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Wall jet nanofluids with entropy generation possess several applications in cooling electronic devices, and solar
collectors. The unique magnetic properties of the ferro-nanoparticles allow for the precise control of fluid flow
using external magnetic fields, which is invaluable for targeted cooling or heating. In this study, we investigate
wall jet hybrid nanofluid materials with ferrous-ferric oxide and copper oxide in conventional fluid water. The
governing velocity, mass, and heat transfer equations are calculated to a set of ordinary differential equations
(ODEs) via similarity parameters that are solved numerically. Effects of physical parameters, including ther-
mophoretic parameters, Brownian motion parameters, and magnetic parameters, on velocities, temperature and
entropy generations are analyzed using graphical representations. The results show that rising the Brownian
motion, the magnetic term, or the thermophoresis term rises the fluid temperature. Furthermore, Brownian
motion, or the thermophoresis effect increases temperature more for the ferro-hybrid nanofluids than that for
single nanofluid. Increasing the thermophoretic parameters and Brown motion lead to the decay of the entropy
generation due to enhanced thermal gradients and particle movement. However, the entropy generation en-
hances as the thermal radiation term rises. This demonstrates that the hybrid nanofluids can raise the thermal

and mass transfer but no effects on velocities and entropy generation, compared to the single nanofluid.

1. Introduction

Wall jet ferro-hybrid nanofluids with entropy generation can
significantly enhance thermal conductivity and efficiency of energy
systems in electronics and microelectronics cooling applications [1-4].
Aly et al. [1] studied wall jet flow and energy influence on hybrid
nanofluid flow with injection/suction. Their results showed that rise in
radiation resulted in the enhanced thermal boundary for water-Al,O3-Cu
nanofluids. Usafzai et al. [2] explored wall jet nanofluid movement with
thermal energy with power-law velocity. Sachhin et al. [3] analysed
heat exchange influence on hybrid nanofluid flow across stretching
sheet. Their results showed that the choice of skin friction for wall jet
movement at the sheet decays by higher than 50 % when the magnetic
field applied. Usafzai et al. [4] evaluated wall jet fluid movement and
energy transfer with commonly examined nanoparticles; namely tita-
nium oxide, alumina, copper, and silver. They found that the movement
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of alumina has similar performance as titanium oxide while copper has
similar performance as silver. Nanoparticle’s concentration could
significantly affect thermal boundary layer, leading to energy uplift,
while the injection causes a decay in thermal boundary.

Ferro-hybrid nanofluids are made of ferrous materials and represent
a significant advancement in fluid dynamics and heat transfer due to
their enhancement in stability, responsiveness, and magnetic perfor-
mance. The unique magnetic properties of the ferro-nanoparticles allow
for the precise control of fluid flow using external magnetic fields, which
is invaluable for targeted cooling or heating [5]. Moreover, the ability to
manipulate these fluids using magnetic fields opens up new possibilities
in microfluidic devices and targeted drug delivery systems. Therefore,
ferro nanofluids and hybrid nanofluids are utilized for the thermal
transfer of the fluid movement by using a magnetic field, Peclet number,
and heat flux effects [6-8]. Sachhin et al. [9] analysed heat transfer
influence on hybrid nanofluid movement across stretching surface. They
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Fig. 1. Physical diagram of the fluid movement.

