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INTRODUCTION

ABSTRACT

The current numerical study investigates the impacts of heat source and radiation effects on
thermo-fluidic behavior of trihybrid Casson (TiO,+SiO,+Al,05/C¢HyNaO,) nanofluids over
a linearly stretching sheet. The study not only explores a method to achieve superior heat
conduction compared to hybrid nanofluids but also highlights the environmental purification
potential, decomposition of destructive materials, and effective cooling capabilities offered by
the considered nanoparticle combination. The governing equations were converted into ordi-
nary differential equations and are then explained using Runge-Kutta scheme with a Shoot-
ing algorithm. The temperature profile shifts upwards and concentration gradient reduces for
higher values of heat source and radiation. Nusselt number decreases by 23.52% when radia-
tion doubles from 1 to 2. The uniqueness of the work lies in its generalization of previous stud-
ies by considering heat source, radiation, thermophoresis and Brownian motion effects over
a linear stretching sheet leading to the achievement of an effective tri-hybrid nanofluid flow.

Cite this article as: Mangamma C, Saidulu B, Kumar PP, Rakesh R, Deepika AR. Study of heat
flux of tri-hybrid (TiO,+SiO,+Al,05/ C¢HgNaO,) nanofluids over a linearly stretching sheet.
Sigma J Eng Nat Sci 2026;44(4):2571-2582.

processes. In the literature of Crane [1], the boundary layer
flow which arises because of a stretched sheet that moves

One among the latest technologies, heat transfer across
a sheet stretching or otherwise, demanded an understand-
ing of the flow dynamics, especially near the boundary of
these sheets as the optimum changes occur in these lay-
ers. This approach gave a deep vision into the features of
fluid/heat transfer which hugely supported the engineering
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linearly with the changing velocity, was carried out. As
there was advancement in nanotechnology, nanofluid orig-
inated which researchers in Fluid Dynamics incorporated
into their works.

The industrial development increases pollution in the
air caused due to dust particles, emissions of oxides of
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sulphur, fumes from the factory, etc. Consequently, issues
like global warming are emerging in full scale. Other forms
of pollution are caused by power generation, vehicle move-
ments and industrial boilers. These sources form nitrogen
oxides which are harmful air pollutants. Lately, the Nitrogen
oxide emission had reached distressing level in big cities
because of the excessive use of motor driven vehicles. This
led to chemical smog, respiratory problems and acid rain.
In order to reduce Nitrogen oxide, there are several ways.
Some of which are detoxification and purification through
photocatalytic reactions. The photocatalyst possess various
properties such as high absorbance of visible light, higher
optical activity chemical inertness, optical stability, biolog-
ical inertness, low cost, etc. All the above-mentioned prop-
erties are available in Titanium dioxide (TiO,) and hence
are used in various applications.

The name “Nanofluid” has been initiated by [1] who pro-
jected a new classification of fluids which has been observed
by suspension of nanoparticles in the heat transfer of fluids.
These nanoparticles are been made of carbon nanotubes,
carbides, metals, or oxides. And these nanofluids have
useful properties in several applications of heat transfer in
microelectronics, artificial fibers, extrusion of polymers,
copper wire drawing, processes in treatments, and coolant
for engines. The study of effects of heat transmission over
a stretched sheet has been analyzed by various researchers.
[2-4] analyzed a nanofluid flow fluid with heat generation/
absorption effects. The boundary layer flow across a verti-
cally stretching external surface was understood and con-
cluded that the Natural convection dominated the regime.
[5] explored the influence of nanoparticle accumulation in
a parabolic solar trough collector for enhancing the current
transfer. [6] studied the Taguchi strategy optimization and
neural networks of flush fraction impacts over heat degen-
eracy in Bodewadt movement.

