
Tzl—ze ,m@),+/141—2e e }+/161—2e s+k o Ty
s s s+ A 5T s+ A (16)
1—e™ e Vekay 1-e’ s+k gy
A= —Ai— e ,
s S+ Ay ST s+ A

ey (1-¢”) s (1= TG

s—a s (s+4,) s (s+4,)(s+4,)
_/16 15(1_6_5)(S+k) ~Vs+NEy ﬂg%(l_eﬂ) e—«/s?ﬁy_ﬂx15(1_6_5)(‘9—’—]()@*@‘/@
sz(s+/17)(s+/14) sz(s+/19)(s+/14) sz(s+/14)(s+/19)
_ﬂ'lo (l_e_s)eﬂ/mx/gy_1_46 (l_e_s)efm@y_i_ 16 /13(1_6_&) eﬂ/ﬁiE\/Zy (17)
sz(s+ﬂg) Sz(s+ﬂ7) sz(s+/17)(s+l4)
16 ]’5(1_675)(‘5‘_%]() ~SYE[2, y /18/13(1_678) stk [% y Ag 15(1_675)(S+k) s[4y
+ e + e + e
sz(s+/17)(s+/14) sz(s+ﬂg)(s+/14) sz(s+/14)(s+ﬂg)
o (l‘eﬂ)e-mﬁy
sz(s+ﬂg) ’
where,
St AI_SC,1=(M+ JRa,
(1+1jRa “
B
P A, O
A’Z_Ra’ﬂ’} /12’1‘4 ﬂ,}—l’
_Lk-E E——HR ﬂ_ADuRa
5_23_1’ = s Mg = /13_1’
_ —RaGr /?8_5E12—1 _ RaGr
L1 s, -10 7 s -1
_OkA -1 __RaGm _
ﬂ'l()_ 571—1 ,ﬂ,”— 54_1’21_ ﬂgz’
Zzzi’zzziz’JIZ%’
A A A5y
Jy= 1 s Sy=m0s 1 s Jy=—03 1 ’
Ay A5 (A5 = 4) A (A5 = 4)
L]:ﬂvsﬂ%_k(ﬂs"'ig) L = k L. = As_k L = k_ﬂx F:_(15+A10)

P W R R R S N S A BV A S

Finally, the following solutions for temperature profile, concentration profile and velocity profile are attained on picking
inverse Laplace transformation of Equations (15)-(17):
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C=f-A

where,
fi=fCkoyt), fi=f(hukoyt=1)H .

T = (Aydy + AB)(f; = 1)+ (L+ Ay Ay + 4B, )(hy = hy)
+(/14A1 +;t(yB1 )(‘//1 _;1)"'(/14‘43 +AeB3)(‘//2 _'//_2)
H A A + AB) W —wy) + (A dy + AB) W, —w,).

where,

fi=fCnkop. ) fi=f(A Kk y, t=DH

fzzf(ﬂz:ﬂsyst) fzzf(izsﬂsy’t_l)H

lel//(ﬂ'z’ﬂvyat) l//]:w(ﬂ’zvﬂ’y’t_l)H

v, = e_%t'//(ﬂz: ﬂ_/q“s: Y, t)

v, =e VY (4, B— A, y, t—=DH

vi=y(h kv ) wy=w(h, kv, t—-DH

wy=e y(h, k=2, y,1)

v, = Dy (A, k- A, y, t—=1)H.

u=G+R{(w, —y) = (W5 —w+ Ry (v, 1)~ (v =)
FRAW =) = (s =+ R~ 1) - (s - 1)
FRAWy = 0) =W — W+ R [ ~v10) ~ (v — 1))
FRAC, ===+ R = B = (= )}

where,

fi=f, 1y, 0), fi=f(,1,y,t—-DH,
vi=w(5,1,y,1), w,=w(5,I,y t-1)H
v, =e™ w(d,1-25, 1),

w,=e """ w(s, I-A, y, t—1)H,
Ve = eilmt W(é, I_ﬂ"lo’ Y t)’ l//_s = 67110(’71) l//(é" 1_]‘10’ Y, t_l)H:

l//9:eijg’ l//(ﬂza ﬁ_ﬂg’ YV, t)a W9:eik([71) l//(ﬂza ﬂ_ﬂga y’t_l)Ha
Vio =e WA, k=4, 3, 0), W, = e ht w(A, k=4, y, t=1)H.

5. SKIN FRICTION

According to Newton's law of viscosity, the viscous drag per unit area at the plate is computed as follows:

Z.v:_lual:| :_‘qu%a_y':
0 dy oy

[ oo (on')__wfa_u
oy'

H “5ay' v v Oy

The coefficient of skin friction at the plate is defined as

7' 6u}
T = 3 = —_——
& ay y=0
v

(18)

(19)

(20)
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r==G =R {(Y, =)~ (Y, =Y} =R, {(X, = Y;)~ (Y, - 1))
“R (7, =T = (= Y)} =R {(X, = T,) (Y, - Y))}

R {(Yy = Y)) = (X = T} = R {1}y = X 10) = (1 = T}
“R{(&-8) - (& -S| -R (& -&) - (& -&)).

€2y

where,

Y1: %:| :Y(ﬁ’zs ﬂ) t)) ?1:%:| :Y(AZ’ ﬂ’t_l)H’
ay y=0 ay y=0

Yﬁ% = MYy, B4 1), Y_fa%} =Sy, f- g t-DH,
Y dy=0 ay y=0

Y3= % :Y(ﬂl,k, t), Y_3:al//3:| :Y(ﬂ]ak’t_l)Ha
8y y=0 ay y=0

o= el oG k-, YT%;‘} =M k= A, 1= DH,
y=0

oy Jimo
Y, = % =Y, 1, 1), Y—Szé’(//_.;} =Y, 1,t-1)H,
1 y =0

Y= Yol _omvs, 120, T,=2e | —e BN, T- 41—,
y |, dy
y=0 y=0

v, = W Ceys, a0, fz%} =e “Y(S, 1A, t-DH,
y=0

v Oy
Ty = ai} G B S R S B S
ay y=0 ay y=0

Y, = aﬁ} =e "Y(4, -4, 1), Y_ﬁaﬁ} =e "Y(4,, - A, t-DH,
T » .,

Yw=%} = eIy k=g 1) Y_w=6g—“’} = e YAy, k= Ay 1=DH,
y y=0 6y y=0

V(5,1 a,t) =‘Z—G}

=0

6. SHERWOOD NUMBER
The calculation of the Sherwood number relies on Fick's law of diffusion and is connected with the rate of mass
transfer at the plate.
The mass flux M,, from the plate at y'=0 can be obtained using the following method:

ac'} _ DU, (c,-C) ac}
y'=0 y=0

M, =-D,, —

Moy v oy

Thus, the coefficient of rate of mass transport at the plate is,

Sh = MW = _a_C:| s
DMUo (va_ C'oo) 82 z=0
oC =
Sh = ——} =—(& -&). (22)
oy =0

where,
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0

£ =—h‘} — &4y k. 1) and
oy -0

— oh

5 =—ﬂ = & k1~ DH.
oy -

7. NUSSELT NUMBER

The Nusselt number, which is the ratio of convective to conductive thermal transfer in the fluid across the boundary,
is computed by Fourier’s conduction law to estimate and comprehend the rate of heat transfer at the plate. The heat flux
Q' from the plate y' = 0 to the fluid defined by the Fourier’s law of conduction can be obtained by

oonell] e
2 v )

The coefficient of rate of heat transfer at the plate is,

Nu = —VQ’ = _G_T} ,
«U(T',~T'.) v,
Nu=—~(Aydy + AB)(& - &)
~(1+ Ay, + 2B,)(E &)
—~(A4 A+ AB)(Y, = X)) = (A4 + AB)(Y, = Y,)
(A Ay + AB)Y, = Y, ) = (A dy + AB)(Y, = X,) .

(23)

8. RESULTS AND DISCUSSIONS
In the present investigation it was explored that the impact of Casson parameter (£) reduced the fluid velocity,

which is reflected in Figure 2 Moreover, the Casson parameter was found to reduce the momentum boundary layer
thickness. Figure 3 exhibits that the fluid motion gets accelerated due to the enhancement of solutal Grashof number
(Gmy). In other words, it can be said that the fluid velocity upsurges due to the thermal buoyancy force. Further this figure
indicates that the fluid velocity first boosts in a very thin layer proximate to the plate and after achieving a peak value it
drops down to it’s minimum value. This is due to the bouyancy force being more effective in the vicinity of the plate. In
addition, this figure demonstrates that the effect of buoyancy force on velocity gets disappeared at the free stream.

18 T T T T T T 18 T T T T T

—3=04 =041 — 3=042 #=0.43 o Gm=1 ——GCm=3 Gm=5 ——Gm=7

Pr=0.71, Ra=0.9, Du=05, Q;=0.2,

H=6, M=1,a=0.8, Sc=0.22, 1 1
t=1.2, K=1, Gm=1, Gr=1, k=0.2

Pr=0.71, Ra=0.9, 3=0.4, Du=0.5,
H=6, M=1, a=0.8, S¢=0.22, t=1.2,
K=1, Gr=1, k=0.2

1 I 1 1 1
0 05 1 15 2 25 3 35
y

Figure 2. Velocity versus distinct Figure 3. Velocity versus distinct Gm

As illustrated in Figure 3, Figure 4 depicts that, the thermal Grashof number (Gr) also controls fluid velocity
similarly to the solutal Grashof number. Both the figures, i.e Figure 3 and Figure 4 uniquely established the fact that the
fluid velocity initially escalates in a very thin layer proximate to the plate and after reaching it’s peak value, it
asymptotically drops down to its minimum value u=0 at y—oo. From Figure 5 it is evident that the increment of magnetic
parameter (M) rises the fluid velocity. This is due to the fact that the applied magnetic field produce a force called Lorentz
force, which resist the fluid motion.

Figure 6 reveals that the heat generation parameter enhanced the fluid motion. This discloses the physical reality
that, as heat generation increases, the temperature of the fluid flow improves and which in turn accelerated the fluid



220

EEJP. 3 (2024) Dibya Jyoti Saikia, et al.

motion. Figure 7-8 demonstrate the variation of temperature field versus normal co-ordinate y for isothermal and ramped
plate condition. In both the figures it is clear that, as the heat generation parameter (H) increases, the temperature of the
fluid flow improves. Obviously, this is in accordance with the physical reality that as the heat generation of the source
increases, the temperature of the surrounding medium improves due to conduction phenomena.

Gr=1 ——Gr=1.1

Gr=13 ——Gr=14

Pr=0.71, Ra=0.9, 5=0.4, Du=0.5,
Q=0.2, H=6, M=1, 2=0.8, Sc=0.22,

— M=

M=12 —M=14

M=16

Pr=0.71, Ra=0.9, 5=0.4, Du=0.5
Q=0.2, H=6, =08, Sc=0.22, ]

t=1.2, K=1, Gm=1, Gr=1, k=0.2

t=1.2, K=1, Gm=1, k=0.2
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Figure 4. Velocity versus distinct Gr Figure 5. Velocity versus distinct M
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Figure 6. Velocity versus distinct H Figure 7. Temperature versus distinct H

Figure 9-10 shows that improving the radiation absorption parameter (Q;") boosts the flow field temperature under
both isothermal and ramped plate conditions. The larger the value of the radiation absorption parameter, which implies a
significant increase in the dominance of conduction over absorption radiation, resulting in an increase in the buoyancy
force and thickness of the thermal and momentum boundary layers.

05 T T T T T T T T T 7 T T T T T
N H=6 - - --H=6.1 H=6.2 - - - -H=63 Q=05 ——0Q=08 Q=07 ——Q=08
0451 4
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Figure 8. Temperature versus distinct H for t<1 Figure 9. Temperature versus distinct 0,
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The diffusion thermal effect (Du) has a great influence on temperature field. Figure 11-12 reflects this impact of
thermal diffusion on temperature field and due to which enlargement of temperature field occurs in both the isothermal
and ramped plate conditions. Figure 13-14 establishes the relationship between concentration field versus chemical
reaction parameter k. In both the figures the concentration of the fluid seen to be improved. Physically it divulges the fact
that as the consumption of species increases, the fluid becomes thicker and as a result concentration of the fluid drops. In

Figure 15-16, it is noticed that as the ramped parameter (Ra) increases, the fluid concentration hikes. This implies the fact
that the ramped parameter has a tendency to increase fluid concentration.
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Figure 12. Temperature versus distinct Du for t< 1 Figure 13. Concentration versus distinct k
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Figure 14. Concentration versus distinct k for t< 1 Figure 15. Concentration versus distinct Ra
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Figure 16. Concentration versus distinct Ra for t< 1

The variation of skin friction, Nusselt number and Sherwood number for different non dimensional parameters is
shown in Table 1, Table 2 and Table 3 respectively. We have also made a comparison between the present study and an
earlier study by Kateria and Patel to validate our findings. From Table 1, it is found that the increment of the non-
dimensional parameters Pr; Sc, Gm, k, K, H, t, Q;", Du hikes the frictional drag (z). Moreover, the enhancement of the
non-dimensional parameters £, Gr, M diminished the frictional resistance of the fluid flow.

