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Abstract

Thermal energy transport remains a critical challenge in engineering systems, particularly in applications involving advanced
cooling technologies, chemical processing, energy conversion, and thermal management devices. This study presents a
parametric assessment of thermal energy transport in magnetohydrodynamic (MHD) silver nanofluid flow over a cylindrical
geometry by examining the influence of key thermo-physical and flow parameters on heat and mass transfer characteristics. To
accurately predict the effective properties of the nanofluid, hybrid constitutive models were adopted by combining the thermal
conductivity correlations of Jang and Choi (2004) and Xue (2005), together with the viscosity models of Mooney (1951) and
Saito (1950). These models account for the effects of nanoparticle concentration, particle size, temperature, and particle geometry
on the transport properties of the nanofluid. The mathematical formulation consists of the continuity, momentum, energy, and
concentration equations expressed in cylindrical coordinates. The governing equations incorporate magnetohydrodynamic
effects and thermal radiation through the Rosseland diffusion approximation. Analytical solutions were obtained using the
Laplace transform technique and evaluated with Wolfram Mathematica Version 12. The influence of the governing dimensionless
parameters on the velocity, temperature, and concentration distributions, together with the engineering performance indices
including skin friction coefficient, Nusselt number, and Sherwood number, was systematically investigated. The results reveal
that increasing the Prandtl number significantly suppresses the thermal boundary layer, leading to a reduction in the nanofluid
temperature profile. A similar decline in temperature is observed with increasing thermal radiation parameter, indicating
enhanced thermal energy dissipation. Furthermore, variations in the Grashof number, Reynolds number, Schmidt number, and
chemical reaction parameter substantially influence the momentum, thermal, and concentration boundary layers. The combined
thermo-physical models provide improved prediction of transport behaviour and demonstrate the potential of silver nanofluids
for enhanced thermal performance in engineering systems involving cylindrical geometries under magnetic field effects.
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1. Introduction

Thermal energy transport plays a fundamental role in the
performance and efficiency of numerous engineering systems,
including heat exchangers, chemical reactors, electronic cool-
ing devices, energy conversion units, and metallurgical pro-
cesses. The increasing demand for high-performance thermal
management has stimulated extensive research into tech-
niques for enhancing heat transfer through the modification of
flow configurations, boundary conditions, and the thermo-
physical properties of working fluids. Among these ap-
proaches, nanofluids have emerged as promising heat transfer
media due to their superior thermal conductivity and enhanced
transport characteristics compared with conventional fluids.
In particular, silver (Ag) nanofluids have attracted considera-
ble attention because of their excellent thermal conductivity,
making them suitable for applications requiring efficient ther-
mal energy transport.

Magnetohydrodynamics (MHD), which describes the inter-
action between electrically conducting fluids and externally
applied magnetic fields, has become an important area of re-
search in engineering physics. Conducting fluids such as lig-
uid metals, molten salts, plasmas, electrolytes, and nanofluids
exhibit altered flow behaviour when subjected to magnetic
fields. The induced Lorentz force modifies the fluid motion,
influences the thermal and concentration boundary layers, and
consequently affects heat and mass transfer characteristics [1].
The ability to manipulate fluid flow using magnetic fields has
led to numerous engineering applications, including electro-
magnetic casting, liquid-metal cooling systems, induction fur-
naces, crystal growth, metallurgical processing, and nuclear
reactor technologies, where precise control of heat transfer is
essential [2].

The regulation of heat and mass transfer through magnetic
field effects remains one of the major challenges in chemical
and thermal engineering. Appropriate control of magnetic
field intensity can either enhance or suppress convective heat
transfer depending on the operating conditions and fluid prop-
erties. Previous investigations have demonstrated that varia-
tions in magnetic field strength significantly influence fluid
velocity, temperature distribution, and heat transfer rates,
thereby affecting the overall thermal performance of engineer-
ing systems [3]. The efficiency of convective heat transfer is
commonly quantified using the Nusselt number, which repre-
sents the ratio of convective to conductive heat transfer and
serves as a key performance indicator in thermal engineering.

Boundary-layer development also plays a significant role in
determining thermal transport behaviour. The characteristic
length of a flow domain together with the thermal conductiv-
ity of the working fluid governs the growth of the thermal
boundary layer. Depending on the engineering configuration,
the characteristic length may correspond to the diameter of a
sphere, the length of a vertical plate, or the external diameter
of a cylinder. For complex geometries, it is commonly evalu-
ated as the ratio of the body's volume to its surface area [4].

