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Abstract: This research investigates the influence of the Cattaneo-Christov double diffusive flow of
ferromagnetic hybrid nanofluids, taking into account heterogeneous-homogeneous chemical reactions, heat
radiative flux, and the Soret-Dufour effect. The mathematical modeling of the system of equations results
in the formulation of partial differential equations (PDEs). These PDEs were subsequently transformed into
total differential equations (ODEs) via the application of similarity transformation. The resultant modified
ODEs were addressed utilizing an innovative approach known as the spectral relaxation method (SRM). This
methodology was employed to solve the system of ODEs in an iterative manner, following the Gauss-Seidel
procedure. The findings of this investigation indicate that the heterogeneous-homogeneous chemical reaction
significantly influences the fluid concentration, leading to a reduction in the concentration profile. An
elevated level of thermal radiation was found to enhance both the fluid temperature and the velocity contour.
Conversely, an increase in the magnetic field strength was noted to diminish the velocity contour. The current
analysis was compared with previous studies and was found to exhibit a strong correlation.

Keywords: Cattaneo-Christov double diffusive flow, ferromagnetic hybrid nanofluids, heterogeneous -
homogeneous chemical reaction, heat radiative flux, Soret-Dufour effects

1. Introduction

Q_ double diffusive MHD flow of hybrid nanofluid has attracted many researchers recently in literature.
The existence of heat-mass transmission (double diffusive) flow simultaneously in a flowing fluid

greatly influences the fluid flow’s energy and mass flux. The energy flux due to the composition gradient
is referred to as diffusion thermal or Dufour mechanism. Temperature gradient gives rise to mass fluxes
which is referred to as thermal-diffusion or Soret effect. The effects of the Soret mechanism have been
employed for the separation of isotopes. The significance of the Soret-Dufour mechanism on the dynamics
of MHD convective nanofluids over a stretchable sheet has been investigated by Reddy and Chamkha [1].
Soret-Dufour mechanism on a Casson nano-fluid dynamics over a shrinking cylinder by varying Arrhenius
activation energy and characteristics have been investigated by Shaheen et al. [2]. Srinivasacharya et al. [3]
explained the Soret-Dufour mechanism towards a vertical wavy surface in a penetrable regime by varying
properties. Pattnaik et al. [4] examined diffusion-thermal significance on hydromagnetic dynamics past an
infinite vertical penetrable plate.

Vishala et al. [5] examined radiation and Marangoni convection on the dynamics of ternary nanofluid
in a penetrable regime with mass transportation. Wagqas et al. [6] elucidated the role of MHD radiatively
dynamics of a hybrid nanofluid (HN) past a circular disk.. Ullah et al. [7] studied the thermal enhancement
of ternary HN (5i2+Cu+MOS2/H20) symmetric dynamics past a nonlinear stretchable regime. Soliman et al.
[8] studied Rivlin-Ericksen nanofluid dynamics of radiative MHD third-grade fluid past a penetrable regime
with a constant heat source. Sudarmozhi et al. [9] examined Maxwell fluid flow through a penetrable inclined
slanting plate with convective heat and magneto radiative effects. The study of Hakeem et al. [10] explained
3D dissipative viscous systematics of nanofluids past a Riga plate. Irshad et al. [11] examined generalized

Eng. Appl. Sci. Lett. 2025, 8(1), 50-61; d0i:10.30538 / psrp-easl2025.0107 https:/ /pisrt.org/psr-press/journals/easl


https://pisrt.org/psr-press/journals/easl/
https://pisrt.org/psr-press
https://pisrt.org/psr-press/journals/easl