found that the momentum increased as the thermal radiation term and
the volume fraction of a nanoparticle enhanced, but inverse effects for
the magnetic term and the Weissenberg parameter. Ahmed et al. [10]
performed energy analysis on Ferro fluid movement via radiated Riga
plate. Their results showed that enhancing radiation parameter in-
creases the temperature. Casson term reduces the transverse and axial
velocity of the fluid. Sachhin et al. [11] examined an impact of slip-on
Hiemenz stagnation movement of ternary nanofluid. They found that
the magnetic term rises temperature but decays the fluid movement.
Ferro-hybrid nanofluids have advantages of reduced entropy gener-
ation and higher exergy efficiency but disadvantages of lower heat
transfer coefficients, compared to conventional nanofluids. Entropy
generation can be used to identify energy losses and irreversibility of a
system, thereby providing insights into how to optimize system perfor-
mance and energy conservation efficiency. For instance, in heat transfer
applications, minimizing entropy generation can lead to more efficient
thermal systems. By reducing the entropy generation, engineers can
design systems that not only save energy but also reduce the environ-
mental impact. [12-15] explored the effects of various types of thermal
radiation on fluid flow across different boundaries. They found that
thermal radiation enhanced entropy generation. The entropy generation
of cooling liquid with a heat source and the operation of a micropro-
cessor was analysed due to heat flux and found that the heat source
raises the entropy generation [16,17]. In engineering and physics, the
magnetic fields have been used for manipulation of fluid flow in cooling
systems of nuclear reactors and the targeted delivery of drugs in
biomedical applications. The importance of magnetic fields in fluid flow
is not only for optimizing fluid movement and thermal transfer in large-
scale industrial applications but also those in micro-magneto fluidics.
[18-21] studied the magnetic field impact on non-Newtonian fluids
movement over various boundaries. [22-35] explored the influence of
volume fraction and magnetic field on fluid flow via expanding surfaces.
Xuetal. [36] studied the energy conversion and magnetic field influence
on fourth-grade fluid flow. Khan et al. [37] studied the numerical
analysis on graphene nanofluid flow with influence of velocity slip.
Nazeer et al. [38] explored the different phase flows of third-grade fluid
by using Hafnium nano particles. Qian et al. [39] examined the skin
friction analysis of the fluid movement across curved expanding sheet.
Khan et al. [40] examined the rheological examination of Eyring Powell
nanofluid in porous media. Guo et al. [41] explored the simulations of
magnetic force and ramped energy profile on the fluid movement over
permeable sheet. Das et al. [42,43] studied the thermal radiation effect
on couple stress model across expanding surface. They found that the
velocity profile decays due to a magnetic field and slip condition. Ali

et al. [44,45] examined the Hall current and slip effects on convective
movement across exponential expanding sheet. Adhikari and Das [46]
studied the Casson fluid movement across cylindrical sheet with entropy
production. Their results showed that Lorentz force and porosity reduces
fluid flow. Karmakar et al. [47] examined the heat exchange and Dar-
cian effect on fluid movement across Oscillating surface. Yadav et al.
[48,49] explored the impact of magnetic field on convective nanofluid
layer. Alipour et al. [50,51] and Akbari et al. [52] utilized the porous
medium to theoretically analyses the fluid movement. They found that
the nanoparticle shape factor could significantly affect the heat transfer.
Kausar et al. [53] studied the heat exchange impact on Casson fluid
movement through chemical reaction. Yadav et al. [54] explored the
cellular convective Casson fluid flow in a porous layer. They found that
the viscosity disparity influences the convective movement. Zangooee
et al. [55] studied 3-dimensional fluid flow under MHD on exponential
expanding/shrinking plate. Their results showed that the shape factor
enhances the temperature. Moghimi et al. [56] explored the magnetic
field impact on the fluid movement via expanding surface. Their results
showed that the dimensionless maximum velocity reduced by 10.7 %
when Hartmann number raises from 0 to 5. Mahboobtosi et al. [57]
explored the shape factor influence on ternary and single nanofluid
movements cross expanded cylinder. [58-64] studied the thermal ra-
diation effect on different fluid models across various boundaries. Their
results revealed that magnetic field enhances the skin friction of the fluid
flow. However, ferro-hybrid nanofluids have not been used for
enhancing mass transfer of wall jet under magnetic field. There is a lack
of study on effects of physical terms, such as magnetic field, Brownian
motion, thermal radiation, and thermophoresis, on temperature, mo-
mentum and entropy generation of ferro-hybrid nanofluids with heat
and mass transfer.

With this motivation, the aim of the current numerical study is to
examine the incompressible wall jet ferro-hybrid nanofluid movement
and entropy generation in magnetic field. The authors noted that there is
a dearth of study on wall jet fluid flows with the influence of volume
fractions, magnetohydrodynamics, entropy analysis. To address the
research gap, we will examine the influence of the Brinkman ratio,
magnetic field, thermal radiation, thermophoresis, and Brownian mo-
tion on entropy generation with irreversible mechanism in wall jet ferro-
hybrid nanofluid flows. This offers a wide-ranging method for grasping
entropy creation in mass and energy transfer processes and improve the
system thermal efficiency. Wall-jet ferro-hybrid nanofluid flow performs
a major role in raising thermal transfer efficiency in advanced cooling
systems. It is extensively utilized in industrial applications such as
thermal management, energy systems, and microfluidic devices.
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2. Mathematical analysis

Consider a hybrid fluid movement across an expanding sheet with
energy and concentration T, and C,. Impact of radiation considered on
hybrid nanofluid movement. The surfaces x, and y, are chosen along
and normal to the sheet. The physical flow diagram is represented in
Fig. 1. Governing equations of velocity, mass, and heat transfer with
their boundaries are established to a set of ODEs through similarities.