Table 1. Variation of Skin friction

Pr B Sc Gr Gm k M K H t Ql* Ra a Du Value of skin
friction (1)

2 0.5 0.66 8 5 0.5 1 6 3 1.2 0.4 0.5 0.4 0.5 7.9037
3 0.5 0.66 8 5 0.5 1 6 3 1.2 0.4 0.5 0.4 0.5 11.1574
2 0.6 0.66 8 5 0.5 1 6 3 1.2 0.4 0.5 0.4 0.5 7.1107
2 0.7 066 8 5 0.5 1 6 3 1.2 0.4 0.5 0.4 0.5 6.4600
2 0.5 068 8 5 0.5 1 6 3 1.2 0.4 0.5 0.4 0.5 8.2617
2 0.5 0.7 8 5 0.5 1 6 3 1.2 0.4 0.5 0.4 0.5 8.6495
2 0.5 0.66 8.2 5 0.5 1 6 3 1.2 0.4 0.5 0.4 0.5 7.7897
2 0.5 0.66 84 5 0.5 1 6 3 1.2 0.4 0.5 0.4 0.5 7.6758
2 0.5 066 8 5.2 0.5 1 6 3 1.2 0.4 0.5 0.4 0.5 7.9313
2 0.5 066 8 5.4 0.5 1 6 3 1.2 0.4 0.5 0.4 0.5 7.9588
2 0.5 0.66 8 5 0.6 1 6 3 1.2 0.4 0.5 0.4 0.5 8.1796
2 0.5 0.66 8 5 0.7 1 6 3 1.2 0.4 0.5 0.4 0.5 8.4597
2 0.5 066 8 5 0.5 2 6 3 1.2 0.4 0.5 0.4 0.5 7.3393
2 0.5 066 8 5 0.5 3 6 3 1.2 0.4 0.5 0.4 0.5 6.8698
2 0.5 066 8 5 0.5 1 7 3 1.2 0.4 0.5 0.4 0.5 7.9184
2 0.5 0.66 8 5 0.5 1 8 3 1.2 0.4 0.5 0.4 0.5 7.9294
2 0.5 0.66 8 5 0.5 1 6 3.2 1.2 0.4 0.5 0.4 0.5 8.6267
2 0.5 0.66 8 5 0.5 1 6 34 1.2 0.4 0.5 0.4 0.5 9.4493
2 0.5 0.66 8 5 0.5 1 6 3 1.3 0.4 0.5 0.4 0.5 10.2623
2 0.5 066 8 5 0.5 1 6 3 1.4 0.4 0.5 0.4 0.5 13.2560
2 0.5 0.66 8 5 0.5 1 6 3 1.2 0.5 0.5 0.4 0.5 8.4221
2 0.5 0.66 8 5 0.5 1 6 3 1.2 0.6 0.5 0.4 0.5 8.9404
2 0.5 066 8 5 0.5 1 6 3 1.2 0.4 0.5 0.4 0.6 8.9032
2 0.5 066 8 5 0.5 1 6 3 1.2 0.4 0.5 0.4 0.7 9.9026

Table 2 depicts that as the value of the non- dimensional parameters H, ¢, Q,", Du increases, the rate of heat transfer
declines. On the other hand, the increment of the Prandtl number Pr improves the rate of heat transfer. Table 3 shows that
the escalating values of the non-dimensional parameters &, Sc, Ra increases the Sherwood number which is associated
with rate of mass transfer of the fluid flow.

Table 2. Variation of Nusselt number (Nu)

Pr H t [ Du Value of Nusselt number
2 3 1.2 0.4 0.5 -14.1252
3 3 1.2 0.4 0.5 -1.8467
2 3.2 1.2 0.4 0.5 -16.3795
2 3.4 1.2 0.4 0.5 -19.0530
2 3 1.3 0.4 0.5 -19.2844
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Pr H t o Du Value of Nusselt number
2 3 1.4 0.4 0.5 -26.0778
2 3 1.2 0.5 0.5 -15.3553
2 3 1.2 0.6 0.5 -16.5854
2 3 1.2 0.4 0.6 -17.3255
2 3 1.2 0.4 0.7 -20.5258

Table 3. Comparison of Sherwood number values obtained by Kateria and Patel and the current authors

K Sc ¢ Kateria and Patel [8] Ra Newly finding values of Ra Newly finding values of Sherwood
(Sh) Sherwood number (Sh) number (Sh)
5 0.66 0.4 0.9062 1.1 0.8640 1 0.9062
51 0.66 04 0.9118 1.1 0.8693 1 0.9118
52 066 04 0.9173 1.1 0.8746 1 0.9173
5 07 04 0.9333 1.1 0.8898 1 0.9333
5 0.8 04 0.9977 1.1 0.9513 1 0.9977
5 0.66 0.5 1.0889 1.1 1.0383 1 1.0899
5 0.66 0.6 1.2711 1.1 1.2119 1 1.2711

9. COMPARISION OF FINDINGS

In order to validate our findings, we have made a comparison between our current findings of Sherwood number
values incorporated with different non-dimensional parameters and the tabulated values for Sherwood number obtained
by Kateria and Patel [8] in their research work. Comparing the current values of the Sherwood number with the previously
investigated values obtained by Kateria and Patel, we see that when we set the ramped parameter to 1, the previous and
current values of the Sherwood number are found identical.

10. CONCLUSIONS

The preeminent findings of this research work are enlisted below:

The fluid velocity found to be improved asymptotically under the influence of heat generation parameter H,
solutal Grashof number Gm, and thermal Grashof number Gr.

In both the isothermal and ramped plate conditions, the temperature of the flow field spotted to be get enhanced
under the influenced heat generation parameter /, radiation absorption parameter Q,",and Dufour effect Du.

The species concentration seen to be reduced under the influenced of chemical reaction parameter & in both the
isothermal and ramped plate conditions. Moreover, it is evident that, in both the isothermal and ramped plate
conditions , the ramped parameter Ra has a propensity to hike the fluid concentration.

The skin friction drag t upsurges with the increment of non-dimensional parameters Pr
Se, Gm, k, K, H,t,Q,", Du, while an inverse impact was observed when increasing the value of the non-
dimensional parameters 8, Gr, M.

It is spotted that the ascending values of time ¢, heat generation parameter H, radiation absorption Q," and

Dufour effect Du dominates the rate of heat transfer. On the other hand, Prandtl number Pr increases the rate of
heat transfer.

The Sherwood number observed to be enhanced under the impact of chemical reaction parameter & ,Schmidt
number Sc and time .

Nomenclature
J, current density vector Z, critical time for rampdness
B, applied magnetic field strength Du Dufour number
B magnetic flux density K permeability of porous medium
k chemical reaction parameter M coefficient of viscosity
Pr Prandtl number D, mass diffusivity
H heat generation parameter C, concentration susceptibility
o' radiation absorption parameter U, characteristic plate velocity
V4 Casson parameter K, thermal diffusion ratio
K non-dimensional permeability parameter B co-efficient of thermal expansion
g acceleration due to gravity v kinematic viscosity
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TOYHHI AHAJII3 IOTOKY MIJ| KACCOHOBOI PIIMHM MOB3 EKCIIOHEIIMHO NMPMCKOPEHY
BEPTHUKAJIBHY IIVIACTHHY B IOPUCTOMY CEPEJOBHIIII 3 IOIVMIMHAHHSAM, TEIIJIOBUJIVIEHHSIM TA
JUA®Y3IMHO-TEPMOE®EKTAMH 3 TEPMIYHUMUA TA POSYMHHAMHU PAMIIOBUMH YMOBAMHA
Ji6'st Naxitori Caikin®P, HaziGynuin Axmen®, Apaxenay Kp. Hanni®, Tin Jxiiori Bopa?

“Jlenapmamenm mamemamuxu, Yuisepcumem Iayxami, I'yeaxami 781014, Inois
b Tenapmamenm mamemamuxu, xornedoc Bacyzaon, Bacyeaon-783372 Accam, Inodis
¢/lenapmamenm mamemamuxu, Ynisepcumem Komona, I'yeaxami 781001, Inois
[ToToune moCHiUKEHHS CIIPSMOBAaHE Ha BHBYCHHS BIUIMBY IOIIMHAHHS BHIPOMIHIOBAHHS, BUIUICHHS TeIUia Ta uyucia J{odypa Ha
MI[I-motik pimman KaccoHa TMOB3 €KCHOHEHLIHHO MPHCKOPEHY BEPTHKANbHY IUIACTHHY B MOPHCTOMY CEPEIOBHII 3 XiMIUHOIO
peakuicto. OCHOBHI PIBHSHHS JUTS IMITYJIbCY, €HEpTil Ta KOHIIEHTPALil PO3B’I3yI0THCS 3a JIOMIOMOIOI0 METOy IepeTBopeHHs Jlarmaca.
Bupasu 1y TepTs HOBepXHi, IMBUAKOCTI TEMIOOOMIHY Ta IIBUIKOCTI MAaCOOOMiIHY TaKo)K BHALICHI Ta 300paxkeH] y BUIVISAAI TaOMuIi.
JocnimkeHas Moaentoe, o napameTp KaccoHa 3MeHIIye IBUAKICTD PiAWHH, TOI K IMOTIK €HEPrii uepes3 rpaieHT KOHIEHTpaLii Macu
MIOKpaIlye MpoblieMy TeMIIepaTypHOro IO MOTOKy. Kpim Toro, cmocrepiraeTbcs po3BHTOK TEMIIEPATypHOTO MOJIS M BILIHBOM
TIONIMHAHHS BUIIPOMiHIOBAHHS Ta BUAIIEHHS TervIa. JloqaTkoBo rpagivyHo OKa3aHO BILIMB Pi3HHUX Oe3p03MipHHX IMapaMeTpiB Ha MoJe

LIBHAKOCTI, TEMIIEPATypy PiIMHH Ta KOHI[EHTPALiI0 YaCTHHOK.
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This research communication explores the Darcy - Forchheimer flow of a chemically reacting non-Newtonian Maxwell fluid over a
stretching sheet, incorporating the Cattaneo — Christov heat flux under a convective boundary condition. The fluid flow is described by a
set of partial differential equations, which are subsequently transformed into a system of nonlinear ordinary differential equations. To
solve these equations numerically, the BVP4C Method was employed after appropriately defining non dimensional variables and
implementing similarity transformations. The impacts of diverse active parameters such as Deborah parameter, Darcy-Forchheimer
parameter, magnetic parameter, Biot number, and porous parameter are examined on the velocity, temperature, and concentration
profiles. In addition, the value of the Skin friction, Nusselt number is calculated and presented through tabular forms.

Keywords: MHD; Maxwell fluid; Darcy-Forchheimer model; Cattaneo-Christov heat flux, Magnetic parameter
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INTRODUCTION

As Advancements in technology progress, our understanding of fluid dynamics has expanded beyond the
limitations of Newtonian models. The emergence of non-Newtonian fluid concepts has proven invaluable in
comprehending complex flow behaviors. Of particular interest is the Maxwell fluid, renowned for its remarkable
attributes in both technical and industrial applications. Maxwell fluids are employed to enhance the thermal radiation
characteristics of conductive fluids. In the polymer manufacturing industry, they are particularly useful for
understanding and controlling the flow behavior of polymer melts during processing, as well as for optimizing thermal
properties such as heat transfer and radiation. Additionally, Maxwell fluids play a role in modeling the behavior of
biological fluids, such as blood flow in arteries, where both elastic and viscous effects are significant.

Khan et al. [1] conducted a study on the mathematical analysis of heat and mass transfer in a Maxwell fluid
flowing over a stretching sheet, considering the influence of thermophoretic and stratification effects. The heat transport
within a two-dimensional steady radiative boundary layer involving Maxwell fluid flow, while also analyzing the
impact of heat generation nd Magnetohydrodynamics (MHD) over a porous inclined plate investigated by
Sudarmozhi et al. [2]. Zhao et al. [3] reported the study of unsteady natural convection heat and mass transfer in a
porous medium involving a fractional MHD Maxwell fluid, considering the presence of Soret and Dufour effects.
Hayat et al. [4] analyzed the heat and mass transfer analysis in the stagnation region of Maxwell fluid with chemical
reaction over stretched surface. In their study, Riaz ef al. [5] focused on the combined effects of heat and mass transfer
on MHD free convective flow of Maxwell fluid with variable temperature and concentration. The numerical analysis of
absorbing boundary condition for the Maxwell fluid flow over a semi-infinite plate with considering the magnetic field
was studied by Bao ef al. [6]. Yasin et al. [7] discussed a contemporary investigation on peristatically induced flow of
Maxwell fluid, incorporating the modified Darcy’s law and Hall effect alongside slip conditions. Babu et al. [8] focused
on numerical investigation of Thermophorosis and activation energy effects of Maxwell nano fluid over an inclined
magnetic field applied to a disk. The authors [9,10,11,12] have instigated the MHD flow and Heat transfer for Maxwell
fluid over an exponentially stretching sheet with variable thermal conductivity in porous medium.

Darcy-Forchheimer flow characterizes the movement of fluid through a porous substance, combining the
principles of Darcy’s law and Forchheimer’s quadratic resistance law. This phenomenon finds widespread application
in engineering and geophysics, including scenarios like ground water percolation through soil, oil seepage in porous
rock formations, and fluid passage within packed beds in chemical reactors. Darcy’s law fundamentally states that the
flows rate of a fluid through a porous material is directly proportional to the pressure gradient. This principle serves as a
cornerstone in understanding fluid movement in porous media.

In their study, Waqas et al. [13] delved into the properties of Magneto-Maxwell nano lquid towards moving
radiated surface. Flow analysis subject to Darcy-Forchheimer concept is studied. Newtonian heat/mass conditions and
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heat source aspects are taken into account for modeling. Rashid et al. [14] explored the Darcy-Forchheimer flow of
Maxwell fluid with activation energy and thermal radiation over an exponential surface. Upreti et al. [15] analyzed the
computational study on MHD Darcy-Forchheimer flow and double-diffusive modeling of Maxwell fluid over rotating
stretchable surface. Das et al. [16] and Ganesh et al. [17] studied on the Darcy Forchheimer flow of hydromagnetic fluid
flow over a stretching surface in a thermally stratified porous medium with second order slip, viscous and ohmic
dissipation effects. Cui et al. [18] developed the thermal analysis of radiative Darcy-Forchheimer nano fluid flow across
an inclined stretching surface.

The Cattaneo-Christov heat flux model improves upon Fourier’s law of heat conduction by incorporating a finite
thermal relaxation time, enhancing accuracy for systems with notable thermal inertia or fast temperature variations. This
model, when coupled with MHD Maxwell fluids, characterizes visco-elastic fluids affected by magnetic fields and
transient heat transfer. Its application extends to analyzing phenomena such as the flow of electrically conducting fluid
in magnetic confinement fusion, behavior of magnetorheological fluids in magnetic fields, and heat transfer in systems
experiencing rapid temperature changes or possessing high conductivity. Jawad and Nisar [19] studied the upper
convected flow of Maxwell fluid near stagnation point through porous surface using heat flux model. Khan et al. [20]
developed the numerical investigation of MHD Cattaneo-Christov thermal flux frame work for Maxwell fluid over a
steady extending surface with thermal generation in a porous medium. Rubab and Mustafa [21] conducted a study on
the MHD three-dimensional upper-convected Maxwell fluid over a bi-directional stretching surface by considering the
Cattaneo-Christov heat flux model. The numerical study of radiative Maxwell viscoelastic magnetized flow from a
stretching permeable sheet with a Cattaneo-Christov heat flux was developed by Sahid et al. [22]. Islam et al. [23]
studied the Cattaneo-Christov theory for a time-dependent magnetohydrodynamics Maxwell fluid through a stretching
cylinder. Salmi et al. [24] explained the numerical study of heat and mass transfer enhancement in Prandtl fluid MHD
flow using Cattaneo-Christov heat flux theory.

