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ABSTRACT ARTICLE HISTORY
Efficient thermal management in confined spaces is a critical requirement in various fields, includ- Received 28 November 2024
ing biomedical applications like ureteroscopy, where precise temperature regulation is essential Accepted 8 September 2025

for patient safety and procedural efficacy. This study investigates the flow and heat transfer char- KEYWORDS
acteristics of copper-water nanofluids within a two-dimensional channel cavity, emphasizing the Copper-water nanofluid;
combined effects of convection and nanoparticle dynamics. Using the finite element method, the mixed convection; finite
research systematically evaluates the influence of key parameters, including Reynolds number (Re), element method; cavity
Grashof number (Gr), and nanoparticle volume fraction (¢), on thermal and flow behaviours. Quan- channel

titative analysis revealed that as Gr increased, isotherms aligned more horizontally due to enhanced

buoyancy-driven convection, with a corresponding increase in the Nusselt number on heated walls

by up to 85%. Conversely, an increase in ¢ reduced the Nusselt number by approximately 12%, high-

lighting the trade-off between nanoparticle-induced viscosity and thermal conductivity. The study

also found that kinetic energy increased linearly with both Re and Gr, demonstrating intensified fluid

motion and turbulence within the cavity. These findings are significant for optimizing fluid dynamics

and thermal efficiency in medical procedures like ureteroscopy, where effective cooling and irriga-

tion systems are critical. The insights into nanoparticle effects and convection mechanisms provide

a foundation for designing energy-efficient and thermally optimized systems in biomedical devices

and beyond. Future work should focus on experimental validation and exploring hybrid nanoparticle

formulations to further enhance system performance.

Nomenclature 1. Introduction

u,v non-dimensional velocity components Kidney stones are solid mineral and salt deposits that
Pr Prandt] number form inside your kidneys. They can cause intense pain
Re Reynolds number and discomfort as they pass through the urinary tract
Gr Grashof number (Stamatelou et al., 2003; Scales et al.; Kum et al., 2016).
Re Reynolds number Treatment options can vary depending on the size and
Nu Nusselt number location of the stones, as well as the severity of your
Nugy  Average Nusselt number symptoms. Ureteroscopy is a valuable medical procedure
B thermal expansion coefficient that plays a crucial role in the diagnosis and treatment
k thermal conductivity of various conditions affecting the urinary tract, par-
u dynamic viscosity ticularly the ureters and kidneys. It is commonly used
7] temperatures (non-dimensional) for the removal of kidney stones. Small instruments
¢ volume fraction (non-dimensional) can be passed through the ureteroscope to break up
T, temperature of cooled wall or remove stones lodged within the urinary tract. This
Th temperature of heated wall minimally invasive approach reduces the need for open
Tw temperature of adiabatic wall surgery and can help relieve the symptoms associated
Cu Copper nanoparticles with kidney stones, such as pain and urinary obstruc-
w water tion. Ishii et al. (2015) illustrated a review for removal
nf nanofluid of stones in infants using ureteroscopy. Omar et al.

water base fluid

(2015) explored the current trends in imaging methods
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used after ureteroscopy for stone removal. Wright et al.
(2014) presented a detailed study on the present situation
and upcoming anticipation of stone clearance procedure.
Williams et al. (2020) illustrated the properties of fluid
movement within an enclosed space and their practical
uses in the context of extracting kidney stones. Moore
etal. (2005) conducted a theoretical study on stone detec-
tion and their removal techniques.

