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An investigation of an axisymmetric mixed convective boundary layer flow of

silver-titanium dioxide/water (Ag − TiO2/H2O) hybrid nanofluid towards

vertically and rotating stretching cylinder with entropy generation is

conducted. The Cattaneo-Christov theory and joule heating effect are used

to analyze the features of thermal energy. Moreover, the magnetic impact and

convective boundary conditions on the vertical surface also considered in the

current investigation. The developing equations for momentum, energy and

entropy generation are modelled and by the usage of similarity variables to

transform into the system of nonlinear ordinary differential equations (ODEs).

The solutions of nonlinear ODEs are obtained numerically with the assistance of

BVP4C MATLAB built-in scheme. The graphical consequences and relevant

physical reasoning regarding the velocity, temperature, and concentration

profiles are discussed. It is noteworthy that strong estimation of buoyancy

ratio and mixed convection parameter enhances axial velocity, but the swirl

velocity is diminished. The fluid temperature and concentration both are

diminished due to thermal and solutal stratification effects. It is also seen

that thermal Biot and Eckert numbers enhance the temperature distribution.

Further, the Reynold number improves entropy generation.
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1 Introduction

Nanofluids exhibit superior heat transport features to those

of regular fluids. The effectiveness of heat exchange and the

compactness of lower thermal conductivity fluid are delayed in

the process, but many techniques are used to develop heat

transport phenomena. One innovative trick is used to improve

the heat transport/thermal conductivity of a fluid through the

suspension of nanoparticles in the base liquids. Nanofluid

thermal conductivity mainly depends upon the volume

fraction of nanoparticles. The thermal conductivity of

nanoparticles is expected to be greater than that of usual

fluids. These nanoparticles are very small, not more than

100 mm. The term nanofluids was first used to refer to the

fluids along suspended nanoparticles by Choi [1]. Some

experimental outcomes have been obtained by Eastman et al.

[2] with respect to the development of thermal conductivity with

the suspension of CuO in base fluid water. The transport of the

heat and mass of the 3D stagnation point flow of a water-based

nanofluid toward an exponentially stretching surface was

identified by Rehman and Nadeem [3]. Sheikholeslami [4]

present the numerical examination of the CuO-water based

nanofluid affected by a magnetic field about a porous channel.

Bilal et al. [5] surveyed the numerical inspection of MHD and the

thermal radiative flow of a Williamson nanofluid influenced by

variable thermal conductivity across a stretching cylinder.

Maskeen et al. [6] used a stretching cylinder to evaluate the

heat transfer features of alumina-coper/water hybrid nanofluid.

The heat and mass transport analysis of a chemically reactive

Eyring-Powell nanofluid influenced by a Cattaneo-Christov heat

flux was performed by Reddy et al. [7] through a stretching

cylinder. Ullah et al. [8] explored the collective characteristics of

heat sources and the zero mass flux of magnetized nanofluid flow

with an activation effect across a rotating and stretchable disk.

Khan et al. [9] elaborated a comparison between a linear and

exponential stretching surface to identify the rotating impact on a

nanofluid flow in stratification conditions. Dawar et al. [10]

observed the convective flow of a Williamson nanofluid across

the two different geometries with convective boundary

conditions. Some meaningful research in the direction of

nanofluid is presented in Refs. [11, 12]. Scientists have lately

discovered novel techniques to boost thermal conductivity and

the heat transport rate of a fluid. One of the best ways to improve

the heat conductivity of fluid by the addition of more than two

nanoparticles in the convectional fluid, which is said a hybrid

nanofluid. A hybrid nanofluid is more beneficial than simple

nanofluids. Some key developments in the direction of hybrid

nanofluid can be found in Refs. [13–20].

In the modern era, entropy generation is the most valuable

subject for the researcher, in which irreversible processes of mass

and heat transport occur. The Second Law of Thermodynamics

entirely revolves around entropy. The design of the system that

depends upon heat transport has a valuable application in the

real life of the entropy generation. Entropy minimized energy

losses in the system. Heat and mass transport processes occur in

heat exchange, heat engines, fluid flow, heat pumps, refrigerators,

air conditioners, power plants, anelastic deformation, and

substance mixing and expansion, among other sites.