A. The following assumptions are discussed in this analysis:
Applied inclined magnetic field.

e Fluids are Newtonian.

e Chemical reaction is negligible.

e Pressure gradient is negligible i.e., Vp = 0.

e Flow is steady, laminar and incompressible i.e., %L[‘ = 0.

2.1. Governing equations

Steady-state fluid flow assumptions two-dimensional nanofluid jets
across the plane surface with the magnetic field as [6,10,27,28]

ou, v,
2+-2=0, m
0x, 9y,

0up 6up Hefr 0 up O';mf . 2 2
u +v —=Sin"(7)Bu,, (2)
Paxp pé)’p Phnf a_Yp Phnf 0P

0T+ 0L,\  kmp O°T, 1 9 (g 96 0T,
pa}'p B (PCP) s ()y (PCp)hnf dy B())'p Yy

2(3))

aC, G, 0°C, L Dr o°T,
u=2 4y =D, . @
"o g, gt % Ta ayz
The boundary conditions are expressed as [6,63,64].
Uy =Up(Xp), V=0, T,=Ty, C=0Cy at  y,=0, )
u,—0, T,-»Te, Cy—Cs as Yp—co.

where u, and v, are the component of velocity respectively, variable wall

velocity defined as uy, (x,) = \/i]dW’ where ly is characteristic length, y.q
P

is the effective viscosity, u is the dynamic viscosity, v is the dynamic
viscosity, p denotes density, « is the thermal conductivity, ¢ is the
electrical conductivity, T}, is the temperature and C, is concentration, g,
is the radiative heat flux, B(x,) = xg 3/4 Dy is mass diffusion, Dy is the
thermophoresis. Subscript, hnf, denotes hybrid nanofluid, and (7) is
the inclined angle.

The radiation flux is written using Rosseland estimation as [15-17]

&= %, ®)

Where 6* and k* are Stefan-Boltzmann and mean absorption terms.

T} = 4T3 T, - 3T¢, ()
The radiation expression in Eq. (3) is calculated as.

dg: _ 165°TS 0°T, ®

oy w
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2.2. Dimensionless governing equations

We can define the dimensionless variables as follows [63,64]:

X, ¥, u v Uyply
xq:T:syq lP7 Upvq UpdvReld: i s
v T, - T C,—C,
=T, = =2 =
Ue=plo=g, —10 Ga = Cup — Co’ ©)

Using the dimensionless variables, the governing Egs. (1)-(4) are
converted as follows:

oug dv,
——+--=0, (10)
0xq  0yq
oug  dug A Fuy As,. o, 0/BIB%(xg)la
— a3 S0 4 11
uqu +V, Qayq A2 dyg A251 (T) prd utb ( )
0T, 9T,\ _ (A4+Nr) &°T, 0C, 9T, oT,
+v =" 1 Nb—2 L+ Nt 12)
( qd)’q) AsPr dy2 %, 94 ‘))'q
aoc, oc, 1 (d¢*C, NtI’T,
1
uqax +v, qdyq LePr(dyZ +— Nb dy (13)
Where Ay = 2% Ay = %% A, = S pg = VWP A _tar) g the
2 P 3 o 4 R 5 (/ICp)f . Wy

Brinkman/viscosity ratio parameter.
Similarity variables are defined as [63,64]:

v =x;*f(n),

vy = 4 ) — 30fy ).

Ug = x;I/Zfﬂ(’?)v n= x;3/4yq7
14
T, = 0(n), G = @(n)-

By using similarity variables Eq. (14) the governing Egs. (11)-(14)
calculated as

A Ef(y ) dzf('?) 1/df(n)\*> As df(n) _
A dip f() pe E(Tn> *A*ZMSIU()TnfO, (15)
(A4 +Nr) d®0(n) 1.  doy) do(n) do(n) don) \* _
ar dp AW g N e Mg ) <O
(16)
o) 1 dp(n) Nt (d*0(n)\ _
FTER R AR TR V) W Rk @
where
Nt = %, is the thermophoresis parameter,
M= % is a magnetic parameter,
Pr= {% is the Prandtl number,
Le = l% is the Lewis number,
Nb = M is the Brownian parameter,
Nr = lgl’: T°° is the thermal radiation.
The boundary conditions are converted as [6,27,31,63]
f(0)=0, f(0)=d, 600)=1, ¢(0)=1, at n=0,
fytn) =0, 0() =0, @) =0, as ng-oo.
(18)

2.3. Analysis of entropy generation (Ng)

The Ng of the magnetic nanofluid is studied as [13-17].
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Table 1
Thermophysical characteristics of base fluids and nanoparticles at 298.15 K, and
under common circumstances see [35-37].