80

Experimental and numerical investigations have further
shown that increasing fluid velocity and buoyancy forces en-
hances the Nusselt number, thereby improving convective
heat transfer in mixed-convection systems [5]. Similarly, in-
creases in the magnetic parameter and Prandtl number have
been reported to enhance local heat transfer in non-isothermal
wedge flows under appropriate operating conditions [6].

Recent developments in nanofluid technology have further
demonstrated that nanoparticle size, interfacial layer thickness,
particle concentration, and rheological behaviour significantly
affect thermal transport characteristics. Studies on non-New-
tonian Jeffrey nanofluids flowing over curved stretching sur-
faces revealed that both nanoparticle diameter and liquid-solid
interfacial layer dynamics substantially influence heat transfer
enhancement [7]. Likewise, hybrid analytical techniques have
been successfully employed to investigate MHD flow and heat
transfer in temperature-dependent viscous fluids, providing
valuable insight into the corresponding skin friction character-
istics and wall shear behaviour [8]. High-fidelity numerical
simulations have also demonstrated that increasing Reynolds
and Prandtl numbers modifies turbulent structures and alters
heat transfer within channel flows [9]. In biomedical engineer-
ing applications, investigations of MHD micropolar fluid flow
through bifurcated arteries have shown that buoyancy effects,
magnetic field strength, and heat source parameters strongly
influence fluid motion and thermal transport [10].

The combined effects of chemical reactions, thermal radia-
tion, and porous media have also attracted considerable atten-
tion in recent years. Investigations involving chemically react-
ing micropolar fluids have shown that chemical reactions and
solute stratification significantly influence concentration
boundary layers and mass transfer characteristics [11]. Simi-
larly, studies on radiative MHD Poiseuille flow through po-
rous media have demonstrated that radiation and porous struc-
tures substantially affect flow stability and thermal transport
behaviour [12]. Stability analyses of exothermic reactions
within porous media further indicate that nonlinear energy
generation mechanisms strongly influence thermal stability,
requiring multidimensional analysis for accurate prediction
[13].

Numerous investigations have examined MHD heat trans-
fer in enclosed and cylindrical geometries. Mixed convection
studies in inclined enclosures have shown that the average
Nusselt number generally increases with Reynolds number
and enclosure inclination, whereas the influence of the Prandtl
number is comparatively weaker under certain operating con-
ditions [14]. Differential quadrature analyses of buoyancy-
driven flows under transverse magnetic fields have further
demonstrated that stronger magnetic fields tend to suppress
convective heat transfer while increasing thermal diffusion
[15]. Numerical studies of transient thermal convection have
similarly reported that the Prandtl number significantly affects
transient heat transfer behaviour [16]. Correlations developed
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for natural convection in enclosed geometries have further im-
proved the prediction of engineering heat transfer processes
[17].

Research on cylindrical geometries has become increas-
ingly important because of their widespread application in
heat exchangers, pipelines, cooling channels, and nuclear en-
gineering. Previous investigations involving liquid-metal nat-
ural convection between concentric cylinders have shown that
magnetic field intensity strongly influences the Nusselt num-
ber and overall heat transfer characteristics [18]. Direct nu-
merical simulations have further revealed that the interaction
between magnetic fields and buoyancy forces determines the
transition between laminar and turbulent flow while generat-
ing Hartmann layers and three-dimensional flow structures
[19, 20]. Additional numerical studies have demonstrated that
increasing the Rayleigh number enhances convective heat
transfer, whereas stronger magnetic fields promote conduc-
tion-dominated transport and reduce the average Nusselt num-
ber, particularly under vertically applied magnetic fields [21].
Similar observations have been reported for mixed convection
over vertical cylinders, where magnetic field strength, Prandtl
number, and Schmidt number significantly influence thermal
and concentration boundary layers [22, 23].

Despite these important contributions, relatively few stud-
ies have investigated the combined influence of hybrid effec-
tive thermal conductivity and effective viscosity models on
thermal energy transport in magnetohydrodynamic silver
nanofluid flow over cylindrical geometries. Furthermore, the
coupled effects of thermal radiation and transport properties
on engineering performance indices, including skin friction
coefficient, Nusselt number, and Sherwood number, remain

insufficiently understood. Therefore, the present study per-
forms a parametric assessment of thermal energy transport in
magnetohydrodynamic silver nanofluid flow over a cylindri-
cal geometry by integrating the effective thermal conductivity
models of Jang and Choi (2004) and Xue (2005) with the vis-
cosity models of Mooney (1951) and Saito (1950). The gov-
erning continuity, momentum, energy, and concentration
equations are formulated in cylindrical coordinates and solved
analytically using the Laplace transform technique while in-
corporating thermal radiation through the Rosseland diffusion
approximation. The effects of the governing dimensionless
parameters on the velocity, temperature, concentration, skin
friction coefficient, Nusselt number, and Sherwood number
are systematically investigated to provide valuable insight into
the design and optimization of advanced thermal management
systems employing electrically conducting silver nanofluids.