Newtonian fluid dynamics is a branch of fluid
mechanics that deals with the behaviour of fluids that
follow Newton’s law of viscosity. In Newtonian fluids,
the rate of shear deformation is directly proportional to
the applied shear stress. The importance and applica-
tions of Newtonian fluid dynamics are vast and encom-
pass various fields of science, engineering, and everyday
life. Blood, synovial fluid, and other bodily fluids often
behave as Newtonian fluids under certain conditions.
Medical procedures, drug delivery, and the functioning
of medical devices require a grasp of how these fluids
flow. A nanofluid is a suspension of nanoparticles in a
base fluid, often water or oil. These nanoparticles are
typically on the nanometer scale (1 to 100 nanometers)
and are dispersed within the base fluid. The addition
of nanoparticles to the fluid can lead to changes in its
properties, such as thermal conductivity and viscosity.
Choi (2009) presented a detailed review on nanofluid
in his study. Munir and Amin (2024) explored a novel
realm in nanofluid studies implementing nanofluids in
two-layer channel flow. Yan et al. (2020) Utilized molec-
ular dynamics simulations to examine the flow of Water-
Copper nanofluid within a three-dimensional nanochan-
nel, considering various surface roughness geometries,
aimed at enhancing energy efficiency management. Influ-
ence of particle morphology and radiation impact on the
Marangoni boundary layer flow and thermal character-
istics of a copper-water nanofluid propelled by changing
temperature was demonstrated by Lin et al. (2016). Wang
et al. (2013) studied thermal exchange mechanism in a
compact loop heat pipe using a water-copper nanofluid
and found that copper nanofluid has better thermal con-
ductivity than ordinary fluid. Ganesan et al. (2018) pre-
sented an experimental study on the use of copper-water
nanofluid for small scale greasing in the bending process
of steel.

The finite element method (FEM) is a numerical tech-
nique used for solving a wide range of engineering and
scientific problems that involve partial differential equa-
tions (PDEs). It’s particularly well-suited for problems
where the geometry is complex or irregular, and ana-
lytical solutions are difficult to obtain. The basic idea
behind FEM is to divide a complex problem domain
into smaller, simpler subdomains called ‘finite elements’.
Many scientists have utilized FEM in finding their results

on Newtonian and non-Newtonian fluid dynamics. Eid
et al. (2022) utilized finite element approach to analyze
the magnetohydrodynamic flow of a viscous fluid caused
by a porous surface. Ali et al. (2021) investigated the
effects of magnetism on thermal exchange characteris-
tics in a lid-driven cavity filled with non-Newtonian fluid
in the presence of an object. Bilal et al. (2021) studied
conducting finite element calculations to manage non-
Newtonian fluid dynamics within a space containing a
cold round cylinder. Influence of a heat-conducting hori-
zontal square block on mixed convection within a square
cavity with ventilation using finite element method was
explored by Rahman et al. (2009). References (Ahmad
et al., 2024; Dutta et al., 2021; Gao et al., 2019; Malik
et al., 2024; Munir & Turabi, 2024; Nguyen & Sagar,
2024; Turabi & Munir, 2024) provide further insight on
different numerical schemes including FEM for similar
problems.

Mixed convection holds significant importance in
fluid dynamics due to its frequent occurrence in both nat-
ural and engineered systems. It involves the combined
effects of buoyancy-driven flows and externally induced
forces, which govern the transport of heat and momen-
tum. This phenomenon serves as a link between pure
natural convection and forced convection, enabling a
more comprehensive analysis of fluid behaviour in real-
world scenarios. Amin et al. (2024) explored the con-
vective transport of Casson hybrid nanofluid in a two
layered vertical channel. Ahmad et al. (2024) presented
an investigation of mixed convective flow inside a cavity
with porosity effects and found that the Nusselt num-
ber increases with thermal conductivity but decreases on
increasing porosity. Lu et al. (2018) studied a compu-
tational analysis of a Newtonian fluid in a three-layer
channel with convection effects using OHAM. Basak
etal. (2009) investigated a mixed convection analysis in a
channel with equal sides.

As research elucidated earlier, numerous researchers
have dedicated their efforts to investigating the intrica-
cies of flow dynamics within cavities using finite ele-
ment method this study delves into the intricate dynam-
ics of copper nanofluid flow within a channel cavity.
This unique cavity structure is characterized by two
walls, both of which are maintained at elevated tem-
peratures. Unlike conventional fluids, nanofluids offer
enhanced thermal properties, yet their behaviour within
the geometric constraints of a square cavity remains
underexplored. The research focuses on the effects of
nanoparticle parameters (type, size, and volume fraction)
and governing factors (e.g. Rayleigh number) on flow
and heat transfer. The novelty lies in optimizing con-
vective transport, understanding non-linear interactions,
and minimizing entropy generation, with applications



in microelectronics cooling, solar energy systems, and
biomedical devices.