Nanofluid composites are been synthesize in order to
augment the rheological properties and thermal conductiv-
ity. This has been achieved by making a flawless combina-
tion of varying nanoparticles. A nanofluid which is formed
by the addition of nanoparticle may not possess rheological
properties, hence addition of nanoparticles with different
rheological properties would be a better choice to attain
overall ability and effectiveness which is termed as Hybrid
nanofluid. Hybrid nanofluids improvise the chemical, phys-
ical properties of materials, the heat transfer rate because
they provide more thermal conductance. For instance,
Al,O; has low thermal conductivity despite having effec-
tive stability and chemical inertness. Whereas, aluminum,
copper, silver, etc possess good thermal conductivity but are
chemically reactive and unstable. Scientists have immense
interest in monitoring the thermal characteristics and sta-
bility of the system by mixing nano particles in the base
fluid. [7-9] Therefore, by mixing these nanoparticles with
varying chemical and physical bonds give raise to nano-
fluids known as hybrid nanofluids. Scientists [7-10] have
analyzed the thermal and concentration features of hybrid

nanofluids along with different MHD effects. They are been
utilized in various applications like pharmaceutical indus-
try, cooling of the electronic heaters, nuclear safety, etc.
Various researchers [11] studied MHD effects of parame-
ters of a ternary nanofluid flow on a convective stretched
sheet.

The pioneering solution recorded by [12] was found to
be worth as it augmented the heat transmission rate by the
process of hybridization. [13] presented the betterment of
thermal and mechanical features of base fluid by the adding
two nanoparticles. [14] performed computational analyses
of shape of nanoparticle, mass, and thermal transport on
radiative nanofluid flow across a stretching Riga plate. The
researchers [15-18] studied the convective fluid flow with
magnetic field and heat source. Convective steadiness in
porous spongy frameworks for energy and biosensor appli-
cations using viscous driven control flow was analyzed by
[19, 20]

The importance of Titanium dioxide is seen in various
photosensitive applications [21-25]. Higher photo catalysis
can be obtained with fabrication of TiO, materials by con-
sidering higher specific surface areas. Precisely, the nano-
structured Titanium dioxide materials which are made by
template synthesis method was presented by [26, 27], which
caught researchers’ attention in the recent years. These
materials have greater surface areas and are been used in
numerous applications. Metallic nanoparticles like Ag, Au,
Cu, CuO etc. possess improved thermal conductance in
comparison to fluids. The researchers were then motivated
and identified the necessity for the suspension of metallic
nano-sized particles in nanofluids.

In the industries, the requirement of a coolant with bet-
ter capability of heat transfer has motivated the scientists
to design a new concept for nanofluid for enhancement of
heat transfer. Hence the concept of hybrid nanofluids was
discovered which enhances the heat transfer characteristics.
With this inspiration, researchers have conducted experi-
mental studies and this led to the discovery of tri-hybrid
nanofluids. Here, three kinds of nanoparticles having vary-
ing chemical and physical bonds are suspended. For exam-
ple, TiO, possesses higher acid strength while treated with
sulphuric acid, and then forms TiSO,. In the same manner,
Al O, reacts with sulphuric acid to form AlL,(SO,);. Weaker
acid strengths are produced due to the reaction between sul-
phuric acid and alumina. They further increase the stabil-
ity and chemical inertness of composition of nanoparticle.
Whereas SiO, cannot form sulfatase, due to its high elec-
tron negativity than Ti and Al. This study led to the devel-
opment of a coolant which cools appliances using TiO,.
Therefore, to develop coolant using TiO,, the supportive
agents were SiO, and AL, O;. [28] reviewed tertiary nano-
fluids in between rotating parallel plates with the effects of
varying Lorentz effects and electric fields. [29] discussed
the flow of (Al,O;-water) time-dependent mixed convec-
tion of nanofluids with a stagnation-point for a spinning
sphere with motile microorganisms. [30] comprehensively
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reviewed the mass and heat transfer through a stagnation
point double-diffusion Cattaneo-Christov flow by means
of non-Newtonian Sutterby nanofluids. [31-34] studied
approximation properties of Bernstein polynomials and
modified Jain Gamma operators.

