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Abstract 

The effect of aspect ratio and baffle shape on natural convection patterns 
in a U-shaped cavity filled with CuO water-based nanofluid is examined in detail, 
with a T-shaped baffle attached to the cold wall. To solve the coupled continuity, 
momentum, and energy equations, a finite volume method is used, and the pres-
sure–velocity coupling is iteratively solved with the SIMPLE algorithm. The study 
investigates the impact of Rayleigh number  (104–106), cavity aspect ratio (Ar = 0.4, 0.6), 
and nanoparticle volume fraction (0 ≤ φ ≤ 0.05) on flow pattern and heat transfer fea-
tures. The results are presented graphically in the form of streamlines, isotherms, mean, 
and local Nusselt numbers. It is observed that the mean Nusselt number increases 
with an increase in Rayleigh number, nanoparticle volume fraction, and aspect ratio, 
resulting in an improvement in heat transfer. The T-shaped baffle enhances heat 
transfer compared to other baffles. Though changing the aspect ratio (0.4 ≤ Ar ≤ 0.6) 
does not alter the flow pattern, an increase in Ar leads to an enhancement in the heat 
transfer rate.

Keywords: Nanofluid, Natural convection, Rayleigh number, U-shaped cavity, Cold rib, 
T-shaped baffle, Nusselt correlation

Introduction
Natural convection in cavities has been extensively researched over the years due to 
its frequent occurrence in various industrial applications, including heat exchangers, 
residential ventilation, electronic cooling devices, and solar energy collectors. Under-
standing the flow and heat transfer in cavities is considered a crucial research issue in 
computational fluid dynamics. Heat transfer fluid flow is an area of great interest, as evi-
denced by the numerous industrial and technological uses. Increasing convective heat 
transfer is the primary objective of many research efforts, and the inclusion of nanopar-
ticles in a fluid (nanofluid) is a relevant method for achieving this. Given the problem’s 
significance, several experimental and numerical studies [1–6] have focused on this issue 
in various geometrical settings.

In a study by Abu Nada et al. [7], the improved heat transfer in a differential heating 
chamber using  Al2O3-water and CuO-water nanofluids was investigated. They revealed 
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that at high Rayleigh numbers, increasing the volume fraction of nanoparticles in CuO-
water nanofluids resulted in a steady decrease in the Nusselt number. Additionally, 
the Nusselt number was found to be insensitive to the volume fraction at low Rayleigh 
numbers but was responsive to aspect ratio. A computational investigation of the natu-
ral convection cooling of a heat source encased on the bottom wall of a nanofluid-filled 
cavity was performed by Aminossadati et al. [8]. Their work demonstrated that adding 
nanoparticles to pure water improved its cooling efficiency, particularly at low Rayleigh 
numbers. The type of nanoparticles, as well as the length and location of the heat source, 
significantly affected the maximal heat source temperature. Cho et al. [9] conducted a 
study to investigate the natural convection heat transfer improvement of  Al2O3-water 
nanofluid in a U-shaped cavity using the finite volume numerical method. Their results 
revealed that the average Nusselt number increased with an increase in the volume frac-
tion of nanoparticles for all Rayleigh number values. In addition, it has been found that 
increasing the length of the cooled wall in a fixed heated wall length configuration can 
lead to improved heat transfer efficiency.

Abu Nada et al. [10] conducted a study on the natural convection heat transfer char-
acteristics in a differential heating enclosure filled with a CuO-EG-water nanofluid for 
varying thermal conductivity and viscosity. The study found that the impact of viscosity 
models on the mean Nusselt number performance was expected to be more significant 
than the impact of thermal conductivity models. Additionally, the average Nusselt num-
ber decreased with an increase in the enclosure aspect ratio. However, Ghasemi et al. 
[11] examined numerically a natural convection heat transfer in an inclined enclosure 
filled with a CuO-water nanofluid. Their results showed that the inclusion of nanopar-
ticles in pure water improved heat transfer, and the inclination angle had a significant 
effect on the flow and thermal fields. Similarly, Ghasemi et al. [12] investigated the effect 
of a magnetic field on natural convection in a square enclosure filled with  AL2O3 nano-
fluid. It was found that the heat transfer performance could be improved or deteriorated 
with the increase of solid volume fraction depending on the values of the Hartmann 
number and Rayleigh number.