The study of nanofluid flow in a square cavity is inno-
vative due to its focus on enhancing heat transfer through
advanced nanofluid properties under confined condi-
tions. It explores the interplay of nanoparticle character-
istics, cavity geometry, and thermal parameters, address-
ing gaps in understanding non-linear flow dynamics
and entropy generation. Scientifically, it provides insights
into optimizing thermal performance, with applications
in energy-efficient systems like microelectronics cool-
ing, solar collectors, and biomedical devices, advanc-
ing both fluid dynamics research and practical thermal
management solutions. Recent research has focused on
the behaviour of nanofluids in a variety of applications,
with major advances in understanding their flow and
heat transmission properties. Zhou et al. (2024) investi-
gate the cavitation performance of ice-blocked propellers,
emphasizing the importance of surface effects on fluid
dynamics, which can also be used to understand the
behaviour of nanofluids in confined areas. Zhang et al.
(2025) investigate the impacts of soft magnetic parti-
cles in composite materials, yielding important insights
into the interactions of magnetic fields with nanofluid
dynamics in complex flow channels. Furthermore, Z.
Li et al. (2024) look into the performance optimiza-
tion of magnetic fluid seals, providing a framework for
understanding the multi-physics behaviour of nanoflu-
ids under different conditions. Zeng et al. (2024) diag-
nose multi-cavitation states in vortex pumps, which is
significant for the development of nanofluid-based ther-
mal systems. D. Li and Li (2024) investigate electro-
magnetohydrodynamic (EMHD) flow in microchannels,
which is important for understanding the behaviour of
nanofluids in constrained spaces. Sun et al. (2024) inves-
tigate shear thickening fluids experimentally, providing
insights into nanofluid dynamics that can be applied to
damping systems in thermal management applications.
Han et al. (2018) investigate superlubricity and its poten-
tial impact on nanofluid behaviour. Sarmiento-Laurel
et al. (2022) provide a model for entropy formation in
fluid flows, which could help improve the efficiency of
nanofluid thermal management systems. Zandie et al.
(2022) investigate the effect of magnetic fields and
nanoparticles on phase transition materials, which has
direct implications for increasing nanofluid thermal con-
ductivity. Finally, Mahdavi et al. (2020) report a simu-
lated analysis of nanofluid flow between parallel plates,
which adds to our understanding of shear layers and
heat transfer mechanisms. These research collectively
improve our understanding of nanofluid behaviour and
its prospective applications in a variety of sectors, includ-
ing energy-efficient systems, microelectronics cooling,
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and biomedical devices. Thus, a noteworthy application
of this research lies within the field of ureteroscopy,
a medical procedure involving the exploration of the
urinary tract using specialized instruments. Enhanced
knowledge of fluid behaviour and temperature distribu-
tion can aid in optimizing the design of instruments,
improving visualization during procedures, and ensuring
patient comfort and safety.

We acknowledge that this study has various limita-
tions that may affect the interpretation of our findings.
Firstly, as a theoretical analysis based on FEM simu-
lations, the work lacks experimental validation, which
could lead to inconsistencies with real-world behaviour.
Idealized assumptions, such as uniform nanoparticle
dispersion and constant thermophysical characteristics,
may not adequately reflect real-world settings where
particle agglomeration and non-homogeneous distribu-
tions might influence flow dynamics. Furthermore, our
study focuses solely on steady-state settings and does
not investigate transient behaviours, which may be cru-
cial in time-dependent systems. The study also excludes
extrinsic effects like as temperature changes, pressure
gradients, and non-Newtonian fluid behaviour, all of
which could have an impact on real-world applica-
tions. Furthermore, while we investigated the effects of
Reynolds number, Grashof number, and nanoparticle
volume fraction, we did not address factors such as parti-
cle size, shape, concentration distribution, or the poten-
tial impact of hybrid nanoparticles. Future work could
address these limitations by incorporating experimen-
tal validation, transient flow analysis, and other relevant
parameters.

2. Flow model and geometry

The research focuses on investigating the intriguing
behaviour of water-copper-based nanofluids within a
square cavity channel configuration. This channel with a
length L = 1, serves as a controlled environment to study
the fluid dynamics and heat transfer phenomena occur-
ring within it. To create distinct thermal gradients, hot
and cold temperatures are applied to the channel’s right
and left walls respectively. The left wall have tempera-
ture Ty, the right wall have T and the remaining walls
(denoted as T, ;) are adiabatic. The nanofluid, com-
posed of water and copper nanoparticles, is introduced
through the inlet located at {(x,y); x = 0, ye[0.4, 0.6]}.
It exits the channel through two outlets defined as
{(x,y);x = 0, y€[0,0.15] U [0.85,1]}.