Properties H>0 Fe304 CuO
4 55x 107 0.74 x 10° 6.9 x 102
P 997.1 5180 6500
Cp 4179 670 533
K 0.6071 9.7 17.65
Table 2
Variation of f’(0) for the various choices of M for ¢, ¢, A = 0, 7 = 90.
M Akbar et al. Abdelmalek Fatehzadeh et al. Present
[24] [25] [26] results
0 -1 ~1.004 -1 ~1.0281
0.5 —1.11803 —1.1180 - -1.1180
1.0 —1.41421 —1.4140 1.41412 —1.4140
5.0  —2.44949 —2.4494 —2.44948 —2.4498
10 —3.31663 —3.3168 —3.31662 —3.3191
166°131 (o1, aC, T, i1,
Sg:Khnf|:A4+#:| 4] pNb| =22 T4 e Ne[ 22 (19)
Tz 3k*kf 9yq q 9Yq 9yq
166*T2 ] (0T, :
. Khnf 0" 1o q
Energy loss via heat transfer= Ay +———=||=—) , 20
& | e (o @0
The entropy production rate is calculated as
l/fToo
Ng=——"—""-"58
(Ua/la)xs (Tup — Too)
do(n) \* do(n) d do(n) \*
= (A4 + Nr)o (7('7) ) Ny 2. do ) +Nt< () ) (21)
dy dp  dn dy
where temperature difference parameter § = T”’P{T”

2.4. Calculation of engineering quantities [6,32,63]

The skin friction, C;, Nusselt number and Sherwood numbers are
calculated as

1 Ju
Cr=——— | (heg )52 (22)
/ puﬁ/p(xP) ( ff)ayp yp=0
X, 166*T2 \ (0T,
Nux = — - (Khnf + 7...“)) -2 ) (23)
"k (Tup — Tao) 3k* W) |
X aC
Shy, =——2 | —Df| 2 24)
* " DGy C) (ayp

the above Egs. (22)-(24) transformed by using Eq. (9) as follows

o1 [ (),
4 uﬁ/q(XQ) Hy dyq

(25)

Yq=0
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Table 3
Variation of —¢(0) for the various choices of Pr,Nt, Nb for ¢, ¢,, Nr = 0.

Pr Nb Nt Abdelmalek [25] Present results
2.0 0.1 0.1 0.7406 0.76611
5.0 0.9060 0.91289
7.0 1.1717 1.19980
10.0 1.4522 1.41125
2.0 0.1 0.7406 0.71156

0.2 0.6415 0.64557
0.3 0.5538 0.52561
0.5 0.4089 0.40011
0.1 0.1 0.7406 0.73332
0.2 0.6840 0.67992
0.3 0.6328 0.63299
0.4 0.5866 0.58134
Table 4

Variation of —¢'(0) for the various choices of Pr,Nt, Nb, Le for ¢, ¢, Nr = 0.

Pr Nb Nt Le Abdelmalek [25] Present work
2.0 0.1 0.1 3.0 1.4724 1.52334
5.0 2.7225 2.88111
7.0 3.1488 3.14141
10.0 4.3319 4.42211
2.0 0.1 1.4724 1.37667
0.2 1.6489 1.66132
0.3 1.7044 1.70331
0.5 1.7435 1.73445
0.1 0.1 1.4724 1.47474
0.2 1.2678 1.26788
0.3 1.1228 1.28898
0.4 1.0258 1.02580
0.1 3.0 1.4724 1.47240
5.0 2.1085 2.20201
Nu, = | — (K 160°T5, 9Ty 26
Uy, = + G Xq , (26)
Kf Kf W) | _
Yq=0
aC,
Shy, = | —x, (—‘1 , (27)
W) | _
Yq=0

further Egs. (25)—(27) calculated by utilizing Eq. (14) as follows

Re,/*Cr = Af'(0), (28)
Re; '*Nuy, = — (A4 + Nr)d (0), 29)
Re,"/Shy, = —¢/(0), (30)

Uyq

yfl‘i is the Reynolds number,

Reld =

3. Numerical approach with solution

The Numerical approach allows you to evaluate nonlinear governing
formulations using partial derivatives. This procedure delivers more
exact conclusions than previous numerical approaches.