In a work conducted by Oztop et  al. [13], natural convection in a partially heated 
enclosure filled with nanofluids was numerically simulated using different types of nan-
oparticles. Results showed that the average Nusselt number increased with the nano-
particle volume fraction across the entire range of Rayleigh numbers, as well as with an 
increase in the height of the heating element. Meanwhile, Srinivas Rao et al. [14] experi-
mentally investigated the heat transfer characteristics of dilute  Al2O3 water-based nano-
fluids under natural convection through an interferometric study. They found that the 
convective field was highly dependent on the nanofluid concentration.

Yildiz et  al. [15] conducted the natural convection of CuO-water nanofluid in a 
U-shaped enclosure, exploring the impact of aspect ratio, nanofluid volume frac-
tions, cavity inclination on velocity and temperature fields for Ra =  105 and Pr = 6.2. In 
another study, Yildiz et al. [16] focused on the effect of cold wall dimensions on the nat-
ural convection of CuO nanofluid in a U-shaped enclosure by investigating the impact 
of aspect ratio. They discovered that the vertical aspect ratio had a greater effect on 
heat transfer than the horizontal aspect ratio, implying that increasing the cold wall 
height is more effective than increasing the cold wall width for most purposes. Mohebbi 
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et al. [17] used the Boltzmann lattice method (LBM) to investigate thermo-gravitational 
convection of nanofluid inside a Γ-shaped enclosure that contains a local heater. Their 
results indicated that the average Nusselt number increased with Rayleigh number and 
nanoparticles concentration and that the enclosure aspect ratio and obstacle height had 
a decreasing effect.

Chamkha et al. [18] conducted a study on the influence of CuO-water nanofluid and a 
uniform magnetic field on natural convection and entropy generation within a C-shaped 
cavity, accounting for the Brownian motion phenomenon to describe the nanofluid’s 
characteristics. Their results showed that increasing the nanoparticle volume fraction 
enhanced natural convection but also increased the entropy generation rate. Further-
more, the application of a magnetic field was observed to mitigate both the natural con-
vection and entropy generation rate.

Mahalakshmi et al. [19] performed a numerical simulation of natural convection heat 
transfer in an enclosure containing a block heater and a nanofluid, investigating the 
effect of different central heater lengths on the flow and temperature fields at various 
Rayleigh numbers. They showed that heat transfer increased with longer heater lengths 
in both vertical and horizontal positions as Rayleigh number values increased. Moreo-
ver, it was found that the Ag-water nanofluid outperformed CuO-water and  Al2O3-water 
nanofluids in terms of heat transfer improvement. Meanwhile, Triveni et  al. [20] also 
investigated the natural convection of an  Al2O3-water nanofluid in an arched enclosure 
through numerical analysis. Their study found that the heat transfer efficiency increased 
with increasing nanoparticles volume fraction up to 5% and then decreased gradually. 
They also observed that the heat transfer rate increased with curvature ratio and Ray-
leigh number.

Dutta et al. [21] conducted a numerical investigation of natural convection heat trans-
fer in a recto-trapezoidal enclosure filled with copper–water nanofluids, with uniform 
heating applied to the bottom wall. Their findings indicated that the average Nusselt 
number increased with increasing solid volume fraction of copper–water nanoparticles, 
and heat transfer improved by over 20% for Ra =  106 and up to 30% for Ra =  103 with the 
use of Cu-water nanofluid. Snoussi et al. [22] performed a numerical analysis of convec-
tive heat transfer in three-dimensional U-shaped enclosures using nanofluids (Cu and 
 Al2O3). They observed that heat transfer improved with increasing nanoparticles vol-
ume fractions, Rayleigh numbers, and cooled wall length extensions. Islam et  al. [23] 
investigated a prismatic-shaped enclosure containing a two-dimensional Cu-H2O nano-
fluid with a magnetic field under MHD conditions. They concluded that natural con-
vection heat and energy transfer was enhanced with increasing Rayleigh number and 
nanoparticles volume fraction but decreased with increasing Hartmann number. The 
results of this study could be useful in designing effective cooling systems for various 
mechanical chambers.