The physical model of the problem is illustrated
in Figure 1, and the thermophysical properties of the
nanofluid and base fluid can be found in Tables 1 and 2,
respectively.
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Figure 1. Schematic diagram of the cavity flow.

Table 1. Thermophysical properties of nanofluid (Dutta et al.,
2021).

Characteristics MNanofluid (Cu — water)
1 (viscosity) “;‘f:"- =(1—¢a)?*
p densiy) & = (1= da) +dat)
: () _ _ (pG),
pep (heat capacity) Lot — (1= fa) + dau 2

k (Thermal conductivity)

ke _ km+2§—2¢m(k{—kml
-ﬂﬁ - +2Kf+ F—Keu)

PP _ (p#)
D — (1= pa) + ¢

B(Thermal expansion coefficient)

Table 2. Thermophysical properties of copper nanoparticles and
water (Dutta et al., 2021).

Properties Water Copper

k 0613 401

o 997.1 8954

B 2.1 x 1074 167 x 102
G 4179 383

o 891 x 107° -

Following assumptions are considered for the under-
lying flow problem:

e The flow is modelled as two-dimensional and steady-
state, ensuring a simplified yet representative analysis
of the problem.

e The fluid is assumed to be incompressible, allow-
ing the neglect of density variations due to pressure
changes.

e The cavity channel under consideration has a non-
dimensionalized length L = 1, providing a standard-
ized framework for comparative studies.

e The density and specific heat capacity of the nanofluid
are assumed to remain constant, simplifying the math-
ematical modelling while maintaining physical rele-
vance.

e The thermophysical properties of the nanofluid, such
as thermal conductivity and viscosity, are computed

based on Maxwell’s effective medium theory, ensuring
accurate representation of the nanofluid behaviour.

e Differential heating is applied, with the channel’s right
wall maintained at a hot temperature and the left wall
at a cold temperature, creating a thermal gradient
driving the flow.

The dimensionless continuity, momentum and energy
equations (Ali et al., 2021) are:

ou 0dv
ox 0oy
du + du ap N A (d%u + o%u @)
Uy—+v—=—-—+——=+—=.
ox oy ox Re\ox? oy*
8v+ ov 6p+A 82v+62v +BGr9
“ox vay ~ 8x  Rel\ax? = ay? Re? ™’
3)

o0 06 C (8% &%
, (4)

“x e TR \a2 T o2

where Pr, Re, Gr defines the Prandtl number, Reynolds
number, Grashof number, respectively. u be the veloc-
ity in x direction and v be the velocity in y direction,
Obe the temperature, p be the pressure. Equation (1) rep-
resents the Continuity equation for the incompressible
fluid (White & Majdalani, 2006) which implies that the
divergence of velocity is zero, meaning the volume of
fluid entering a control volume equals the volume leav-
ing it. Equations (2)—(3) are two-dimensional momen-
tum equations in x and y directions (White & Maj-
dalani, 2006) commonly encountered in fluid dynamics.
These include terms for inertial effects, pressure gradi-
ents, viscous diffusion, and buoyancy-driven force. Left
side of these equations represent the convective accel-
eration which represent changes in the velocity compo-
nent due to motion of the fluid in x and y directions
respectively. gg and %‘; represent the force driving fluid
motion in x and y direction caused by a pressure differ-
ence respectively. Second term in Equations (2) and (3)
defines the viscous diffusion. It represents viscous effects
that resist motion and smooth out velocity gradients in
xand ydirections respectively.Redenotes Reynolds num-
ber. R—i}@denotes the buoyancy term which accounts for
buoyancy effects due to temperature variations in the
fluid. Gr be the Grashof number and 8 be the dimen-
sionless temperature field. Equation (4) is the energy
equation (White & Majdalani, 2006) of two dimensional
flow which describes the transport of dimensionless tem-
perature field. In this equation, terms on left side repre-
sents convective heat transfer. This term shows how the
temperature field changes as fluid particles move in the x



and y direction. Term on the right side denotes the diffu-
sive heat transfer which represents the heat conduction
within the fluid. Pr be the Prandtl number, a dimen-
sionless number that is ratio of momentum diffusivity to
thermal diffusivity.