In order to transform more order into a linear differential equation,
we are adding new terms.

i=fY=f,ys=f.Y=0,ys=0.Ys=0,y,=0¢. (31)
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Fig. 2. Effects of stretching parameter (d) on velocities: (a) Transverse, and (b)
axial velocity.

The governing Egs. (15)—(17) are calculated as

A 1 1 A .
Yy=Ys Y3 = ((f) (*?’1}’2 *E)’% +£M51n2(7)}’2> >7
AsPr 1
Yi=Ys Y5 = ((m) ( — s — Nbysy; —Nt}’g) )v

, 1 Nt AsPr 1
Ye=Yr Yy = ( - ZLCPT}’lﬁ ~Nb (((A57) ( — P — Nbysy; — Nty?

4+ Nr)

3.1. The model verification

To verify the model, we test the model using the properties of
nanoparticles in Table 1 and data available [24-26]. Table 2 shows a
comparison of f'(0) between our modelled results and those by Akbar
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Fig. 3. Effects of Brinkman number (A) on velocities: (a) Transverse and
axial velocity.

et al. [24], Abdelmalek [25] and Fatehzadeh et al. [26] at
@1, ¢y, A=0, 7=90". Our results are in agreement with their ones

(32)

)

with less than 1 % errors. It can be found that —¢(0) using our model
agrees well with that by Abdelmalek [25] in terms of various Pr, Nt, Nb
when ¢1, ¢2, Nr = 0 (Table 3). To verify our model further, we perform
a comparison of —¢'(0) with data by Abdelmalek [25] (Table 4). It can
be found that the present model agrees well with data by Abdelmalek
[25].
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%: (1*452)(1 — +¢1(%>> +¢2<%>~,
Omf 05, + 2045 + 200, ((732 — 6f)
o oy + 203 — ¢y (05, — 07)
where
oy 05, + 205 + 2¢, (o5, — of)
0'7[ N Os, + 207 — ¢y (651 - af)
Hhng 1
o (1= )™ (1= gy)*

(/)Cp)hnf 1 B (PCP)SI ((/’CP)S2
WGy ) (1 hth (((pcp)f> ) *4’2( WGy )

Khnf _ K5, + 2Kps + 24, (K52 - Kf)

Kf - Ksy + 2be - ¢2 (sz - Kf) '
where

Kef _ Ky, + 2k5 + 24, (Ksl — Kf)

Kf Ks, + 2kf — ¢y (Ksl - Kf) ’

(29)

where S; and S; represent Fe3O4 and CuO nanoparticles [6,34,35].
4. Results and discussion

The current study explores the influence of the Brinkman ratio and
variable magnetic field on wall jet ferro hybrid nanofluid (HNF) with
energy and mass transfer with entropy generation analysis. HNF mate-
rials are formed by mixing ferrous-ferric oxide (Fe304) and Copper oxide
(CuO) in conventional fluid water. Applying these tiny particles to the
water will enrich heat transfer. Several parameters are explained
through graphs in this section. In all the below figures, solid lines
represent the hybrid nanofluid flows oxide (Fe304 + CuO) and dash lines
do the single nanofluid (Fe304). Bottom corner figures are locally the
zoomed-in figure.

4.1. Influence of physical terms on the momentum of the fluid flow

Here we considered the stretching term, Brinkman ratio, and mag-
netic field impact on the transverse and axial velocity of the fluid. Fig. 2
(a) and (b) portrays the transverse and axial velocity under various
choices of stretching parameters. As the stretching term (d) raises, both
the transverse and axial momentum increase for the hybrid and nano-
fluid movements. Thus, rising the d term rises the momentum of the fluid
movement. However, it can be seen that the increases of main transverse
and axial velocity are different. While the transverse velocity increases
are atn > 0.5, the axial velocity increases are at # < 1.5. For example, the
transverse velocity increases to 4 at d = 4 from 1 atd = 1 when # = 0 but
it has no changes when = 5. In contrast, the axial velocity increases to
2.25atd =4 from 0.51 atd = 1 when 7 = 0 but it has no changes when 5
= 5. This shows that the effects of d on velocities are heterogeneous in
the domain. Physically, raise in the stretching term enhances the axial
momentum as the momentum upsurges, leading to a higher velocity
profile along the stretching sheet. However, the hybrid nanofluids
slightly increase the transverse velocity, compared to the single nano-
fluid while axial velocities are similar clearly see that in bottom corner
zoomed graph in Fig. 2b.