Sodium alginate is a salt which is a natural polymer
present in the alginic acid, and is been detached from the
brown algae. This is utilized in textile production, indus-
trial, medications and cosmetics. The functions of sodium
alginate involve embolotherapy [30, 35], medication deliv-
ery system [36-39] encapsulation of cells [40-43].

On the basis of above-mentioned literature, unique-
ness and originality for the existing work is to clarify the
earlier studies by including the Brownian motion, thermo-
phoresis, heat source and radiation parameters along with
appropriate boundary conditions over a linearly stretching
sheet producing more refined outcomes of tri-hybrid (TiO,
+ SiO, + AL O, / CcHgNaO; ) nanofluid flow. The current
work indicates that heat flux play a noteworthy part in the
species concentration and thermal transmission on trihy-
brid nanofluids. A comparative analysis with the previously
published results to measure the assurance and accuracy of
obtained similar outcomes and were in good agreement.

Tri Hybrid
Nanofluid

Nano Particles

Base Fluid

Figure 1. Preparation scheme of tri-hybrid nanoparticles.

PROBLEM FORMULATION

Consider two-dimensional, incompressible, steady-
state, laminar, viscous ternary nanofluid flow past linearly
stretching sheet. Following assumptions were considered in
the fluid flow problem:

o Three kinds of nanoparticles viz. TiO,, SiO, and Al,O,
are been dispersed in water (base fluid), to produce a
new configuration TiO,+Si0,+AlL,0,/ CHyNaO, as
portrayed in Figure 1.

o The rectangular co-ordinate system has been preferred
such that x-axis is considered lengthways of the sheet,
y-axis is perpendicular to it, and the Schematic repre-
sentation is portrayed in Figure 2.

o Brownian motion, thermophoresis, and radiation
parameter are been incorporated in the flow regime.

o Flow occurs in a section y>0.

o The sheet has a growth that is exponential with a veloc-
ity given as u,(x)=ax. Here ‘a’ is taken as constant, and
V,, is considered to be the mass transfer at the wall.

o Temperature and Concentration near the stretching
surfaceis T, = T, + b(x/1)?

o C,=C,_ +c(x/)*and far away are given is C_ and T...

o Table 1 shows the experimental values of C;HyNaO,,
TiO,, SiO, and ALO; [44-46], and Table 2 shows
the Thermodynamic characteristics of Tri-Hybrid
Nanofluids [47, 48].

o Base fluid and nanoparticles were in thermal
equilibrium.
y
N 4 Cus Momenrum.Boundary Layer

. Thermal Boundary Layer

.O 0@

. ' . Concentration Boundary Layer
@ :
@) 0 o @ O sio:
0 O 0 @ 4:o:
0 © 0 0 @ rio:
—_ | AN
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Figure 2. Geometry of the problem.

Table 1. Investigational values of C;HoNaO,, TiO,, SiO,and Al,O,

p(kg/m?) o(S/m) K(W/m.K) C,(J/Kg.K))
C¢HyNaO, 989 5.5 % 10 0.6396 4175
TiO, 4250 2.4 % 10° 8.953 683
Sio, 2270 3.5 x 10° 1.4013 680
ALO, 6310 5.96 x 107 329 765
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Table 2. Thermodynamic properties of tri-hybrid nanofluids

Viscosity s — 75 : 75 75
ke (1-9sio,)” (1-0a1,05)" " (1-9ri0,)
. Ptnf _ PTiO, pPAlL0 Psio
Density ? = ( <PA1203) [(1 <PA1203) {(1 ‘Pnoz) Prio, or } + Pai,04 pjc 3] + @sio, —pfz
. (pcp)mf (pep)sio (pep)rio M
Specific Heat )y 5i0, W)fz + (1 - ‘Psioz) (1_ (PA1203) (1—<PTi02)+ Prio, —(pc,,)f 2+ P10, (pcp)f