Significant work has been done on entropy with application to

various fields by Adrian Bejan [21–24]. Mahian et al. [25]

elaborated convective heat transport augmentation with the

use of nanofluid flow and entropy generation impacts to

develop high heat flux cooling devices. Siavashi et al. [26]

scrutinized the heat transport and entropy generation

characteristics of nanofluid flow across an annular pipe in a

two-phase combination model. Rashid et al. [27] observed

entropy generation on ferromagnetic fluid flows along the slip

and nonlinear radiation impact across a stretching sheet. Khan

et al. [28] reviewed the modeling and computational study of

hybrid nanofluids subject to entropy generation. Muhammad

et al. [29] examined the Darcy–Forchheimer boundary layer flow

influenced by activation energy and entropy generation across a

curved surface. Recent studies related to the investigation of

entropy generation are given in Refs. [30–33].

Heat transportation occurs due to temperature gradients.

There are three modes of heat transfer conduction, radiation, and

convection. Heat transportation phenomena have many

important industrial and engineering applications, such as

heat exchange, power generation, nuclear power, refrigeration,

petroleum production, and so on. Fourier [34] first developed the

law of heat conduction to analyze the rate of heat transport in a

system. Ellahi et al. [35] scrutinized the heat transfer rate of a

mixed convective boundary layer fluid flow across a vertical

permeable slender cylinder. The heat and mass transportation of

a non-Newtonian fluid flow influenced by transverse magnetic

field and suction/injection effect towards permeable stretching

sheet was developed by Sandeep et al. [36]. The heat transfer

scrutiny of MHD micropolar fluid flows subject to joule heating

and chemical reactions across a stretching sheet were explored by

Dawar et al. [37]. Ramadan et al. [38] analyzed that flow and heat

transport in a microchannel influenced by gas cooling conditions

and thermal creep. Finally, other studies of heat transfer are

presented in Refs. [39–48].

The aim of this examination is to study the 3D axisymmetric

MHD flow of a viscous nanofluid with nanoparticles generated

by vertically rotating a stretching cylinder. The main concern of

this existing inquiry is to identify entropy generation evaluation

of mixed convective hybrid nanofluid flow with modified

Fourier’s and Fick’s law across a rotating and stretching

surface. Moreover, convective boundary conditions are also

considered to identify a flow regime. The formulated fluid

model is converted into a pair of ODEs by adopting

appropriate similarity variables. The coupled ODEs are

numerically manipulated with the aid of BVP4C MATLAB

built-in technique [49–53]. A graphical inquiry into the

evolving parameters with respect to temperature distribution,
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concentration distribution, and velocity profile is established and

discussed. The comparison of current outcomes with previous

investigation is presented, and a good harmony is shown

between them.

2 Flow modelling

Here, we observe a steady, incompressible, axisymmetric

laminar, and mixed convective boundary layer flow of Ag −
TiO2/H2O hybrid nanofluid induced by a vertical and rotating

stretching cylinder with a double diffusion Cattaneo-Christov

and entropy generation impact. The equation of thermal and

solutal energy are through the consideration of heat

generation/absorption, chemical reaction, and joule heating

impact. Furthermore, thermal and concentration convective

conditions are enforced on the boundary of the stretching

cylinder. A magnetic field (B0) is applied in the direction of the

r−axis to analyze the effect of the Lorentz force. The stretching
cylinder has radius is R1, r is the radial direction, and z−axis is
measured along the cylinder. The cylinder rotates with an

angular velocity and the stretching velocity is directly

proportional to the axial distance. Moreover, the

concentration and temperature of the surface nanoparticles

are ~Cw and ~Tw, respectively, and away from the surface they

are symbolized by ~C∞ and ~T∞, respectively. The flow

geometry and the coordinate axes are shown in Figure 1.