Fig. 3 shows effects of Brinkman number (A) on transverse and axial
velocity when M = 1,d = 1,7 = 45’. Solid lines represent the hybrid
nanofluid flows oxide (FesO4 + CuO) and dash lines do the single
nanofluid (Fe3O4). It can be found that as the Brinkman number in-
creases the transverse and axial velocities decrease. Furthermore, the
transverse velocities increase at a fixed A as 5 increases. Brinkman
number (A) has not affected the transverse velocities at # = 0 but has
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significantly influences when 5 > 1.5. However, the axial velocities
decrease at a fixed A as 7 increases. Brinkman number (A) has significant
effects on the axial velocities at = 1.25 but decreases effects as 7 in-
creases or decreases. Physically, the momentum profile decays with
increasing the Brinkman number. This difference between transverse
and axial velocities results from slip condition occurring while the mo-
mentum of the expanding surface is not the same as the momentum near
the surface. It can be found that the hybrid nanofluids slightly decrease
the transverse and axial velocities, compared to the single nanofluid in
the bottom corner zoomed graph in Fig. 3.

Fig. 4(a) and (b) represent the transverse and axial velocity plots for
various choices of magnetic parameters, here plots are taken for hybrid
and nanofluid movements, enhancing the magnetic term decays the
momentum of the fluid. Bottom corner figures are the zoomed graphs of
Fig. 4(a) and (b) in that zoomed plots we can clearly see the difference of
nanofluid and hybrid nanofluid effects for magnetic field. Physically, the
inclusion of a magnetic effect produces a Lorentz force that opposes the
fluid motion, outcomes in a reduction of momentum, especially near the
boundary layer. This effect is pronounced in electrically conducting
fluids, where the magnetic field can suppress velocity fluctuations and
create deceleration zones.

3 I S . e e e I
Solid lines - F(‘}()_‘ + CuO/H,0
Dashed lines - Ke O, /H,O
3o 4
M=123,4 i
,d=12,7=45
4 6 8 10
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1 T T T T

0.9 J

0.8 1

Solid lines - Fe_,O , + CuO/H_,O
374 2

0.7 b

Dashed lines - | ‘.\‘)I H.O

f'(n)

03[

0.2 [

(b) axial velocity

Fig. 4. Effects of magnetic term (M) on velocities: (a) Transverse, and (b)
axial velocity.
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Fig. 6. Impact of thermophoretic parameter (Nt) on temperature.

4.2. Influences of physical terms on the temperature of the fluid flow

Here we considered impact of thermophoresis, Brownian motion,
radiation, and magnetic field on the energy of the fluid. Fig. 5 portrays
impact of the Brownian parameters on the temperature when other
parameters are fixed. It can be found that the energy profile raises as the
Brownian term increases, particularly in the middle range of 7.
Furthermore, the hybrid nanofluids have more effects on the tempera-
ture than the single nanofluid flows as shown in the zoomed-in part of
Fig. 5. Physically, an increasing the Brownian movement parameter
represents an increase in the nanofluid particle movement within the
liquid, leading to an increasing heat transfer and temperature profile in
the temperature. Because of higher heat transfer, the hybrid nanofluids
lead to higher temperatures, compared to the single nanofluid.

Fig. 6 shows impact of Nt term on temperature. It can be found that
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Fig. 7. Impact of magnetic term (M) on temperature.

upsurging the Nt parameter increases the fluid temperature. Bottom
corner zoomed-in graph of Fig. 6 shows that effects of thermophoretic
parameter on temperature for the hybrid nanofluids are greater than
that for the single nanofluid. zoomed graph we can clearly see the dif-
ference of nanofluid and hybrid nanofluid effects for thermophoretic
parameter. Physically, rise in the Nt term tends to raises the tempera-
ture. This is due to enhanced thermal gradients that facilitate better heat
transfer within the fluid. Enhances in the choices of the Nt parameter
accelerate the energy and mass transfer rates. The hybrid nanofluids
lead to higher heat transfer due to their higher thermal conductivity
than the single nanofluid.

Fig. 7 demonstrates effects of magnetic term (M) on energy. It can be
found that the temperature rises as the M term raises. However, there is a
difference for impact of magnetic field on single nanofluid and hybrid
nanofluid as shown in the bottom corner zoomed-in graph of Fig. 7.
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Fig. 12. Effects of Brownian motion (Nb) on Ng.

When the magnetic term is 1, the temperature of the hybrid nanofluids
increases greater than that of single nanofluid. However, as the magnetic
parameter increases, its effects on nanofluid and hybrid nanofluids de-
creases. After M = 3, the difference between them can be neglected. This
is due to Lorentz force obtained by the magnetic effect, which reduces
the fluid movement and can reduce convective heat transfer rates.