The current study delves into the investigation of steady, two-dimensional flow of a Darcy-Forchheimer Maxwell
fluid through a stretchable surface. Additionally, the analysis incorporates heat and mass transfer phenomena,
employing the Cattaneo-Christov theory with chemical reactions. The novelty of this work lies in its examination of the
Darcy-Forchheimer Maxwell fluid within the framework of the Cattaneo-Christov theory, considering convective
boundary conditions, a combination not explored in existing literature. To address this gap, the authors undertake an
examination of such effects on Maxwell fluid flow. To normalize the system, similarity variables are introduced.
Numerical solutions are obtained using the Matlab bvp4c technique. The study discusses the graphical representation of
the evolving parameters along the velocity profile, temperature profile, and concentration profile.

FORMULATION
Figure 1 illustrates a MHD steady Darcy — Forchheimer flow of Maxwell fluid. An incompressible fluid saturates
the porous plate. Flow is caused due to a linear stretching surface. Cattaneo-Christov heat flux model instead of
conventional Fourier’s law of heat conduction is applied to study the heat transfer characteristics. The Cartesian
coordinate system is adopted in such a way that x-axis is taken along the stretching sheet and y-axis is orthogonal to it.

Let U, (x) = ax denotes the surface stretching velocity along the x-axis direction. We also consider the effect of
constant magnetic field of strength By which is applied normally to the sheet. With these assumptions, the governing

equations for continuity, velocity, temperature, and concentration in a steady two dimensional flow of a Maxwell fluid
are given by

(M

@
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Equation (1) is identically satisfied and Equations (2), (3), (4), and (5) with the help of Equation (6) take the following
forms:

f”,+ff”+ﬁ(2ff'f”_f2fw)_ﬂf,_Fr(f’)z _Mfrzo (7)
2 2 2
0"+ EcPrM (f") +Pr Nb0'y + PrNt(0') — Prf &' ~TPr(f 0+ £*0") = 0 (8)
n o r (th "
¢"+ fScgd'+| — |0"—KcScp=0 Q)
Nb

The transformed boundary conditions are

Atn=0, £ =0, f'=1,60=-Bi[1-0], ¢/ =1
[1-0] 10)
Asn—oow, 150,60 >0, >0

v
Where f is the Deborah number, I' = A,a is the non-dimensional thermal relaxation time, A4 = — denotes the porosity
ka

Cb v
parameter, Fr :Trepresents the inertia coefficient, Chrepresents drag coefficient, Pr=— stands for Prandtl
k a

2

oB v Kr
number, M = —"— is the magnetic parameter, Sc = —— denotes Schmidt number, Kc = — represents the chemical
pa Dy a
D, (T, -T,) w0, (C,-C,)
reaction parameter, Nt = ———————=is the Thermophoretic parameter, Nb = ——————= denotes Brownian
vT,

0

. v(h . o
motion parameter, Bi = \/: (T/J represents the Biot number, /12 denotes Relaxation time for heat flux.
a

The expression for the Local Skin friction, the Local Nusselt number, and the Sherwood number are defined as:
C,Re,” = £7(0); NuRe,”"? =-0'(0); ShRe,”"* = -4'(0);
METHODOLOGY

The reduced ODE models (7), (8), and (9) are solved numerically by applying the MATLAB bvp4c algorithm. In
this regard, initially we convert the higher order equations to first order equations. Let us
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take fi =1, fh=f =" 1, =0,/5 =0, fy =@, f, = ¢ Then the reduced equations are written as in the following

form:

£ =1 (11
L=h (12)
, 1 5

1y = Ay + et My — £y =281 1o (14)

3 (1—ﬂf12)( 2 2 2713 123)
1= (15)

, 1

A :(1_1_Prf12)(l"Prf1f2f5 +Pr f,f; — EcPr My’ ~Pr Nbf. f, — Pr Nify” ) (16)
I =1 (17)

, N
£ = KeScf, - Scf.f, —N—Z(rprﬁ]g/g +Prff, - EcPrMfy} ~PrNbf,f, ~PrNgf?)  (18)

The transformed boundary conditions are

Atn=0, f;=0, f,=1, fy ==Bi[l-f,]. £, =1
Asn— oo, f, >0, f; >0, fi >0

(19)

RESULTS AND DISCUSSIONS

In this study, a system of nonlinear ordinary differential equations represented by the equations (7), (8), and (9),
subject to the constraints specified in equation (10), is solved numerically. The numerical solution is obtained using the
shooting process with the bvp4dc MATLAB Package. This computational approach allows for the investigation of the
influence of various non-dimensional parameters on the profiles of velocity, temperature, and concentration within the
system.

Specially, the study explores the impact of non-dimensional parameters such as Deborah number, inertia
coefficient, and Biot number, and others on the velocity, temperature and concentration profiles. Additionally, the
effects of these parameters on skin friction coefficient, Nusselt number are examined. The study maintains certain non-
dimensional parameter values throughout its analysis, setting M to 0.5, Pr to 0.62, Bi to 0.7, Ec to 1, Nt to 0.3, Nb to
0.3, Frto 0.5, and g to 0.2, A to 0.2. These values remain constant through the study, except when varying parameters

are explicitly depicted in the figures. Overall, the study provides valuable insights into the behavior of the system under
different parameter combinations, facilitating a deeper understanding of the underlying physical phenomena and aiding
in the optimization of system performance.

Figures 2-4 illustrates the impact of the local Forchheimer number (inertia coefficient) Fr. It is evident from the
figures that fluid velocity diminishes with enhancing Fr, as the inertia coefficient is directly related to the porosity of the
medium and drag coefficient Cb. Thus, with higher values of Cb, both the porosity of the medium and drag coefficient
enhances. Consequently, the resistance force on the liquid is enhanced, resulting in lower velocity corresponding to
larger Forchheimer numbers. An enhancing in inertia coefficient (Fr) leads to stronger temperature and concentration
profiles and more thickness of boundary layers.
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Figures 5-7 depicts the change in velocity, concentration, and temperature profiles for different values of the

porosity parameter 4. As porous media tends to increase resistance to fluid motion, the fluid velocity diminishes
accordingly. Conversely, an opposite trend is observed in the concentration profile and temperature profile with an

increase in the porosity parameter.
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Figures 8-10 elucidate how the imposition of magnetic constraints (M) impacts velocity, temperature, and
concentration fields. Analysis of these figures led us to anticipate a flattening of fluid velocity with enhancing M.
Physically, the magnetic field induces a drag force that opposes fluid motion, thereby reducing velocity. Conversely,
temperature and species concentration profiles intensify with changes in the magnetic parameter.
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Figure 11 illustrates how the velocity distribution f'(77)is influenced by the Deborah number. As the Deborah
number () enhances, resulting that the velocity diminishes. In Figure 12, it is shown that higher values of the Deborah
number lead to an augmentation in the temperature field ( 9) and thickness of the thermal boundary layer. Physically, the

Deborah number is associated with relaxation time, which is greater for higher Deborah numbers. Consequently, a
larger relaxation time correlates with higher temperatures and thicker thermal boundary layers. The impact of Deborah

number (f)on the concentration profile is depicted in Figure 13. Here we observed that the concentration profile is

higher when we enhance the values of Deborah number (/).
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Observing the Figure 14, it becomes apparent that the temperature profile of the fluid diminishes as the thermal
relaxation parameter (I') enhances. This phenomenon occurs because, as the parameter (I') rises, material particles
require more time to transfer heat to adjacent particles. In essence, for higher values of the thermal relaxation
parameter (I'), the material exhibits characteristics akin to non-conductivity, leading to decrease in the temperature

profile. Consequently, it can be concluded that the temperature profile is lower in the case of the Cattaneo-Christov heat
flux model compared to Fourier’s Law. Figure 15 describes the impact of thermal relaxation parameter (I') on

concentration profile. It shows an increase in the thermal relaxation parameter, the concentration distribution also
enhances.

Figures 16-17 showcase the influence of the Prandtl number (Pr) on temperature and concentration distribution.
The Prandtl number varies depending on the material and is unique to each fluid. The figures indicate that as Pr
increases, the fluid temperature decreases. A high Pr implies that momentum diffusivity surpasses thermal diffusivity,
resulting in a reduction in energy boundary layer thickness. Typically, in heat transfer problems, Pr is employed to
decrease the relative thickness of both thermal and momentum boundary layers. Similarly, this behavior is observed in
concentration profiles.
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Figures 18-19 depict the impact of the thermophoresis parameter (NVf) on the both temperature profiles and

concentration profiles. These figures depict that €(77),#(77) are the increasing function of thermophoresis parameter for

escalating values of Nt. As Nt increases, the thermal conductivity of liquid also enhances. A higher thermal
conductivity liquid leads to more advanced temperature and concentration fields.
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Figures 20-21 depict the impact of the Brownian motion parameter (Nb) on the both temperature and concentration

profiles. In Figure 20, as enhancing in the Brownian motion parameter (/Nb)the temperature profile enhances. Figure
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21 illustrates how Nb impacts concentration profiles. Increasing Nb leads to reduced concentration profiles due to
enhanced Brownian motion. This parameter signifies diffusion at a microscopic level, causing particles to spread out
over time. Higher Nb values indicate more energetic motion, accelerating diffusion and resulting in a more uniform
concentration profile. Boundary conditions, like container size and surface presence, influence particle behavior,
affecting concentration profiles, particularly near solid boundaries.
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Table 1. In this section, we have to elaborate the numerical result against the different prominent factor like,
=02, 1=02, Fr=0.5, M =0.5 are the fixed values for the local skin friction coefficient. It is seemed to be as

enhance in the values of Deborah number, Porosity parameter, local Forchheimer number (inertia coefficient), and
Magnetic parameter, there is a decreasing nature in the skin friction coefficient.

i) A Fr

M

C,

0.2

-0.217955

0.3

-0.239688

0.4

-0.261130

0.3

-0.257903

0.4

-0.296672

0.5

-0.334356

0.6

-0.243860

0.7

-0.269300

0.8

-0.294298

1

-0.406792

2

-0.724761

3

-0.993166

Table 2. In this section, we have to elaborate the numerical result against the different prominent factor like,
£=02,1=0.2, Fr=0.5, M =0.5 are the fixed values for the Nusselt number. It is noticed that the Nusselt number

diminishes gradually, an escalating in the values of Deborah number, Porosity parameter, local Forchheimer number

(inertia coefficient), and Magnetic parameter.

p A Fr

Nu

0.2

0.140714

0.3

0.139823

0.4

0.138949

0.3

0.139880

0.4

0.139062

0.5

0.138263

0.6

0.140584

0.7

0.140452

0.8

0.140318

0.068228

-0.049182

-0.144519
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CONCLUSIONS

Key findings of the study are summarized as follows.

e The velocity field diminishes for escalating the values of inertia coefficient, Magnetic parameter, Porosity
Parameter, Deborah number, and also thermal relaxation parameter.

e By enhancing the values of inertia coefficient, Magnetic parameter, Porosity Parameter, Deborah number, and
thermal relaxation parameter one can escalating the temperature field, but the opposite tend seen with Prandtl
number.

e The concentration field increases for larger values of inertia coefficient, Magnetic parameter, Porosity
Parameter, Deborah number, thermal relaxation parameter, and also for Prandtl number.

e An increment in the values of thermophoresis parameter, the temperature and concentration profiles
corresponding boundary layers are upsurges gradually.

e By increasing the values of Brownian motion parameter, the temperature profile upsurges, but the reverse tend
seen in the concentration profile.

e The local skin friction coefficient and Nusselt number diminishes with escalating the values of Deborah
number, Inertia coefficient, Porosity, and Magnetic parameter.
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3 TEIJIOBUM INIOTOKOM KATTAHEO — KPICTOBA HAJ JIUCTOM, IO PO3TAI'YETHCH,
3A KOHBEKTUBHUX TPAHUYHUX YMOB
. Hacraripi Ba6y?, C. Benkaremsapay?, P. Xanyma Haik®, JI. Mangxymaa®
“Kagheopa mamemamuxu, Memopianeruil koreooic indicenepii ma mexnonozii Paoocusa I'anoi,
Hanowvan-518501, Anoxpa-Ilpaoew, Inois
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‘Kaghedpa mamemamuxu, Incmumym inoicenepii ma mexrnonoeii mamepi Tepesu,
IHanamanep-517408, Anoxpa-Ilpaoew, Inois

VY upoMy JOCHIZHUIBEKOMY MOBIIOMIICHHI HociimkyeTbes motik Jlapci-dopxreiiMepa HEeHBIOTOHIBCHKOI pimvHM MakcBeia, ska
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In this work, we report the effects of Thompson, Troian slip, and Stefan blowing on the magnetohydrodynamic (MHD)
Cassonnanofluid behavior via a porous media while a chemical reaction is taking place. We also examine the effects of radiation
parameters, Joel heat, and velocity distribution using a two-phase model for nanofluids. Similarity transformations may be used to
convert the primary Partial Differential Equations (PDEs) into Ordinary Differential Equations (ODEs). MATLAB Shooting and
Runge-Kutta algorithms may be used to solve nonlinear equations. The variations in non-dimensional parameters show the effects on
mass transfer, heat, and fluid flow properties. It is shown that the skin friction coefficient falls as the Stefan blowing parameter S
increases. As the values of the Thompson and Troian slip parameters increase, the fluid concentration decreases. With an increase in
Nt, Nb, and k, the fluid's heat rises but its concentration falls. The results of this analysis provide several enticing aspects that are
going to give merits for further study of the problems.