Using the above-mentioned supposition with the presence of

Boussinesq approximation, the flow equations are followed by

[49, 50],
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(5)
The related surface and ambient conditions are stated as

follows:

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
~vsr(r, z) � E, ~uss(r, z) � 2az, ~w(r, z) � 0,−khnfz

~T

zr
� hf(~Tw − ~T),

−DB
z~C

zr
� hg1(~Cw − ~C),

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠as r � R1 ,

(6)
~u→ 0, ~v→ 0, ~T→ ~T∞, ~C→ ~C∞, as r → ∞ (7)

In the above Eqs. 1–6, ~u and ~w are the velocity of the fluid

in the z− and r− directions, respectively. The symbols ]hnf,
σhnf, g*, (βT, βC), ε0, αhnf, Q0, Cp, ε1, ρhnf, K1, hf, hg1,and

DB indicate kinematic viscosity of hybrid nanofluid, electrical

conductivity of hybrid nanofluid, gravitational force, thermal

FIGURE 1
Flow diagram of the article.
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and concentration volumetric expansion coefficients, thermal

relaxation time, thermal diffusivity, heat generation/

absorption coefficient, specific heat, concentration

relaxation time, density of fluid hybrid nanofluid, chemical

reaction constant, mass diffusivity, coefficient of convective

heat transfer, coefficient of convective mass transfer, and

mass diffusivity, respectively.

2.1 Hybrid nanofluid model

The experimental relationship for an Ag-TiO/water hybrid

nanofluid is given as follows [14],

2.1.1 Hybrid nanofluid dynamic viscosity

μhnf
μf

� 1(1 − ϕs1 − ϕs2)2.5, (8)

2.1.2 Hybrid nanofluid density

ρhnf
ρf

� (1 − ϕs1 − ϕs2) + ϕs1

ρs1
ρf

+ ϕs2

ρs2
ρf

, (9)

2.1.3 Hybrid nanofluid specific heat capacity

(ρCp)hnf(ρCp)f � (1 − ϕs1 − ϕs2) + ϕs1

(ρCp)s1(ρCp)f + ϕs2

(ρCp)s2(ρCp)f, (10)

2.1.4 Hybrid nanofluid thermal conductivity

khnf
kf

� ⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣2kf + (ϕs1ks1+ϕs2ks2
ϕs1+ϕs2 ) + 2(ϕs1ks1 + ϕs2ks2) − 2(ϕs1 + ϕs2)kf

2kf + (ϕs1ks1+ϕs2ks2
ϕs1+ϕs2 ) − (ϕs1ks1 + ϕs2ks2) + (ϕs1 + ϕs2)kf

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦,
(11)

2.1.4 Thermal and solutal volumetric coefficient

(ρβT)hnf � (1 − ϕs2){(ρβT)s1ϕs1 + (1 − ϕs1)(ρβT)f} + ϕs2(ρβT)s2,
(ρβC)hnf � (1 − ϕs2){(ρβC)s1ϕs1 + (1 − ϕs1)(ρβC)f} + ϕs2(ρβC)s2,

(12)

Here, s1 and s2 specify the silver (Ag) and titanium dioxide

(TiO2) nanoparticles, respectively. Further, the solid volume

fraction of Ag is represented by ϕs1 and TiO2 with ϕs2.

Table 1 presents the thermo-physical features of convectional

fluid and hybrid nanofluid, as follows:

2.2 Similarity variables

The applicable similarity variables are signified as in [50]:

η � r2

R2
1

, v � Eg(η), u � 2azf(η)′, w � −aR1
f(η)
η1/2

,

(T − T∞)
(Tw − T∞) � θ(ζ), (C − C∞)

(Cw − C∞) � χ(η).
(13)

Using Eq. 12, Eqs. 2–10 take the following form:

μhnf/μf
ρhnf/ρf (ηf‴ + f″) − Re

2

M σhnf/σf
ρhnf/ρf f′ + λRe(θ +N1h)