Fig. 8 shows influence of thermal radiation term (Nr) on tempera-
ture. It can be found that the energy increases as Nr raises. However, the
energy of the hybrid nanofluid increases above than that of the nano-
fluid as Nr increases. This is because thermal radiation values provide
more energy to the working fluid, resulting in enhanced energy and
thermal boundary thickness. Thus, higher thermal conductivity of the
hybrid nanofluid increases greater temperature than that of single
nanofluid.

4.3. Effects of physical parameters on the concentration

Here we considered the Lewis number, Brownian motion, and -
thermophoresis effects on the temperature of the fluid movement.

Fig. 9 represents the energy and concentration plots for different
choices of Brownian motion parameters, here graphs are taken for
hybrid and nanofluid flows, rising the Nb decreases the concentration of
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Fig. 14. Effects of the radiation term (Nr) on entropy generation.

the fluid movement. Bottom corner figure was the zoomed graph of
Fig. 9 in that zoomed graph we can clearly see the difference of nano-
fluid and hybrid nanofluid effects for Brownian motion. Physically,
enhancing the Nb term generally tends to a decay in nanoparticle con-
centration profiles. This effect is due to enhanced dispersion caused by
the random motion of particles, which dilutes their concentration in the
fluid. The average entropy generation tends to reduce as the Nb
parameter upsurges. This is due to enhanced thermal energy transfer
and dispersion of nanoparticles, which contributes to greater irrevers-
ibility in the system.

Fig. 10 portrays the concentration graphs for various choices of
thermophoretic parameters, here graphs are taken for hybrid and
nanofluid movements, rising the Nt term raises the concentration of the
fluid. Bottom corner figure was the zoomed graph of Fig. 10 in that
zoomed graph we can clearly see the difference of nanofluid and hybrid
nanofluid effects thermophoretic parameter. Physically, higher ther-
mophoretic values lead to enhanced dispersion of nanoparticles,
resulting in higher concentrations in the fluid. Higher thermophoretic
parameters lead to the decay of the entropy generation due to enhanced
thermal gradients and particle movement. This results in greater irre-
versibility in the system.
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Fig. 15b. Volume fraction effect on temperature.

Fig. 11 portrays the concentration graph for various values of the Le
term, here graphs are taken for hybrid and nanofluid flows, and rising
the Le term reduces the concentration of the fluid movement. Bottom
corner figure was the zoomed graph of Fig. 11 in that zoomed graph we
can clearly see the difference of nanofluid and hybrid nanofluid effects
for Lewis number. Upsurging the Le leads to a decay in the concentration
of the diffusing species. This is due to momentum diffusivity and mass
diffusivity ratio, which influences how quickly particles spread through
the fluid.

4.4. Impact of physical terms on the entropy generation of the fluid flow

Here we considered the thermophoresis, Brownian motion, and ra-
diation effects on the entropy generation of the fluid flow. Fig. 12 por-
trays effects of Brownian motion Nb on the entropy generation (Ng). It
can be found that the Ng dreduces as Brownian motion increases. This is
because increasing the Nb enhances thermal energy transfer and
dispersion caused by the random motion of particles, which dilutes their
concentration in the fluid and contributes to greater irreversibility in the
system. Furthermore, there is a small difference between single nano-
fluid and hybrid nanofluid.

Fig. 13 portrays the impact of the Nt on the Ng. The entropy gener-
ation reduces as the thermophoretic parameters increase. This because
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Fig. 16b. Volume fraction effect on entropy generation.

higher thermophoretic parameters lead to enhanced thermal gradients
and particle movement. However, this results in greater irreversibility in
the system. Furthermore, there is only a small difference of thermo-
phoretic parameter effects between single nanofluid and hybrid
nanofluid.