Hasan et al. [24] studied a periodic unsteady natural convection of a CNT nanopow-
der liquid in a triangular-shaped mechanical chamber. Their results showed that with 
increasing Rayleigh number, the velocity, vorticity, and magnitude of the pressure gra-
dient became large, resulting in reduced fluid flow vortices with dimensionless time. 
They found also that the highest heat transfer rate was achieved using the nano liquid 
with a 15% concentration. A numerical investigation on a three-dimensional thermal 
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convection of a fluid with temperature-dependent viscosity in a porous cubic cavity was 
carried out by Astanina et  al. [25]. They concluded that increasing the Darcy number 
(the permeability of the porous zone) increased the convective motion rate of the fluid 
and that enhancing the interphase heat transfer coefficient could result in an enhance-
ment of heat transfer in the cube.

In their study, Kadhim et  al. [26] used the local thermal no equilibrium model to 
numerically analyze the buoyancy-driven flow in a porous enclosure with a corrugated 
heated bottom wall. The enclosure was filled with Cu-Al2O3/water hybrid nanofluid. 
The findings indicated that increasing the thermal conductivity of nanoparticles led to 
an increase in the heat transfer rate. The maximum heat transfer rate was obtained at 
φ = 0.04. Meanwhile, Alam et  al. [27] analyzed the hydro-thermal incidents of differ-
ent nanofluids occupying a quarter circular vicinity using transient natural convection. 
They considered water  (H2O), kerosene (Ke), and engine oil (EO) as base fluids and cop-
per (Cu), cobalt (Co), and iron oxide  (Fe3O4) as nanoparticles. The outcomes of their 
research revealed that the heat transfer rate significantly increased with higher Rayleigh 
number values, nanoparticle volume fraction (φ), and magnetic field period (λ), while 
increasing the Hartmann number (Ha) resulted in a decrease in the total heat transfer 
rate. These numerical results could prove useful in assessing the heat transfer character-
istics of solar collectors and electronic devices. Additionally, Al Hajri et al. [28] investi-
gated the impact of the Maxwell–Cattaneo (MC) effect (or hyperbolic heat flow) on the 
flow and heat transfer dynamics of a porous medium filled with water and crude oil in a 
state of local thermal no equilibrium (LTNE). The results showed a decrease in fluid fric-
tion and an increase in the rate of heat transfer in both the fluid and solid.

Hasan et al. [29] conducted a study on the unsteady laminar magnetohydrodynamic 
flow of convective nanofluids in a square cavity that was driven by an exothermic chemi-
cal reaction. In this study, water-based nanofluid containing iron oxide  (Fe3O4) nanopar-
ticles were used. The researchers found that at a high Rayleigh number (Ra = 106), the 
average Nusselt number increased by 75.92%, indicating that the water-Fe3O4 nanofluid 
achieved a higher heat transfer rate, with a maximum increase of 22.65% compared to 
the base fluid. This research sheds light on the potential of using nanofluids in enhancing 
heat transfer in various engineering applications. Hirpho et al. [30] simulated the mixed 
convection of a Casson hybrid nanofluid in a partially heated enclosure using the finite 
element method and considered the use of an  Al203-Cu hybrid nanofluid. The results 
indicated that the flow function decreased to a certain extent with an increase in the vol-
ume percentage of hybrid nanoparticles. The size distribution and design of nanoparti-
cles were found to play a crucial role in heat transfer, which was also observed in a study 
by Uddin et al. [31]. In their research, they analyzed the convection and flow of a water-
copper oxide nanofluid in a symmetrical isosceles triangular cavity with an undulating 
base wall using a dynamic model.