2. Mathematical Formulation of the
Problem

The mathematical model governing the magnetohydrody-
namic (MHD) flow and thermal energy transport of a silver
nanofluid over a cylindrical geometry is formulated in the cy-
lindrical coordinate system (r, z). The model is based on the
conservation principles of mass, momentum, thermal energy,
and species concentration. The governing equations incorpo-
rate the effects of an externally applied magnetic field, thermal
radiation, chemical reaction, and the effective thermo-physi-
cal properties of the silver nanofluid.
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Substituting the effective thermo-physical properties of the silver nanofluid into Egs. (5) - (8) yields the following governing

equations:
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Here, B, isuniform magnetic field strength, o is electrical
conductivity, Ky, is thermal conductivity of nanofluid, v, is
velocity fluid component, p,,; is fluid density of nanofluid,
Uny is viscosity of nanofluid, B, is thermal expansion of
nanofluid, T is temperature of nanofluid, C, is specific heat
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If the fluid is incompressible, then equation (9) results in
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at constant pressure, g, is radiation term, k, is chemical re-
action term, D is chemical molecular diffusivity, r is radius
of nanoparticles.

Equations (5), (6), (7) and (8) can be rewritten respectively
as

®)
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For an incompressible fluid, the density is assumed constant,
and Equation (13) satisfies the continuity equation. Under
steady-state conditions, the radial velocity obtained from
Equation (13) is substituted into the momentum, energy, and
concentration equations, resulting in the reduced governing
Equations (14) - (16).
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The governing equations are solved subject to the following boundary conditions:

v, (0,t) =0,v, (d,t) =uT(0,t) =1, T (,0) = 0,C(0,t) =1, C(s0,t) = 0

(Ngiangia and Orukari [24])
To account for thermal radiation, the Rosseland diffusion

approximation is employed under the assumption of an opti-
cally thick medium. Accordingly, the radiative heat flux is ex-
pressed as [25]:
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where o denotes the absorption coefficient and Kg stands
for the Stefan-Boltzmann constant. If the temperature gradient
within the nanofluid flow is so tiny that T# is a linear function
of temperature, then. To do this, we extend T in a Taylor se-
ries around T.. and exclude terms of higher order; this leads to

the following expression:

T* =417 31} (18)

Assuming sufficiently small temperature differences within
the flow field, the term T*is expanded using a first-order Tay-
lor series about the ambient temperature T, while higher-or-
der terms are neglected. Consequently,

K 3
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To improve the prediction of the effective thermal conduc-
tivity of the silver nanofluid, the thermal conductivity models
proposed by Jang and Choi [26] and Xue [27] are combined.
The resulting formulation accounts for Brownian motion, par-
ticle size, nanoparticle concentration, temperature, and parti-
cle geometry, thereby providing a more realistic representa-
tion of thermal energy transport in cylindrical and non-cylin-
drical nanoparticles.

dys
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From the work of [30], density of nanofluid (p,,r), thermal
expansion due to temperature of nanofluid (f,,¢), thermal ex-
pansion due to concentration of nanofluid (B;), specific heat

at constant pressure of nanofluid (C,,)nf, nanoparticle vol-
ume fraction (¢,,,) are respectively stated as

3a

J an 1q
I T=yv 19)
rorl or ¢y r" (
('0 p)nf
K K, +K
1-¢+2¢—— P |p—mw " 0f
K —K Knp - be 2be 21
off, = Kpf Ky Koo + Koy (21)
1-g+2¢ In
Knp_be 2be

Similarly, the effective viscosity employed in the momen-
tum equation is obtained by combining the viscosity correla-
tions proposed by Mooney [28] and Saito [29]. This combined
formulation improves the prediction of flow behaviour, wall
shear stress, pressure distribution, and temperature gradients
within the silver nanofluid.

)
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Table 1. Thermophysical properties of the selected individual nanofluids.