+ Re(ff″ − f′2)
� 0,

(14)
μhnf/μf
ρhnf/ρf (2η2g″ + 2ηg′ − g

2
) − Re⎛⎜⎝M σhnf/σf

ρhnf/ρf g + 2ηfg′ + fg⎞⎟⎠ � 0, (15)

khnf/kf(ρCp)hnf/(ρCp)f
(ηθ″ + θ″) + PrRe

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
σhnf/σf MEc

(ρCp)hnf/(ρCp)f (f′2 + g2 − 2εt(ff′f″

+ gg′f)) + Dc(ρCp)hnf/(ρCp)f
(θ − 2εtf θ′) + f θ′ − 2εt(f2θ″ + ff′ θ′)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
� 0,

(16)
ηh″ + h′ + ScRefh′ − 2εcScRe(f2h″ + ff′ h′)
+ 2ScRcRe(εcfh′ − h)
� 0, (17)

TABLE 1 Thermophysical characteristics of base liquid and
nanoparticles [14].

Physical properties Base fluid Nanoparticles

H2O Ag TiO2

Cp(Jkg−1K−1) 4,179.0 235.0 686

ρ(kgm−3) 997.10 10,500 4,250

k(Wm−1K−1) 0.620 429.0 8.9538

βT × 105(1/K) 21 1.89 0.9

σ(1/Ωm) 0.05 2.6 × 106 6.30 × 107
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The convenient conditions are as follows:

(f′ (1) � 1, f(1) � 0, g(1) � 1, h′ (1) � Bc(h(1) − 1), θ′ (1)

� kf
khnf

Be(θ(1) − 1)),
(18)

(f′(∞) → 0 ← g(∞), h(∞) → 0 ← θ(∞)). (19)

The parameters involved are given as Reynold number

Re{� aR2
1/2υf}, magnetic parameter M{� σfB2

0/ρfa}, and

mixed convection parameter N1{� Gr
Gr*}. The Grashof numbers

for temperature and concentration are Gr(�
gβT(Tw − T∞)z3/υ2f) and Gr*(� gβC(Cw − C∞)z3/υ2f),
respectively, and the parameters of the buoyancy

ratio λ{� Gr/Re2z}, local Reynold number Rez{� u2ssz/υ2f},
thermal relaxation εt{� ε0a}, concentration relaxation

εc{� ε1a}, and Prandtl number Pr{� ]f
αf
} are also given.

The above equations hold only for the positive Reynold

number, and the solution convergence criteria are very slow for

the lower Reynolds numbers. To improve solution convergence,

we use the transformation η � ex, developed by Fang and Yao [31].

The above ODEs are transformed into following form:

μhnf/μf
ρhnf/ρf (fxxx − 2fxx + fx) − Mσhnf/σf ex

ρhnf/ρf Re
fx

2

+ λRee2x(θ +N1h) − Ref2
x + Reffx − Reffxx

� 0, (20)
μhnf/μf
ρhnf/ρf (2gxx − g

2
) −

M σhnf/σf
ρhnf/ρf Reg + 2Refgx + Refg � 0,

(21)

khnf/kf(ρCp)hnf/(ρCp)f
θxx + PrRe

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

σhnf/σf MEc

ex⎛⎜⎝(ρCp)hnf/(ρCp)f)
(f2

x

+ e2xg2 − 2εt
ex

(ffxfxx − ff2
x + e2xggxf))

+ Dc(ρCp)hnf/(ρCp)f
(θex − 2εtfθx)

− 2εt
ex

(f2θxx + ffxθx − f2θx) + fθx

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
� 0, (22)

hxx + ScRefhx − 2
εcScRe
ex

(f2hxx − f2hx + ffxhx)
+ 2ScRcRe(εcfhx − hex)
� 0, (23)

The convenient conditions at the boundary are as

follows:

(fx(0) � 1, f(0) � 0, g(0) � 1, hx(0) � −Bc(1 − h(0)), θx(0)
� −Be(1 − θ(0)), ),

(24)
( lim

x ����→∞ e−xfx(∞) → 0, g(∞) → 0, h(∞) → 0, θ(∞) → 0,),
(25)

TABLE 2 Assessment of f@(1) and g9(1)with previous data, whenN1 �
Pr � 0 � λ � M � ϕ1.