In recent years, researchers have been focusing on enhancing heat transfer in enclo-
sures by incorporating fins attached to the walls. Zaim et al. [32] conducted a study on 
the natural convection of a Cu-H2O Newtonian nanoliquid in a U-shaped enclosure with 
a single-phase homogeneous nanofluid model under the influence of magneto-hydrody-
namic flow (MHD). They observed that the heat transfer rate increased with increasing 
Rayleigh number and volume fraction and decreased with increasing Hartmann number. 
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In another study, Rahmati et al. [33] used the Boltzmann lattice method to investigate 
the natural convection of water-TiO2 nanofluid in a square cavity with a hot obstacle. 
They found that increasing the dimensions of the obstacle to 0.5 L resulted in an increase 
in the average Nusselt number, while increasing it to 0.7 L led to a decrease in the aver-
age Nusselt number.

Ma et al. [34, 35] conducted numerical simulations using the Boltzmann lattice method 
(LBM) to study the natural convection of nanofluids and MHD nanofluids in different 
geometries. They investigated the natural convection of  Al2O3-water and  TiO2-water 
nanofluids in a U-shaped cavity with a heating obstacle and the natural convection of 
CuO nanofluids in an enclosure with baffles. The study revealed that increasing the Ray-
leigh number and nanoparticle solid volume fraction (φ) increased the average Nusselt 
number of the obstacle sides, regardless of the aspect ratio. Moreover, increasing the 
aspect ratio also led to an increase in the average Nusselt number. At low Rayleigh num-
bers, the effect of nanoparticles on heat transfer enhancement was more pronounced in 
thin cavities than in large cavities.

Farooq et al. [36] investigated the influence of an external magnetic field on the natural 
convection hydrothermal characteristics of a non-Newtonian power-law nanofluid in a 
U-shaped enclosure with baffles. They analyzed the impact of various parameters, such 
as Rayleigh number (Ra), Hartmann number (Ha), nanoparticle volume fraction (φ), cold 
baffle aspect ratio (AR), inclination angle, and power index (n) on flow and heat transfer. 
On the other hand, Al-Sayagh [37] conducted a free convection study in a 3D enclo-
sure filled with  Al2O3 nanofluid and featuring a perfectly conducting U-shaped obstacle. 
Their results showed that the obstacle’s size and orientation could manipulate the flow 
and optimize the heat transfer, and the addition of nanoparticles notably increased the 
Nusselt number.

In their numerical investigation, Ali et  al. [38] studied a mixed convective flow in a 
horizontal channel with baffles located alternately on two walls and an external magnetic 
field. The study revealed that the orientation and height of the baffles significantly influ-
enced the fluid flow and heat transfer. They also found that the heat transfer enhance-
ment decreased by 22.14% at Ha = 50 compared to Ha = 0, and the heat transfer rate was 
33.86% higher in a nanofluid containing 5% nanoparticles than in water.

Al-Tahaineh et al. [39] examined a thermoelectric generator (TEG) performance sup-
plemented by an evacuated-tube hydronic solar collector heat exchanger used to heat 
a cold zone. They found that in addition to the emphasis on improving TEG efficiency, 
the electricity quantity produced can be significant when large-area heat exchangers are 
employed in big systems.

Experimental and theoretical investigation of the heat transfer characteristics of a 
cylindrical heat pipe using  Al2O3-SiO2/W-EG hybrid nanofluids by response surface 
methodology (RSM) was carried out by Vidhya et  al. [40]. They concluded that the 
higher enhancement of the heat pipe’s heat transfer characteristics suggested that this 
new  Al2O3-SiO2 hybrid nanofluid could be a surrogate for heat transfer applications 
in different strategies. Rao et al. [41] showed in their study that the addition of nano-
particles to biodiesel has affirmative impacts in decreasing dangerous emissions such 
as carbon black, smoke opacity, and NOX, with enhanced thermal efficiency and fuel 
consumption.
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The improvement in thermal performance of a twin-tube counter flow heat exchanger 
with variation in bumper position was investigated experimentally and numerically by 
Abdul Hussein et al. [42]. Nusselt number and friction factor values were found to be 
best with the semi-circular bumpers presence compared with the smooth tube. Zhang 
et al. [43] performed a multi-objective optimization to obtain the optimal cross-finned 
heat sink design. They revealed that the methodology can ably reduce the computational 
or experimental costs for the cross-finned heat sink design with increased heat transfer 
performance and reduced weight.

