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INTRODUCTION

This study numerically investigates the effect of a magnetic field on the natural convective
heat transfer of silver nanoparticle-water nanofluid within a square cavity. The cavity is heated
from below, with its vertical side walls kept at a constant lower temperature, while the top
surface is adiabatic and a constant magnetic field is applied to the left vertical surface. The
effects of Rayleigh number (10°to 10°), Hartmann number (0 to 20), and nanoparticle volume
fraction (2% to 8%) on heat transfer and fluid flow characteristics are analyzed. The results
show that increasing the nanoparticle concentration significantly increases the heat transfer
in the enclosure at higher values of Rayleigh number. Contrary, increasing Hartmann number,
reduces the fluid velocities and average Nusselt number due to the effect of Lorentz forces.
This dual influence highlights the potential for optimized thermal management in diverse
applications. The novelty of this work lies in investigating the silver-water nanofluids under
varying magnetic field and buoyancy forces in enclosed geometries offering new insights into
engineering applications.

Cite this article as: Shaik E Magnetic field effects on fluid flow and heat transfer in silver
nanoparticle-water nanofluid: A numerical analysis. Sigma ] Eng Nat Sci 2026;44(3):2183-2194.

within a base fluid, offer a promising solution. Studies by Choi
etal. [2] demonstrated that nanoparticles enhance the thermal

Natural convection heat transfer plays a crucial role across
numerous utilizations, involving energy storage devices,
nuclear reactor cooling, and microelectronic component
thermal management. Optimizing this process within closed
cavities hinges on the characteristics of the enclosed fluid.
Traditional heat transfer fluids often present limitations, mak-
ing heat transfer enhancement a crucial area of research [1].
Nanofluids (NFs), engineered suspensions of nanoparticles
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conductivity of fluids like water. Commonly used nanopar-
ticles include silver, copper oxide, and aluminum oxide have
higher thermal conductivity [3-5]. Magnetic field effect on
NFs is crucial in engineering due to its capabilities in altering
fluid circulations, flow patterns and temperature distribution
[6-8]. The applied magnetic field causes a Lorentz force that
relates with the buoyancy force within the fluid [9]. By tacti-
cally altering this interaction, researchers can potentially alter
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fluid velocities and effects heat transfer patterns [10, 11]. Saha
et al. [12] numerically analyzes MHD-driven heat transfer and
reported that blade-shaped nanoparticles enhance heat trans-
fer, outperforming spherical ones. Rahman et al. [13] reported
that increasing the micro-rotation and Hartmann number
reduces Nu,,, and natural convection. The Bejan number
increases as Rayleigh number decreases, and Nuavg drops by
24% with the inclination angle change from 0° to 90°. Javed
and Siddiqui [14] performed simulations to analyze how a
magnetic field affects heat transfer in a ferrofluid (magnetic
liquid) inside a square cavity. They found that strength of mag-
netic field significantly affect how heat flows within the cav-
ity. Balla et al. [15] studied heat transfer in a tilted cavity with
liquid containing nanoparticles and saturated with a porous
material. The simulations consider different nanoparticle types
(copper, aluminum oxide, etc.) and a magnetic field. They ana-
lyze how these factors, along with the temperature difference
and cavity angle, influence heat transfer. Selimefendigil and
Oztop [16] examines water-based NFs (Cu, AL,Os, TiO,) and
shows the heat transfer of 4%. Cylinder rotation impacts the
Nusselt number, with a maximum 8.5% difference between
Cu and ALO:s. At the highest volume fraction, Cu-water NF
enhances heat transfer by 38.10%. A polynomial correlation
for the Nusselt number was developed, dependent on Rayleigh
number and cylinder rotation speed. Sheikholeslami et al.
[17] reported heat transfer rate decreases with increasing Ha.
Rahman et al. [18] numerically investigates alumina-water NF
using Buongiorno’s mathematical model. They concluded that
magnetic field have strong influence on fluid circulation pat-
terns and temperature distribution. Sreedevi and Reddy [19]
reported that a stronger magnetic field led to an increase in
the temperature of the NF inside the cavity. Acharya et al. [20]
simulates heat transfer of alumina-water NE The bottom and
top are partly heated, with three parallel fins (cooled on sides,
heated in middle) inside. Uddin et al. [21] investigates copper
oxide-water NF inside a enclosure with a wavy bottom wall.
Results show that NF has lower friction than the base fluid,
and friction increases with higher RaN and nanoparticle diam-
eter. Dutta et al. [22] investigates Cu-water NFs inside rhombic
cavities. It was reported that total entropy production reduces
with increasing Ha. Alhajaj etal. [23] compared heat extraction
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Figure 1a. Schematic view of the problem.