Re Fang and Yao [49] Present outcomes

fʺ(1) g9(1) fʺ(1) g9(1)

0.1 −0.48180 −0.51019 −0.482506 −0.512193

0.2 −0.61748 −0.52605 −0.615485 −0.525057

0.4 −0.806609 −0.594819

0.5 −0.88220 −0.58488 −0.881203 −0.585882

1.0 −1.17775 −0.68772 −1.176753 −0.688721

2.0 −1.59389 −0.87263 −1.594892 −0.873635

4.0 −2.176135 −1.173650

5.0 −2.41743 −1.29788 −2.416435 −1.296879

10 −3.34446 −1.81006 −3.344465 −1.811065

TABLE 3 Numerical values of CfRe
0.5
r against the various parameters.

Re M N1 λ −CfRe0.5r

1.0 1.0 2.0 0.1 0.53491

2.0 0.75833

3.0 0.97647

1.2 0.51590

1.5 0.63514

2.0 0.75556

0.1 0.61458

0.2 0.61456

0.3 0.61454

0.1 0.65162

0.5 0.65142

0.7 0.65132
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FIGURE 2
(A–F) Variation in f′(η) and g(η) against M, λ and N1.
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2.3 Entropy generation

To include irreversibility sources, for present article, entropy

generation consists of the heat transport, mass transport, and joule

heating impact. The equation of entropy generation is stated as follows:

Sgen
‴ � khnf

T2∞
(zT
zr

)2

+ μhnf
T∞

(zu
zr
)2

+ RdDB

C∞
(zC
zr

)2

+ RdDB

T∞
(zT
zr

)
×(zC

zr
) + σhnf

T∞
B2
0u

2,

(26)
Entropy generation NG is the ratio between the entropy

generation rate S‴ and the characteristic entropy generation rate

S0‴, such that:

S0
‴ � kf(ΔT)2

(aT∞)2 . (27)

NG � khnf
kf

4ηθ′2 + ε(ΣΩ)4ηh′2 + ε(ΣΩ)4ηθ′ h′
+ (BrΩ)( F

2η
+ F′)2

+M(BrΩ)f′2. (28)

Now, using the transformation η � ex for fast convergence,

we get the following form:

NG � khnf
kf

4e−xθ2x + ε(ΣΩ)4e−xh2x + ε(ΣΩ)4e−xθxhx
+ ( Br

Ωe2x)(f2 + fx)2

+M(BrΩ)e−2xf2
x. (29)

In the above equation, the parameter of the temperature

difference is Ω � ΔT
T∞, Br �

μfuw
kfΔT is the Brinkman number, Σ � ΔC

C∞

is the concentration difference parameter, and ε � RdDBC∞
kf

is the

dimensionless constant.

2.4 Skin friction

The quantities of interest, such as skin friction, are very

precious for the engineering point of view. No transport of heat

and mass rate were observed in the current investigation. The

mathematical form of skin fraction is as follows:

Cf � τw
(rΩ)2ρhnf

, (30)

In Eq. 29, τw is defined as:

τw � μhnf
ρfv

2
w

∣∣∣∣∣∣∣zuzr
∣∣∣∣∣∣∣r�R1

, (31)

Equation (30) in its dimensionalized form is as follows:

(Rer)0.5Cf � �
2

√
f″, (32)

Rer � Ωr2
υf

is the Reynolds number.

3 Graphical discussion

The numerical algorithm BVP4C in MATLAB is used to

solve Eqs. 20–23 along with the boundary conditions (Eqs. 24,

25). The Bvp4c technique is only applicable to first-order

ordinary differential equations. Thus, we first transform the

third and second-order equations into a first-order

differential equation with the use of a new variable.

FIGURE 3
(A,B) Variation in θ(η) and h(η) against εt and εc, respectively.
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References [32–35] are recommended to readers because this

system is well-known. Table 2 displays an assessment of the

present outcomes in comparison with previously published

data. From the table, it can be concluded that the current

outcomes show good harmony with the results produced by

Fang and Yao [31]. Table 3 presents the tabulated values for

skin friction for different emerging parameters. It can be

observed from the table that due to enhancement of the

estimation of the Reynold number and magnetic

parameters, the numerical value of skin friction is

enhanced, while it falls due to the enhancement of the

value of mixed convection and buoyancy ratio parameters

it is reduced. For several growing parameters, graphical

results are achieved covering axial and swirl velocity,

temperature, and concentration field. Figures 2A,B

illustrate the influence of the magnetic parameters on swirl

and axial velocity. The figure shows that both fluid velocities

diminish with a higher estimation of the magnetic parameter.