Nanoparticles p(kgm=3) p(kgm=1s~1) k (W/mK) C,(J"'kgK)
Silver (Ag) 10500 1.89 x 107 429 235.0
Copper (Cu) 8933 1.67 x 10° 401 385

Tin Oxide (SnO2) 6950 3.5 x 107 8.95 686.2
Aluminium oxide (Al203) 3970 0.8 x 107 40 765

Titanium dioxide (TiO2) 4250 0.90 x 107 8.9538 686.2
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Nanoparticles p(kgm=3) pu(kgm=1s71) k (W/mK) C,(J"'kgK)
Water 997 1.3x 103 0.613 4200
Ethylene Glycol 1082 4.8x 103 0.253 3140

3. Dimensional Analysis

To simplify the governing equations and facilitate the parametric investigation, the following dimensionless variables are
introduced. By applying these transformations to Equations (14) - (16), the governing equations are expressed in nondimensional
form as Equations (25) - (27).
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Transforming Equations (14), (15) and (16) in dimensionless form, the modelled equations can be expressed as
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where (Re) is the Reynolds number, (Pr) is the Prandtl number,  notes the electrical conductivity parameter, (k) is the dimen-
(Sc) is the Schmidt number, (G,,0,) is the thermal Grashof  sionless chemical reaction parameter, and (r) represents the
number, (G,,C) is the modified Grashof number, (R) is the ~ dimensionless radial coordinate.

thermal radiation parameter, (\theta) is the dimensionless tem- Furthermore, the effective dynamic viscosity ratio, effec-
perature, (u) is the dimensionless velocity, (C) is the dimen-  tive thermal conductivity ratio, and other nondimensional

sionless concentration, (Ha) is the Hartmann number, (c,) de- thermo-physical properties of the silver nanofluid appearing
in Equations (25) - (27) are expressed as follows:
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Table 2. Numerical values of the nondimensional thermo-physical parameters employed in the present computations.

Material Parameters/Properties Computational Values (K™!)
Thermal expansivity of water (Byr) 2.1 x 10*

Thermal expansion due to temperature of nanofluid (ﬁnf) 18.8x 10

Concentration expansivity of water (ﬁb f*) 0.26

Concentration expansivity of silver (,an*) 0.06

Diffusivity of water 2.23x 10

Stefan - Boltzmann constant (k) 1.38 x 102

Equations (25) - (27) can be written as

Glov lov & o,
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4. Method of Solution

The transformed governing equations, Equations (28) - (30), are solved analytically using the Laplace transform technique.
Applying the Laplace transform to the governing equations yields
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Applying the modified boundary conditions recover the physical solutions in the spatial domain and with
subject to the modified boundary conditions Equations (31),
c(0)=1 (32) and (33) becomes
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skin friction coefficient is evaluated from the velocity distri-

. . . . bution given by Equation (39) as
5. Engineering Application

The present study combines the effective thermal conduc- T dv(r)
tivity models proposed by Jang and Choi and Xue together dr
with the effective viscosity correlations of Mooney and Saito
to provide a comprehensive representation of the thermo-
physical behaviour of silver nanofluids. The combined ther-
mal conductivity model accounts for the influence of Brown-
ian motion, nanoparticle concentration, particle size, temper-
ature, and particle geometry, while the viscosity model im-
proves the prediction of momentum transport, pressure distri-
bution, and flow resistance. These models have important en-
gineering applications in the design and optimization of elec-

tronic cooling systems, compact heat exchangers, microchan- characteristic length, and convective heat transfer coefficient.

nel heat sinks, nuclear reactor cooling systems, chemical pro- In this way, we may get the Nusselt number by solving Equa-
cessing equipment, solar thermal collectors, and advanced tion (38)

thermal management technologies, where accurate prediction
of heat transfer and fluid flow is essential.
The wall shear stress is characterized by the skin friction Nu=-
coefficient, which quantifies the frictional resistance between
the flowing silver nanofluid and the cylindrical surface. The

(40)

Under identical circumstances, the Nusselt number is the
ratio of heat transmission by convection to heat transfer via
fluid conduction. The Nusselt number measures the balance
between convective and conductive heat transfer at a fluid's
boundary, as it pertains to fluid dynamics. The dimensionless
group known as the Nusselt number (Nu) is essential in the
fields of fluid mechanics and heat transport. It successfully
connects the dots between a system's thermal conductivity,

de(r)
dr r=0

(41)
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Similarly, the mass transfer characteristics are described by
the Sherwood number, which represents the ratio of convec-
tive to diffusive mass transfer. The local Sherwood number is
obtained from the concentration distribution in Equation (37)
as

_dc(r)
dr

sh= (42)

r=0

6. Results and Discussions

The influence of the governing dimensionless parameters
on the thermal energy transport characteristics of magnetohy-
drodynamic silver nanofluid flow over a cylindrical geometry
is analysed using the analytical solutions obtained from Egs.
(37) - (39). The inverse Laplace transform is employed to
evaluate the velocity, temperature, and concentration distribu-
tions under the prescribed boundary conditions. The effects of
the Reynolds number, Prandtl number, Schmidt number, Hart-
mann number, thermal Grashof number, modified Grashof
number, thermal radiation parameter, and chemical reaction
parameter on the flow and thermal fields are illustrated in Fig-
ures 1-8 and Tables 3-15. Particular attention is devoted to
their influence on the velocity profile, temperature distribution,
concentration profile, skin friction coefficient, Nusselt num-
ber, and Sherwood number. The numerical results provide val-
uable insight into the thermal transport behaviour of silver
nanofluids and their potential application in advanced engi-
neering thermal management systems.