using different NFs and configurations. The best overall per-
former was 0.5% alumina in water. Fayz-Al-Asad et al. [24]
explored MHD based heat transfer employing a finite element
method. The study shows that the heat transfer improves with
stronger buoyancy force but reduces with a stronger magnetic
field. Alqaed et al. [25] studied alumina-water NFs in a cavity
with inclined walls using a numerical technique. They found
that a higher cavity angle improved heat transfer and the cavity
angle was 30 degrees. Song et al. [26] explored the flow of a
ferromagnetic NF in a channel that has dimples and a heated
blockade. Their results showed that stronger flow rates signifi-
cantly improve heat transfer at the dimpled surface. Thermal
management is a crucial task through varied engineering
applications, relating to renewable energy, automotive tech-
nologies, and cryogenic storage. Literature has highlighted the
importance of enhanced materials and advanced heat trans-
fer solutions to direct these tasks [27-30]. Although findings
on NFs under magnetic fields have managed advancement,
there is inadequate emphasis on Ag based NFs although their
advanced thermal properties. Ag nanoparticles demonstrate
various benefits related to normally employed nanoparticles,
such as alumina or copper oxide [31-34]. However, the high
cost of silver nanoparticles remains a significant challenge,
influenced by factors such as raw material prices, synthesis
methods (e.g., chemical reduction, laser ablation, and green
synthesis), production scale, and purity requirements for
specific applications [35-37]. The objective of the work is to
investigate the effects of nanoparticle, buoyancy forces, and
magnetic field on NF within a square cavity.

PROBLEM FORMULATION

A schematic illustration of a square cavity is shown in
Figure la. The lower horizontal surface has a heat source
with a constant temperature, T}, the upper surface is adi-

abatic and the vertical surfaces are kept at a cold tempera-
ture, T.. A constant horizontal magnetic field is applied to

81x 81 Grid Lines in a Square Cavity
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Figure 1b. Grid lines.
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the left vertical surface. The parameters are taken to be con- Dimensionless terms are uses are:
stant and the density change of NFs is taken into account G oo Bl s pL? F-T)
using the Boussinesq equation. Figure 1b illustrates the =x/L, Y'=y/L, U= o Vo b= oy =T (12)
computational domain along with the grid lines.
au |
Governing Equations a_)l(]' + a_:' =0 (13)
The following are the governing equations used in the
present study [38, 39]: 70U | 500 _ 9P | pny (020 | 920
ou 3% _ UsxtVaor = Pnfaf(m m) (14)
x oy (1)
= oV v _ _aP Ung (8%V | 9%V
_ _ _ gLy o 0P, Hwy (OV 0V
—ou | -ou _ 1 %u | a*u ax’ av' oy’ puray (ax'2 ay'z)
u ox T ay Pn_f [ ax + Hn_r (axz + ayz)] ) (Pﬁ)nf _ — (15)
+ RaN Pr6 — Ha? PrV
PnfBns
_ av _ 6(v) 1 9%y 92
24 2t tns (5 +53)
ay  p f ay ax% = 0y? _ 25
" o G 02 +v 2 = ot (Z5+29)] (16)
+ (0B 9T ~T.) = 07 B3]
gﬁfL3((Th_Tc))
_a_T _or o RaN = ———= (17)
u tUs ay = n -f [(6x2 ay? )] (4) vres
The thermo-physical properties of nano fluids are pr =2 (18)
determined by [40, 41]: af
=@ =xp's +xp'
d o ®) Ha?= —”"fffng (19)
@y = kn p/(p'C) (6)
i i Pins The Nusselt number (local and average) along the
, , , heated surface is determined by:
(p p)nf =1-0(p p)f+X(p Cp)s (7)
h _ kn_f 65
, , , Nt == vl (20)
0Bny = A =2)0B)y +x(0'B)s (®) rer=
s =Gt ©) Nitgng = [ NudA (21)
nf T (1-y)25 Ugpg = Afo U
k _ (ks+2kf)_2)((kf_k$) (10)
ST (ks zkp) +x(iep—ks) Boundary Conditions
Table 1 shows the applied velocity and thermal bound-
oy = (1 =X)o5 + o5 (11)  ary conditions to the enclosure
Table 1. Boundary conditions
Boundary Thermal Condition Velocity Condition
Left boundary Cold (8=0) No slip condition
Right boundary Cold (0=0)
Top boundary Adiabatic (. 96 _ 0)
Bottom boundary Hot (6=1)

