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ABSTRACT 

In this study, a numerical analysis of heat and entropy generation on free convection of airflow 

is performed inside a T-shaped cavity with and without circular obstacles. The T-shaped cavity 

is formed with two symmetrically isothermal rectangular blocks. A cold temperature is 

maintained on the cavity's upper wall. The adiabatic walls are connected to heated wall at 

constant temperature. It is assumed that the flow is laminar, 2-D, and steadily incompressible. 

The finite element analysis is employed for solving the governing equations. The calculated 

results are compared and validated with the other published works. The dimensionless velocity 

(streamlines) and temperature (isotherms) are calculated and illustrated for varying Rayleigh 

numbers. It is found that the average Nusselt number at the heated walls and entropy generation 

inside the cavity increase with the increment of Rayleigh numbers. Moreover, the thermal 

performance effects on natural convection flow are investigated with circular obstacles inside the 

enclosure. Five cases without and with circular obstacles regarding the boundary conditions are 

investigated. It is found that the thermal performance of the cavity can be improved by adding 

two circular obstacles with cool boundary conditions. It is evident that the innovative structure 

by adding two circular obstacles with cool boundary conditions gives higher average Nusselt 

number and entropy generation whereas lower Bejan numbers for varying Rayleigh numbers. 

The study is performed for 𝑅𝑎 = 103 − 106 and 𝑃𝑟 = 0.71. 
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Introduction 

The enhancement of heat transfer through natural 

convection in a cavity's geometry has been the 

subject of extensive numerical and experimental 

research due to its significance and interest in 

engineering designs and related issues, including 

solar collectors, thermal insulation, electronic 

component cooling, and building design. 

Engineering system design and improvement 

greatly benefit from the analysis of heat transport 

and fluid dynamics. An infinite horizontal channel 

with an unlimited number of regularly spaced 

rectangular, heated, and isothermal bricks was 

numerically studied by (Amahmid et al. 1997). 

They investigated how the choice of computing 

domain affected the number of possible solutions. 

Every solution's impact on heat transfer and flow is 

investigated. Their studies reveal that even if the 

boundary requirements for this problem are 

symmetrical, the flow's symmetry is not always 

preserved. Through numerical analysis, (Momoniat 

et al. 2023) discovered that the characteristics of 

temperature gradients, streamlines, and heat flux 

within the square cavity were significantly 

impacted by the addition of extended surfaces. 

A square cavity with a fin was taken into 

consideration by (Shi et al. 2003) in order to study 

laminar free conventional temperature transfer. In 

preparation for both current and upcoming 

enrollment, (Choi 1998) researched nanofluid 

technologies. (Yousaf and Usman 2015) examined 

the free convectional heat transfer in a square 

chamber with sinusoidal roughness. Because of the 

wide range of applications in the industry, 

researchers have focused a lot of attention on the 

influence of magneto-hydrodynamic free 

conventional temperature transmission in recent 

years. Using a nanofluid with a magnetic effect, 

(Sheikholeslami et al. 2014) investigated the impact 

of a sinusoidal external on free convectional 

temperature transport. According to the paper, the 

Hartmann number reduces the Nusselt number, 

while the volume and buoyancy force of 

nanoparticles show the opposite response. (Rahman 

et al. 2016) conducted the magnetic convection 

flow within the triangle cavity. After studying the 

effects of turbulent and laminar flows on natural 

convection, (Kuyper et al. 1993) came to the 

conclusion that there is a strong relationship 

between the Rayleigh number (𝑅𝑎) and the Nusselt 

number (𝑁𝑢). Additionally, (Sreedevi and Reddy 

2021) conducted a numerical analysis of the heat 

transmission, flow, and entropy generation 

characteristics of a hybrid nanofluid consisting of 

aluminum oxide, carbon nanotubes, and ethylene 

glycol within a square cavity. The results showed 

that heat transport is reduced by the Hartmann 

number and increases with the Rayleigh number. 

(Islam et al. 2020) investigated the MHD 

convection temperature transformer inside the 

triangle chamber containing the nanofluid. The 

effect of the fin on the free convectional thermal 

flow inside the square chamber was presented by 

(Jani et al. 2011). They observed that, due to the 

increased buoyancy effect, the fin near the middle 

wall transmits heat more effectively. (Das et al. 

