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Abstract— This investigation analyzed how the Soret & Dufour effects influence convective boundary laver flow in nature
around an isothermal sphere embedded in a permeable materials, considering different boundary conditions. We have
analyzed two prevalent scenarios that define the temp. and conc. distributions between the wall and the surroundings: (a) a
constant wall temperature and concentration; (b) a constant surface heat and mass flux; and (c) boundary conditions for
convective heat and mass transfer. To facilitate the analysis, an appropriate similarity transformation is employed to convert
Ordinary differential equations are created fromthe governing partial differential equations., with numerical solutions being
computed using the bvp4c technique in MATLAB. This study improves our comprehension of how important parameters,
Including the permeability parameter K, buoyancy ratio parameter Nb, Soret number Sr, and Dufour number Du, influence
the profiles of velocity, temperature, and concentration. The results are conveyed via graphical displays, and the Included

are also the Sherwood number, Nusselt number, and skin friction values.

Keywords— Uniform heat and mass flux, convective boundary conditions, Soret-Dufour effect, porous medium

l. INTRODUCTION

In engineering contexts, free convective flow is of
significant importance. This phenomenon is relevant in
various applications, including nuclear combustion
chambers, solid matrix heat exchangers, nuclear reactors,
and the cooling passages of turbine blades. Throughout the
previous years, substantial attention has been directed
towards the examination of natural convective flow across a
range of geometrical forms. Numerous researchers,
including Miyatake and Fuzii [1], Merkin and Chaudhary
[2], Paul et al. [3], and Kawala and Odda [4], have
conducted extensive studies on laminar free convective flow
involving vertical plates, channels, cylinders, and spheres.
The study of laminar convective flow over a sphere under
uniform heat flux conditions was conducted earlier by
Chiang [5]. Additionally, Huang [6] analyzed the natural
convection patterns generated by a sphere, considering the
effects of both blowing and suction. Given the relevance of
mass transfer in engineering, scientific fields, and industry,
Molla et al. [7] The study revealed the effects of chemical
reactions on the transfer of heat and mass surrounding an
isothermal sphere. Subsequently, Molla et al. [8, 9] reported
results concerning heat transfer in natural convective flow
from an isothermal sphere, considering heat generation and
radiation effects, respectively. Nazar et al. [10, 11] The
research investigated. The boundary layer of natural
convection flow of micropolar fluids, with a particular
emphasis on two specific boundary conditions: constant

© 2025, SIIMR All Rights Reserved

wall and constant heat flux (CHF) temp. (CWT).
Furthermore, Tahmina [12] looked at the role of radiation in
free convective flow coming froman isothermal sphere with
a constant heat flux. Chamkha et al. [13] numerically
calculated the friction factor, mass transfer rate, and surface
heat transfer rate in natural convection around an isothermal
sphere. Taking into consideration partial slip, the role of a
permeable sphere in a porous medium, radiation effects, and
heat generation, Gaffar et al. [14,15] investigated the
dynamics of heat and mass transfer in the boundary layer
flow of a non-Newtonian fluid adjacent to an isothermal
sphere.

Tahaet al. [16] investigated the magnetohydrodynamic free
convection boundary layer flow around a solid sphere using
radiation effects and convective boundary conditions.
When heat and mass transfer in a moving fluid are examined
combined, a complex relationship between the fluxes and
the driving potentials is revealed. The energy flux and mass
flux, which are produced by concentration and temperature
gradients, respectively, impacted by the Soret and Dufour
effects, are the source of this complexity. Many academics
have investigated these effects in the context of natural
convective flow under a variety of settings, notably
Dursurkaya [17]-[22].

Numerous studies have focused on heat and mass transfer in
situations where there is a constant flow of heat. For
example, Srinivas acharya and Mendu [23] investigated
how mixed convective flow along a semi-vertical infinite
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plate is affected by varying heat and mass fluxes.
Furthermore, taking homogeneous heat, mass, and
nanoparticle fluxes into account, Srinivas acharya and
Surender [24] examined the Soret-Dufour effects on the
flow of a nanofluid over a vertical flat plate in a porous
media using a mixed convective boundary layer.