Table 2. Thermo-physical properties (Data compiled from [42])

Density (kg/m®)  Specific heat (J/kg K)  Thermal conductivity (W/m K) Thermal expansion coefficient (1/K)

Water 997.1 4179 0.63
Ag 10500 235 429

21x10°
1.89x10°
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Numerical Solution and Code Validation

The steady state governing equations were solved
using the finite volume method. The Semi-Implicit
Method for Pressure-Linked Equations algorithm was
applied for pressure-velocity coupling. The resulting dis-
cretized equations was handled with the Tri-Diagonal
Matrix Algorithm. [43]. The computational code, devel-
oped in C++, was designed with a convergence criterion
of 107 for all variables. To validate its accuracy, the code

Present work

1
0.6:
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04 H
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X
RaN =10°

was benchmarked against results reported by Ghasemi et
al. [44]. The validation process involved simulating the
enclosure using an Al,Os-water NF, taking into account its
boundary conditions and fluid properties. The computed
results were compared Ghasemi et al’s findings in terms
of the Nu,,, and flow streamlines at given RaN and Ha.
The simulation results from the developed code exhibited
excellent agreement with those stated by Ghasemi et al.
[44], as shown in Table 3 and Figure 2.

Ghasemi et al. [44]

Figure 2. Similarity of streamlines with results of Ghasemi et al. [44] (RaN= 10° and 10°, Ha=60).

Table 3. Validation of Nu,,, with Ghasemi et al. [44] at Ha=30 [Data adapted from Ghasemi et al. [44] for validation purposes]

Present Work Ghasemi et al. [44]

x=4% X=6% x=4% X=6%
RaN = 10° 1.116 1.173 1.121 1.184
RaN=10* 1.191 1.237 1.249 1.291
RaN = 10° 3.097 3.126 3.124 3.108
RaN = 10° 8.036 8.064 8.042 8.098
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Grid Sensitivity Analysis

The study considers a square cavity of unit dimen-
sions (1x1). This analysis was performed for a nanoparticle
volume fraction of 4%. Table 4 shows the Nu,,, exhibited
negligible variation between 81x81 and 121x121 grid con-
figurations at a RaN of 10*. Consequently, an 81x81 grid
was adopted for subsequent analyses balancing computa-

tional efficiency and solution accuracy.

RESULTS AND DISCUSSION

This study primarily investigates how magnetic field,
buoyancy forces and ¢ influences the flow patterns, fluid

velocities, temperature distribution, and convective heat
transfer. The selected range of RaN encompasses scenarios
from weak to strong convection, covering a broad spectrum
of natural convection phenomena. The Ha, ranging from
0 to 20, is selected to study the scenarios where magnetic
forces transition from negligible to dominant, showcasing
their suppressive effect on convective currents. A constant
Pr value of 7 was chosen in the present study [45].

Impact of RaN on Streamlines

Figure 3 illustrates the formation of streamline patterns
within the cavity for varying RaN. At low RaN (10° and 10*),
viscous forces predominate, resulting in low fluid motion

Table 4. Grid sensitivity test (y =4%, RaN=10*, Ha=10, Pr = 7.0)

Grid
Nuavg

21x21
12.78

41x41
13.74

61x61
13.97

81x81
14.3

101x101
14.344

121x121
14.457

&=

0

0

(a) RaN=10°

(c) RaN=10°

(d) RaN=10°

Figure 3. Stream lines for different RaN for y =4% and Ha=20.
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within the cavity. This indicates to a weak buoyant force
exerted on the fluid. With an increase in the RaN, (10° and
10°), the temperature difference becomes more significant,

leading to a stronger buoyancy force. These loops represent  increased thermal conductivity.
the movement of the fluid as it rises due to buoyancy, cools
down at the top, and descends along the colder walls [45]. Impact of Ha on Streamlines

The results demonstrates that for all nanoparticle volume
fractions (y = 2%, 4%, 6%, and 8%), increasing the RaN
from 10° to 10° enhances fluid motion and convective heat

(c) Ha=10

1

0

0

(e) Ha=20
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Figure 4. Stream lines for different Ha for y =2% and RaN=10".