2007) look at the technology and science of 

nanofluids. 

Free convection heat transfer from vertical plates 

with horizontal rectangular grooves has been the 

subject of experimental and numerical research 

recently carried out by (Kwak and Song 2000). 

They investigated how Rayliegh's number affected 

each of the system's aspect ratios. In order to 

determine the heat transfer rate from each pitch for 

the specified geometries and Rayleigh numbers, 

they discovered forgiven conditions and secondary 

recirculation flows in the grooves and created a 

suitable link. (Desrayaud and Fichera 2002) 

investigated the natural convection in a vertical 

channel blocked by two adiabatic or isothermal ribs 

numerically in a different study. They discovered 

that the Rayleigh number's magnitude determines 

the ideal location for the ribs in terms of heat 

extraction. 
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In a more recent work, (Chaabane et al. 2022) 

conducted a numerical investigation to explore how 

buoyancy-driven flow is impacted by the irregular 

shape of a cavity. The chimney effect was 

investigated by (El Alami et al. 2004) using natural 

convection from a blocked vented cavity. They 

proved that: the average Nusselt number increases 

significantly with solid block height; the correlation 

found for the average Nusselt number is similar to 

that found in the case of blocked chimneys; and the 

appearance of recirculation cells is caused by the 

amplification of heat transfer by the increase in the 

Rayleigh number. 

According to (Asad et al. 2019), a numerical 

analysis of spontaneous convective flow with 

magnetic impact was conducted. In order to 

determine the best nanofluid design for heat 

augmentation, Natural convection of nanofluids 

between a sinusoidal cylinder and a rectangular 

hollow was investigated by (Alhashash and Saleh 

2023). The results showed that increasing the heat 

transfer rate with 1% alumina particles is possible. 

(Alhajaj et al. 2020) investigated the nanofluid flow 

properties in the channels. Greenhouse effects and 

Brownian motion of flow in channels using 

nanofluid were studied by (Saghir et al. 2021). 

(Alam et al. 2022) carried out an analysis of the 

buoyancy-driven convection transport with 

magnetic effect in the semi-circular cavity. A 

square wavy cavity with a single vertical fin fixed 

to its lower heated wall was the subject of a 

numerical simulation of free convection MHD heat 

transfer by (Fayz-Al-Asad et al. 2019). Some 

related works can be found in (Sheikholeslami et al. 

2014, Shi et al. 2003, Sreedevi and Reddy 2021, 
Yousaf and Usman 2015). 

The study emphasizes that a wide range of 

applications, including electronic, cooling, energy 

storage, solar thermal technologies, and nuclear 

reactor systems, can be made with enclosed 

cavities. Numerous cavity shapes, such as square, 

rectangular, triangle, trapezoidal, semicircular, 

hexagonal, U-shaped, and others, have been taken 

into consideration in this study. The flow and 

temperature behavior inside the cavities are 

influenced by various boundary conditions that are 

applied to the cavity walls. The analysis takes into 

account several thermal boundary conditions, 

including temperature, heat flux, adiabatic, and 

isothermal. This is one particular application of the 

T-shaped cavity. The cavities in the shape of teeth 

are made to fit together perfectly, making the most 

of the cold storage system's available area. This 

design includes elements intended to reduce heat 

transmission between objects kept in various 

compartments, maintaining a constant temperature 

inside the system and improving overall 

effectiveness. The design facilitates uniform 

cooling across the T-shaped cavities by 

encouraging improved air circulation within the 

storage system, hence further optimizing 

temperature management. The aim of this research 

paper is the following: (a) to increase thermal 

performance inside the cavity, (b) to understand the 

physical application of the enclosure, (c) to 

investigate thermal performance effects on natural 

convection of air inside a T-shaped cavity with and 

without obstacles for different thermal conditions. 

In this paper, we have first briefly discussed the 

free convective heat transfer and entropy generation 

of fluid dynamics. Then CAD modeling and 

numerical analysis are described precisely. 