Eng. Appl. Sci. Lett. 2025, 8(1), 50-61 51

Newtonian fluid dynamics past a stretchable sheet with MHD and penetrable regime. Vishalakshi et al. [12]
explained the heat transmission process of MHD fluid system past a penetrating stretchable/shrinked sheet.
Algehyne et al. [13] explained MHD fluid system over a bi-directional heated and convective regime with
mass flux conditions. Shah et al. [14] explained the systematic flow of the swirl of Al+Mg+TiO2 ternary
HN with PST and PHF heating conditions. Cattaneo-Christov models on heat-mass transmission of hybrid
nanofluid have gained muchzattention in the literature. The Cattaneo-Christov double diffusive describes
the thermal and solutal characteristics in mass-heat transfer. Khan et al. [15] studied nanofluid dynamics
to enhance nanoparticle diffusion efficiently with C-CDDM. Chen et al. [16] examined the significance of
Cattaneo-Christov double diffusion with the induced magnetic field of Maxwell ternary nanofluid dynamics.
Hafeez et al. [17] studied the Cattaneo-Christov double diffusion theory on the dynamics of non-Newtonian
Oldroyd-B nanofluid. The contribution of Haq et al. [18] explained the Cattaneo-Christov model of double
diffusion for reactive chemically magnetized HN. In C-CDDM in magnetized second-grade nanofluid entropy
optimization by varying mass diffusivity and thermal conductivity have been investigated by Chu et al. [19].
Shah et al. [20] examined electrical magnetite micropolar Casson ferrofluid over a stretchable/shrinking
sheet by Cattaneo-Christov and thermal conductivity model. Upadhay et al. [21] studied heat and mass
flux conditions on unsteady Eyring-Powell dusty nanofluid with a Cattaneo-Christov model past a stretching
sheet. Zhang et al. [22] studied the upshot of melting heat transmission in a rotating Von Karman dynamics
of gold-silver/engine oil hybrid nanofluid. Aldabesh et al. [23] elucidated variable thermal conductivity on
Buongiorno nanofluid model within a parallel stretching sheet. Magnetized nanofluid thermal improvement
for multiple shapes nanoparticles past a radiative rotating disk has been investigated by Adnan et al. [24].
[jaz and Ayub [25] studied dual stratification and magnetic dipole simulation in ferromagnetic Maxwell fluid
and radiative flow. Wagqas et al. [26] explored the significance of surface-catalyzed reactions in SiO2-H20
nanofluid dynamics through penetrable media. Magnetized Casson nanofluid flow with second law analysis
in a squeezing geometry through a penetrable medium has been investigated by Rashidi et al. [27]. Abo-Zaid
et al. [28] studied MHD Powell-Eyring dusty nanofluid dynamics based on stretching surfaces with heat flux
boundary conditions, Li et al. [29] investgated. Aspects of an induced magnetic field utilization for heat and
mass transfer ferromagnetic hybrid nanofluid flow driven by pollutant concentration.

This research primarily aims to investigate the numerical simulation of the Cattaneo-Christov double
diffusive ferromagnetic hybrid nanofluids flow with induced magnetic field, thermal radiation, and
exothermic and endothermic chemical reactions. In addition, the significant impact of heat generation,
thermal radiation, permeability, the inverse of magnetic Prandtl number, Soret-Dufour, and exothermic and
endothermic chemical reactions on the temperature, velocity, and concentration of flow past a stretching
surface is investigated. The model equations are represented by PDEs and were changed into ODEs using
similarity transformation. The reduced ODEs are solved using the spectral relaxation method (SRM) to
decouple and linearize the system of equations. This numerical technique gives highly accurate outcomes
in the iteration procedure. The numerical procedure and graphical outcomes for temperature, velocity, and
concentration are discussed and presented for pertinent flow parameters. To the best of our knowledge, no
study in the literature has considered a mathematical model of this type. The present outcomes as compared
with other studies are discovered to be in good agreement.