Swarnalathamma [25] investigated the heat and mass
transfer characteristics of an Eyring-Powel nanofluid
flowing magnetohydrodynamically (MHD) around an
isothermal sphere, taking into consideration the effects of
thermal slip. A. Subba Rao et al. [26] contributed to this
field by simulating the hydromagnetic convection slip flow
of a Casson non-Newtonian nanofluid emanating from an
isothermal sphere. Subsequently, Sedki [27] explored the
influence of thermal radiation and chemical reactions on
MHD mixed convective heat and mass transfer in nanofluid
flow induced by a nonlinear stretching surface within a
porous medium. Finally, Krishna et al. [28] focused on the
heat and mass transfer processes in MHD flow of a second-
grade fluid over a semi-infinite vertical stretching sheet
situated in a porous medium. Dulal et al. [29] conducted a
study on the magneto-soret-Dufour thermo-radiative
double-diffusive convection heat and mass transfer of a
micropolar fluid within a porous medium, incorporating
factors such as ohmic dissipation and variable thermal
conductivity. In a related investigation, Amir et al. [30]
examined the influence of radiative heat transfer and
reduced gravity on magnetohydrodynamic (MHD) flow
around a stationary, non-rotating sphere situated in a porous
medium. Keshavarzian et al. [31] explored the validity of
the local thermal equilibrium assumption in the context of
free convection boundary layer flow over a horizontal
cylinder submerged in an infinite saturated porous material.
Their results revealed that the average temperature
difference between the fluid and solid could increase by
200% as the Prandtl number escalated from 2 to 7, while a
rise in the Bio number from 0.01 to 10 could lead to a 33%
decrease. Additionally, the temperature difference could
increase sevenfold with porosity rising from 0.25 to 0.85,
and by 50% as the ratio of cylinder to particle diameter
expanded from 20 to 100. Building on Keshavarzian's
findings, Hamida et al. [32] performed a numerical analysis
aimed at enhancing heat and mass transfer during the drying
of building bricks in a porous medium using hybrid
nanofluids. Their results indicated that the water-Al203-
MgO hybrid nanofluid exhibited significantly poorer heat
and mass transfer characteristics compared to pure water
and the water-Al203-Si0O2 mixture. They also noted a
reduction in drying time for the second phase as the
surrounding temperature increased.

Francis et al. [33] conducted a computational analysis of
bio-convective Eyring Powell nanofluid flow influenced by
magneto-hydrodynamic consequences over an isothermal
cone surface with a convective boundary condition. Their
findings indicate that a hike in the volume fraction (0.01 <
@ <0.03) results in enhancements of mass and heat transfer
by 3% and 3.5%, respectively. Additionally, they observed
that soar in the magneto-hydrodynamic parameter (1 <M <
3), porosity (1 < I' < 3), and the Eyring-Powell fluid
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parameter (0 < K <0.3) leads to a reduction in velocity by
as much as 23%, while simultaneously improving heat,
mass transfer, and microorganism diffusion rates.

Furthermore, an increase in the Joule heating parameter (1
<Ju <3) contributes to a 21% enhancement in heat transfer.
Lastly, an hike in the viscous dissipation parameter (0.3 <
Ec <0.9) results in a boost in mass and heat transfer by 6%
and 8%, respectively. Khan W. et al. [34] explored two-
dimensional steady squeezing flow within A porous channel
that is vertical, with an focus on free convective heat and
mass transfer under constant suction. They examined the
effects of the Soret & Dufour parameters on heat from
natural convection and mass transport in a two-dimensional
boundary layer flow. They discovered that suction produced
two solution branches, and the stability of these branches
was confirmed by eigen value analysis.

This study demonstrates how numerous parameters have a
substantial impact on flow characteristics and how
beneficial they are for chemical engineering applications. In
this study, we investigate the Soret and Dufour effects on
natural convective flow around an isothermal sphere in a
porous material while taking into account three different
boundary conditions.: 1) constant mass flux and heat, 2)
constant wall temperature and concentration, and 3)
convective boundary conditions.