Keywords: Casson; Chemical reaction; MHD, Porous; Radiation, Thompson and Troian slip

PACS: 52.30.Cv, 61.30.Pq, 83.10.Bb

1. INTRODUCTION

For the past few decades, the study of nanofluids has been a desirous investigation. Nanofluids are used in a wide
range of fields, including research, geophysics, biomedicine, chemical engineering, and electronic cooling. The first to
propose the concept of "nanofluid" was Choi [1]. A "nanofluid" is a liquid that contains ultrafine particles having a
diameter of less than 50 nm, often metal or metal oxide. Applications for the combination of chemical reactions and heat
and mass transfer issues may be found in many different sectors, and engineering domains, including nuclear power plants,
gas turbines, various aircraft propulsion systems, missiles, satellites, spacecraft, biological domains, and medicinal
procedures. At high operating temperatures, the radiation effect can be quite significant, making the effects of radiation on
MHD flow and heat transfer problems more important in industries. (challenges related to the effects of radiation on MHD
flow and heat transfer find its significance at high temperatures). Several features of mass transfer, heat transfer, and
nanofluid flow with MHD radiation have been examined by several researchers. In their description of heat flow and
transport, Wu as well as Zhao [2] laid forth the fundamentals of nanofluid use in engineering research. The impact of heat
transmission on nanofluid flow and the consequences of double stratification on boundary layer flow in the context of a
vertical plate was discussed by Ibrahim and Makinde [3]. The MHD alumina water nanofluid flow as well as mass transfer
across a flat plate with certain slip conditions were examined by Singh and Kumar [4]. Sheikholeslami and Rokni [5] used
the transverse magnetic field to investigate the review of MHD and heat transmission of nanofluid. The two-dimensional
movement and heat transmission of Casson nanofluid across a cylinder or plate, as well as the effects of thermophoresis as
well as Brownian motion phenomena, are examined by Farooq et al. [6]. Additionally, the impacts of bioconvection,
exponential thermal sink/source, and motile microorganisms are taken into account. A numerical analysis of the MHD
radiative motion of the near-stagnation point over an exponentially stretchable Cross nanofluid surface with a variable heat
source/sink was addressed by Srinivasa Babu et al. [7].

Ramesh Babu et al. [8] have not paid much attention to unsteady MHD Non-Newtonian free convective flow
through a porous media via a semi-infinite vertical permeable moving plate under the presence of radiation absorption.
They researched the flow properties of the visco-elastic fluid and analyzed how radiation absorption is taken into
account in the energy equation. A mixed convective magnetohydrodynamically responding two-dimensional non-
Newtonian fluid via a vertical exponentially stretchable impermeable barrier was reported by Srinivasa Babu et al. [9]
together with temperature and concentration distributions. The mixed convective MHD 2D Williamson fluid is
numerically explored under suitable circumstances, including both masses and heat transport rates, via an exponentially
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vertical stretching surface. The MHD boundary layer flow of an exponentially expanding sheet with a thermally
stratified medium in the presence of suction was examined by Reddappa et al. [10]. The precise solutions for the
propulsion of Ree-Eyring liquid under different effects, including Joule heating, MHD, and Hall currents, have been
provided by Bhatti and Rashidi [11].

Newtonian fluids have a major part in many biological applications, flow processes in natural occurrences, and
mechanical systems, which has led to a lengthy history of study in this area. Numerous models, including the Ellis,
Carreau, Williamson, Jeffrey, Eyring-Powell, and Casson fluids, have been presented based on their rheological results.
The Casson fluid model is among the models that people use the most often. Thick fruit juices, tomato catchup, and
plasma are associated with Casson fluid. Red blood's characteristics match those of Casson fluid as well. When certain
important components, such as protein, fibrinogen, and globulin, are present Human red blood cells (RBCs) can create
connected formations called aggregates or rouleaux in plasma. The yield stress resulting from Rouleaux's plastic solid
state is related to the fixed initial stress of Casson's fluid. The non-linear quantitative description of Casson's model has
been used to formulate printing solutions [12], silicon solvents [13], and polymers [14]. Ali et al. [15] performed a
computer investigation on the pulsatile pushing of Casson liquid in a porous channel using a finite difference method.
Majeed et al. [16] investigate the effects of slip and MHD 2D bioconvection non-Newtonian Casson nanofluid flow
towards a nonlinear stretchable surface in the presence of nanoparticles and motile gyrotactic microorganisms. The
Optimal Homotopy Analysis Method (OHAM) has been used by Sohail et al. [17] to address the boundary layer Casson
liquid flow on a linearly elongating surface. They examined the Casson fluid motion taking into account Joule heating,
MHD, and stretching surface using the RK45 technique as outlined by Kumar and Srinivas [18], and Sreenivasulu et al.
[19]. Kataria and Patel [20] have provided MATLAB simulations for the MHD Casson liquid propulsion past an
oscillating vertical plate. A small number of further studies in the Casson fluid with effects from magnetic fields are
presented. Along with others, RajuVenkateswara [21] In the presence of a chemical reaction, the effects of slip and
produced magnetic field on a non-linear convective Casson fluid in a vertical past plate with an embedded porous
medium are studied theoretically. The no-slip boundary requirements are flawed because fluid flow near a container's
walls often differs from the surface velocity of the container. Because of this actual feature of the flow, many slip
boundary conditions have been suggested by researchers. Thermal radiation is more common in engineering domains
when temperatures are high, especially in tiny convective thermal transfer systems. Moreover, thermal radiation is
crucial for regulating thermal transfer schemes and preserving the temperature throughout polymer synthesis operations.
As a result, studies on the effects of radiation on fluid flow systems have begun. Mandal and Mukhopadhyay [22] have
shown, for example, the thermal investigation of micropolar liquid past a stretching surface under the measurements of
radiated environment impacts using a shot scheme. The free convective flow of a non-Newtonian fluid in a vertical
deformable porous stratum with the influence of Darcy law was studied by Sreenadh et al. [23]. They noticed that both
viscous and Darcy dissipations produce heat inside the fluid.

One may derive the blowing effect from Stefan\Prime's issue, and Stefan's blowing effects are practically
significant in many scenarios. The effects of Stefan blowing on a movement involving the transfer of nanofluid on
stretched plates were described by Fang and Jing [24]. They observed that the blowing improves the flow's velocity.
The potential significance of Stefan blowing was noted by Hamid et al. [25], who also outlined the characteristics of
Stefan blowing on species movement for stagnation point flow. The effect of Stefan blowing on the movement of
Casson micro fluid due to a stretched part was examined by Lund et al. [26]. Mass conveys oscillated during the flow
due to mass blowing at the partition. The effects of Stefan blowing over a bio-convective caused by a stretched
cylinder were documented by Rana et al. [27]. Ellahi and his coauthors [28] were able to precisely solve critical
flows when nonlinear slip was present in 2010. This issue also takes into account the more general slip condition at
the border that Thompson and Troian [29] presented. The effects of the Thompson-Troian slip condition and
Cattaneo-Christov heat flow across a stretched sheet were investigated by Ahmad and Nadeem [30]. The effects of a
chemical reaction and Thompson and Troian slip on nanofluid flow via a stretching/shrinking sheet on a stagnation
zone were described by Ramzan et al. [31]. The effects of the Riga surface and Thompson and Troian slip conditions
on mixed convection nanofluid flow were covered by Nadeem et al. [32]. In conjunction with the first-order
compound response, Dey et al. [33] recently examined the combined effects of Stefan blowing and Thompson and
Troian slip on the forced convective motion of nano liquid across a nonabsorbent plate. They found that when the
levels of the Stefan blowing parameter S increase, the skin friction coefficient decreases, and as the slip parameter &
and critical shear rate [ rise, the mass transfer rate decreases. The precise nature of the link between these
characteristics is not well understood. Further investigation is necessary in the field of existing research about the
impact of the Thompson and Troian slip condition. There isn't a single published work that discusses the Stefan flow
of nanofluid when uniform shear is present.

The purpose of this paper is to examine the effects of Thompson-Troian slip and Stefan blowing on the Casson
nanofluid flow. In a uniform shear, we additionally take into account the impacts of radiation, chemical reactions, Joel heat,
and MHD porous media. Appropriate transformations lead to a self-similar version of the leading equations. The R-K
shooting technique is then used to solve these equations. When the produced findings and the available data are compared,
they demonstrate perfect agreement. The impacts of several factors on the fields of hotness, nanoparticle concentration,
velocity slope, and velocity are investigated. Visual representations are used to aid in comprehending these impacts.
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2. FORMULATION OF THE PROBLEM
Consider a forced convection Casson micro-liquid flow across a fixed plate in the medium that has a very tiny
width and a large span (see Fig. 1). The axis is normal relative to the axis's upward-directed plate. The magnetic field
that is generated is assumed to be perpendicular to the plate. The transverse magnetic field's intensity is increased by the
magnetic field. Considering that the velocity apparatuses are, respectively, running parallel and normal to the plate.
Given the circumstances stated above, the rheological formulas are [33] provided by

2(/13 )e >,
2(/13 +%)€y, <,

in which, P is the Casson’s yield stress, the scientific expression preordained for the yield stress possibly will be
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articulated as where 4, is the Casson fluid’s lively viscosity, 7 signifies the product of the deformation

rate’s constituent finished themself (ﬂ:ei/. e,./.), as well 7, symbolizes the critical value created on the Casson fluid

model. In the occasmn(;r > 7Z'C) of Casson fluid motion, the aforementioned is feasible in the case of u =y, +T,
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By supernumerary, the Casson fluid viscosity remains now (which depends on) contingent on the Casson parameter 3 ,
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Figure 1. Sketch of the physical flow problem
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Here,uando is the Casson fluid parameter, indicates the uniform magnetic field, denotes the electrical conductivity,

k is the permeability parameter, corresponds to the fluid's specific heat, t is the time, k denotes the thermal conductivity,
denotes the radiative heat flux, and are the parts of the velocity in the x and y directions, respectively. The temperature
along the free stream is T, and so are the two temperatures. The variables denoted by o are the thermal diffusivity, free
stream velocity, effective heat capacity of the nanofluid as well as nanoparticles, as well as Brownian and
thermophoretic diffusion coefficients, correspondingly. C represents the volume percentage of nanoparticles, is the free

stream focused attention, k, = (k, being constant) is the rate of chemical reaction, whereverk, >0and k <0

0
x2/3 ’
indicates that there are chemical processes that are both productive and detrimental. There are several scenarios where
the response rate may change inversely with distance. Reaction rate has thus been taken (as a) significant variable in
this text. The following list contains the suitable boundary circumstances regarding the present problem,
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Here, y = y,x"” is the Navier slip length, y, is the slip factor, ¢ is the reciprocal of the shear rate and g3, = v/ r

remains constant. In this case, the consistency of The idea of conservation of mass is shown in Equation (1). Equation
(2) describes the momentum equation using boundary layer estimations, and it may be applied to any case involving
incompressible fluid flow. The left-hand side (1.h.s) of the text represents the inertial phrases that are discussed in each
article. Conversely, the first term on the right (r.h.s.) represents the viscosity term, magnetic field, and overall porous
media properties found in all of the studies listed in the text. The initial term in the r.h.s. of Egs. (3) and (4) transmit a
diffusive component, while the Lh.s. of those equations indicate the convective term to earn mass transfer and heat
transport, respectively. The last two variables in (3)'s r.h.s. stand for the effects of radiation, Brownian motion,
thermophoresis, velocity distribution, and Joel heat — all of which have been found in earlier research [12,20,27]. First-
order chemical processes are represented by the last item on the r.h.s. of (4) and have been examined by Daniel et al.
[12,23], Dey, and Mukhopadhyay [27]. The thermophoresis effect is shown by the second term on r.h.s. of (4) and is
seen in [12,20,27]. (5a) has two boundary conditions: [29-30] provides the second boundary condition for Stefan
blowing, while [30-33] provides the first boundary condition for slip. One can locate the uniform shear flow in [36-38]
that results in the first condition of (5b). In addition to the mass transfer problem over a flat plate, (5b) provides
additional free-stream conditions for every flow and heat.

Resemblance examination in addition to the explanation process
The subsequent similarity conversion relations remain now placed for u,v as

0 0
=Y - ¥ (6)
oy ox
Anywhere, i is the stream function. Over, let us familiarize the subsequent dimensionless variables,
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The enlargement of native thermal energy is
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where o and « are Stefan-Boltzmann constant in addition to the absorption coefficient. Decrease the Eq. (3) through
using Eq. (8) we get

Using the relatives (6)—(7) in the border layer Eq. (2), vigor Eq. (3) in addition to attentiveness Eq. (4) the
subsequent equations remaingot.
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wherever M =, |— B, is the Magnetic parameter, K =—7>-— is the Porous medium parameter, Pr=— is the Prandtl
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number, R is the radiation Le= o is the Lewis number, N, = ( ) is the Brownian motion parameter
B pc r v

(pc)p D, (Tn - Tm)
(pc)f vT,

it shows both constructive as well as destructive chemical processes, but it also shows the absence of chemical
reactions. In light of this, boundary requirements ultimately turn into

%3 is the rate at which chemicals react parameter;

and N, = is the thermophoresis parameter, k = k,x
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where § = yz 7] 12 ok is the velocity slip parameter and £, =¢ ik is the critical shear rate. S = T is

the Stefan blowing parameter. S > 0 shows mass movement from fluid to plate (mass suction), but shows mass transfer
from plate to fluid (mass blowing) [13,15].

2.2. Physical quantities
Sherwood number, Nusselt number, as well as skin friction coefficient, are the non-dimensional numbers of
practical relevance Sh,, Nu,,C, are given:

C,= TW2 ,wherer, = ,U(l-i—ij[a—uj , Nu, =— v and Sh, = n
IOL ﬂ ay y=0 k(]—:v - Too) DB (Cw - Coo)

Anywhere g, , g, suggests the mass and heat fluxes, besides specifying the thermal conductivity of the nanofluid.
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Replacing g, , and ¢, in the above equations, we get.

Re!*C, /% :(1+%}f”(0), Re”> Nu, /“L—x :—[1+§Rj9'(0), Re” Sh, /UL—x =—¢'(0).

w

v

where Re ”? = = is the local Reynolds number.

3. RESULTS AND DISCUSSION
3.1.Validation of results:
The present findings (for the no-slip border situation in the absence of Stefan blowing) are contrasted with the
available published results of Blasius [34], Ishak et al. [35], Verma et al. [36], and Dey et al. [30] to verify the accuracy
of the applied numerical scheme. Table 2 highlights an ideal convention alongside the available results.

3.2. Analysis of results

Numerical computations have been performed using the method outlined in the preceding section for various
values of dissimilar parameters to provide a clear picture of the current issue. Figures 2 through 34 provide numerical
data that illustrate the results.