Thermal Conductivity :t—nf :(
hnf

ky

Knf <k5i02 +2kf =20 41,05 (k5 — Ksio, )
ksio, +2ks+ @ a1,04 (ks = ksio, )

kri04 +2knnf=201i0,(khnf = kTi0, )) kpng _(kA1203 +2Kn =20 41,04 (knf — ka1,04 ))
kri0, +2knng+ @10, (Knnf = kri0, )

" kng kal,05 +2kng+ @a1,05(knf —kai05) )

oTio TAl,0
3( 2—1><PTio 3<—2 3_1>‘PAI 0
. .. a Op 2 o o 203
Electrical Conductivity —L = [ 1 + -— L =11+ e ,
Ohnf (mn)_(m_l)q,m Inf ( A12°3+2>-( 4204 1>¢Al 0
(Thnf O'hnf 2 O'nf D'nf 2V3
9Si0,
(14 3<—Unf —1)4’51’02
of 95105, _(°5i02_,
Onf + Onf —1)¢sio,

The Casson trihybrid nano fluid flow gets modified with
the influences of radiation and heat source effects under the
boundary layer approximations [49].

au
ox ay =0, (1)

ug—z+v:—;=19mf(1+%)(227u) Ut"fBZu ﬁtnf( )’ (2)

T aT 1 gy

u—+v—= + — (T -T,)— —
ox dy tnf ayz ’33’2 ( OO) (pcp)tnf % 3)
a ay Boayz ' 1 ay2 (4)

The conditions at the boundary are

v=—vy,, u=u,x), T=T,, C=C, at y=0 (5
u=0,v=0T=T,, C=C, as y > @ (6)

_ _(Cp)p _u

h = P 9_H
where a @y’ )’ oy’ (7)

The coupled non-linear PDE is converted to cou-
pled-non-linear ODE with the help of the similarity trans-
formations mentioned as follows:

n= \fy,’i” Vatafin), 6m)= 5=, O =72 (8)

Cyw— Co

u=axf'(n), v=-/adfln) (9)

In equation (8), ¥ (x,y) denotes the stream function
which is given as follows:

oY o
u=—, v=——

ay dx (10)

Radiative heat flux along y direction is dominant and
the x direction component can be neglected. Radiative heat
flux g,, with the help of Rosseland approximations is men-
tioned as,

40™ 6T4

qr =- 3k 0y (11)

where ¢* - Stefan Boltzmann constant. Within the flow, the
difference in temperature, is small and hence the term T*
has been expanded with the aid of Taylor’s series having a
T as the free stream temperature.

T* =4AT3T-3T% (12)
It follows on substituting Eq. (12) into Eq. (10),
16T dT
A =~ 5 P (13)

The governing Eqns. (2) - (4) are changed into an ordi-
nary differential equation by Similarity transformations.
They are as follows:

(14 2) "= A Ay (F£ = 2f ) = Kf Ay A;MF' =0 (14)
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A—Z(A3+§R)9”+Pr(ft9’ +NDO'® +Nt6” +A4,00)=0 (15)

9"+ Lef®' ++-0" =0 (16)
The conditions near the boundary:
fO)= f,; f'(0)=1,6(0)=1; B(0)=1; atn= 0} -
f'(0)=0; 8(0)=0; @(0)=0; as n —
—_w. _ (PC)pDT(TW— Too) . _ (pc)pDB(Q)w_ Poo) .
fu= = Jagi Ne= — 0 i Nb=—005—=
_9, p_ 40'TE I S N
Pr=-3 R=—-2; Le—DB, A—(pcp)fa. (18)
A, = K _ Ptnf — (pcp)tnf. — kt_nf
1 Autnf' 2 = s » 413 (pcp)f y g kf

where f represents the velocity (dimensionless), 6 rep-
resents the temperature, and @ represents the nanoparticle

concentration.
= Tw = Xdw = Xhm
= uz V= oy She= w0y (19
w = _k(¢y)y=07 hm = —Dp (®y)y=0 (20)

By using the above equations, the reduced skin friction
coefficient, heat and mass transmission rates in non-di-
mensional arrangement are:

Cr/Re, =—f"(0),

th _

N”x T (IFR)9'(0), 2= =—H'(0)s (21)

where, Re,, Nu,, Sh, and C signify the Reynolds number,
Nusselt number, Sherwood number and skin friction,
respectively.