Fig. 14 represents impact of the thermal radiation term on the Ng. As
Nr parameter increases entropy generation increases. This can be
explained that higher thermal radiations provide more energy to the
working fluid, resulting in enhanced temperature gradients and irre-
versibility in the system. However, there is no difference of thermal
radiations on single nanofluid and hybrid nanofluid.
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4.5. Impact of volume fraction on velocity, temperature, concentration
and entropy generation of the fluid flow

Fig. 15(a) and (b) portrays the ¢ plots for axial momentum and
temperature of the flow, raising the volume fraction decays the velocity
and rising the energy of the fluid movement. Fig. 16(a) and (b) portrays
the ¢ plots for concentration and entropy generation analysis, rising the
volume fraction enhances the concentration as well as entropy genera-
tion analysis, Physically, the volume fraction of nanoparticles in a
nanofluid significantly impacts entropy generation, which is influenced
by thermal and fluid friction effects. As the volume fraction increases,
thermal conductivity improves, reducing temperature gradients and
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Fig. 17. (a), (b) and (c) represents the contour plot graphs for heat transfer.

entropy generation due to heat transfer. However, a higher volume
fraction also increases viscosity, leading to greater fluid friction and
higher entropy generation due to flow resistance. The overall impact on
entropy generation depends on finding an optimal volume fraction
where the reduction in thermal entropy outweighs the increase in fric-
tional entropy. Proper balance ensures efficient energy utilization while
minimizing irreversibility’s.
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4.6. Contour plot graphs for temperature analysis

Here we considered heat source, thermal radiation and Prandtl
number impact on heat transfer plots the fluid movement (Fig. 17).
Fig. 17(a), and (b) (c) visually represents the contour plot graphs for the
heat transfer and spatial variation of these properties across a given
system. In Fig. 17(a) shows impact of Nr and Pr on the heat transfer. It
can be found that the heat transfer increases as both Nr and Pr increase.
The highest transfer is in top areas while the lowest is in bottom. For
thermal radiation, they highlight regions with varying radiative heat
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flux. Fig. 17(b) and (c) show effects of heat source and Ec with Prandtl
number on the heat transfer, respectively. The high heat transfer areas
are found when both high heat source and Prandtl number. Similarly,
the high heat transfer areas are when both high Eckert number and
Prandtl number. The Prandtl number contours reflect the connection
between momentum and thermal diffusivity, providing insights into
fluid movement and thermal boundary layer behavior in the system.

5. Conclusion

Wall jet ferro hybrid nanofluid with mass and energy transfer has a
numerous of applications, such as solar-based heat exchange, cooling
electronics, energy storage, heat exchangers, and pharmaceuticals, due
to their high heat and mass transfer. In this study, we explore the impact
of the Brinkman ratio, Brownian motion, the thermal radiation, the
thermophoretic parameters, and magnetic field on wall jet ferro single
and hybrid nanofluid with mass and energy. with generation analysis.
Hybrid nanofluid materials are formed by hybrid nanofluids of ferrous-
ferric oxide and Copper oxide in water to enhance thermal and mass
transfer. Partial differential governing equations of velocity, mass, and
energy transfer with their boundary conditions are calculated to a set of
ODEs using a set of similarity parameters. The ODEs are calculated using
the Runge-Kutta method. The numerical results show that rising the
magnetic field or Brinkman number decays the axial and transverse
velocities. However, there are no velocity differences between single
nanofluid and hybrid nanofluid. It is showed that rising the Brownian
motion, the magnetic term, or the thermophoresis term raises the fluid
temperature. Furthermore, Brownian movement, or the thermophoresis
term increases energy more for the hybrid nanofluids than that for single
nanofluid. However, effects of the magnetic term on the temperature of
the hybrid nanofluids increases more than that of single nanofluid when
the magnetic parameter is 1. After M = 3, the difference between them
can be neglected. Increasing the thermophoretic parameters and Brown
motion lead to the decay of the entropy generation due to enhanced
thermal gradients and particle movement. However, the entropy gen-
eration raises as the radiation parameter raises. This demonstrates that
the hybrid nanofluids can raise the heat and mass transfer but no impact
on velocities and entropy generation, compared to the single nanofluid.

The results of the current study can be applied to increase the effi-
ciency of electronic cooling systems by improving heat dissipation in
compact devices. In solar collectors, optimizing ferrofluid flow can boost
thermal energy absorption and conversion efficiency. Medical cooling
devices, such as those used for localized therapeutic cooling, can benefit
from precise temperature control enabled by improved heat and mass
transfer. Additionally, the integration of magnetohydrodynamics allows
for better flow manipulation in advanced thermal management systems.

The limitations of present analysis include challenges in accurately
modeling the complex interactions between magnetic fields, nano-
particles, and fluid flow at high temperatures. Additionally, the stability
of ferrofluids over time can be affected by particle aggregation and
sedimentation, limiting long-term performance. The current work can
be extended by including the impacts of Darcy-Forchheimer media,
Joule heating, Newton heating effects over various boundaries such as
wedge, convergent/divergent channel, exponential stretching sheet,
Riga surface among others.
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