The effects of the Casson fluid parameter on the profiles of temperature, concentration, and velocity are shown
in Figs. 2, 9, and 22. When the critical shear rate and velocity slip parameter are present, the temperature rises while
concentration and velocity drop. The effects of the magnetic parameter on the profiles of velocity, temperature, and
concentration are shown in Figs. 3, 15, 23, and 4. As velocity and concentration increase, temperature exhibits the
opposite behaviors in the presence of the critical shear rate and velocity slip parameter. Figures 4, 16, and 34
illustrate how the Porous medium parameter affects the profiles of temperature, concentration, and velocity. As the
parameter increases, so do the profiles of concentration and velocity; however, when the critical shear rate and
velocity slip parameters are present, the temperature exhibits the opposite behavior. The effects of critical shear rate
parameters on temperature, concentration, and velocity profiles are depicted in Figs. 5, 18, and 29. Increasing the
critical shear rate parameter causes an increase in concentration and velocity, while the presence of the Stefan
blowing parameter causes the temperature profile to exhibit the opposite behaviors. The temperature drops for
various velocity Thompson-Troian slip parameter values in Figures 6 and 21, respectively, although concentration
oscillates in the presence of in Figure 28. The Lewis number's effects on velocity, temperature, and concentration
profiles are shown in Figs. 7, 19, and 26. As, temperature and velocity dropped, the concentration profile displayed
the opposite behaviors when the Stefan blowing parameter was present. Figure 8 illustrates the reduction in velocity,
whereas Figure 20 displays a rise in temperature for varying values of the Stefan blowing parameter. However,
Figure 30 displays concentration oscillations when certain values are present. For increasing values, the temperature
results are shown in Figs. 12, 13, and 14 together with the impacts of the Brownian motion parameter, the
thermophoresis parameter, and the Eckert number. For the values of, there is a temperature rise. The concentration
findings with the impacts of the Eckert number, Thermophoresis parameter, and Brownian motion parameter are
shown in Figs. 24, 25, and 33. As the concentration profile increases, it oscillates in the presence of. The findings of
temperature in relation to the radiation parameter and Prandtl number are shown in Fig. 10, and 11. As and increases,
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the fluid's temperature fluctuates in their presence. In the presence of, the concentration profiles from Figs. 31 and 32
show the same performance. We can see from Figures 17 and 27 that, in the presence of, the temperature and
concentration are falling as the chemical reaction parameter increases.
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Figure 34. Concentration profile for various values of K

Table 1 displays skin friction, Nusselt number, and shear wood number, which are consistent with earlier research.
The skin friction coefficient decreases when development occurs, whereas the parameters show the opposite trend
(Table 2). When the parameters are included, the Nusselt number rises, and when the parameters are excluded, the
Nusselt number decreases (Table 2). For the parameters, the opposite result is seen when the mass transfer rate

decreases. Pr, Ec (Table 2).

Table 1. Values of " (0), —0'(0), —¢'(0)for N, = §, =6 = S =0 and non-dimensional parameters.

p M | Pr | R| Ec | K |N | K | B | 6 S 7"(0) ) —4(0)
0 0 0 0 |0 0 0 0 0 [0 |0 [0.759875 0.0615431 1.4957
0.1 0.759775 0.0699181 1.53978
0.2 0.753338 0.0779771 1.58098
0.3 0.741848 0.0855734 1.61892
0.1 0.740226 0.0864321 1.62315
0.2 0.738348 0.087386 1.62785
0.3 0.736152 0.0884532 1.63309
0.1 0.752703 0.159365 1.50014
0.2 0.743802 0.117561 1.57161
0.3 0.729837 0.0679804 1.6839
0.1 | 0.717368 0.0620508 1.78433
0.2 | 0.7057 0.0570051 1.87847
0.3 | 0.694696 0.052655 1.9674
0.01 1.256512 0.1547812 1.254874
0.02 1.325413 0.1454217 1.225487
1 0.785213 12154784 1.254784
2 0.795846 1.3524781 1.226487
2.2 0.759875 1.2345478 0.984577
4.2 0.745412 1.2254784 0.995841
2 0.859875 1.5414784 1.024578
4 0.959875 1.6457841 0.985689
0.01 0.689875 0.2514782 1.02548
0.02 0.659875 0.3215478 1.032659
0.5 0.541741 0.2154784 1.312154
1 0.442156 0.2165478 1.301215

Table 2. /'(0) for flow over a plate whend =0==S =k.

Verma et al. [33]

A=e=0=5=K=0

Ishak et al. [32]
A=0

Blasius [31]

Dey et al. [30]

Present work
B=M=R=K=0

0.33206

0.3321

0.332

0.332566

0.3321265

The

4. CONCLUDING REMARKS

flow of a Stefan-Cassonnanofluid across

a plate has been studied -considering radiation,

magnetohydrodynamics (MHD), shear flow, and porous material. The consequences of the Thompson-Troian slide at
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the border were also investigated. When the research compared the numerical answers to the existing data, it discovered

a very good match. The findings led to the following observations being made.

(1) As the thermophoresis parameter values increase and decrease, the temperature rises. For increasing values of

the Brownian motion parameter, concentration is seen.
(i1) As the chemical reaction values rise, the temperature drops and the concentration fluctuates parameter (k).
(iii) The liquid absorbs heat from the plate.
(iv) The skin friction coefficient decreases as the Stefan blowing parameter S increases.
(v) As slip parameter 6 and critical shear rate  increase, the mass transfer rate decreases.
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BJIACTHBOCTI MOTOKY pinuHHu. [TokazaHo, o koedilieHT TOBEPXHEBOTO TEPTS 3MEHIIYETHCS 31 30UIBIICHHSAM MapaMeTpa S BUAYBaHHS
Credana. [3 30inbpIIeHAAM 3HaYeHb TapaMeTpiB koB3aHHS TomrcoHa i TposiHa KOHIEHTpALis PIMHU 3MEHIIYETHCS. 31 301TbIICHHAM
i k Temiora pizuHM 3poctae, ane i KOHIEHTpamis magae. Pe3yabTaTd MO0 aHaNi3y HAJArOTh KUTbKAa NMPUBAOIMBUX aCHEKTIB, SKi
JTalyTh MOMJIMBOCTI JUIS TIOJAJIBIIOTO BUBUESHHS IIPOOIEM.

Kumrouosi cioBa: Kaccon, ximiuna peaxyis;, MI/l; nopucmuii; sunpominiosanns, Tomncon i Tposin koe3anms
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The current research simulates the mass and heat energy transmission model on MHD fluid flow under concentration and temperature
deviations on a two-dimensional viscous fluid along an upright facet. Following boundary layer estimations, mathematical simulations
for the movement of fluids, the conveyance of heat and mass exposed to radiation, thermophoresis, and Dufour consequences are
generated as a set of partial differential equations. The surface's resilient suction was assessed. The built-in solver bvp4c in MATLAB
is used for numerically debugging the aforementioned models. Through the inclusion of visualizations and tables, the detrimental
effects of influencing variables are examined on the velocity, temperature as well as concentration gradients in conjunction with on the
skin friction, Nusselt number, and Sherwood number. Excellent coherence may be shown when comparing between the most present
findings and those that have previously been made available in the literature in specific limited circumstances. The Dufour effect,
radiation, thermophoresis, and the Grashof number are all factors that influence fluid motion and heat transmission at the interface
layer of dirt. Moreover, developments in the Shearing stress, Nusselt number, and Sherwood number coefficient are calculated. The
findings are crucial for optimizing a variety of fluid-based technologies and systems, allowing developments in a number of industries
including energy-effectiveness, electronics cooling, pursued medicine administration, and many more.

Keywords: Chemical reaction; Dufour effect; Heat transfer; Mass transfer; Radiation; Thermophoresis

PACS: 44.05.+¢, 44.20.+b, 44.40.+a, 47.50.+d, 47.50.Cd

INTRODUCTION

The concomitant transpiration of both heat and mass remains an extremely important procedure that it has drawn a
lot of interest because of its widespread use in STEM fields, including nuclear power facilities, crude oil processing, heat
insulation, biological waste control, airflow, plasma analyses, geomagnetic turbines, subterranean industries, and thermal
exchangers and many more. There is now a resurgence intriguing in the research of fluid flow, in tandem with the
transmission of heat and mass, as an out-turn of these utilitarian processes' expanding uses. In this vein,
M.B. Riaz et al. [1] conducted a thorough investigation on the consequences of mass transport along with the
amalgamated heat displacement regarding convective fluid circulation with attribute concentration and temperature.
R.D. Ene et al. [2] analyze the mass and heat transmission issue in a sticky substance flow to determine that the thickness
of the boundary layer is dwindling. I. H. Qureshi et al. [3] performed a numerical simulation of the distribution of heat
and mass caused by the infiltration of nanofluid into an impermeable medium to demonstrate that the ambient temperature
rose when the frictional impact generated heat while heat is dispersed to the fluid's particle's surface. E.O. Fatunmbi and
A. Adeniyan [4] examined heat and mass transition in Micropolar fluid movement across a prolong surface with velocity
and thermal friction ambience and found that increasing the thickness attribute improved the exchange of thermal energy
effect simultaneously. By using chaotic forced convection, J. E Salhi et al. [5] examined the heat and mass exchange of
fluid carried over an even conduit. Some related works [6-10] are also found in the literature survey. Some other
significant studies on heat and mass transmission with a variety of tangible characteristics are listed in [6—10].

Numerous important applications of magnetohydrodynamic (MHD) flow phenomena can be found in the fields of natural
science, technology, and biomedicine. These applications include MHD power plants, MHD catalysts, blood flow extent,
electrolytes, ionized substances, wave propagation tubes, propulsion systems. As a result, a lot of academics [11-15] are now
paying more emphasis to how the magnetic field affects the movement of fluids and the conveyance of heat and mass. The
adverse impacts of hesitant thermal emission on MHD convective slip propagation of viscoelastic fluid via a porous substrate
encased within an opaque medium were explored by Choudhury and Dey [11]. Raju and Venkataramana [12] reviewed MHD
and demonstrated viscous evaporation and thermal expansion when the convective flow was carried along permeable material
in an elongated conduit with shielded and insurmountable bottom walls. The MHD boundary layer flow across a flat surface
with diffuse dissipation has been elucidated by Kalita et al. [13]. It was quite well-explained by Das et al. [14] how
magnetohydrodynamics affected entwined evaporative slip flow across an elevated perforated disc with diffuse viscosity and
Joule radiation heating. Mahanthesh et al. [15] looked into the magnetohydrodynamic impact on a stochastic elastic sheet and
the 3-dimensional propagation of nanofluids involving drift and thermal exposure.
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The least amount of energy required by reactants to initiate a chemical process is termed as energy for activation.
Fluid motion combined with chemical processes and energy of activation encounters an enormous variety of applications,
including crop damage arising from cooling, paper manufacture, food fabrication, porcelain, evaporation, crude oil, fluid
emulsion, and so on. Magnetohydrodynamics (MHD), which is used in this work, is a phenomenon that deals with
electrically stimulated flows of fluids that have enticing characteristics, which in turn govern the trajectory of flow and
polarize the field's magnetism. Y.P. Lv [16] investigated the effect of chemical processes on the behavior of nanofluid
motion in a twirling tube with a Hall current. A. M. Sedki [17] explored the consequences of chemical alteration on MHD-
infused radiative conveyance of heat dissipation in tiny fluid flows owing to a stochastic lengthen interface via a
permeable medium. N.N.W Khalili et al. [18] discuss the chemical retaliation impacts on MHD flow through an
incrementally stretched surface with an insulation layer. Samuel and Fayemi [19] analyzed the effects of chemical
reactions on harmonic dissipative fluid motion in an opaque medium over a stretched sheet combined with thermal
radiation. Shah et al. [20] inquired about the detrimental impact of electromagnetic radiation on progressive heat transport
in an MHD boundary region Carreau fluid involving a compound's reaction.

During the exchange of heat happens in a flowing fluid, as in chemical processing and geological mechanisms, it
leads to a cross-diffusion phenomenon known as the Dufour effect. The Dufour effect is commonly seen in situations
with both heat and concentration gradients, particularly multi-component fuel mixes or unifying mixtures of fluids. Such
an effect is insurmountable in fluid flows with strong gradients of concentration and temperature in operations involving
chemical manufacture, material acoustic, and numerous engineering projects. Extra variables in both the heat and
transportation of mass equations define the Dufour effect numerically. Realizing this, numerous researchers were eager
to explore the Dufour effect in diverse fluid movement situations. To mention a few, E. Seid et al. [21] inquired about
various slips and Dufour consequences in fluid movement near an upright stretching surface in addition to the presence
of magnetized nanoparticles. M. Hasanuzzaman et al. [22] assessed the significance of Dufour as well as thermal
dispersion on erratic MHD natural convection and momentum flow over a perpetual stacked accessible surface. Ismail
Filahi et al. [23] performed an empirical and quantitative analysis of the Dufour impact on thermosolutal flow in an axial
brinkman translucent stack using a serene upper threshold.

Thermophoresis, commonly referred to as the Soret impact, is a physical phenomenon that occurs when tiny
molecules or particles move through a fluid media in response to an alteration in temperature. In simple terms, throughout
the action, substances in the hot atmosphere travel to a cooler one. In this regard, N. A. Shah et al. [24] performed a
quantitative simulation of thermophoretic second-grade fluid motion across an upward slope with varying fluid properties
and progressive scorching and shown that increased temperature-sensitive viscous factors improve velocity patterns. F.
Mabooda et al. [25] discovered that having a combination of thermophoresis and Brownian motion in a fluid improves
the transmission of heat. J. V. Tawade et al. [26] encountered that raising the amount of the Brownian motion attribute
causes an increase in the thermal persona, and enhancing the magnitude of the Thermophoresis coefficient causes an
increase in the thermal energy circulation. According to B. K. Jha and H. N. Sani [27] whenever thermophoretic readings
escalate, it's possible to observe an accumulation of Sherwood number readings at the cooler plate. Furthermore,
intriguing development concerning this [28-34] has developed some well-established models.

The contributors meticulously reviewed the existing literature and spotted multiple investigations on the implications
of MHD on the transmission of heat and mass transport in the emergence of innumerable flow characteristics, but to their
knowledge, there is no investigation regarding the inclusion of chemical reaction, thermophoresis, and the Dufour
repercussions in conjunction with the amalgamated transfer of heat as well as mass effect on MHD fluid flow for the plate
that is vertical. The inclusion of Thermophoresis and the Dufour effect, in tandem with additional significant flow
characteristics, enhances the problem's originality. The proposed model is streamlined using boundary layer estimation
and dimensionless transformations. The Numeric scheduling of bvp4c in MATLAB is then worn to solve the underlying
combined nonlinear system of equations. The MATLAB quantitative analyzer of bvp4c provides a superb setting for
dealing with entangled sets of conventional simultaneous equations. The mentioned approach has been utilized
successfully to handle a range of issues pertaining to fluid flow. The aforementioned quantitative approach was most
recently applied in the investigation of Dey et al. [35, 36] and Mirza et al. [37]. The insights gained from the results of
the investigation will aid its designers in improving the efficacy of unifying mixtures of fluids and Particle Filtration, the
combustion process and Burning Propagation, cooling techniques utilized in Bioprocessing and Biotechnology, and food
extraction processes that incorporate Thermophoresis and Dufour effects.