Solution Procedure

The Runge-Kutta method with 4 order with boundary
conditions (17) are used to solve the equations (14), (15)
and (16) which are nonlinear coupled in nature. Equations
are expressed as follows. Flow configuration is described in
Figure 3 [50].

The equations are solved with shooting technique. The
shooting technique is utilized to alter the ODE boundary
value problem to a matching initial value problem.

New variables are now defined as:

=6 L=15 =1 fu=6; fs=0'; f6=0; =0’ (22)

The higher ordered coupled non-linear differential
equations along with their boundary conditions have been
changed into seven differential equations with first order
and appropriate boundary conditions, and are given below:

W

poroximate value

shooting method

“~_than error tolerance

Figure 3. Flow configuration.

fi=r
f2=1s

f/ _A1Ax(fifs—2fF )+Kfr+A142Mf,

8 (1+3)

B
fi=T1s
f - _PrA (=f1fs—Nbfsf7— Ntfs —AAygfa)
* (43 +3R)
fe=17
f7,= —L€f1f7 P ( f1f5 Nbf5f7 Ntfs lf4)

1+ —R)

Boundary conditions are:
f1(0) = fu; £(0) =1; £o(0) = 1; f5(0) = 1,
fi(®) = 0; fr(0) = 0; fe(0) =0

The significant feature of this study is, BVP is changed
into an IVP. Then the result to IVP is found by taking guess
values for initial values which are not present by means of
shooting technique. The step size taken is 0.01 for doing
computations. Tolerance for error of 10~ is used as given in
the literature of [51].

RESULTS AND DISCUSSION

A mathematical investigation was made to study the
thermo-fluidic transport of tri-hybrid nanofluids on an
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exponentially stretching sheet. And the equations govern-
ing the transport phenomena are been explained using
the Runge-Kutta method along with a shooting algorithm.
Velocity and thermal distributions were determined, fol-
lowed by evaluating the concentration profile through
numerical solutions for the trihybrid nanofluids. In all the
results presented below, reference curves with appropriate
parameters are drawn and the obtained results are com-
pared with it.

For the Figures 4 to 6, the standard curve for reference
has the following values:

Le=10; Pr="5Nt=Nb=0.; R=1=0; fw=0.5f =
5M=K-=1

It is found from Figure 4, when suction parameter is
reduced from 1.5 to 0.5, suction weakens and hence the
boundary layer thickens slightly. This causes the velocity

0.8

0.6

f(n)

0.4
Standard curve

Figure 4. Velocity variation with Suction fw and Casson
nanofluid parameter f3.

1 T T T T
0.8 <«— fw=-0.5 1
fw=1.5
0.6 1
- Standard Curve
Py
T
04r
02
0

Figure 5. Temperature variation with Thermophoresis Nt,
Suction fw, Brownian motion Nb.

to increase and more fluid remains in the boundary layer.
When suction is changed from 0.5 to -1, there is a transition
from weak suction to injection. At fw = 0.5, there is weak
suction and at fw = 0, there is neither suction nor injec-
tion. fw = -1 represents injection wherein fluid is pushed
into the boundary layer. Therefore, more fluid is added to
the flow region which causes the velocity to further rise,
especially near the wall. When Casson fluid parameter
is raised from 5 to 8, the velocity was found to decrease.
Casson fluid parameter f3 represents non-Newtonian nature
of Casson fluid and is inversely related to yield stress. For
smaller § (=5), the fluid is less viscous and hence moves
freely. For larger 3 (=8), the fluid has high resistance to flow
and hence the velocity becomes less. Comparable outcomes
were found in the literature of [52].