— Pr=35
1200
Pr=7.0
10000
Pr=105
&0 F—— Pr=14.0
Z oo [— Pr=175
4000
20
07\ 1 1 1 1 1

Figure 1. Nusselt number (Nu) against boundary layer of Radiation
(R) with Prandtl number (Pr) varying.

Figure 1 illustrates the variation of the Nusselt number with
the thermal radiation parameter for different values of the
Prandtl number. It is observed that increasing the Prandtl num-
ber enhances the Nusselt number, indicating an improvement
in the convective heat transfer rate at the cylindrical surface.
This behaviour is attributed to the reduction in thermal bound-
ary-layer thickness associated with higher Prandtl numbers,
which promotes steeper temperature gradients at the wall.
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Consequently, the combined thermal conductivity model pre-
dicts more efficient thermal energy transport within the silver
nanofluid.

Figure 2. Nusselt number (Nu) against boundary layer of Prandtl
number (Pr) with Radiation (R) varying.

-200

-250

10
Sc

Figure 3. Sherwood number (Sh) against boundary layer of Schmidt
number (Sc) with Chemical reaction (Ko) term varying.

Figure 2 presents the influence of the thermal radiation pa-
rameter on the Nusselt number for different Prandtl numbers.
The results show that increasing the radiation parameter leads
to a gradual reduction in the Nusselt number. This trend sug-
gests that thermal radiation weakens the temperature gradient
at the cylinder surface, thereby reducing the rate of convective
heat transfer. The observation demonstrates that radiative heat
transfer modifies the overall thermal energy transport charac-
teristics of the magnetohydrodynamic silver nanofluid.

Figure 3 depicts the variation of the Sherwood number with
the Schmidt number for different values of the chemical reac-
tion parameter. The Sherwood number represents the ratio of
convective mass transfer to molecular diffusion. It is observed
that increasing the chemical reaction parameter reduces the
Sherwood number, indicating a decrease in mass transfer at the
cylindrical surface. This behaviour results from the consump-
tion of diffusing species through chemical reactions, which sup-
presses concentration gradients within the boundary layer.
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Figure 4. Sherwood number (Sh) against boundary layer of Chemi-
cal reaction (Ko) with Schmidt number (Sc) varying
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Figure 5. Jang and Choi (2004) model of thermal conductivity ratio
against nanoparticle volume fraction (@) for varying Prandt] number
(Pr) with Kp,, = 0.01, C= 2.3, Re = 10.

Figure 6. Jang and Choi (2004) model of thermal conductivity ratio

against nanoparticle volume fraction (@) for varying Reynolds num-
ber (Re) with Ky, = 0.01, C=2.3, Pr=3.5.

Figure 4 shows the variation of the Sherwood number with
the chemical reaction parameter for different Schmidt num-
bers. The results indicate that increasing either the Schmidt
number or the chemical reaction parameter enhances the Sher-
wood number. Higher Schmidt numbers correspond to lower

88

molecular diffusivity, producing steeper concentration gradi-
ents near the wall and consequently increasing the rate of mass
transfer from the cylindrical surface.

Figure 5 illustrates the variation of the effective thermal
conductivity ratio with nanoparticle volume fraction for dif-
ferent Prandtl numbers. The effective thermal conductivity in-
creases with increasing nanoparticle volume fraction, con-
firming that the addition of silver nanoparticles substantially
improves the thermal transport capability of the base fluid.
Furthermore, fluids with lower Prandtl numbers exhibit rela-
tively higher effective thermal conductivity because thermal
diffusion dominates momentum diffusion, leading to thicker
thermal boundary layers and enhanced heat transport.

Figure 6 presents the effect of the Reynolds number on the
effective thermal conductivity ratio as the nanoparticle vol-
ume fraction varies. It is evident that increasing the Reynolds
number slightly reduces the effective thermal conductivity ra-
tio. This behaviour is associated with increased inertial effects,
which alter nanoparticle dispersion within the base fluid. The
observed trend is consistent with Brownian motion theory,
where continuous particle interactions, collisions, and ag-
glomeration influence the effective thermo-physical proper-
ties of the silver nanofluid.