MATHEMATICAL FORMULATION

In the instance of heat transmission, considering two-dimensional devoid convective incompressible fluid motion
through a vertical plate. A homogenous magnetic gradient B is provided to the plate in the direction of transverse motion.
The current investigation looks at the governing fluid's simultaneous heat and mass transmission approach when
combined with chemical reactions, the Dufour effect, and thermophoresis. The x-axis advances upwards relative to the
sheet, while the y-axis moves parallel to it. In the aforementioned scenario, the effect of the generated electromagnetic-
field is neglected. Also, the Renolds number is considered to be very small. In the beginning, the plate and the fluid are
kept at identical temperature and concentration. Suddenly, they rise to a temperature of T, (> T, ) and concentration of
Cw (> Co)Applying the boundary surface estimation, the governing equations are outlined in the following order
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Momentum boundary layer

Thermal boundary layer

Concentration boundary layer
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Figurel. Physical model of the flow scheme
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Where f is dimensionless velocity, 0 is dimensionless temperature, C is dimensionless concentration, y is dimensionless
co-ordinate, A is suction parameter, Gr is thermal Grashof number, Gm is solutalGrashof number, M is magnetic field
limitations, Pr is Prandtl number, K is Chemical reaction specification, Sc is Schmidt number, Du is the amount of mass
diffusivity (Dufour number), Ra is the radiation specification, t is the thermophoretic constant.

Non-dimensional governing equation are

dzf df

o3t A~ Mf+Gro + GmC =0 (8)

20 do azc

d_yz + Prkd—y — Ra@ + PI'Dl.ld—y2 =0 (9)
d2c de\ dc d%e
F+XSC(1—rd—y)d—y—KScC—tSCCF— 0 (10)

with Modified boundary conditions
y=0f=1,0=1,C=1

y—>o0w:f->0; 8->0C—-0 (11)
METHODOLOGY

The bvp4c quantitative algorithm in MATLAB is applied to the equations (8) to (10) due to the limitations (11).
This bvp4c problem-solver is one of MATLAB's most recent extensions and produces excellent outcomes. Three crucial
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types of information are needed for this solver to function: the equation that needs to be solved, the given equation’s
boundary condition, and the initial estimate of the solution. Shampine et al. [38] was the first who initially presented the
bvp4c methodology. In the present study, equations (8) to (10) along with the boundary condition (11) are transform into
differential equation of first order applying MATLAB built in solver bvp4c as stated below:

df de dc .
Let, f = y(1), - =y(2),6 = y(3),3; = y(4),C = y(5), 3 = y(6) gives

dydx=[ y(2
-7EZ§’(2)+M*Y(1)-GY*Y(3)-GH1*Y(5)
Yy
Pr* A *y(4)+tRa*y(3)-{Pr*Du*{- A *Sc*( 1 - T *y(4)*y(6)+K*Sc*y(5)- T *Sc*y(5)*(Pr* A *y(4)-

Ra*y(3))}/(Pr*Du* t*Sc*y(5))
y(6)
- A*Sc*(1-t*y(4))*y(6)+K*Sc*y(5)* -Pr* A*y(4)+Ra*y(3)*{-{Pr*Du*{- A *Sc*(1-t*y(4))*y(6)+K*Sc*y(5)-
T*Sc*y(5)*(Pr* A*y(4)-Ra*y(3))}/(Pr*Du* t*Sc*y(5))} ]

VALIDATION OF THE CODE
The validity of the strategies adopted for this study is supported by Table. A comparison of Shearing stress (o) and
Nusselts’(Nu) number for radiation parameter (Ra) have been conducted with S. Ahmed [39].

Ra Sahin et al. [39] Present study
Shearing Nusselts’ Shearing Nusselts’
stress (o) number (Nu) stress (o) number (Nu)

1 1.82981 1.52803 1.4857 1.3838

2 1.77918 1.82209 1.4851 1.3885

3 1.73423 2.17803 1.4845 1.3932

RESULTS AND DISCUSSION

In this survey, we looked at the influence of thermophoresis in viscous fluids, as well as chemical reactions and the
Dufour effect. To assess the physical condition, for diverse fluid specifications, we examined the distinctive patterns for
flow rate, temperature, and concentration. To begin, take a collection of arbitrary parameters with values, such as the
Magnetic flux specification, M=1, Grashof number Gr=8, Solutal Grashof number Gm=3, Chemical reaction constant
K=0.1, Radiation Parameter Ra=7, Thermophoresis parameter 1=2, Schimdt number Sc=0.6, Prandtl number Pr=0.71,
Coefficient of mass diffusivity Du=0.75 unless otherwise stated. Figures 29 illustrate velocity curves tailored to different
fluid properties. Figure 2 portray the velocity contour for different consequences of M. The graph shows that enhancing
the magnetic value M mitigates the fluid velocity. The drop in fluid velocity is caused by the magnetic pull acting in the
regular course of the flow of the fluid, creating aversion amongst fluid particles. For a conductive fluid, such aversion or
resistance works as a drag or a form of "magnetic stiffness" that hinders fluid movement. As it turns out, fluid particles
are subjected to extra constraints which tend to impede their trajectory along the pathway of how it flows. This drop in
velocity results in antagonism in the entire flow rate of the fluid. Figure 3 depicts the unique velocity trends for various
values of Du. We found a decrease in the velocity gradient as Du was enriched. It happens because an upsurge in Du can
modify the temperature and intensity domains of the fluid, producing disturbances in a fluid's density and viscosity pattern
and, as a result, variations in the velocity descent.
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Figure 2. Velocity outline for varied values of M Figure 3. Velocity outline for varied values of Du

Figure 4 portrayed the attenuation character of the velocity curve with the growth of t. The adverse impact of
thermophoresis grows more corpulent as the thermophoretic coefficient elevates. As it turns out, the movement of the
suspended objects in reaction to its temperature differential might impact the entire fluid motion and modify the velocity
profile. This influence can cause changes in the velocity profile, resulting in higher velocities at certain regions within
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the fluid. The influence of radiation heat exchange on fluid properties rises as the radiation attribute Ra grows. This can
cause variations in the fluid's variation in temperature, which influences its density and fluidity. Changes in the two
parameters can influence the fluid's behaviour and, as a result, the velocity distribution. Figure 5 evokes the manner in
which the velocity pattern lessened as Ra climbed.

However, Figure 6 depicts the rising character of the velocity depiction when Gr is increased. While the Grashof
number escalates, the fluid's motion shifts from being regulated due to viscous pressure to having prevailed by buoyant
factors. It culminates in an enormous boost in velocity portrayal. Figure 7 illustrates the developing nature of velocity
portrait with the growth of solutal Grashof number (Gm).
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Figure 6. Velocity outline for varied values of Gr
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Figure 7. Velocity outline for varied values of Gm

Figure 8 delineates the velocity profile with the variation of Chemical reaction parameter (K). It has been seen that
with the increasing of K, velocity decline. Figure 9 shows decreasing profile of velocity for increasing values of Prandtl
number (Pr). It is displayed that high Prandtl number (Pr) values prompt the momentum boundary layer size to shrink,
which minimizes velocity. Figure 10 demonstrates that with the hike of Schmidt number (Sc), velocity declined. Since
the Schmidt number (Sc) indicates the relationship between molecular diffusivity and kinematic viscosity, velocity
decreases as a result of this characteristic.
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Figure 8. Velocity outline for varied values of Pr Figure 9. Velocity outline for varied values of K

Figures 11-16 depict a variety of temperature applicants suited to different characteristics of fluids. A rise through
the thermophoretic coefficient T promotes the motion of particles down the temperature variation. This transfer of energy
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can cause particles to accumulate in colder areas inside the fluid, thereby pulling heat aside from such regions. As this
happens, the entire temperature gradient in locations where the particle buildup occurs is susceptible to decreases as seen
in Figure 11.

The importance of radiation conveyance of heat grows with Ra. The impact of radiation exchange entails the
transmission of energy by waves of electromagnetic radiation. The moment radiation develops more prevalent in all
aspects of the heat transfer mechanism, the temperature gradient may fall, and this can be seen in Figure 12. The Dufour
phenomenon is related to mass dispersion caused by a temperature distinctive in a fluid. In other acronymes, it encompasses
an occurrence in which variations in temperature affect. The moment the Dufour effect gets large, it potentially impacts
the whole heat transmission process as well. Figure 13 explains that phenomenon.
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The Prandtl number serves as an unrestricted one that describes the relationship between a fluid's viscosity during
motion to its thermal diffusion coefficient. It denotes the magnitude of the difference between the momentum propagation
vs thermal propagation in a fluid's flow. When weighed against thermal diffusion, a greater Prandtl value suggests that
momentum propagation is less important. In fluid motion conditions, especially through an opaque surface's interface
layer, a greater Prandtl number might result in a lower temperature gradient as shown in Figure 14 owing to higher
diffusion of heat than Momentum diffusion. It has also notice that with the enhanced of Chemical reaction parameter (K),
temperature profile declined (Figure 15).
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A diminishing profile of temperature profile has been seen for the enhancement of Schmidt number (Sc) which is
described in Figure 16. Figures 17-21 depict varying concentration patterns. The figure demonstrates that as, 1, K, and
Du increase, the concentration profiles decrease in rates. The variation in temperature reduces owing to the reduced
effectiveness of the wall's heat source, and this brings the concentration of the separation layer adjacent to the surface of
the wall and so causes the distribution of concentration to diminish.

The acquisition of a chemical reaction factor is capable of having a considerable impact on the profile of
concentration in a fluid motion. Figure 18 exhibits a downward shift in the concentration profile when the chemical
reaction factor is increased. When the thermophoretic coefficient is increased, the thermophoretic pressure grows, forcing
particles to disperse more forcefully toward cooler places. As a consequence, the distribution of concentrations falls as

the thermophoretic characteristics increase, as particles aggregate in the cooler parts of the fluid flow, as seen in Figure 17.
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Figure 19 makes it apparent that as the Dufour number (Du) rises, the concentration falls. Whenever the Dufour
number increases, there is a reduction in the temperature disparity between the fluid and the boundary layer. This ends
up resulting in an increases transport of heat if the fluid, which in turn influences its viscosity. As a result, the

concentration profile gets flatter.
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Figure 18. Concentration outline for varied values of K Figure 19. Concentration outline for varied values of Du

Figure 20 shows with the rise of radiation parameter (Ra), Concentration decline. Figure 21 reveals that as Schmidt
number (Sc) grows the fluid concentration declines. In actually, the mass diffusivity of the fluid diminishes with
increasing Sc, which in consequence lessens in fluid particle concentration.
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Figure 20. Concentration outline for varied values of Ra Figure 21. Concentration outline for varied values of Sc
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Tables 2,3, and 4 highlight different values of Shearing stress, Nusselt number, and Sherwood number based on
various flow attributes. Table 2 shows that shearing stress decreases with increasing magnetic field number, radiation
parameter, Prandtl number, Schmidt number and chemical reaction factor but increases with increasing thermophoresis
number, Thermal Grashof number and Solutal Grashof number respectively. Table 3 illustrates that the Nusselt number
lowers with radiation, Prandtl number and the Dufour effect, but it enhanced for Thermophoretic parameter, Chemical
reaction parameter and Schmidt number. Similarly, the Sherwood number enhances with thermophoresis parameter,
Grashof number for heat transfer, Prandtl number, chemical reaction parameter and Schmidt number, as seen in Table 4.

Table 2. Shearing stress for different flow parameters

Gr Gm M Pr K Sc Ra Du T Shearing
stress(o)
8 3 1 0.71 0.1 0.6 7 0.75 2 1.1036
1.5 0.8963
2 0.706
2.5 0.579
8 3 1 0.71 0.1 0.6 7 0.75 1.1036
1.1408
1.1844
1.2343
8 3 1 0.71 0.1 0.6 7 0.75 1.2656
0.8 1.1622
1.2 1.0939
1.5 1.0285
8 3 1 0.71 0.1 0.6 0.75 2 1.3710
1.1885
1.1331
1.0555
0.75 2 1.0555
1.3150
10 1.5745
1.8341
3 1 0.71 0.1 0.6 7 0.75 2 1.0555
1 0.9845
1.5 0.9131
2 0.8704
1 0.71 0.1 0.6 7 0.75 2 1.0555
1.1530
1.2506
1.3481
1 0.71 0.1 0.6 7 0.75 2 1.7413
1 1.5361
1.4 1.3781
1.8 1.2622

N[ [~ |WI[N

=N [0

8 3 1 0.71 0.1 0.6

W\ (|, |W

“— | — | — | — | — | — |—/ |—

Table 3. Nusselt Number for different flow Parameters

Gr Gm M Pr K Sc Ra Du T Nusselt
no. (Nu)
0.75 2 1.4581
1.2702
1.2108
1.1258
0.5 2 1.1909

0.75 1.1365
1 1.1036

8 3 1 0.71 0.1 0.6

N (I~

8 3 1 0.71 0.1 0.6

1.35 1.0739
8 3 1 0.71 0.1 0.6 7 0.75 2 2.3758
0.8 24179
1.2 2.4409
1.5 2.4576
8 3 1 0.71 0.1 0.6 7 0.75 2 1.5299
1 1.5098
1.5 1.4642
2 1.4138




256

EEJP. 3 (2024) Ashik Hussain Mirza, et al.