Figure 5 reveals the variations of suction, Brownian
flow motion and thermophoresis parameter with tempera-
ture profile. When suction parameter fw is 1.5 (strong suc-
tion), the boundary layer is thinner as there is less thermal
diffusion. When fw =0.5(weaker suction), there is a moder-
ate boundary layer thinning and hence the temperature is
higher. For fw = -0.5(injection), the boundary layer thick-
ens, so there is more thermal diffusion due to injection,
meaning higher temperature across the layer. This phe-
nomenon is very useful in applications requiring heat sup-
pression (e.g., electronic cooling) as it maintains thermal
stability and enhances surface cooling.

The Brownian motion Nb parameter measures the
effect of randomness of nanoparticle motion on energy
transport in trihybrid nanofluids which enhances the
energy exchange between base fluid (sodium alginate)
and nanoparticles. It increases the thermal energy trans-
port within the fluid, which then leads to an increase in
temperature, for advanced values of Nb, especially near
the surface. TiO, and AL, O; contributes to higher thermal
stability, and has good photocatalytic properties, whereas

0.8 b
0.6 b
= Standard Curve
T
<« Nt=0.2
04r b
Nb=0.3
02 Le=25 ]
0 i i
0.5 1 1.5 2
7

Figure 6. Concentration variation with Thermophoresis
Nt, Lewis number Le, and Brownian motion Nb.
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SiO, enhances thermal suspension ability. When thermo-
phoresis Nt parameter is raised from 0.1 to 0.5, there was
a rise in temperature. Thermophoresis refers to motion of
particles from a hot to a cold region in a fluid due to the
thermal gradient. A high range values of Nt, indicates a
strong thermophoretic force, which push a greater number
of nanoparticles away from the surface, hence resulting in
the rise in temperature within the boundary layer.

Figure 6 depicts the concentration variations of tri-
hybrid nanofluids with various parameters. When Lewis
number Le rises, the concentration typically decreases.
For a trihybrid nanofluid, higher Lewis number speci-
fies that thermal diffusion is faster than mass diffusion.
Therefore, thermal boundary layer develops more rapidly
when compared to that of concentration boundary layer.
So, the concentration boundary layer had become steep.
When thermophoresis Nt, is raised from 0.1 to 0.2, the

Nt=Nb=0.5; 7=Le=5

) Pr=fw =R=1; 1

0.6} -
=
¥

A=0.0,0.2, 0.4, 0.6, 0.8
0.4} -
0.2} .
0 . ; ; : :

05 1 15 2 25 3 35 4
7

Figure 7. Temperature variation with heat generation \.

1 T T T T T T T
Pr=fw=1;, Le=3=5;
08l Nt=Nb=05 A=0 |
06| g
-
S
0.4} R=0.0 10 20 3.0 |
02r 4
u L
0 1 2 3 4 5 6 7 8

Figure 8. Temperature variation with radiation R.

concentration profile generally increases. A higher value of
Nt indicates a stronger movement of particles away from
the hot exterior surface to the bulk fluid. This leads to the
accumulation of fluid in the cooler region, which then rises
the concentration away from the wall. As a result, overall
concentration increases. When Nb, is raised from 0.1 to
0.3, there was a decline in the concentration. Nb signifies
the random movement of nanoparticles to thermal agita-
tion. Higher values of Nb enhances the diffusive movement
of particles, which spreads the nanoparticle more widely
through the fluid domain. Therefore, the concentration
gradient becomes more smoother, and overall concentra-
tion profile decreases. Alike conclusions were found in the
literature of [52].