— Pr=35
4000
Pr=7.0
00 —— Pr=10.5
_— — Pr=140
2 < 000
D0 pr=175
10000
O 7\ 1 1 1 1 1

Figure 7. Jang and Choi (2004) and Xue (2005) models of thermal
conductivity ratio against nanoparticle volume fraction (@) for var-
ying Prandtl number (Pr) with Knp = 0.01, C = 2.3, Re = 0.

Figure 8. Jang and Choi (2004) and Xue (2005) models of thermal
conductivity ratio against nanoparticle volume fraction (@) for var-
ying Reynolds number (Re) with Ky, = 0.02, C=2.3, Pr=3.5.
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Figure 7 illustrates the predictions of the combined thermal
conductivity models for different Prandtl numbers. The results
indicate that increasing the Prandtl number decreases the ef-
fective thermal conductivity ratio for a given nanoparticle vol-
ume fraction. This reduction is attributed to the diminished
thermal diffusivity associated with larger Prandtl numbers, re-
sulting in lower thermal energy transport through the
nanofluid.

Figure 8 presents the influence of the Reynolds number on
the combined thermal conductivity model. The effective ther-
mal conductivity ratio decreases slightly as the Reynolds num-
ber increases, reflecting the transition of the silver nanofluid
from a predominantly diffusion-controlled regime toward
stronger inertial flow. Under magnetohydrodynamic condi-
tions, this transition modifies the interaction between the ap-
plied magnetic field and the conducting silver nanofluid,
thereby influencing the overall thermal transport characteris-
tics. The observed behaviour is consistent with previously re-
ported studies on MHD nanofluid heat transfer [31].

7. Numerical Computation of Nusselt
Number, Sherwood Number, Skin
Friction

Table 3. Nusselt number varying Prandtl number.

Nusselt number parameters values used, R = 3.5 and

@ = 0.02
Pr Nu
3.5 2.42424
7.0 2.81535
10.5  3.50650
14.0  4.34987
17.5  5.39366

Table 4. Nusselt number varying Radiation term.

Nusselt number parameters values used, Pr = 3.5 and

@ = 0.02
R Nu
3.5 2.42424
6.5 2.57388
9.5 2.72353
12.5  2.87317
15.5  3.02282

89

Table 5. Sherwood number varying Schmidt number.

Sherwood number parameters values used, ky=1.8,

and ¢ = 0.02
Sc Sh
2.5 2.24186
4.5 2.81535
6.5 3.50652
8.5 4.34987
10.5  5.39366

Table 6. Sherwood number varying Chemical reaction term.

Sherwood number parameters values used, Sc = 2.5,

and ¢ = 0.02
ko Sh
1.8 -0.45513
3.6 -0.44746
5.4 -0.43286
7.2 -0.42345
9.0 -0.41123

Table 7. Skin friction varying Chemical reaction term.

Skin friction parameters values used, Re = 10, Pr =
3.5,S¢=2.5, Grg = 2.6, Gr.=3.2, R=3.5, Ha= 0.5,
o =0.25 and ¢ = 0.02

ko T

1.8 -111.234781

3.6 -109.123580

5.4 -107.112477

7.2 -104.102145

9.0 -101.088823

Table 8. Skin friction varying Grashof number due to temperature.

Skin friction parameters values used, Re = 10, Pr =
3.5,S¢=2.5, Gr. =3.2,R=3.5, k=18, Ha=0.5, o
=0.25and ¢ = 0.02

Grg T

2.6 -126.330456166566
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52
7.8
10.4
13.0

Table 9.

Gr,

32
6.5
9.5
12.5
16.5

Pr
35
7.0
10.5
14.0
17.5

Sc
2.5
4.5
6.5

Skin friction parameters values used, Re =10, Pr =
3.5,Sc=25, 6Gr.=3.2,R=3.5, kp=1.8, Ha=0.5, o
=0.25and ¢ = 0.02

-366.330456166776

-446.341456166447

-562.430456166223

-636.323456166122

Skin friction varying Grashof number due to concentration.

Skin friction parameters values used, Re = 10, Pr =
3.5,S¢=2.5, Grg = 2.6,R=3.5, ky,=1.8, Ha=0.5, ¢
=0.25 and ¢ = 0.02

T

-126.3104001166566
-366.3004112166776
-446.3111226166447
-562.3321456166211
-636.2234156166122

Table 10. Skin friction varying Prandtl number.