The boundary conditions associated with the govern-
ing problem are as follows (Williams et al., 2020):

u=1—9y,v=0o0nT, (5)
du du av

2— —P=0, —4+—=0o0nT 6
Py oy <+ ox O 1 oyt ( u

u=v=0o0nTyau (7)

0=00nT, (8)

@=1onTy. )

having dimensionless boundaries defined as

HJ_‘B = A:HL‘QWH = OL%—O#'OQ: AHOV
Lout = {(x,5);x = 0,€[0,0.15] U [0.85,1]}
(11)
cool wall = A_AHL‘QWH" Hvu\m:uv”—: AHNV
heated wall = {(x,y); x = 0, ye[0.15,0.4] U [0.6, 0.85]}
(13)
H,En: =T /EJ_.: U H,_o:L AT@
ky PPy
A=(1-¢)y >, c="L ="
=9 kf (pB)s
_ 3
Pr = vam = %,9. = W|RAH:QM Tt

2.1. Grid convergence analysis

To assess the effectiveness of the present results, a
broad range of grids is employed under specific condi-
tions with parameters such asGr = 103, Pr = 6.8, Re =
landg = 0.01. These grids are detailed in Table 3, with
varying degrees of freedom (DOFs) spanning from 532
to 36152 and total number of elements (NEL) ranging
from 180 to 16441. Notably, the average Nusselt numbers
exhibit negligible differences for the last two grids (Grids
7 and 8). Consequently, a grid with DOFs of 14556and
NEL of 6435 ensures grid independence, and the numer-
ical results are reported based on these specific DOFs and
NEL values.

2.2. Average Nusselt number and kinetic energy

The average Nusselt number is determined by calcu-
lating the average of local Nusselt numbers across the
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Table 3. Grid convergence analysis for average Nusselt number
(upper and lower wall) and kinetic energy (K.E).

Nuigyg Nuigyg

Grid MEL DOFs (Upper wall) (Lower wall) K.E

1 180 532 14721 26796 11184
2 334 928 1.5710 2.7819 1.1518
3 534 1396 1.6737 2.8855 1.1546
4 963 2428 1.8297 3.0290 1.1564
5 1466 3560 1.9378 31274 1.1585
6 2442 5668 20150 3.2097 1.1696
7 6435 14556 22323 34579 1.1749
8 16441 36152 23781 3.6292 1.1764

overall thermal exchange surface, and its magnitude is
influenced by the specific geometry or surface properties
involved in the heat transfer process. The average Nusselt
can be computed from the following expression (Dutta
etal., 2021):

1
Nitgyy = MZ:&\

where Nu denotes the local Nusselt number as

Ny — _Knf 80
wm._w oX
In addition to the parameters above, it is interesting
to calculate and examine a quantity known as the total
kinetic energy, defined as:

1
Kinetic energy = — [ U*dQ
Q

B2 =

Where U is the velocity vector (u,v).

3. Results and discussions

To study the current problem of nanofluid flow and heat
transfer, we have taken a square channel and set dis-
tinct hot and cold temperatures on the right and left
walls respectively. FEM based COMSOL Multiphysics is
utilized to simulate the flow with the non-dimensional
governing equations. It is a versatile software platform
that is indeed commonly used for observing and simu-
lating flow dynamics and heat transfer in various engi-
neering and scientific applications. It provides a powerful
environment for setting up and solving complex prob-
lems, including fluid flow and heat transfer simulations.
Velocity streamlines and isotherm patterns are plotted to
visualize variations in distributions.

3.1. Velocity streamlines

Figure 2(a-f) illustrates the happenings in velocity
streamlines for different Reynolds numbers (Re). This
study deals with Reynolds number ranges from 1 to 1000.
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At low Reynolds numbers, the flow moves with minimal
mixing and one clockwise rotating eddy is observed in the
centre of the channel. This eddy is weak and hardly made
an impact on flow dynamics due to low kinetic energy as
given in Table 5. For Re = 50 and 100, two counter rotat-
ing structures of same magnitude are observed near the
inlets which later grew in size. These vortices stirred the
fluid, and a large amount of surrounding fluid is trapped
by the engulfing surface. Lately, these vortices trans-
ported molecular fluid into the mean flow. This mecha-
nism eventually enhances system efficiency by improved
mixing. The total circulation of this domain is equal to
zero because each vortex, although it has the same magni-
tude, is operating in opposite directions. Moreover, due to
no slip conditions at the channel walls, the vortices devel-
oped more shear ahead than below. For Re = 500 and
1000, the vortex in the upper region of the channel gained
momentum from the mean flow and moved in the lateral
direction. This vortex developed recirculation zones and
suppressed the vortex beneath it. The presence and size
of these recirculation zones and vortices depend on the
Reynolds number.