Based on the related research, it can be concluded that the use of nanofluid-filled 
enclosures with baffles and obstacles is an attractive option for the efficient cooling of 
electronic equipment and has been a popular research topic. The current work is an 
extension of previous research [35], focusing on the effect of a T-shaped baffle placed in 
the cold rib of a cavity with thermally insulated walls. The active part of the bottom wall 
is heated to a higher temperature than the top wall. The goal of this analysis is to assess 
the heat transfer characteristics of this new baffle shape at different Ra numbers, aspect 
ratios, and nanoparticle concentrations. The simulations are conducted for aspect ratios 
of 0.4 and 0.6, Ra numbers ranging from  104 to  106, and nanoparticle concentrations var-
ying from 0 to 0.05, in order to comprehensively explore the impact of these parameters.

Analysis and modeling

Figure  1 displays a U-shaped enclosure with a height (H) and width (W) of 1. The 
aspect ratios (AR) of its length (L) to height (H) and width (W) are 0.4 and 0.6, 
respectively. The enclosure is filled with CuO/water nanofluid, and the upper cold 
wall has a width of L. A T-shaped baffle, which is h units high and z units long (where 
h/L = 0.3 and z = L/2), is placed in the middle of the upper cold wall. The upper cold 
wall and the bottom wall are kept at constant temperatures  Tc and  Th, respectively, 

Fig. 1 Schematics and boundary conditions of the case study
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while the other walls are adiabatic. The Boussinesq approximation is applied for the 
nanofluid density variation and other thermo-physical properties. Viscous dissipation 
effects and velocity differences between the layers are not taken into consideration 
and the exchange of thermal energy between the nanoparticles and the base fluid is 
assumed to be negligible.

The continuity, momentum, and energy equations are as given:

Where q is the heat flux on the hot wall.
The average Nusselt number [35].

Table  1 displays the thermophysical properties of the nanofluid, including den-
sity, specific heat, thermal expansion coefficient [44], dynamic viscosity, and thermal 
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conductivity. The Table  2 shows the applied formulation for the nanofluid proper-
ties,  the thermal conductivity was determined using both the Maxwell method [45] 
and Brinkman [46] technique.

Methods
The pressure-based solver and finite-volume method (FVM) based code was used to 
solve the Navier–Stokes equations in this study. The SIMPLE algorithm was employed 
to relate the velocity and pressure-based, and the second-order upwind method was 
adopted to discretize the governing equations. To ensure a converged solution, the con-
vergence criterion for continuity, momentum, and energy residuals were reduced. No-
slip boundary conditions were applied throughout the simulation. Several grids were 
created to examine the size effect, and the average Nusselt number variation on the hot 
wall was observed for the case of Ar = 0.4,  φ = 0.05 (Table  3). The entire calculations 
were carried out using a 300 × 300 mesh to ensure a mesh-independent solution. The 

Table 1 Characterization of the thermophysical properties of investigated materials [12]

ρ (kg/m3) Cp (J/kg.k) k (W/m.k) β (1/k)

Pure water 997.1 4179 0.613 21 ×  10–5

CuO 6500 540 18 1.67 ×  10–5

Table 2 Applied formulation for the nanofluid properties
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Table 3 Influence of grid resolution on average Nusselt number for Ar = 0.4, φ = 0.05

Ra Number of nodes Average Nusselt number Percentage of error
∣

∣

∣

Nunew−Nuprevious
Nunew

∣

∣

∣

× 100 

104 100 × 100 2.3479 -

200 × 200 2.33776 0.04363

300 × 300 2.3240 0.059208
400 × 400 2.2958 0.012283

105 100 × 100 7.96360 -

200 × 200 7.56556 0.12557

300 × 300 7.7013 0.01762
400 × 400 7.9542 0.03179

106 100 × 100 15.9035 -

200 × 200 15.0586 0.056107

300 × 300 14.8579 0.013507
400 × 400 15.9324 0.067497
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precision of the numerical results obtained in this study was confirmed by comparing 
the simulation with the numerical results obtained in previous research [35], which used 
CuO water nanofluid and the same cavity. Table 4 shows that the consistency between 
the results obtained in this study and the literature is quite good.