Skin friction parameters values used, Re =10, Sc =
2.5, Grg = 2.6, Gr. = 3.2, R=3.5, k;=1.8, Ha=
0.5, 0 =0.25 and ¢ = 0.02

T

122.2104001166522

266.3004112166733

346.3111226155522

461.33210216166211

534.22341561660231

Table 11. Skin friction varying Schmidt number.

Skin friction parameters values used, Re = 10, Pr =
3.5,S¢=2.5, Grg = 2.6, Gr, = 3.2, R=3.5, ky=1.8,
Ha=0.5, 0 =0.25 and ¢ = 0.02

T

-111.114781

-109.113580

-107.102477
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8.5
10.5

3.5
6.5
9.5
12.5
15.5

Skin friction parameters values used, Re =10, Pr =
3.5,S¢=2.5, Grg = 2.6, Gr. = 3.2, R=3.5, ky,=1.8,
Ha=0.5, 0 =0.25 and ¢ = 0.02

-104.092145

-101.088811

Table 12. Skin friction varying Radiation term.

Skin friction parameters values used, Re = 10, Pr =
3.5,S¢=2.5, Grg = 2.6, Gr, = 3.2, R=3.5, ko=1.8,
Ha=0.5, 0 =0.25 and ¢ = 0.02

T

122.2104221166112

266.2204112145433

346.3444122615552

461.32320216166211

534.45761561660231

Table 13. Skin friction varying Magnetic Hartmann number.

0.5
1.5
2.5
35
4.5

Skin friction parameters values used, Re = 10, Pr = 3.5,
Sc=2.5, Grg =2.6, Gr. =3.2,R=3.5, k=18, 0 =
0.25 and ¢ = 0.02

T

-126.1224001166566

-115.3241121667763

-104.2611226166447

-102.3321456234111

-101.2234155446234

Table 14. Skin friction varying Electroconductivity parameter.

0.25
0.50
0.75
1.00
1.25

Skin friction parameters values used, Re = 10, Pr =
3.5,S¢c=2.5, Grg = 2.6, Gr, = 3.2, R=3.5, ko=1.8,
Ha=0.5,and ¢ = 0.02

T

-103.1004001166566

-102.2111121667763

-101.1101226166447

-100.1001456234111

-100.1000155446101
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Table 15. Skin friction varying Reynolds number.

Skin friction parameters values used, Pr =5.5, Sc =1.8,
Grg =2.6, Gr. = 3.2, R=3.5, kp=1.6, Ha=1.35, o
=0.25 and ¢ = 0.02

Re 1

10 -126.21110011665663
20 -223.12001121667761
30 -336.10112261664472
40 -443.21314561662112
50 -556.13134156166122

Table 3 presents the variation of the Nusselt number with
the Prandtl number. The numerical results indicate that the
Nusselt number increases monotonically from 2.42424 to
5.39366 as the Prandtl number increases from 3.5to 17.5. This
behaviour demonstrates that larger Prandtl numbers enhance
convective heat transfer at the cylindrical surface by reducing
thermal diffusivity and producing steeper temperature gradi-
ents within the thermal boundary layer.

Table 4 illustrates the influence of the thermal radiation pa-
rameter on the Nusselt number. The results reveal that the
Nusselt number increases gradually with increasing radiation
parameter, indicating that thermal radiation contributes posi-
tively to heat transfer in the present model. This enhancement
is attributed to the additional thermal energy supplied by radi-
ative heat transfer, which increases the wall temperature gra-
dient and consequently improves the convective heat transfer
rate.

Table 5 shows the variation of the Sherwood number with
the Schmidt number. It is observed that increasing the Schmidt
number increases the Sherwood number significantly. Since
larger Schmidt numbers correspond to lower mass diffusivity,
steeper concentration gradients develop near the cylinder sur-
face, thereby enhancing the convective mass transfer rate.

Table 6 presents the effect of the chemical reaction param-
eter on the Sherwood number. Although the Sherwood num-
ber remains negative throughout the investigated range, its
magnitude decreases as the chemical reaction parameter in-
creases. This trend suggests that stronger chemical reactions
reduce concentration gradients within the boundary layer,
thereby weakening the overall mass transfer process.

Table 7 illustrates the variation of the skin friction coeffi-
cient with the chemical reaction parameter. The results show
that increasing the chemical reaction parameter reduces the
magnitude of the skin friction coefficient, indicating a gradual
reduction in wall shear stress due to the modification of the
concentration boundary layer by chemical reactions.

Table 8 presents the effect of the thermal Grashof number
on the skin friction coefficient. As the thermal Grashof num-
ber increases, the magnitude of the skin friction coefficient in-
creases considerably. This behaviour indicates that thermal
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buoyancy forces strengthen the fluid motion near the cylindri-
cal surface, thereby increasing the wall shear stress.