transfer. While the trends are generally consistent across
all ¢ values, the magnitude of enhancement in Nu
higher for larger nanoparticle concentrations, owing to the

avg 1

It is observed in Figures 4a-e that the opposite circulat-
ing fluid vortices, above the heat source, rises with raise in
Ha. In the absence of Ha, the heated NF near the bottom
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surface experiences buoyancy forces that cause it to rise.
This rising fluid creates a circulation pattern within the
cavity. The cooler fluid from the top descends to replace the
rising hot fluid, forming multiple smaller loops depending
on the dominance of buoyancy forces. These circulation
patterns are visualized by streamlines. When a magnetic

field is introduced, the Lorentz effect acts against NF

(c) Ha=10
1

08

(e) Ha=20

circulations. These forces weaken the circulation patterns
within the cavity. The streamlines become less defined,
with the loops becoming smaller and weaker. At high Ha,
the convection currents can be almost entirely suppressed.

Impact of Ha on Isothermal Lines
Figure 5a-e illustrates that in the absence of Ha, the
heated NF near the bottom surface rises due to buoyancy.

(d) Ha=15

Figure 5. Visualization of isothermal lines within a square cavity for different Ha at y of 2% and RaN of 10%.
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Figure 6. Influence of Ha on the mid-horizontal V-velocity at an y =2%.

This creates circulation patterns that transport heat
throughout the cavity. The isotherms, therefore, become
spaced out, indicating a gradual temperature change across
the cavity. When a Ha is introduced, the Lorentz effect hin-
ders this movement. The isotherms become nearly parallel
to the hot bottom surface, signifying a minimal tempera-
ture change along the vertical direction. In essence, a stron-
ger magnetic field leads to thicker thermal layers near the
heat source [46].

Impact of Magnetic Field on the Vertical Velocity
Component (V) Along the Central Horizontal Axis of
the Square Cavity

Figure 6a-d shows that the NF motion within the cav-
ity is controlled by a balance involving buoyancy and vis-
cous forces. The magnetic field introduces an additional
retarding effect that dampens the fluid circulations. This
effect opposes the circulation of the fluid, effectively act-
ing like a drag. As Ha increases, the influence impedes
the vertical circulation of the NF. The application of a Ha

disrupts the fluid circulations induced by the tempera-
ture differential between the heated bottom and cooled
top surfaces.

Impact of Ha on NUavg ALONG the Bottom Surface

Figure 7a-e shows that as y increases, the effective
thermal conductivity of the NF also improves compared
to the base fluid. At lower Rayleigh numbers (RaN=10°
and 10%), heat transfer is mainly presided by conduction,
resulting in only a slight increase in Nu,,,. However, as
RaN increases to 10°and 106, along with a higher y, con-
vective heat transfer happen to major than conduction.
As x rises from 2% to 8%, Nu,,, experiences a notable
25% improvement, showcasing the superior heat con-
duction characteristics of the Ag-water NFE. Conversely,
increasing the Ha for a fixed RaN, the flow velocity
reduces, inhibiting natural convection and leading to
a lower Nu,,, by 40% at Ha= 20, similar effects were
reported in the literature [47].
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CONCLUSION

This numerical study investigates the impact of buoyancy
forces, magnetic field strength, and nanoparticles on fluid
flow and heat transfer within a enclosure. The results show
that increasing the RaN from 10° to 10°leads to intense fluid
circulations, resulting in increased heat transfer. Additionally,
incorporating Ag nanoparticles into the base fluid signifi-
cantly improves heat transfer, with nanoparticle volume frac-
tions rising from 2% to 8% resulting in a 25% enhancement in
Nu,,,.. However, the application of a magnetic strength, with
Ha increasing from 0 to 20, causes a notable declination in heat
transfer caused by the suppression of convective currents by
the Lorentz force, leading to a 40% decrease in Nu,,, at Ha =
20. This study’s findings have broad applications in industries
requiring precise thermal management especially relating to

the thermal energy storage and conversion systems.

NOMENCLATURE

Ag  Silver

B, Magnetic field flux

C,  Specific heat capacity, ( ]/ Kg K)

g Standard acceleration due to gravity, ( m/s*)
Ha  Hartmann number

k Thermal conductivity of fluids , (W /m K)
NF  Nanofluid

RaN Rayleigh number

T dimensional temperature, (K)

U,V  dimensional x and y components of velocity, (ms™)
U,V  dimensionless velocities

x,y  dimensional coordinates, (m)

Greek symbols

a thermal diffusivity,( m?s™)

X nanoparticles volume fraction

0 non dimensional temperature

p Density, (kg m™)

o Electrical conductivity, (uS cm™)
Subscripts

c cold surface

f fluid

n_f  nanofluid

s Solid particles
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