Results and discussion
In order to investigate the flow characteristics of the nanofluid, several parameters were 
varied, including nanoparticle volume fractions ranging from 0 to 0.05, Rayleigh num-
bers of  104,  105, and  106, and two different aspect ratios of 0.4 and 0.6. The T-shaped baf-
fle positioned at the center of the cold slot on the bottom wall is considered.

Figures 2, 3, 4, and 5 illustrate the impact of the Rayleigh number on both isotherms 
and streamlines. As seen in Figs. 2 and 4, when the Rayleigh number is higher than 
 104, the isotherm lines are located closer to the cold groove. However, for Rayleigh 
numbers  105 and  106, the isotherms undergo significant variations, with those close 
to the hot wall bending and those close to the cold groove following the T-shaped 
baffle’s geometric pattern and adopting the shape of the groove. This behavior can be 
attributed to the increase in the buoyant force associated with Rayleigh’s growth. As 

Table 4 Comparison of the average Nusselt number for Ra = 105 and φ = 0.05 in the current study 
and [35]

Aspect ratio Nu (present study) Nu (Ma et al. [35]) Percentage of 
error 

∣

∣

∣

Nupresent−Nulitterature
Nupresent

∣

∣

∣

× 100 

Ar = 0.4 9.0328 9.1847 0.01681
Ar = 0.6 9.3816 9.5108 0.01377

Fig. 2 Isotherms at different Ra for Ar = 0.4 φ = 0.05

Fig. 3 Streamlines at different Ra for Ar = 0.4 φ = 0.05
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the Rayleigh number increases, the buoyant force becomes stronger, which causes the 
fluid to circulate more vigorously. Consequently, this improves heat transfer as the 
fluid carries heat more efficiently from the hot surface to the cold surface. Overall, 
these findings suggest that the Rayleigh number plays a crucial role in determining 
the heat transfer characteristics of the nanofluid and that the T-shaped baffle has a 
significant impact on the flow patterns and heat transfer in the system.

The results revealed that two distinct thermal panaches occur above the right and 
left sides of the hot wall. The resulting thermal plumes then enter the cold groove, 
which reduces the boundary layer thickness above the cold walls. At lower Rayleigh 
numbers, such as Ra =  104, the conductive heat transfer mechanism is more pro-
nounced. However, at higher Rayleigh numbers (Ra =  105–106), the convective heat 
transfer mechanism becomes more significant and takes over from conduction. This 
shift can be attributed to the enhancement of buoyancy forces on the fluid particles 
as the Rayleigh number increases. The buoyancy forces promote the movement of 
the fluid particles, which in turn reduces the thermal boundary layer thickness and 
enhances convective heat transfer. As a result, heat transfer improves as Ra increases. 
Overall, these findings highlight the interplay between conductive and convective 
heat transfer mechanisms and the critical role played by buoyancy forces in determin-
ing the heat transfer characteristics of the nanofluid.

In Figs. 3, 4, and 5, two clockwise and counterclockwise vortices are visible on the 
right and left sides of the enclosure. These vortices are caused by the presence of the 
baffle. Specifically, the fluid adjacent to the bottom wall is hot, and the temperature 
difference generates a buoyancy force that causes the fluid in the cavity to rise. How-
ever, the baffle disrupts this movement, resulting in the formation of two recircula-
tion areas.

Fig. 4 Isotherms at different Ra for Ar = 0.6 φ = 0.05

Fig. 5 Streamlines at different Ra for Ar = 0.6 φ = 0.05
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Overall, the baffle plays a crucial role in determining the flow patterns in the system. It 
restricts the fluid’s movement, which creates vortices and recirculation areas. These fea-
tures have a significant impact on the heat transfer characteristics of the nanofluid and 
highlight the importance of considering the effects of baffle presence when designing 
and analyzing heat transfer systems.