The physical implications of trihybrid nanofluid flow
plays a vital role. In thermal systems, wherein the tempera-
ture difference is significant, thermophoresis becomes very
important. In (TiO,+5i0,+Al,0;/ C¢HgNaO,) nanofluid,
increasing Nb causes greater particle dispersion. Hence it is
dominant in micro- and nano-scale flows.

When internal heat generation increases, more ther-
mal energy is added within the fluid which then acts as a
source term in the energy equation. TiO, and Al,O; pos-
sess excellent thermal conductivity and SiO, improves
thermal stability and controls agglomeration. As a result,
more heat accumulates, which then leads to the higher
fluid temperature throughout the flow region as depicted
in Figure 7. From Figure 8, radiation enhances heat transfer
via electromagnetic waves which contributes to additional
heat flux. This leads to the enhanced energy transport,
effectively raising the temperature of the field. In Figure 9,
increased temperature often decreases fluid density and can
reduce species diffusion in in trihybrid nanofluid. Solute or
nanoparticle concentration tends to decrease with stronger
internal heat generation. Hence there is lower concentration
near the wall. From Figure 10, higher radiation causes dilu-
tion of species concentration, and higher thermal agitation,

1 T T T
R=0;, Pr=1; Le=73=5
08 fw=Nt=Nb=0.5 E
06 b
-
=
?-5
04F b
A=0.00.2 04, 06
0.2 b
0 L ¢ N
0.5 1 15 2
n

Figure 9. Concentration variation with heat generation A.
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1 . : : :
Pr=1; Le=3=5, =0
28T fw=Nt=Nb=0.5 1
06} 1
-
=
3
04} 1
5l R=0.0, 1.0, 2.0, 3.0 |
5 .

0.5 1 15 2 2.5

77

Figure 10. Concentration variation with radiation R.

which reduces the relative particle accumulation, especially
in boundary layers. This results in the reduced concentra-
tion gradient and overall lower concentration values.
There are various industrial and engineering applica-
tions with heat generation and radiation. This can be used
in nuclear reactors, power plants because TiO, and Al,O,
possess excellent thermal conductivity and SiO, improves
thermal stability. It is also used in solar collectors, solar
thermal systems as TiO, and SiO, are optically active, and
are good absorbers of solar radiation. Trihybrid nanofluid
can be used as nanofluid-assisted drug delivery as TiO, is a
Biocompatible oxide used for photothermal effects.
Figures 11 and 12 shows that there is decline for higher
value of heat source and radiation parameter. A positive
heat source and thermal radiation parameter causes the
thermal transport to rise within the fluid, reducing the
thermal gradient near the surface. As Nusselt number is

0.9 T

Le=d=5:fw=Nb=05 A=0; Pr=1:

-
9‘06- |
0.

1

0.5 f— R=1.0 1

gt R=20 |

R=30
03 ; i ; j i ; .
01 015 02 025 03 035 04 045 05
Nt

Figure 12. Local Nusselt number on Nt for varying radia-
tion R.

1 T T .
Pr=1;, Le=4=5;fw= Nb=0.5
0.8} A=0.0 J
\ A=0.2
06 —_— -
g
T A=0.4
‘04 a
0.2 1
A=0.6
0 L L L
0.1 0.2 0.3 0.4 0.5

Nt

Figure 11. Local Nusselt number on Nt for varying heat
generation A.

directly proportionate to the thermal gradient, it reduces.
Figures 13 and 14 depicts the variation of Sherwood num-
ber for varying heat source and radiation parameter. The
Sherwood number was found to increase and similar results
were obtained by [53].

Table 3 presents the present outcomes with the previ-
ously published result by taking Le=10, f,,=0, 3 > oo. From
Table 4, the Nusselt number typically reduces for advanced
values of R and X for a trihybrid nanofluid flow. Positive
heat source and radiation enhances thermal energy to the
fluid while increasing the temperature of the fluid near
the surface. The thermal gradient at the wall decreases
and Nusselt being proportional to the temperature gradi-
ent, reduces. Sherwood number was found to decrease for
advanced values of heat generation and radiation.