The crucial finding from this discussion states that as
the Reynolds number increases, flow dynamics evolve
significantly, with counter-rotating vortices enhancing
mixing at moderate Re (50-100) and the formation of
dominant recirculation zones at high Re (500-1000).
These recirculation zones are crucial as they improve
mixing efficiency and highlight the strong dependence of
flow behaviour on Reynolds number.

Figure 3(a—d) shows the effect of Grashof number on
velocity streamlines. The Grashof number is a dimen-
sionless parameter that represents the ratio of buoyancy
forces to viscous forces in a fluid flow due to tempera-
ture differences. It is often used to predict the onset of
natural convection, which is the flow of fluid induced
solely by temperature gradients. In the context of a chan-
nel cavity with heated walls and the insertion of a copper
nanofluid, the Grashof number will influence the forma-
tion of vortices and the behaviour of streamlines due to
natural convection. The Grashof number directly affects
the size and intensity of the vortices. In a channel cav-
ity with heated walls, higher Grashof numbers will lead
to the development of larger and more energetic vortices.
For higher values of Grashof number, the dominance of
buoyancy forces squeezes the vortex near the centre of the
cavity and due to this another small vortex is formed at
the other end. These vortices can influence the mixing of
the copper nanofluid and the distribution of temperature
within the fluid. Summing up, higher Grashof numbers
intensify buoyancy forces, leading to larger and more
energetic vortices in the cavity. This results in enhanced
mixing and temperature distribution within the copper

nanofluid. At higher Grashof values, a dominant vortex
near the cavity centre compresses, forming a secondary
smaller vortex, further influencing fluid behaviour and
heat transfer.

3.2. Results of isotherms

Figure 4(a-d) presents the influence of Reynolds num-
ber on isotherms. As the Reynolds number rises, the
isotherms become vertical and parallel. This is because
in laminar flow, isotherms tend to be more gently curved
following the orderly flow patterns. The temperature dis-
tribution in laminar flow is more influenced by conduc-
tion within the fluid and the development of thermal
boundary layers. As the Reynolds number increases in
laminar flow, the behaviour of isotherms may become
slightly more curved or distorted, but they still exhibit a
relatively ordered pattern compared to the more chaotic
behaviour observed in turbulent flow. It is also evi-
dent that for higher values of Reynolds number, the
temperature tends to spread to the far end of the cav-
ity which was initially near the inlet zones for small
Reynolds number. Briefly speaking, the Reynolds num-
ber increases, isotherms transition from curved to ver-
tical and parallel, indicating enhanced convection and
reduced conduction dominance. Higher Reynolds num-
bers also cause the temperature distribution to extend
further into the cavity, moving away from the inlet
zones observed at lower Reynolds values. This reflects
the increased thermal transport efficiency with rising
Reynolds numbers.

Figure 5(a-d) reveals the effect of Grashof number on
isotherms. On increasing Grashof number, the isotherms
become horizontal and parallel. The Grashoff number
is a dimensionless parameter that quantifies the rela-
tive strength of buoyancy forces to viscous forces in a
fluid flow and heat transfer process. When the Grashof
number is sufficiently high, the buoyancy-induced fluid
motion causes the formation of well-defined, horizon-
tal isotherms. These isotherms indicate that the tem-
perature gradient across the fluid is primarily in the
vertical direction, with minimal temperature variation
in the horizontal direction. Thus, as the Grashof num-
ber increases, isotherms become horizontal and parallel,
indicating a dominance of buoyancy forces over viscous
forces. This pattern reflects a vertical temperature gra-
dient with minimal horizontal variation, characteristic
of buoyancy-driven convection in high Grashof number
flows.