2. Mathematical analysis

We explored the incompressible, laminar, two-dimensional, and steady flow of a hybrid nanofluid past
a stretching/shrinking surface. The mass flux conditions and thermal convective conditions are considered
in this research. An induced magnetic field is taken into consideration in this study. H; and Hj is used
to denote parallel and normal portions of the induced magnetic flux within the boundary layer. T, and
Cy are wall temperature and concentration while Co, and T, are ambient concentration and temperature
respectively. The stretching surface contained a velocity u;=ax at the free stream and 1, (x) =cx at the wall
(a,c> 0). In addition, exothermic and endothermic chemical reaction equations were assumed significant in
the concentration and temperature equations. All fluid properties are assumed constant while boundary layer
approximation is considered to be valid. The governing equation becomes:

8u1 8u2 .

o W 0, 1
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Subject to:
U=y (x) =cx, v=0, T;:H;: 0, T=T,, C=Cyp: y=0, ?)
uy=uy=ax, Hi=H;, T=Tsx, C=Ce: y—>o0, (8)

where 17 and u; are velocity components, D is mass diffusivity, « means thermal diffusivity, x and y are
coordinates, H and Hj are induced magnetism vectors, k means Boltzmann constant, E, is activation energy,
S(C) means external pollutant source function, n means fitted rate constant, K? is the rate of limiting factor for
the chemical process, f§ is the endothermic and exothermic factor, T and C are temperature and concentration,
7o means magnetic diffusivity, v means kinematic viscosity, y; is the magnetic permeability, H; means
free stream magnetic fields, Te, and C, are free stream temperature and concentration respectively, A, and
Qs are external pollutant concentration as well as pollutant source external variation parameter. Physical
configuration of the model is given in Figure 1.
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Figure 1. Physical configuration of the model
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The similarity variables are defined as:
C x\
wy =xcf (), up = —f () \/vsc, 1=y vy Hi = Ho (7) 8 (),

. Jvi ,_ T-To  C—Co
H2——g(7’])H0 lz ’0 waToo,qo_Cw*Coo‘

The transformed ODEs are given as follows after the implementation of the similarity variables:

1 . 1
oS e (FF = (P (A7) + M ((¢) ~ 88" = 1) = 5 =0, ©)
A*g/ll + g/,f _ gfl/: 0, (10)
K 1+R E*
gf(;V)9”+w3<W“+Qw+lh¢”+Aw*®9+1me<—59+1)¢)—ﬁdﬁfy+f%@==a(H)
. E*
9" + 5S¢ (w’f — 0" (80 +1)"exp ( p 1) (P+ﬁlexp(¢3)) Prlff'e'+ f2") = (12)
Subject to:
f=0, f'=1, ¢=0, ¢"=0, 9o=1, 0=1, 5=0, (13)
f'=A* ¢'=1, ¢=0, 6=0, 75—0. (14)
The parameters involved in this analysis are defined as: M_W is magnetism parameter, Po= H,'{’;f
is permeability parameter, A*= '7—; is inverse of magnetic Prandtl number, R:%‘?ii" is thermal radiation
arameter, Pr=" is Prandtl number, QOZQ is heat generation term, A*=% is velocity ratio parameter,
p ap pcpa 8 c y p
:% is Dufour term, Aq=p ((%:(T::)) is an endothermic or exothermic parameter, §= TWT Ie s

temperature difference parameter, E*—kET“ is activation energy parameter, Sc:g—ff is Schmidt number,

_ Dkp(Ty—Tx) «_k
So_iva(Cw—Cm) is Soret term, ¢c*=-F is a chemical reaction parameter, f]=

source, B=0Q1(Cy — Cw) is external pollutant source variation.

CAic) is a pollutant external
=(1= ) (1= 92)*,

aaz{u—mnu—¢n+¢fﬁ + 202

[y
i)
[y

w3 = {(1 —p)[(1—¢1) + ?1(pc )51]} + (Pz(pcp)sz'

(Pcp)f

2.1. Methodology (Spectral relaxation method)

The dimensionless transformed equations have been tackled with SRM. The choice of this technique is
due to its ability to decouple as well as linearizing the set of Eqs. (9)-(12) by utilizing, the Chebyshev spectral
technique. The SRM is very easy to compute with a very high accuracy. In the SRM numerical simulations, the
most recent iteration are done at » 4+ 1 while previous iteration is conducted at r. The SRM as utilized on the
transformed equations are described as follows:
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Table 1. Thermophysical features of hybrid nanofluid (Li et al. [29]);