Table 4. Sherwood number for different flow Parameters

Gr Gm M Pr K Sc Ra Du T Nusselt
no. (Nu)
8 3 1 0.71 0.1 0.6 7 0.75 2 1.8423 T

1 2.2295
1.4 2.2514
1.8 2.7164
8 3 1 0.71 0.1 0.6 7 0.75 2.3758
2.7037
2.9071 T

3.0374

(O F N JOS R )

Gr Gm M Pr K Sc Ra Du T Sherwood
no. (Sh)
1.2036
1.308
1.4544
1.5443
1.1036
1.3846
10 1.6657
1.9467
8 3 1 0.71 0.1 0.6 7 0.75 2 1.1258
1 1.6664
1.5 1.9856
2 2.1549
8 3 1 0.71 0.1 0.6 7 0.75 2 1.1258
0.8 2.1599
1.2 2.1707
1.5 2.2435
8 3 1 0.71 0.1 0.6 7 0.75 2 1.5245
1 1.6492
1.4 2.5037
1.8 3.0886

8 3 1 0.71 0.1 0.6 7 0.75

Nk W

oo
w
—_

0.71 0.1 0.6 7 0.75

CONCLUSIONS
The effects of both concentration and temperature variations, thermophoresis along with a chemical reaction, and

the significance of an applied extraneous electromagnetic field on the transmission of heat and mass over a heat-
generating fluid are modeled as combined nonlinear situations with optimal boundary constraints. The aforementioned
key points emerge based on the foregoing inquiry:

Oscillating motions of the flow specifications cause the motion, temperature, and concentration domains in the
motion of the fluid area to resemble radiation.

Fluid mobility is slowed by the magnetic field influence, Dufour number, radiation, Chemical reaction parameter,
Prandtl number and Schmidt number parameter applications, but it is accelerated by thermophoretic effect, thermal
Grashof number and solutal Grashof number.

The thermophoretic factor slows down the fluid's temperature, although the Prandtl number, the chemical reaction
component, and mass diffusivity accelerate it.

Fluid concentration diminishes with the growth of thermophoretic parameter, Chemical reaction parameter, Dufour
number, radiation parameter and Schmidt number accordingly.

The intensity of the drag force against a specific flow parameter has an effectible impression under the constraints
of the various fluid specifications.

The Sherwood number shows an increasing pattern under the repercussion of thermophoretic parameter, Thermal
Grashof number, Prandtl number, chemical reaction parameter and Schmidt number respectively, but the Nusselt
number slows down with elevated radiation parameter, Dufour effect and Prandtl number. Also, the Nusselt’s number
has increasing trend with the rises of chemical reaction parameter, Schmidt number and thermophoretic parameter.
Shearing stress diminishes with rising magnetic, Chemical reaction, radiation and chemical reaction variation. Also,
it diminishes with the enhancement of Prandtl and Schmidt number. But reverse nature is observed in the cases of
thermophoretic parameter and both for Grashof number for heat as well as mass transfer.

FUTURE SCOPE
Other numerical techniques have also been used to solve this problem. The strategy for solving this problem can be

employing to other complex geometrical arrangements. One could extend this problem to cover a wide range of non-
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Newtonian models. Several important physical properties can be undertaken and their repercussions on the flow fluid
spotted. There is an abundance of unrealized research potential as a result.

Nomenclature
tandV are the corresponding velocity of the fluid motion kr thermal conductivity
indices toward and tangential to the plate
g  acceleration due to gravity Cp specific heat at persistent pressure
B heat transmission amount of volume growth v kinematic viscosity
B amount of extension with species heat at persistent pressure o  thermal conductivity
T  fluid temperature Cs amount mass diffusivity
Ty, far field temperature Kk is the thermal conductivity
C  species concentration D  chemical molecular diffusivity
Co far field concentration D,, concentration susceptibility
p  fluid density k, rate of chemical reaction
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BILIMB TEIIJIOMACOIIEPEHOCY HA MI'Jl HUPKYJIANIO PITMHA B TOCAHAHHI 3 BEPTUKAJIBHOIO
HOBEPXHEIO ITPU BAHUKHEHHI PATIAIIIAHOI'O TEPMO®OPE3Y TA PEIIEPKYCIi JIO®YPA
Ak Xycceitn Mip3a?, Bamue6 Heii®, Pira Yoyaxapi®
“Kageopa mamemamuxu, /[.P. Koneoxc, I'onazam - 785621, Accam, Inoin
b llenapmamenm mamemamuxu, Ynisepcumem [Jona Bocko 6 Accami, I'veaxami-781017, Accam, Indis
“lenapmamenm mamemamuxu, Ynisepcumem I ayxami, I'yeaxami- 781014, Accam, Indis

[oToune mocmiIKeHHS MOZICITIOE MOJIENb TIepeiadi MacH Ta TeruioBoi eneprii Ha MI'JI-moTor piAnHM 32 YMOB BiAXHJICHHSI KOHLICHTpAIIii
Ta TeMIepaTypy Ha IBOBUMIpHIM B’S3Kill piAWMHI B3IOBX BEPTUKaNbHOI rpadi. Ilicis OIHKK TpaHHYHOTO MIApy, MAaTEMAaTHYHOTO
MOJISITIOBaHHSI PyXY PiJMH, IEPEHECCHHs TeIIa Ta MacH IiJ] [i€l0 BUIIPOMiHIOBaHHsI, TepModopesy Ta penepkycii rodypa renepyerbest
sk HaOlp nudepeHniaTbHUX PIBHAHD Y MOXIJHUX. Byno oIiHeHO mpy)KHe BCMOKTYBaHHs IOBepxHi. BOynoBanuii BupinryBau bvp4c B
MATLAB BHKOPHCTOBYETBCS JUIS YMCEIHLHOTO HAJArOJDKCHHS BHIE3raJIaHUX MOENeil. 3a JOMOMOror Bidyamizamii Ta TaOIHIb
JOCIIIKY€THCS IIKIUIMBUH BIUIMB 3MiHHHX Ha IIBHUAKICTB, TEMIIEPATypy, 8 TAKOXK IPaicHTH KOHIEHTpaNil B HOEAHAHHI 3 TEPTSIM IIKIipH,
ynciioM Hyccenbra Ta ynciiom IllepByna. UymoBa y3romkeHicTh MOKe OyTH IPOAEMOHCTPOBAHA MPHU TMOPIBHAHHI MiXK HAlCYYaCHIIINMHU
BHCHOBKAMH Ta THMH, SIKi paHilie OyJu JOCTYIHI B JIiTepaTypi 3a KOHKpeTHHX oOMexkeHnx obcraBuH. Edexr drodypa, BUIpoMiHIOBaHHS,
tepmodopes i uncio [pacroda — 1e Bei hakropy, sKi BILIMBAIOTL Ha PyX PIIMHHU Ta IEpenady Telia Ha MEXOBOMY wiapi 6pyay. Kpim
TOr0, PO3PaxOBYIOTHCS 3MiHM Hampyru 3cyBy, uncia Hyccenbra Ta koediumienta uncia IllepByna. OrpuMaHi pe3ysbTaTé MaroTh
BUpiIIaNbHE 3HAYEHHS I ONTHMI3allii pi3HOMAHITHUX TEXHOJIOTIH 1 CHCTEM Ha OCHOBI PiZIHH, IO JO3BOJISIE PO3BUBATH HU3KY TaITy3eH,
BKJIFOUAIOYH €HEProe()eKTUBHICTh, OXOIOHKEHHS €IEKTPOHIKH, MEIMYHE YIPaBIiHHA Ta 0arato iHIIOTO.

KurouoBi ciioBa: xiviuna peaxyis; egpexm [Jioghypa; menionepedaua; MacooOMin; UnpOMIHIOBAHHS, mepmoPopes
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Investigations have been made into how thermal and mass stratification affect the magnetohydrodynamic flow past a plate which is
oscillating vertically in its own axis in which it is embedded in a porous medium with variable heat and mass diffusion. For concentration,
temperature and velocity fields, the non-dimensional governing equations are solved using the Laplace transform method for the unitary
Prandtl and Schmidt numbers, when the plate is oscillating in its own plane harmonically. Numerical computations are carried out and
presented in graphs for different physical parameters like thermal Grashof number, phase angle, mass Grashof number, stratification
parameter and time on concentration, velocity, temperature, plate heat flux, mass flux and skin friction. The findings of this study can be
utilized to enhance comprehension of MHD flow on vertical oscillating plate in combined stratified environments. Significant findings
arising from the mass and thermal stratification are compared to the scenario in which stratification is absent.

Keywords: MHD flow; Oscillating plate; Electrically conducting fluid; Unsteady flow; Thermal stratification; Mass stratification;
Porous medium

PACS: 44.05.+e, 47.11.-j, 47.55.P-, 47.56.+1, 47.65.-d

1. INTRODUCTION

When two types of stream with different temperatures come into contact, thermal stratification happens. A colder,
denser layer is covered by a warmer, less dense layer in a process known as thermal stratification of fluid, which occurs
naturally at higher temperatures. It happens mostly as a result of changes in temperature, concentration, or the presence of
various fluids with differing densities. Between cold and hot fluid zones, this natural mechanism produces a temperature
gradient transition zone. Because of its numerous widespread applications in a variety of industrial, engineering, and
environmental applications, the dynamics of thermally stratified fluid has recently caught the attention of researchers
and emerged as an important area for scientific inquiry. Engineering problems like electromagnetic casting, liquid-metal
cooling of nuclear reactors, and plasma confinement are all related to magnetohydrodynamic flow.

MHD flow under thermal and mass stratification effects have been a topic of great interest for the last three decades.
Many authors have been studied MHD flow past vertical plates and cylinders with stratification effects. Some of the
authors are Soundalgekar er. al. [1], Park and Hyun [2], Das et. al. [3]. Natural convection of a viscous stratified
fluid in one dimension was studied by Park and Hyun [2] and Park [4]. Shapiro and Fedorovich [5] studied thermally
stratified fluid flows through vertical plates and cylinders under various surface conditions and by include the stratification
parameter in the energy equation, they have recently improved the classical theory of one-dimensional flow. In contrast
with using the similarity transformation method, Magyari et. al. [6] investigated the unstable free convection flow along
an infinite vertical flat plate embedded in a stably stratified fluid-saturated porous media. [7] and [9] investigated the effects
of thermal and mass stratification in non-Newtonian fluid saturated porous media along a vertical wavy truncated cone
and a vertical wavy surface respectively. [8] came up with an analytical solution of MHD heat and mass diffusion flow by
natural convection past a surface embedded in a porous medium. Analytical solution for unsteady natural convection flow
past an accelerated vertical plate in a thermally stratified fluid was given by [10]. Under MHD conditions, the impact of a
thermally stratified ambient fluid along a moving non-isothermal vertical plate was examined by [11]. [12] studied how a
transverse magnetic field effects the flow of a convectively driven flow immersed in a fluid with stable stratification along
an infinite vertical plate. [13] investigated the radiative flow past an exponentially accelerated vertical plate with variable
temperature and mass diffusion. Under MHD free convection the effects of chemical reaction and and radiation was
studied by [14] when the flow past an exponentially accelerated vertical plate with variable temperature and variable mass
diffusion. Effects of thermal and mass stratification on convectively driven flow past an infinite moving vertical cylinder
was studied by [15]. [16] came up with the closed form solution of thermal and mass stratification effects on unsteady flow
past an accelerated infinite vertical plate with variable temperature and exponential mass diffusion in porous medium. The
effects of thermal and mass stratification on unsteady parabolic flow past an infinite vertical plate with exponential decaying
temperature and variable mass diffusion in porous medium was studied by [17]. [18] conducted research on thermal and
mass stratification effects on MHD nanofluid past an exponentially accelerated vertical plate through a porous medium
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with thermal radiation and heat source. Theoretical study of thermal and mass stratification effects on MHD nanofluid
past an exponentially accelerated vertical plate in a porous medium in presence of heat source, thermal radiation and
chemical reaction were done by [19]. [20] and [21] came up with the solutions of thermal and mass stratification impacts
on unsteady MHD flow with different conditions. [22] looked at the influences of thermal stratification and chemical
reaction on MHD free convective flow along an accelerated vertical plate with variable temperature and exponential mass
diffusion in a porous medium.

In this article, we investigate the impacts of thermal and mass stratification on MHD flow through a plate which is
oscillating vertically in its own axis and is embedded in a porous medium with variable surface conditions. In this case,
the term known as pressure work is included in the thermodynamic energy equation, the consideration of thermal and mass
stratification. For the unit Prandtl and Schmidt numbers the solutions are then obtained. The investigation on velocity,
temperature and concentration profiles are made under the impacts of variables and displayed on graphs. These variables
include the thermal Grashof number Gr, mass Grashof number Gc¢, magnetic parameter M, time ¢, permeability of the
porous medium K and stratification parameters y and £. On other physical phenomena including the rate of heat and mass
transfer and skin friction, the effects of M, Gr, Gc, y, £ and t are also studied.

Thermal Boundary Layer

Vertical L/",,Ff"” Concentration Boundary
plate Layer

Porous medium

Figure 1. Physical Model and Coordinate System

2. MATHEMATICAL ANALYSIS

In our study an incompressible, viscous and electrically conducting fluid along an oscillating vertical plate that is
embedded in a porous medium with variable surface conditions in two dimensional flow is examined. The plate is taken
along the x’-axis, and the y’-axis is taken normal to it. At the beginning, the fluid and the plate have the same temperature
T, and concentration C’, throughout. The plate begins oscillating in its own plane at time ¢’, moving with a velocity
Ur cos w’t’, the concentration level at the plate is raised to C;, and the plate temperature is raised to 7,. In order to ignore
the induced magnetic field, a uniformly strong magnetic field is applied perpendicular to the plate with a modest magnetic
Reynolds number. Following these conditions, the equations for motion, energy and concentration are represented using
the Boussinesq’s approximation as follows:

o 0w oBy v
— 2" T - T . c -c _ e 1
=gyt [eB(T" = T.,) + gBe( )] PR (1)
T k9T
- _ ’_ 7 2
o~ pCp ay” Y'u 2
o BC .
ot - ay,z

Considering the initial and boundary conditions as:

W =0, T'=T,  C' =C, Vy.,f'<0

W =Ugcosw't’, T =T, + (T, -T.,)Ar,
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C'=CL+(C,-CH)AY at y =0, >0

Now, we introduce the following non-dimensional quantities:

277
y/ t/ u/ URk ,
=, =—, =7 Da = > IR, Pr=
y LR n u UR a y2 w W IR r
O—BZV T/ _ TI Cl ’
=200 ge= l’ 0 = - =, AT
pU% D T, - T, C,-C
(Cl, - AT\ '3
GC _ Vgﬂc( v; oo), UR — (VgﬁAT)l/:”, LR — (gﬂz ) ,
Ui v
- vgB(T}, - TY) 'Lg
tr = (gBAT) 2313, Gr= 22w =7 yAT , €

3
UR

The following forms are taken by equations (1), (2) and (3) when the non-dimensional

quantities defined in (5) above are used,

du 0%u 1
E 62+Gr9+GCC (M+D—a)u
90 1 9%
Ty
0t Pray? 4
oc_1ic
ot Sc 9y?