Figure 6(a—d) shows the effect of nanoparticles vol-
ume fraction (¢) on isotherms. Nanoparticles typi-
cally have higher thermal conductivity than base fluid.
As we increase ¢, the overall thermal conductivity of
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Figure 2. (a—f) Streamlines variation for Re = 1, 10, 50, 100, 500, 1000.

the nanofluid increases. Higher thermal conductivity = volume fraction increases, the thermal conductivity of
means that heat is conducted more effectively within  the nanofluid improves, leading to more efficient heat
the fluid. This can lead to flatter isotherms, especially =~ conduction. This results in flatter isotherms, particularly
near the heated surface, as heat spreads more evenly  near the heated surface, as heat spreads more uniformly
through the nanofluid. Eventually, as the nanoparticle  through the nanofluid.
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Figure 3. (a—d) Streamline variations for Gr = 102, 103,10%,10°.

Table 4 shows as expected the decreasing behaviour
of average Nusselt number for both walls on increasing
Reynolds number and Grashof number. Nugy, for upper
and lower walls decreases on increasing Re while opposite
behaviour has seen in case of Gr for both walls. Table 5
presents the variation of kinetic energy on increasingRe
and Gr. This is because at low Reynolds numbers, the flow
is often laminar, characterized by smooth and ordered
fluid motion. As the Reynolds number increases, the flow
is more likely to transition from laminar to turbulent.
Turbulent flow involves complex, chaotic, and irregular
fluid motion with various eddies and vortices forming in
the fluid. These eddies and vortices contribute to a greater
kinetic energy content in the fluid.

Higher Grashof numbers indicate stronger buoyancy
forces relative to viscous forces. This leads to more
significant fluid movement due to natural convection. As
fluid parcels experience density variations due to temper-
ature differences, they become buoyant, leading to fluid

0.8

0.7

1 0.6

4 0.5

41 0.4

1 0.3

(d)

Table 4. Values of average Nusselt number (upper and lower
wall) on varying Reynolds number and Grashof number.

Nugyg Nu,
Re Gr (Upper wall) (Lower wall)
1 23941 3.6337
10 0.47373 3.4180
50 3.5493 x 1074 0.18345
100 23165 x 1074 0.00796
102 1.5474 1.7831
103 23741 3.6337
104 5.6456 8.5979
10° 13.766 19.880

motion characterized by vortices and circulation cells.
Hence, kinetic energy increases.

Figure 7(a-b) explores the influence of Gr on Nusselt
number for both upper and lower heated walls. Higher
Grashof numbers result in more vigorous fluid move-
ment, which enhances heat transfer through increased
fluid mixing and contact with heated walls. This can lead



Figure 4. (a—d) Isotherm distribution for Re = 1, 10, 50, 100.

Table 5. Influence of Reynolds number and Grashoff number on
Kinetic energy.

Re Gr Kinetic energy
1 1.1764
10 201972
50 402324
100 7.03751
102 0.056111
103 1.17490
104 10.1980
10° 54.4631

to a higher Nusselt number on both heated walls, indi-
cating improved convective heat transfer compared to
conductive heat transfer.

Figure 8(a-b) shows the decreasing behaviour of
Nusselt number for upper and lower heated wall on
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0.97
0.93
0.88
0.82
0.78
-1 0.72
- 1 0.68
0.63
Eq 0.57
= 0.53
(b) - 1 0.47
- 1 0.42
0.38
0.33
0.28
0.23
0.17
0.13
0.07

(d)

increasing volume fraction of nanoparticles. The addi-
tion of nanoparticles can also alter the viscosity of the
fluid. An increase in viscosity can hinder fluid flow,
reducing the convective heat transfer. As Nu is depen-
dent on convective heat transfer, this can lead to a
decrease in Nu. In fact, increasing the volume fraction
of nanoparticles in a base fluid raises its viscosity, affect-
ing flow behaviour dramatically. Higher viscosity lowers
the mobility of fluid particles, resulting in a slower flow.
This, in turn, reduces the efficiency of convective heat
transmission since fluid mobility is essential for ther-
mal energy transfer. Furthermore, greater viscosity can
prevent the production of turbulent eddies, which are
required for effective heat mixing in convective processes.
As a result, the heat dissipation capability drops, which is
reflected in the lower Nusselt number.
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Figure 5. (a—d) Isotherm distribution for Gr = 102,103, 10%,10°.

4. Comparison of results

After doing a grid convergence analysis, we compared
the computational results with the laminar flow available
in Williams et al. (2020). Figure 9(a-b) shows veloc-
ity streamlines fixed at Re = 34 for existing and present
results respectively. It is evident that present numeri-
cal results align well with the calculations based on the
correlation.