When the magnetic parameter value is increased, Lorentz

force appears, which enhances resistive force in the fluid flow,

and as a result, the fluid velocity is reduced. The upshot of the

influence of the buoyancy ratio parameter on swirl and axial

FIGURE 4
(A,B) Variation in θ(η) and h(η) against Be and Bc, respectively.

FIGURE 5
(A,B) Variation in θ(η) and h(η) against Ec and Sc, respectively.
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velocity is discussed in Figures 2C,D. The figure shows that

axial velocity improves while swirl velocity declines with

growing estimation of the buoyancy ratio parameter, and

the same result is found for the mixed convection parameter

portrayed in Figures 2E,F. Physically, both buoyancy

movement forces and forced convection progress in the

same direction, boosting the values of the buoyancy ratio

parameter. Thus, because the buoyancy effect produces

resistive force to the rotation of fluid particles, the axial

velocity of liquid flow grows, while the swirl velocity

decreases. A relationship between the temperature and

concentration distribution via thermal and solutal

stratification is observed in Figures 3A,B. The fluid

temperature and concentration are both diminished with

thermal and solutal relaxation parameter effects.

Physically, the mass and heat transport in the fluid flow

are reduced with the dimensionless thermal and solutal

relaxation parameter; as a result, both the profiles

diminish. Figures 4A,B explore the upshot of thermal and

solutal Biot number on temperature and concentration field.

Greater convection is caused by an increment in the thermal

Biot number, resulting in higher temperature and correlated

thickness of boundary layer. The same behavior is seen for the

solutal Biot number that is depicted in Figure 4B. The

response of the Eckert number on temperature and

Schmidt number on concentration profile is observed in

Figures 5A,B, respectively. If the Eckert number is strong,

the fluid components are more energetic due to energy

storage. As a result, there is an upsurge in fluid

temperature (see in Figure 5A). Figure 5B discloses the

influence of the Schmidt number on concentration

distribution. It is seen that by boosting the values of Sc the

mass diffusivity is reduced, so the concentration profile

shrinks. The upshot of parameter of temperature variance

and Reynold number on entropy generation is demonstrated

in Figures 6A,B. In Figure 6A, it can be seen that the entropy

age diminishes along the temperature variance parameter,

although the Reynold number augments the entropy

generation described in Figure 6B.

4 Concluding remarks

In the present analysis, the mixed convection hybrid nanofluid

flow is discussed using a modified Fourier and Ficks law. Entropy

generation is calculated. Further, the influences of heat generation/

absorption, chemical reaction, Joule heating, and the thermal and

solutal Biot number are discussed. This analysis presents the

thermal characteristics of hybrid nanofluid, which presents

many novel applications in the thermal engineering, such as

nuclear reactions, heat exchangers, cooling and heating devices,

fission and fusion chemical reactions, coolant in machining and

manufacturing, thermal extrusion processes, and much more. The

bvp4c approach is utilized to solve the problem numerically. The

key findings of the present results are as follows:

➢ Axial and swirl velocities are reduced due to Lorentz forces

produced by higher magnetic parameters.

➢ The axial velocity offluid flow is enhanced and the swirl velocity

is decreasedwith the buoyancy ratio parameter, as the buoyancy

effect generates resistive force to the rotation of fluid particles.

➢ The temperature field is a growing function of thermal Biot

number and the Eckert number but presents a diminishing

function of thermal relaxation parameter.

FIGURE 6
(A,B) Variation in NG(η) against Ω and Re, respectively.
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➢ For larger values of the Schmidt number and solutal

relaxation, the parameter concentration field is reduced,

but for larger solutal Biot numbers, it is enhanced.

➢ Entropy generation is boosted with increased Reynolds number

and reduced with falling parameter of temperature difference.
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