Physical Model 

Figure 1 shows a schematic of the problem 

including the coordinate system and boundary 

conditions. It illustrates the shape of a T-shaped 

chamber with identical rectangular blocks set on the 

bottom wall, measuring ℎ in height and 𝐿 in width.
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Fig. 1. Physical model without and with obstacles. 

The blocks are set hot 𝑇ℎ and connected with the 

adiabatic surfaces. The upper wall is maintained at 

a cold temperature 𝑇𝑐. Here, we have also 

considered two circular obstacles inside the T-

shaped cavity as shown in Figure 1. In a rectangular 

"T" shaped cavity, the flow is thought to be two-

dimensional, incompressible, and laminar flow. The 

fluid under investigation is air, and all physical 

characteristics are taken to be constant at average 

temperature 𝑇0 except density, which is permitted 

to vary with temperature in the buoyancy term. The 

dimensionless temperatures of hot and cold walls 

are set with −0.5 and 0.5  respectively. The circle 

obstacles are may be cold, hot and adiabatic. The 

dimensionless radius 𝑟 of the circle is 0.05. Here, 

Rayleigh number is 103 and 106 and Prandtl 

number is 0.71 (air).  

 “T” shaped cavity in two dimensional coordinates: 

Position Coordinate Width Height 

Upper rectangle  (0.0) 0.5 0.25 

Lower rectangle  (0.125, −0.25) 0.25 0.5 

Position Radius (𝑟) 𝑋-coordinate 𝑌-coordinate 

Upper circle  0.05 0.25 0.1 

Lower circle  0.05 0.25 −0.1 

Here, 𝑥 = ℎ and 0 ≤ 𝑦 ≤ 𝑑; y= 𝑑 and 0 ≤ 𝑥 ≤ ℎ. 

The dimensionless velocity components are 𝑈 and 

𝑉 which are 0.  On the left and right edges of the 

computational domain, symmetry requirements 

have been applied. In a dimensionless setting, X 

and Y, or height (H) and breadth (D), are the 

pertinent boundary conditions. The hot temperature 

is 300C and cold temperature is 100C. 

Mathematical Model 

The governing equations are set according to the 

principles of conservation of mass. Momentum and 

energy for solving the “T”-shaped cavity model 

numerically.  In the fluid domain within the T-

shaped cavity, the equations regarding heat 

conduction at cold/hot walls are also considered in 

our simulation. For the mathematical formulation, 

we assume 2-D incompressible steady and laminar 

flow. The two-dimensional Navier–Stokes 

equations are presented in a dimensional format, as 

below (Saha et al. 2024): 

𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
= 0 (1a) 

 

x, u  

y, v  
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𝜌 (𝑢
𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
) = −

𝜕𝑝

𝜕𝑥
+ 𝜇 (

𝜕2𝑢

𝜕𝑥2
+

𝜕2𝑢

𝜕𝑦2
) (1b) 

𝜌 (𝑢
𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
) = −

𝜕𝑝

𝜕𝑦
+ 𝜇 (

𝜕2𝑣

𝜕𝑥2
+

𝜕2𝑣

𝜕𝑦2
)

+ 𝜌𝑔𝛽(𝑇 − 𝑇0) 
(1c) 

𝜌𝐶𝑝 (𝑢
𝜕𝑇

𝜕𝑥
+ 𝑣

𝜕𝑇

𝜕𝑦
) = 𝛼 (

𝜕2𝑇

𝜕𝑥2
+

𝜕2𝑇

𝜕𝑦2
) (1d) 

 The above set of equations (1a-1d) are reduced to 

dimensionless form together with the 

accompanying boundary conditions as follows: 

𝑋 =
𝑥

𝐿
 ,   𝑌 =

𝑥

𝐿
  , 𝑈 =

𝑢

𝛼𝐿
 , 𝑉 =

𝑣

𝛼𝐿
 , 𝜃

=  
( 𝑇𝑓 − 𝑇𝑐)

(𝑇ℎ − 𝑇𝑐)
    

(2) 

The stream function and vorticity are set as 

dimensionless in the following manner, 

𝑈 =
∂ψ

∂Y
, 𝑉 = −

𝜕𝜓

𝜕𝑋
𝑎𝑛𝑑 

𝜕𝑉

𝜕𝑋
− 

𝜕𝑈

𝜕𝑌
= Ω (3) 

The continuity equation satisfies the above-

mentioned stream function equation. 