1. MATHEMATICAL FORMULATION

An isothermal-sphere of radius 'a’ is analysed while being
situated within a porous media. This sphere is heated to a
temperature denoted as T,,,, with a corresponding heat flux
q. and concentration C,,, along with a mass flux q,,. The
temperature and concentration of the surrounding
environment are represented as C, . The surface
concentration C,, and temperature T,,, are sustained through
Heat transfer by convection at specific values of Ty and Cy,
respectively. In the defined coordinate system, the x -
coordinate measures along the sphere's surface from its
lowest point, while the y-coordinate is inclinable normal to
the surface. The velocity components are represented by u
and v , corresponding to the x and y directions,
respectively. The physical model and coordinate system are
illustrated in Fig. 1. The radial distance between the sphere's
surface and the axis of symmetry is indicated as r =

. X
asin (—) .
a

a

~

& rx)

Fig. 1. Physical diagram of the problem

Page No. 55



Vol. 02, Issue 02, March (2025) E-ISSN: 2584-086X

Let the fluid temperature and concentration be denoted as T and C, respectively, while T,, represents the mean fluid
temperature. The fluid possesses kinematic viscosity v = % and density p. The parameters for thermal diffusivity, mass

diffusivity, and thermal conductivity are represented as a = p% , D,,,, and k, respectively. The variable g signifies the
p

acceleration because of gravity, while g and 8* denote the coefficients of thermal expansion & concentration expansion,
respectively. specific heat capacity Cp, the thermal diffusion ratio is K, the concentration susceptibility denoted by C;, and
ko represents the permeability coefficient. The governing equations are founded by using the Oberbeck—Boussinesq
approximation. The following are the mass, momentum, energy, and concentration conservation equations under these
assumptions and the conventional boundary layer approximations:

a%(ru)+a%(rv)=0 @
u%+vz—l;=vgi;:+g,8(T—Too)sin(§)+g,8*(C—Cm)sin(§)—% (2)
u%+vz—;=a%+%3% 3
ugi+ v =D, Sl B @)

The resolution of the aforementioned equations is examined and evaluated in the context of three distinct boundary
conditions. Which we divide in three cases:

Case 1- At a relatively stable concentration and wall temperature

Boundary conditions in this instance are understood to be:

at y=0{u=v=0, T=T,C=C,}

a y2o{u-0, T-T, C-C4,} (5)

For this case, introducing similarity transformation

1 1 _ 3
§=% n=26rs, p=rvef(EmGrs, =20l

v2

0 == pEm) == (6)

w—Coo

Where, thermal Grashof number represent by Gr and v is stream function which is shows by

_1ow _verk
Troy  a ff and
p=—22_ -vers (¢ Lt £+ £ cot €] )

Substituting equations (6)-(7) in equations (1)-(4) and obtained non dimensional ordinary differential equations:

Fr A cotOFf" = 2+ 20+ Nyp) — 2 f = £ (£ - L), (8)
0" + Pr(1 +€cot§)f0'+PrDu¢)"=Prf( ’Z—?—g—ge’), 9)
" +Sc(1 +¢ cot ©)f ' + Sesrd"” = scé ( 'Y ), (10)
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Subjected to boundary conditions

(fE0) =0,

60 = f149 >0,
Atn=0{f T atn >0 {6(£,0) - 0, (11)

A $(£,0) >0

lp(z,0) =1 0=0

where & is the dimensionless tangential coordinate, and the differentiation with respect to n is shown by the primes., the
radial coordinate without dimensions.

2

K = %fis permeability parameter, Prandtl number is Pr =£, Schmidt number denoted by Sc = DL. N, = % is
4 . D < PmKr(Cu=Ce) o _ Dk (=T - v
parameter of ratio of concentration to thermal buoyancy. VU = VCst(TW—Too)and r= Y Ton(Co—Coo) are Dufour & Soret number respectively.
Case 2- At a relatively stable heat and mass flux
In subject boundary conditions are taken as:
aT ac

at y=0fu=v=0 q,=-k(Z) an=-0.(5)
a yoo{u-0 T-T, C-Cy} (12)
Introducing similarity transformation

R - 3 — g8 ()<
§=% n=26r%, p=rvfEmers, G6r=gp()L

T-Teo 1 = C—Coo o L
06, =—ggGrs, ¢(§,n) =g Grs (13)
k Dm
Where, Gr is thermal Grashof number and the stream function v is defined by
5 2

_10% _ VGrs oo

u=I3 = &f and
a 5[, 9

— _ 1o _ —vGrs|.Of

v= rox  a [faf—l—f—l—f{a)tf] (14)

Substituting equations (13)-(14) in equations (1)-(4) and obtained non-dimensional ordinary differential equations:

[ QA E ot Off' = 2+ 20+ N p) -2 = ¢ (L - L), (15)

6" + Pr(1 +& cot ) f6' + PrD up’ = Pré (fj—? —Z—ge'), (16)
" ' "o_ 109 Of

¢ +Sc(1+& cot )f ' +Sesro” = sct (f w-Ly ). (17)

Subject to boundary conditions

( £(§0) =0,

'(5.0) = f1¢9 -0,
a n=0 { g,((fo)o): _(1]’ and n > §6(0) -0 (18)
' 0) = -1 $(£,0) >0,
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where & is the dimensionless tangential coordinate, and the differentiation with respect to n is shown by the primes.,
the radial coordinate without dimensions.

koG
K="= s is permeability parameter, Pr =— |s Prandtl number, Sc = D— is Schmidt number.
m
*qmk - . - Dy, K k K
b = Lamk_jq parameter for the concentration to thermal buoyancy ratio, Du = =221 and §r = —Z_ are Dufour and
BawDm VCsCpDmaw VTmdmk

Soret number respectively.
Case 3- At relatively stable boundary conditions

Under convective boundary conditions, the mass transfer coefficient km and heat transfer coefficient hf are given as
aT ac
at y=0{u=v=0, —ki = he (Tr — T),—Dma—y = kn(C;—C)}
a yooofu—-0, T->T, C-Cy} (19)

Introducing similarity transformation

gﬂ(Tf_Too) a’

)

1 1
&= i, n= iGrE, Y= Tfo(f,n)GrE, Gr =

v2

0 m == ¢, )—ﬂ (20)

Where, thermal Grashof number is Gr and the stream function is .

2

161[1 VGTS o oy
ray a ff and
1
a -vGrs [, d
v=_%£=%[§£+f+f§cotf] (21)

Substituting equations (20)-(21) in equations (1)-(4) and obtained non-dimensional ordinary differential equations:

A Ecot OFf — 2+ 250+ Npp) — 21 = ¢ (L - pr L), (22)

0" + Pr(1+¢& cot §) f0' + PrD u¢" = Pré (f 126 Z—’;e'), (23)
r U no__ ’a¢ a !

¢ +Sc(1+& cot §)f ¢ + Sesro" = Sct (f By ). (24)

Subject to boundary conditions

( f(&,0)=
0 j fré0 = 0' t gé(sj(())))_) 00 )
_ , . a r’ — 00 , Ed
(60) = —Bi,(1-6), $(£,0) -0

kqb (§,0) = —Bi,(1— ¢)

where & is the dimensionless tangential coordinate, and the differentiation with respectto [ is shown by the primes, the
dimensionless radial coordinate.

athr_l/5 aky, Gr=1/5

thermal Biot number Bi, = and Bi, = is concentration Biot number,

m
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2
K =%is permeability parameter, Pr =£is The physical property of the Prandtl number, or Pr, is that it compares

momentum and thermal diffusion. For air and water, respectively, Pr is assumed to be 0.71 and 7.0.

Sc = Dl is Schmidt number. Sc stands for the mass diffusivity to momentum ratio. Schmidt number values are calculated

as follon\;vs: Sc = 0.22, 0.66, 0.94, 1, 2, 2.62 for hydrogen, oxygen, carbon dioxide, methanol, ethyl benzene, and propyl
benzene, respectively. These values correspond to airborne spreading chemical species of most interest.

_ B(ep=cw)
B(Tf—Ts)
buoyancy forces are of the same order of magnitude and reinforce each other.

N, is the parameter for the ratio of concentration to thermal buoyancy. Nb=1 shows that the thermal and species

_ DKr(Cr—Coo)

Dy Kr(Tf~Too)
VCsCp (TfTeo)

Du VTin(Cr=Coo)

and Sr = are Dufour and Soret number respectively.

Whereas the Soret number shows how temperature gradients affect the diffusion of mass (species), the Dufour number shows
how concentration gradients affect thermal energy transfer within a flow. In combinations with light molecular weights, such
as hydrogen and air (Hz), the Soret and Dufour effects are very significant. For example, the Soret effect has been effectively
applied to the isotope separation process and to mixes of gases with very light molecular weights, such as hydrogen and
helium (He,Hz), and medium molecular weights, such as nitrogen and air (N2). Recent studies have shown that the Dufour
effect can also have a big effect.