5. Conclusions

In this study, we employed FEM to investigate the
impact of convection on the flow of a nanofluid, con-
sisting of a Newtonian fluid and nanoparticles, within
a channel cavity. Through our analysis, we explored the
effects of key parameters including Reynolds number,

Fq 0.47
F 4 0.42
0.38
0.33
0.28
0.23
0.17
0.13
0.07

(d)

Grashof number, and volume fraction of nanoparticles.
The key conclusions drawn from our investigation are as
follows:

e As the Grashof number (Gr) increases, indicating a
stronger influence of buoyancy forces relative to vis-
cous forces, we observed a notable alteration in the
isotherm patterns. Specifically, the isotherms became
more horizontally oriented and parallel to each other.
This behaviour is attributed to the intensified convec-
tive heat transfer within the cavity.

e With an increase in Reynolds number (Re), repre-
senting the ratio of inertial forces to viscous forces,
the isotherms exhibited a vertical and parallel pat-
tern. This phenomenon indicates enhanced fluid mix-
ing and convective heat transfer within the channel,
leading to more efficient heat dissipation.
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(©)

Figure 6. (a-d) Isotherm distribution for ¢ = 0.01, 0.03, 0.05, 0.07.

e The Nusselt number, which characterizes the con-

vective heat transfer coefficient, demonstrated a
significant increase for both heated walls as the
Grashof number was elevated. This trend reflects the
heightened convective heat transfer resulting from the
intensified fluid motion induced by buoyancy forces.
Conversely, an increase in the volume fraction of
nanoparticles led to a decrease in the Nusselt num-
ber for both heated walls. This observation suggests
that the presence of nanoparticles hinders convective
heat transfer within the nanofluid, possibly due to
increased viscosity and reduced thermal conductivity.
The kinetic energy for both walls exhibited a con-
sistent increase with increasing values of Reynolds
number and Grashof number. This behaviour indi-
cates enhanced fluid motion and turbulence within the
cavity, contributing to more efficient heat transfer.

0.97
0.93
0.88
0.82
0.78
= 0.72
- { 0.68
- 1 0.63
1 0.57
(b) =4 0.53
£ 4 0.47
1 0.42
0.38
0.33
0.28
0.23
0.17
0.13
0.07

(d)

e Furthermore, the average Nusselt number exhibited
a decline with rising values of the volume fraction
of nanoparticles. This trend underscores the negative
impact of nanoparticle addition on convective heat
transfer efficiency within the nanofluid.

The conclusions of this theoretical study gave a frame-
work for practical applications, such as ureteroscopy.
While this study does not include experimental valida-
tion or direct evidence from ureteroscopy, it does pro-
vide a foundation by examining the effects of important
parameters like Reynolds number, Grashof number, and
nanoparticle volume fraction on nanofluid dynamics.
These characteristics have a significant impact on flow
behaviour and heat dissipation, which is vital for build-
ing effective thermal management systems in medical
equipment. Specifically:
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Figure 7. (a—b) Nusselt number for lower and upper heated walls for various Grashof number.
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Figure 9. Comparative streamlines. (a) Williams et al. (2020). (b) Present results.

e Isotherm and streamline patterns show enhanced
fluid mixing and convective heat transfer, providing
insights for improving cooling and irrigation during
ureteroscopy. Precise temperature regulation is crucial
for tissue protection.

e The observed impacts of nanoparticle volume frac-
tions on heat transfer efficiency provide guidelines for
choosing nanofluids with suitable thermal character-
istics. For example, the decrease in Nusselt number at
greater nanoparticle concentrations aids in selecting
the best formulations.

e Efficient heat evacuation from laser ablation sites is
critical in ureteroscopy. The findings of this study,
which include the impact of Reynolds and Grashof
numbers on kinetic energy and heat dissipation, indi-
cate design improvements for irrigation systems and
reservoirs in surgical equipment.

Future research on nanofluid flow in a square cavity
should focus on experimental validation to complement
numerical studies, ensuring accurate real-world applica-
bility. Further, specific modelling tailored to ureteroscopy
to strengthen the connection between nanofluid dynam-
ics and operational benefits in medical scenarios can
also be the topic of interest. Additionally, incorporat-
ing hybrid nanoparticles can further enhance thermal
properties and system performance.
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