And the corresponding initial and boundary conditions (4) then reduce to,

u=0, 6=0, C=0 Vy, tr<0

u=coswt, 6=t, C=t aty=0,1r>0

u—0, 8—-0, C—0 asy—ooco,t>0

2.1. Method of Solution

u — 0, T - T, C'"—>C, as y —o00,t'>0

“4)

®)

(6)

(7

®)

)

With respect to the boundary conditions (9), the non-dimensional governing equations (6), (7), and (8) are solved
using the Laplace transform technique for the tractable cases Pr = 1 and Sc = 1. The expression for velocity, temperature

and concentration profiles are obtained with the help of [23] are as follows,

u=Cifi(A —iw) + fi(A,iw)| - G| fi(B,—iw) + fi(B,iw)| - C3[2(A) + £2(B)]

0=1(1+D; - Dz){(l + y_z)erfc( f/') ) yf/;_?z }

(10)
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T B)[fl(A —iw) + fi(A,iw) - fi(B.~iw) - fi(B, lw)]——[sz(A) Af(B)] (1)

C=t(1+E - EZ){( z)erfc( \/_) yf/g}

T B)[fl(A —iw) + fi(A, iw) = fi(B, ~iw) = fi(B, zw)]——[sz(A) ARMB)] (12)

For the sake of succinctness, our study refers to the situation where pressure work is omitted and the environment is

isothermal (y = 0, & = 0) as the classical scenario. The velocity (u*), temperature (6*) and concentration (C*) profiles
for classical case are obtained as,

2

2 _Y
= SlAie) + Aio)] — Dap) + sl(1 + Derpe ) - 22| ag)
) 1 s 1 5 3J2 3 2t 2\/; \/E
y? v ye ¥
0" =t|[1+=)erfe|—| - —— 14
(15 )ersel) W} o
2 y
. y y ye #
C'=t||1+=|erfc]|—] - 15
(15 )ersel ) \/El )
where
1 N ++/N?2 = 4yGr - 4£G N — N2 - 4yGr - 4¢G A
N=M+—, A= N - dyGr -4 < B-= N2 - 4yGr - 4 ‘. Cr= :
Da 2 2 2(A-B)
C, = B _ Gr+Ge D _ v(Gr+Go) v(Gr+Gc) M
2T2a-B) T a-BT'TTAA-B) " "?T B(A-B) N
El:f(Gr+Gc) E _ &(Gr+Go) B = 0% 3

aa-p = pace BTrace BT racs

And f;’s are inverse Laplace transforms and are given by

Vs+A Vs+A
fi(Asiw) = {esilw}andfz(z‘\) {” }

52

Using the formulas given by [19], we separate the complex arguments of the error function that were present in the
preceding expressions into real and imaginary components.

2.2. Skin-Friction
The following provides non-dimensional computation of skin-friction of the plate:

du
T=—-——

& (16)

y=0

Now from equation (10) we get the expression for skin-friction as,

T=C

o (\/A . iw)erf(\/(A " iw)t) N e_iwt(\/A - iw)erf(\/(A _ iw)t) + zf/;_*:tl_
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e (M)erf(\/(B + iw)t) + eii“"(\/B - iw)erf(\/(B - iw)t) + 27

G o l_
G R IR e

Skin-friction in classical scenario is obtained as,

= %I i“"(\/N+iw)erf(\/(N+iw)t) "'e_iwt(M)erf(M) .\ 23;\::]_

D3

t\/ﬁerf(m) -

2.3. Plate Heat Flux (Nusselt Number)
The non-dimensional form of rate of heat transfer (Nusselt Number) is given by,

N do
U=-——
dy

y=0

Now from equation (11) we get the expression for Nusselt number as,

NMZZ\/Z(I+D1—D2)+E3
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D, + D,

t\/Zerf(\/A_t) + \/;e_A’ + —er];(\/\/zz)

For classical case, Nusselt number is derived as,

t
Nu* =2,/—
P

2.4. Sherwood Number
The non-dimensional form of rate of mass transfer (Sherwood Number) is given by,

dc

Sh=-——
dy

y=0

Now from equation (12) we get the expression for Sherwood number as,

-Bt
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For classical case, Sherwood number is derived as,

Sh* = 2\/Z (24)
T

3. RESULTS AND DISCUSSIONS

The solutions from the preceding section are shown in Figures from 2 to 18 after being numerically computed to
talk about how the temperature, velocity, concentration fields, skin-friction, Nusselt number and Sherwood number are
influenced by different physical parameters. This provides us with better understanding of the problem in case of physical
significance. It has been found that a stratified fluid moves more slowly than an equivalent volume of an unstratified fluid.
For various values of magnetic parameter M, Darcy number Da, thermal Grashof number Gr, mass Grashof number Gc,
Figures 2 to 9 represent the velocity profiles. It has been observed that while increasing the magnetic parameter M, velocity
profile decreases due to a resistive type of force (Lorentz force) occurs which lowers the flow velocity. While velocity
increases as Darcy number Da, thermal Grashof number Gr and mass Grashof number G¢ are increased in both the cases
(y=0,&£=0)and (y # 0, & # 0). The classical velocity increases over time (), but it stabilizes when stratification is
present.

1.4 7
Gr=5,7=1,¢=1 Gr=5,7=1,¢=1 .
ol - - - -Gr=57=0,=0 | | - = = -Gr=5,=0,¢=0 -7
’ Gr=10,7=1,¢=1 Gr=10,1=1,¢=1 e -
- = = - Gr=10,y=0,6=0 = = = - Gr=10,7=0,6=0 s o
i Gr=15=1,¢=1 | | Gr=151=1,¢=1 s 7
— - = - Gr=15,y=0,£=0 - = - -Gr=15,4=0,¢=0 .
>08F >
B s
o 9
o] [
> 06 s
0.4
0.2
o . ) . .
3 35 1 4 5

Figure 2. Effects of Gr on Velocity Profile forr = 1, M =
1,Ge=10,Da =05 w=1=%

4
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o
o
T

Ge=5,1=1,¢=1
- = = -Gc=5,7=0,6=0
Ge=10,=1,¢=1
- - - -Gc=10,y=0,=0
Ge=15,7=1,¢=1

- - - -Ge=157=0,¢=0 | |

Figure 4. Effects of Gc on Velocity Profile forr = 1, M =
1,Gr=10,Da =0.5, w = %.

Figure 3. Effects of Gr on Velocity Profile fory =1, M =

1,Ge=10,Da =05 w=%

Velocity

e

Ge=5,7=1,¢=1

- = = - Gc=5,1=0,¢=0

Figure 5. Effects of Gc¢ on Velocity Profile fory = 1, M =

1,Gr=10,Da =0.5, w = %.

The effects of Gr and G¢ on temperature profile are seen in Figures (10) and (11). Temperature increases as Gr and
Gc increase and decreases as Gr and Gc¢ decrease simultaneously. The effects of magnetic parameter M on temperature
profile are depicted in the Figures 12 and 13. Temperature increases as M increases and decreases with decreasing the
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magnetic parameter M. In our study it has been found that temperature is more in classical case as compared to the case
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Figure 10. Effects of Gr and G ¢ on Temperature Profile for Figure 11. Effects of Gr and G ¢ on Temperature Profile for
t=1ly=1L¢é=1,M=1,Da=05,w=7. y=lLy=1Lé=1,M=1,Da=05,w=7.
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Figure 16. Effects of Gr on Skin-Friction Profile for y = 1, Figure 17. Effects of G¢ on Skin-Friction Profile for y = 1,
Gc=10,Da=05w=7. Gr=10,Da=0.5, 0= 7.

of stratification. This happens due to the fluid velocity decreases with increase in magnetic parameter M, therefore heat
will not easily be convected, as a result this in turn increases the temperature of the fluid. Figure (14) and 15 depicted the
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effects of magnetic parameter M on concentration profile. Concentration increases as M increases but in classical case M

has no influence on concentration profile.

In contrast to the stratified scenario, our study indicates that the classical instance exhibits more concentration.
Figures (16) to (18) illustrated the effects of Gr, G¢c and M on skin-friction profile. It has been observed that skin-friction
increases with increase in magnetic parameter M while decreases as Gr and Gc¢ are increased in both the cases (y # 0,
& #0)and (y =0, & =0). From 2 we can conclude that Nusselt number rise in proportion to increase in Gr and G¢
but as M rises, Nusselt number decreases. While increasing the Darcy number, Nusselt number also increases. Sherwood
number increases in direct proportion to Gr and G¢ declines. In proportion to increase in M and Da, Sherwood number

Srows.

SKIN-FRICTION

20 F

25 F

-30

Figure 18. Effects of M on Skin-Friction Profile for y = 1,

Gr=10,Gc=10,Da=0.5,w = %.

Table 1. The impact of different parameters on Sherwood number with# = 1, w =

Table 2. The impact of different parameters on Nusselt number withz = 1, w = 7.

We have studied the impact of thermal and mass stratification on MHD flow past an oscillating vertical plate embedded
in a porous medium with variable surface conditions. The results of our investigation are contrasted with the scenario in
which stratification does not exist. The following are the findings of our investigation:

e Forboth (y =0, ¢ =0) and (y # 0, & # 0), velocity falls as magnetic parameter M increases. In contrast to the

stratified scenario, velocity is higher in the classical instance.

¢ For both the situation of (y = 0, & = 0) and (y # 0, & # 0), velocity grows with increasing Darcy number Da.
Nonetheless, in contrast to the stratified situation, velocity is higher in the classical case.

y | €& | Gr| Gec | M | Da Sh

1| 1]10] 10| 1 | 05| 14732
00| 10| 10| 1 |05 1.1227
1]1] 5 5 1 | 05 | 1.5896
11| 10| 10 | 2 | 0.5 | 1.6458
1110 10| 1 1 1.6593

vy | €| Gr | Gec | M| Da Nu

1 {110 10 | 1T | 0.5 | 1.6544
0[O0 10| 10 | 1 |05]1.1227
11| 5 5 1 |05 ] 1.6011
1 1]10 | 10 | 2 | 05 | 1.6466
1 {1]10 | 10 | 1 1 1.6597

4. CONCLUSION

T
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In the cases of (y =0, ¢ = 0) and (y # 0, & # 0), velocity increases with increase in the thermal (Gr) and mass
Grashof (Gc¢) numbers. But in the classical scenario, velocity is higher than in the stratified case.

Temperature grows as the magnetic parameter (M) increases and while increasing Gr and Gc¢, temperature rises.
Temperature is higher in classical situation than in the combined stratified environment.

Concentration rises with rising in the magnetic parameter M. In contrast to the stratified instance, the classical
situation (y = 0, £ = 0) involves more concentration.

Skin-friction decreases as Gr and Gc increases, but increases as M increases, while skin-friction is more in case of
stratification.

In the presence of stratification, the plate heat flux falls with increasing the magnetic parameter M but it grows while
increasing the values of Gr, Gc and Da. In contrast to the stratified situation, heat flux is reduced in the classical
case.

The mass flux increases as M, Da, Gr and Gc¢ increase in presence of stratification. However, in classical case,
mass flux decreases as compared to the case of stratification.
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BILIUB TEPMIYHOI TA MACOBOI CTPATU®IKAIIL HA HECTAIIIOHAPHUI MII-IIOTIK IIOB3
OCIIMJIIOIOYY BEPTUKAJIBHY IIJIACTUHY, BMOHTOBAHY B IIOPUCTE CEPEJOBUIIIE
31 SMIHHMH YMOBAMMU IIOBEPXHI
IManny /lac, Pynpa Kanra [deka
Dakyavmem mamemamuxu, Yrnieepcumem layxami, I'yeaxami-781014, Accam, Inois

Byio npoBeeHo 10CTi KEHHS TOT0, SIK TEIUIOBA Ta MacoBa CTpaTU(iKallis BIUIMBAE HA MArHiTOT1APOIMHAMIYHHUI MTOTIK MOB3 IUIACTHHY,
SIKA KOJIMBAEThCS BEPTUKAIBHO HABKOJIO CBOET BJIACHOI OCi, B SIKY BOHA 3aHYpEHa B IMOPHUCTE CEPEeIOBHUIINE 3i 3MiHHOIO Au(y3i€o Terna
Ta Macu. J{JIs1 OB KOHIEHTPAILIii, TEMIIEpATypH Ta MIBUAKOCTI 0e3p03MipHi KepiBHI PiBHSHHS PO3B’ A3YIOTHCSI 38 JOIIOMOI0I0 METOLY
nepersopenHs Jlamaca 11 yHiTapHux uucen IIpanaris ta IImigTa, Koau MacTHA FapMOHIIHO KOJUBAETHCS Y BJIACHIN IUIOLIMHI.
YucnoBi 00UMCIIeHHsT TIPOBOISATHCS Ta NPECTaBleHi Y BUNIAAL rpadikiB Iisl pi3HUX (hi3UYHMX MapaMeTpiB, TAKUX sIK TEIJIOBE YUCIIO
I'pacroda, aszosmii kyt, MacoBe uucio ['pacroda, mapamerp crpatudikarii Ta 4ac Ha KOHIEHTpALilo, MBUAKICTh, TEMIIEpaTypy,
TEIUIOBHIA MOTIK [UIACTUHM, HOTIK MAcH Ta TepTs MIKipH. Pe3y1pTaTH 1OTO JOCIIPKEHHSI MOXYTh OYTH BUKOPUCTAHI /ISl IOKPAILCHHSI
po3yMiHHs noToky MI'J] Ha BepTUKaIIbHIN KOMMBAJIBHIH IIACTHHI B KOMOIHOBaHMX CTPAaTH(IKOBAaHMX CepeJOBHINAX. 3HAUHI BICHOBKHY,
1110 BUIUIMBAIOTh 13 MacoBOI Ta TepMiyHOi cTpaTuiKallii, IOPIBHIOIOThCA 31 CLIEHapieM, y KOMY cTpaTU(ikalis BiCyTHS.
Kuarouosi cioBa: MI/] nomik; Konueanvbha nAacmuna; eaeKmponpogiona piouna; HecmabiabHUull NOmiK, mepmiuHa cmpamudpiKxayis,
Macoee po3umapy8ants; nopucme cepedosuuye
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