The normalized surface shear stress function, or skin friction coefficient Cf, is as follows for each of the three scenarios:

Tw

Uz

Cf:

2 2

3 2 2
agA a“g(A
For natural convection pUi [ agAp, Ui _a948p g( p/p) (V—szr[v—J
P a

2
C; = T""f , Here Twz,u[
pv-Gr

&) e
Y )yg 2 e

a

2
Therefore, GrAC]c =££7(£,0).

rate of dimensionless surface heat transfer (Nusseltnumber Nu):

Case 1-
__ a4y
Nu= k(T,-T,)’
_ %
Here, €, =K (%jy_o - k(T ;OO)Gr 5 [_0'(5’0)]

Therefore, Gr%Nu =-0'(£,0).
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Case 2-
Nu = aq—w, Here, Q,, =K (gj

k(T,—T,) v )y
Therefore, Gl‘i% Nu = L

0(2.0)
Case 3-
aq

NU = ——"—,

k (Tf —Tw)

_ %
Here, qwz_k(%J A })Gr [-0'(.0)]

Therefore, Gr_%Nu = —0'(5, O).
rate of dimensionless surface heat transfer (Sherwood number Sh):
Case 1-

am
She——w
Dm (CW _Coo)

_ %
Here, m, =-D, (%jy_o _ D, (CW aCoo)Gr [—¢(§,O)J

Therefore, Gr_% Sh= —¢'(§, 0).

Case 2-
Sh= L, Here, m,, =-D,, (§j
D, (CW —COO) oy y=0
Therefore, Gl‘i% Sh= ;
$(£,0)
Case 3-
Sh = am,, '
D, (C; -C,,)
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_ 7
e my=0, () BRlCCCIO )

Therefore, Gr_% Sh=—¢'(¢£,0).

Solution

Inthe current study, the ODE system is solved numerically using MATLAB's bvp4c approach. We have compared the current
results with those of case 1: Huang and Chen [6] and Nazar et al. [10], case 2: Chiang et al. [5] and Molla et al. [8], and case
3: Alkasasbeh et al. [16] under identical physical conditions in order to verify the accuracy of this approach. The results
obtained are in good agreement, as shown in Tables 1, 2, and 3.

We set the default values of Pr = 0.71 (air), Sc = 0.22 (for hydrogen at constant temperature 250 C), Sr = 0.25, Du = 0.2
(product of Sr and Du should be constant), K=0.5,Nb =1, § = % until they change, unless the results are displayed in Fig.

2-Fig. 6. This allows us to ascertain how different parameters affect the temperature, velocity, and concentration
distributions. Here, we covered the situations of mass and heat transfer at constant concentration and wall temperature as
well as constant mass and heat flow for changes in each parameter.

Table 1

Comparison of the current study's findings with those published by Huang and Chen [6] and Nazar et al. [10] of the heat
transfer coefficient —0'(5,0) at the lower stagnation point & ~ 0 of the sphere

forPr=0.7,Sr=Du=Np=Sc=0and K —>

Huang and Chen [6]
0.4574

Nazar et al. [10]
0.4576

Present

0.457566777

Table 2

Comparison between the results of present study with the results reported by Chiang et al. [5] and Molla et al. [8] for surface
temperature (¢, 0) for Pr=0.71, Sr=Du=Np=Sc=0and K — oo

&
0° 20° 30° 45° 60° 90"
Chiang et al. (1964) 1.8691 1.8790 1.8913 1.9192 1.9582 2.0696
Molla et al.(2006) 1.8691 1.8797 1.8927 1.9224 1.9660 2.1047
Present 1.8632 1.8799 1.9017 1.9544 2.0393 2.4165

Table 3

Comparison between the results of present study with the results reported by Alkasasbeh et al. [16] of the heat transfer
coefficient —H'(§,0) at the lower stagnation point & = 0 of the sphere for Pr = 0.7, Bix= 0.1, Sr = Du = N, = Sc = 0,

Bi; »cand K — o

Alkasasbeh et al. [16] Present

0.076195 0.076171162
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I1l. RESULT AND DISCUSSION
1. Effect of permeability parameter K-

In Figures 2(a) to 2(c), the influence of K on the profiles of
velocity, temperature, and concentration is illustrated. It is
evident that as the value of K rises, the velocity also
increases, while both temperature and concentration exhibit
a decline in both scenarios. This phenomenon occurs
because the porosity of the fluid generates a Darcy
resistance force within the system, which diminishes as
permeability increases. As a result, the flow velocity
increases while the temperature and concentration
distributions decrease because the Darcy resistance force
has less of an impact.