4.5 T T T T T T T
Pr=1, Le=4=5;fw= Nb=0.5

1 L L L L L L L

0.1 0.15 0.2 0.25 0.3

Nt

0.35 0.4 0.45 0.5

Figure 13. Local Sherwood number on Nt for varying heat
generation A.



Sigma J Eng Nat Sci, Vol. 44, No. 4, pp. 2571-2582, August, 2026

2579

& T le=g=5fw=Nb=05 A=0; Pr=1, | Table 4. Computed local Nusselt -6'(0), local Sherwood
\ -@'(0) numbers for changing values of heat generation A
al : and Radiation Ras Le =5, fw = 0.5, =5, Nb = Nt = 0.1, Pr
=10,M=K=1
25} A R -6'(0) -0'(0)
=)
E 0.0 0.0 3.35766146 0.74574654
C oot 1 02 3.06867167 102374100
0.4 2.75576605 1.32413791
gl g=00 | o6 2.41285144 1.65260655
0.8 2.03105529 2.01739063
: . : : . : : 1.0 1.59669978 2.43120211
1[).1 0.15 0.2 0.25 0.3 0.35 04 045 0.5 0.0 1.0 2.10893932 1.88572612
N 2.0 1.61344374 2.31487442
Figure 14. Sherwood number on Nt for varying radiation R. 3.0 1.32981417 2.55088933
Table 3. Comparison table
Pr Khan and Pop [4] Gorla and Sidwai [54] Manjunatha et al. [45] Current Study
2 0.9113 09114 0.9113 0.9114
6.13 1.7597 1.7596 1.7597 1.7596
7 1.8954 1.8954 1.8954 1.8953
20 1.3539 1.3539 1.3539 1.3539
CONCLUSION 6. With the rise in radiation, there is a fall in the local

The present study investigates two-dimensional, lam-
inar, incompressible, steady, viscous tri-hybrid nanofluid
flow on a linearly stretching sheet. Three kinds of nanopar-
ticles called TiO,, SiO, and Al,O; are been dispersed in
(base fluid) sodium alginate to obtain a new configura-
tion TiO,+Si0,+Al,0;/ CsHoNaO,. Thermophoretic and
Brownian motion parameters are merged in the concentra-
tion Navier Stokes equation. The above-mentioned physi-
cal illustrations have many usages in the field of industries
and manufacturing, particularly in cooling systems. Due to
its higher thermal conductivity, lately it has become a very
effective method in cooling systems. In the current prob-
lem, numerical analysis of tri-hybrid nanoparticles has
been conducted to study the pattern of velocity, thermal
and concentration profiles. Some of the decisive results of
the current study are enumerated below:

1. When the heat generation A rises, there is an inclination
in the temperature.

2. With an inclination in radiation number R, a rise in
temperature is found.

3. A decay in the concentration is found, due the increase
in heat generation.

4. Concentration has reduced for higher radiation values.

5. A decline in Nusselt number; a rise in Sherwood num-

ber were noted with the rise in heat generation.

Nusselt number, and a rise in the local Sherwood

number.
NOMENCLATURE
C  Nanoparticle concentration
C, Surface Concentration
C,, Concentration near infinity
Dy Brownian flow motion coefficient
D, Thermophoretic motion coefficient
h;  Coefficient for heat transfer
K Porosity parameter
K, Coefticient of Thermal slip
L Thermal Slip
M Magnetic parameter
Nb  Brownian motion parameter
Nt Thermophoresis parameter
Pr  Prandtl number
Greek Symbols
f Casson fluid parameter
p  Fluid density
#  Dimensionless Similarity variable
nm Deformation rate
o Electric conductivity
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A Heat source
0  Non-dimensional temperature

Subscripts

f Nanofluid

tnf  Tri-Hybrid Nanofluid

o  Condition at the free stream
w  Condition at the wall
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