Increasing the Rayleigh number (Ra) leads to an increase in buoyancy forces, which 
draws the streamlines toward the walls due to the higher fluid velocity near the walls. 
In addition, the two peaks become larger and stronger with a Rayleigh number of  106. 
The effects of aspect ratio (AR) and nanoparticles volume fraction (φ)  on isotherms 
and streamlines at Ra =  105 are shown in Figs. 6 and 7, respectively. Figure 6 shows that 
increasing the aspect ratio leads to a decrease in fluid temperature in both sections due 
to the restriction of fluid motion. This results in more compact isotherms near the bot-
tom wall, reducing the thickness of the thermal boundary layer. Thus, increasing the 
aspect ratio enhances the temperature gradient near the hot wall. The isotherms near 
the cold wall still have the form of the cold wall and T-shaped baffle at AR = 0.4, while at 
AR = 0.6, the isotherms continue with the baffle shape for any φ due to the strengthen-
ing of the spacing effect on flux limitation and heat transfer at a large aspect ratio. The 
addition of nanoparticles has a negligible impact on temperature distribution except for 
around the hot wall, where the temperature rises. Increasing the nanoparticles volume 
fraction leads to a growth in the thickness of the thermal boundary layer above the hot 
wall. Overall, these findings highlight the complex interplay between various parameters 
in determining the heat transfer characteristics of the nanofluid system and emphasize 
the need for a comprehensive understanding of the underlying physics for optimal sys-
tem design and performance.

Based on the information provided in Fig. 7, it can be observed that for an aspect ratio 
of 0.4 and any nanoparticle volume fraction, two vortices are formed in the clockwise 

Fig. 6 Isotherms at different φ and Ar for Ra = 10.5
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and anticlockwise directions due to buoyancy forces. Natural convection is the domi-
nant mode of heat transfer, and the eddy rings formed have a circular shape. On the 
other hand, for an aspect ratio of 0.6, the eddy rings become elliptical in shape. However, 
the addition of nanoparticles to the fluid does not significantly affect the streamlined 
pattern, even when the nanoparticle volume fraction is increased from 0 to 0.03.

In Fig. 8, the distribution of local Nusselt numbers along the hot wall is presented for 
various Rayleigh numbers and aspect ratios at a fixed nanoparticle volume fraction of 
0.05. It is observed that an increase in the Rayleigh number leads to an increase in the 
value of the local Nusselt number, and the contour of the local Nusselt number changes 
significantly as the aspect ratio is increased. The local Nusselt number profile on the hot 
wall is symmetric with respect to the middle horizontal line, has an arc shape, and the 
peak value of the local Nusselt number is located at the position of the baffle. Further-
more, as the aspect ratio is increased, the local Nusselt number profile rises and the cur-
vature profile also increases. Notably, when the aspect ratio is increased from 0.4 to 0.6, 
the contour of the local Nusselt number profile is significantly altered.

Fig. 8 Local Nusselt number for φ = 0.05 and different Ra. a Ar = 0.4, b Ar = 0.6

Fig. 7 Streamlines at different φ and Ar for Ra = 10.5
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To summarize, Figs.  9, 10, and 11 show the effects of Rayleigh number and nan-
oparticle volume fraction on the mean Nusselt number for both aspect ratios. It is 
observed that the mean Nusselt number is higher at AR = 0.6 than at AR = 0.4. The 
variation trends of the mean Nusselt number as a factor of nanoparticle volume 
fraction and Rayleigh number are similar for both aspect ratios, and increasing the 
Rayleigh number leads to a significant increase in the Nusselt number due to the 
dominance of the convection mechanism over the conduction mechanism at higher 
Rayleigh numbers. On the other hand, the nanoparticle volume fraction does not sig-
nificantly affect the Nusselt number.