Effect of buoyancy ratio parameter N, -

Figures 3(a) through 3(c) show how Nb affects the velocity,
temperature, and concentration curves. In this analysis, we
consider three scenarios: Nb <0, Nb =0, and Nb > 0. When
Nb = 0, natural convection is solely driven by thermal
buoyancy forces, with no influence from species diffusion.
Conversely, Nb > 0 indicates that the buoyancy force
resulting from species diffusion contributes positively,
while Nb < 0 suggests the opposite effect. As depicted in
Figure 3(a), it is found that the velocity increases as Nb
transitions from a negative to a positive value, whereas the
temperature and concentration exhibit an opposite trend.

2. Effect of Soret Sr and Dufour Du number-

The investigation focuses on the combined influence of the
Sr-Du number, as illustrated in Figures 4(a) to 4(c). Notably,
an hike in the Du value corresponds with a decrease in the
Sr value. In Figure 4(a), it is found that the velocity
distribution diminishes as the Sr number increases,
concurrently with a decrease in Du. Upon examining
Figures 4(b) and 4(c), it becomes evident that a reduction in
Du (which corresponds to an increase in Sr) leads to a
decrease in temperature while simultaneously increasing the
fluid concentration. This phenomenon occurs because a
lower Du (higher Sr) diminishes the effect of the mass
gradient on temperature, thereby enhancing the contribution
of the temperature gradient to mass diffusion. Consequently,
the boundary layer experiences cooling, resulting in an
increased concentration within that regime.

3. Effect of Prandtl number Pr-

The influence of the Pr (Prandtl number) on velocity,
temperature, and mass distribution is illustrated in Figures
5(a) to 5(c). It is noticed that a higher Pr value leads to an
enhancement of viscous effects, resulting in a thicker
viscous boundary layer compared to the thermal boundary
layer. Consequently, both velocity and temperature
decrease, while the concentration profile exhibits the
opposite trend as Pr increases.

© 2025, SIIMR All Rights Reserved
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4, Effect of Schmidt number Sc-

The effect of the Schmidt number on the velocity,
temperature, and concentration profiles in each of the three
scenarios is shown in Figures 6(a)—6(c). It wasobserved that
while temperature rises with an increase in Schmidt number,
velocity and concentration fall. This pattern is consistent
across all three cases examined in our study.

K=0.5,1,10

Fig. 2 (c) The concentration profile Effected by K
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Case 1
......... Case 2

I.Sr=0.01, Du=5
II. Sr=0.05, Du=1
III. Sr=0.25, Du=0.2
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I.Sr=0.01, Du=5
II. Sr=0.05, Du=1
III. Sr=0.25, Du=0.2

I.Sr=0.01,Du=5
II. Sr=0.05, Du=1 1
III. Sr=0.25, Du=10.2

0 2 4 6 8 10

Fig. 3 (c) Concentration profile Effected by N Fig. 4 (c) Concentration profile Effected by Sr-Du
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1.5

Case 1

Case 2
Case 3

3.5

Fig. 5 (c) Concentration profile Effected by Pr
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Fig. 6 (c) Concentration profile Effected by Sc
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V. CONCLUSION

In this study, we have examined the steady incompressible
free convective fluid flow across an isothermal sphere. The
results, which were obtained by numerical approaches, are
displayed in graphs. The results demonstrate that the
relevant parameters have a significant impact on the
velocity, temperature, and concentration profiles. For
constant wall temperature and concentration (case 3), the
velocity, temperature, and concentration profiles are slightly
higher than those in the other two scenarios. These results
allow for the following deductions to be made:

e In all three scenarios, an increase in permeability
strength causes temperature and concentration to drop
while velocity increases concurrently.

e  When the combined impacts of the Soret and Dufour
numbers are examined, it can be seen that while the
Dufour number has the opposite effect, an increase in
the Soret number improves the concentration profile
while decreasing temperature and velocity.
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