Property Symbol Mathematical expression

Density P Phnf = {(1 —¢2) [of (1—¢1) +Ps1(P1]} + ¢20s52
——— =75
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¥
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Heat capacity pcy <PCP)hnf = {(1 — ) [(pcp)f (1—¢1)+ (pcp)fsl(pl]} + @2 (pcp)fS2
1 " " ! 2 *\2 x( 1 \2 * " * 1 !
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. E*
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The coefficient parameters are defined as follows:
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dy,=Scpiexp(¢rB),
dop=— ScPifrfri1,
d3,rI — SC‘Blf,,z.

Substituting the coefficient parameters above to obtain:

1 1
Jlf,,lr+1 + aOJ‘f”r—H tay, +agy +ag, +asz, — %f/r-‘rl: 0, (19)
bO,r6//r+1 + bl,r9/r+1 + b2,r0r+1 + b3,r + b4,r + b5,r9/r+1 + b6,r9//r+1: 0, (20)
A"+ c0r8 i1 —1r8r41=10, (21)
(P”r-i-l + dO,rfP/r_H + dl,r(Pr—i—l + d4,r + d2,r§9,r+1 + d3,r(P”r+1: 0, (22)
1 , 1
—D”+ap1D” — ——D| fr41+ a1, + a2, +as, +as,=0, (23)
w1 Po
[0, D2+ b1,,D + b, + b D+ b, D?| 0,41 + b,y + b= 0, (24)
[)\* D3 + ¢p,D? — Cl,r} &r1=0, (25)
[Dz +do,D +dyy +do, D+ d3,rD2] @r+1+dg,=0. (26)

To implement the SRM, the following initial approximation is defined in accordance to the boundary
constraints as:

foln) =1—e7",f4(n) =00(1) =@o(n) =e",80() =1 e (27)

The implicit difference technique is further utilized in the dimensionless distance (1) direction. The
scheme is defined as follows:

n+1 n n+1 n n+1 n n+1 n
Pt i+ 4+ & tE

@(n) B — f(n) T — (1) B g(n) T (28)

Applying the finite difference scheme to obtain
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5 ; 5 Poditt (32)

From the above Egs. (29)-(32), the following scheme is obtained:
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0629]“1 =207 + Ky,

w3gf M =pag] +Ks,

s =Pag] + Ky

(33)
(34)
(35)

(36)

The solution to Egs. (25)-(28) is obtained from the initial approximation in Eq. (19) iteratively. Also, Eqgs.
(15)-(18) are discretized with the means of Chebyshev collocation technique. A scaling parameter L is utilized

to tackled the boundary constraints at infinity.

3. Results and discussions

The analysis examined in this paper explained the impact of Cattaneo-Christov double diffusive flow of
ferromagnetic HN with thermal radiation, heat generation and induced magnetic field. The numerical value of
pertinent flow parameters such as heat relaxation flux (1), chemical reaction parameter (¢*), Schmidt number
(Sc), inverse of magnetism Prandtl term (A*), magnetism term (M), permeability term (Po), and activation
energy (E*). The numerical value of this parameters are: 1 = 3.0, 0 = 0.6, Sc = 0.61, By = 3.0, A* =

09, M=1.0, Po=0.8and E* =0.5.
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Figure 3. Role of heat relaxation flux term on the velocity and temperature contour
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Figure 2 shows the role of mass relaxation flux parameter () on the velocity and concentration profile.
A drastic enhancement in the fluid concentration is noticeable as B increases. From the boundary layer where
the dimensionless distance 7 = 2.5, there is no significant effect of By on the flow. In Figure 2, higher value of
Bo was found to degenerates the velocity contour. This decrease in fluid velocity was due to the diffusion of
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fluxes within the layer. Figure 3 illustrate the effect of heat relaxation flux. The heat fluxes in the diffusive flow
brings an increase in fluid velocity (g’) and temperature respectively. This significant effect are noticed on the
fluid temperature very close to the plate. Figure 4 represents the impact of activation energy on the activation
energy parameter (E*) on the temperature together with velocity contour. The temperature contour in figure
4 shows increase in E* shows increase in E* drastically close to the vertical wall while it decreases small at the
boundary layer. Increase in the magnitude of E* decreases the velocity profile.
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Figure 4. Role of activation energy on the velocity and temperature contour
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Figure 5. Role of the inverse magnetism Prandtl term on the velocity and concentration contours