Table 5 shows the comparison of average Nusselt number values for the U-shaped cav-
ity without a baffle, with a straight baffle, and with a T-shaped baffle at different Ray-
leigh numbers. It can be observed that the T-shaped baffle significantly enhances the 
heat transfer rate compared to the other two cases. For instance, at Ra =  106, the average 
Nusselt number for the T-shaped baffle case is 20.59% higher than that for the cavity 
without baffle, at Ra =  104, the average Nusselt number for the T-shaped baffle case is 
61.58% higher than that for the straight baffle case, and at Ra =  105, it is 78.21% higher 
than that for the cavity without baffle. This indicates that the T-shaped baffle is effective 
in improving the convective heat transfer in the U-shaped cavity. Furthermore, Fig. 12 
shows the average Nusselt number variation in the U-shaped cavity with a T-shaped 
baffle at different Rayleigh numbers. It can be observed that the temperature difference 
between the hot and cold walls increases with increasing Rayleigh number, indicating 
the enhancement of the convective heat transfer mechanism. The T-shaped baffle can 
also be seen to create strong vortices and recirculation zones, which promote the heat 
transfer rate.

Conclusions
A study was conducted to investigate the natural convection of a CuO-water nanofluid 
in a U-shaped enclosure with a T-shaped baffle through numerical simulation. Vari-
ous parameters were considered, including the cavity aspect ratios of 0.4 and 0.6, Ra 

Fig. 9 Nusselt number variation versus Ra for different Ar at φ = 0.05
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numbers ranging from  104 to  106, and nanoparticle volumetric concentrations of 0 to 
0.05. The results indicate the following:

• Increasing Ra leads to an enhancement of the heat transfer ratio and a reduction in 
the thickness of the thermal boundary layer due to increased buoyancy forces. More-
over, high Rayleigh numbers (Ra ≥  104) significantly increase the heat transfer ratio.

Fig. 10 Average Nusselt number versus φ for different Ar at Ra = 10.5

Fig. 11 Average Nusselt number versus φ for different Ra. a Ar = 0.4, b Ar = 0.6

Table 5 Average Nusselt number variation at different Ra for Ar = 0.6 and φ = 0.05

Ra Num (without baffle) Num (straight baffle) Num (T-shaped baffle)

104 3.6863 5.6951 9.2026

105 6.6313 8.9328 11.8182

106 16.6029 18.5878 19.5398
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• The inclusion of nanoparticles also enhances the heat transfer ratio, and an increase 
in nanoparticle volumetric concentration (φ) leads to an increase in the Nusselt 
number.

• The aspect ratio shift may not alter the flow pattern; an increase in aspect ratio (Ar) 
improves the heat transfer rate.

• The T-shaped baffle improves the heating performance at AR = 0.6 and φ = 0.05, and 
the heat transfer enhancement is largely influenced by the Rayleigh number at a high 
aspect ratio.

• The heat transfer is significantly better for the T-shaped baffle compared to other 
baffles, with an improvement of 61.58% compared to the straight baffle at Ra =  104 
and 78.21% compared to the cavity without baffle at Ra =  106.

• This study offers valuable recommendations for the development of non-square 
geometries and high thermal-performance media storage. The findings can be 
applied to various industries such as car radiators, U-tube heat exchangers, tank-to-
tank connectors, cooling in double baffle space, and nuclear reactors.

Abbreviations
AR  Aspect ratio
g  Gravitational acceleration (m/s2)
H  Height of enclosure (m)
w  Height of baffle (m)
L  Width of the enclosure (m)
Nu  Nusselt number
P  Pressure (N/m2)
Pr  Prandtl number
Ra  Rayleigh number
T  Temperature (K)
ΔT  Temperature variation,  Th–Tc (k)
U  Velocity component in x-direction (m/s)
V  Velocity component in y-direction (m/s)
X,Y  Dimensionless coordinates

Fig. 12 Average Nusselt number variation versus Rayleigh number with different baffle shapes for Ar = 0.6 
and φ = 0.05
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z  Baffle length (m)

Greek symbols
k  Thermal conductivity of fluid (W/m k)
α  Thermal diffusivity  (m2/s)
β  Coefficient of volumetric expansion (1/K)
θ  Dimensionless temperature, (T–To)
μ  Dynamic viscosity (N s/m2)
ρ  Fluid density (kg/m3)
φ  Volume fraction

Subscripts
c  Cold
h  Hot
nf  Nanofluid
f  Fluid
p  Solid particles
0  Initial
m  Mean
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