Table 9 shows the influence of the concentration Grashof
number on the skin friction coefficient. Similar to the thermal
Grashof number, increasing the concentration Grashof num-
ber increases the magnitude of the skin friction coefficient ow-
ing to stronger buoyancy effects arising from concentration
differences within the nanofluid.

Table 10 presents the effect of the Prandtl number on the
skin friction coefficient. The numerical results indicate that
the skin friction coefficient increases with increasing Prandtl
number. This behaviour is associated with the reduction in
thermal diffusivity, which strengthens the velocity gradient
near the cylinder wall and consequently increases the wall
shear stress.

Table 11 illustrates the influence of the Schmidt number on
the skin friction coefficient. Increasing the Schmidt number
reduces the magnitude of the skin friction coefficient, indicat-
ing that lower molecular diffusivity weakens the wall shear
stress under the present flow conditions.

Table 12 shows the variation of the skin friction coefficient
with the thermal radiation parameter. The numerical results
indicate that the skin friction coefficient increases with in-
creasing radiation parameter. This behaviour demonstrates
that thermal radiation enhances momentum transport within
the boundary layer, resulting in greater wall shear stress.

Table 13 presents the effect of the Hartmann number on the
skin friction coefficient. As the Hartmann number increases,
the magnitude of the skin friction coefficient decreases. The
applied magnetic field generates a Lorentz force that sup-
presses fluid motion, thereby reducing wall shear stress and
stabilizing the flow.

Table 14 illustrates the influence of the electrical conduc-
tivity parameter on the skin friction coefficient. Increasing the
electrical conductivity parameter decreases the magnitude of
the skin friction coefficient. The enhanced interaction between
the conducting silver nanofluid and the applied magnetic field
strengthens the electromagnetic damping effect, thereby re-
ducing wall shear stress.

Table 15 shows the effect of the Reynolds number on the
skin friction coefficient. The numerical results indicate that
the magnitude of the skin friction coefficient increases stead-
ily with increasing Reynolds number. This behaviour reflects
the growing influence of inertial forces within the flow, lead-
ing to larger velocity gradients and higher wall shear stress at
the cylindrical surface.

8. Conclusions

A parametric assessment of thermal energy transport in
magnetohydrodynamic silver nanofluid flow over a cylindri-
cal geometry has been presented by combining the effective
thermal conductivity models of Jang and Choi (2004) and Xue
(2005) with the effective viscosity correlations of Mooney
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(1951) and Saito (1950). The governing equations were for-
mulated in cylindrical coordinates and solved analytically us-
ing the Laplace transform method.

The principal findings of the present investigation are sum-

marized as follows:

1) Increasing the Prandtl number significantly enhances the
Nusselt number, indicating improved convincing heat
transfer due to thinner thermal boundary layers.

2) Thermal radiation contributes positively to heat transfer
by increasing the Nusselt number, demonstrating its ben-

eficial role in enhancing thermal energy transport in sil-
ver nanofluids.

3) The Sherwood number increases with increasing
Schmidt number, whereas stronger chemical reactions
reduce its magnitude, indicating suppression of mass
transfer through species consumption.

4) The magnitude of the skin friction coefficient increases
with increasing thermal and concentration Grashof num-
bers, Prandtl number, thermal radiation parameter, and
Reynolds number, reflecting enhanced momentum
transport near the cylindrical surface.

5) Increasing the Hartmann number and electrical conduc-
tivity parameter reduces the magnitude of the skin fric-
tion coefficient owing to the damping effect of the Lo-
rentz force generated by the applied magnetic field.

6) The combined thermal conductivity and viscosity mod-
els provide a more comprehensive representation of the
thermo-physical behaviour of silver nanofluids by sim-
ultaneously accounting for Brownian motion, nanoparti-
cle concentration, particle geometry, particle size, and
viscosity effects.

7) The analytical model developed in this study provides
valuable theoretical insight for the design and optimiza-
tion of advanced thermal management systems employ-
ing electrically conducting silver nanofluids in applica-
tions such as electronic cooling, heat exchangers, chem-
ical reactors, microchannel heat sinks, and energy con-
version systems operating under magnetic field environ-
ments.

Abbreviations
MHD Magnetohydrodynamics
Ag Silver
Re Reynolds Number
Pr Prandtl Number
Sc Schmidt Number
Ha Hartmann Number
Nu Nusselt Number
Sh Sherwood Number
Gr Grashof Number
M Magnetic Parameter
CFD  Computational Fluid Dynamics
DOl  Digital Object Identifier
LTT  Laplace Transform Technique
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