Figure 5 represents the role of the inverse of magnetic Prandtl (A*) on the concentration and velocity
contour respectively. A higher A* was found to decline the concentration contour close to the wall and raise
the contour at the boundary layer. Physically, the magnetism is capable of increasing the profile due to its
origination of Lorentz force. This force depreciates the movement of an electrically fluid conducting. The
higher value of A* degenerates the velocity contour.

Figure 6 represents the impact of magnetism (M) on the induced velocity (g’) and temperature contour.
Magnetism induced currents to the boundary layer. This current produces magnetic forces which decreases
the movement of a conducting fluid. This force can decrease the thickness of the hydrodynamic layer. The
Lorentz force depletes the fluid velocity because of the imposed force on the boundary layer. In Figure 6, a
higher M declines the fluid temperature because of the increased force of Lorentz. Figure 7 shows the role of
the permeability term (Po) on the fluid temperature and velocity. The scenario of a permeable surface permits
the fluid particles to move within the layer. This movement of fluid within the layer gives rise to a spontaneous
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collision of fluid particles. This resulted to an upsurge in fluid velocity when the magnitude of Po increases.
As a result of the increasing value of Po, the fluid temperature degenerates within the boundary layer.
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Figure 7. Role of the permeability term on the velocity and temperature contours

Figure 8 explains the role of Schmidt (Sc) on the velocity alongside concentration contour. A large value of
Sc was found to decrease the fluid concentration. On the other hand, raising Sc was found to enhance the fluid
velocities. The present analysis shows that the momentum spread is higher than the concentration spread.
Physically, Sc=0 means the absence of mass flux and rate of mass transfer has been ignored. Hence, the model
equation becomes mass transfer. Figure 9 depicts the role of the chemical reaction term (¢*) on the velocity
alongside concentration contour respectively. The ¢* is employed in transforming a chemical substance into
another chemical substance. The chemical reaction activities in this model involve the nanoparticles and the
controlled fluid parameters. A higher value of 0* was found to drastically increase the fluid velocity close to
the wall. However, a higher value of c* was found to decrease the fluid concentration profile. This implies a
destructive chemical reaction in the fluid flow process.

4. Conclusion

The current analysis elucidated the significance of the Cattaneo-Christov double diffusive flow of
ferromagnetic hybrid nanofluids past a stretching regime. The model was considered with flow parameters
such as heat generation, thermal radiation, heterogeneous-homogeneous chemical reaction, and Soret-Dufour
mechanisms. The model was obtained in the form of PDEs and was changed into ODEs through the help
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Figure 9. Effect of chemical reaction parameters on the velocity and concentration profiles

of transformational variables. The set of transformed ODEs was solved by using the

SRM approach. This

approach is employed to solve the equations iteratively. The key findings are stated as follows:

1.
2.

An upsurge in the chemical reaction was observed to increase the fluid velocity.
hydrodynamic boundary layer thickness.
profiles.

fluid velocity and decreases the fluid temperature.

The magnetism field emanates Lorentz force which depletes the fluid velocity alongside the
Raising Sc was found to depreciate the fluid concentration but produces a higher profile on velocity
Raising the permeability term gives rise to a spontaneous collision of fluid particles which enhances the

The upsurge of mass relaxation fluid term was detected to increase the fluid concentration profile; and
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6. The fluid velocity and temperature were found to increase because of a higher value of the heat relaxation
flux parameter.
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