Simultaneously, the vorticity equation is calculated 

using the method of vorticity stream function, 

which eliminates the pressure term in the 

momentum equation. Hence, the dimensionless 

governing equations are presented below: 

𝜕2𝜓

𝜕𝑋2
+  

𝜕2𝜓

𝜕𝑌2
= −𝛺 (4a) 

𝑈
𝜕𝛺

𝜕𝑋
+ 𝑉

𝜕𝛺

𝜕𝑌
= 𝑃𝑟 ( 

𝜕2𝛺

𝜕𝑋2
+

𝜕2𝛺

𝜕𝑌2
 )

+ 𝑅𝑎𝑃𝑟
𝜕𝜃

𝜕𝑋
 

(4b) 

(𝑈
𝜕𝜃

𝜕𝑋
+ 𝑉

𝜕𝜃

𝜕𝑌
) = (

𝜕2𝜃

𝜕𝑋2
+

𝜕2𝜃

𝜕𝑌2
) (4c) 

Where U, V, θ, X, Y represent non-dimensional 

variables. 

The quantities including Ra and Pr are defined as 

𝑅𝑎 =
𝑔𝛽(𝑇ℎ − 𝑇𝑐)𝐿3

𝜗𝛼
, 𝑃𝑟 =

𝜇

𝜌𝛼
 (5) 

The convective heat transfer and Nusselt number 

depend on the temperature gradient at a surface, 

(
𝜕𝜃

𝜕𝑛
), where n is a normal direction to the surface. 

The study evaluates the impact of thermal 

performance inside a “T” shaped cavity with and 

without obstacles. 

The average Nusselt-Number is calculated by the 

following form: 

𝑁𝑢𝑎𝑣𝑔

= [
1

𝑆
∫ (−

𝜕𝜃

𝜕𝑋
| ℎ𝑒𝑎𝑡𝑒𝑑 𝑤𝑎𝑙𝑙(𝑌))𝑑𝑌

𝑆

0

+
1

𝑆
∫ (−

𝜕𝜃

𝜕𝑌
|ℎ𝑒𝑎𝑡𝑒𝑑 𝑤𝑎𝑙𝑙(𝑋))

𝑆

0

𝑑𝑋] 

 

 

 

(6) 

where S is the length of the heated wall. 

Entropy Generation 

A review of 𝐸𝑔𝑒𝑛  is conducted in order to assess the 

system's thermal efficiency. As a result, this study 

is consulted while evaluating the cavity's thermal 

performance. Our analysis revealed that the causes 

of 𝐸𝑔𝑒𝑛 were viscosity and thermal effects. The 

following is the dimensionless form of the local 

𝐸𝑔𝑒𝑛 , local Be (𝐵𝑒𝑙), and total entropy (𝐸𝑡𝑜𝑡𝑎𝑙) 

(Saha et al. 2024): 

𝐸𝑡𝑜𝑡𝑎𝑙 = [(
𝜕𝜃

𝜕𝑥
)

2

+ (
𝜕𝜃

𝜕𝑦
)

2

]

+ 𝜑 [2 (
𝜕𝑢

𝜕𝑥
)

2

+ 2 (
𝜕𝑣

𝜕𝑦
)

2

+ (
𝜕𝑢

𝜕𝑦
+

𝜕𝑣

𝜕𝑥
)

2

] 

(7) 

Here, the irreversibility factor is 𝜑, which is equal 

to 10−4. 

The local Bejan number (Bel) : 

𝐵𝑒𝑙 =  
(

𝜕𝜃

𝜕𝑥
)

2

+ (
𝜕𝜃

𝜕𝑦
)

2

𝐸𝑡𝑜𝑡𝑎𝑙

 
(8a) 

The average entropy generation (Eavg): 
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𝐸𝑎𝑣𝑔 =  
∫ ∫ 𝐸𝑡𝑜𝑡𝑎𝑙  dx dy

∫ ∫  dx dy
 (8b) 

The average Bejan number (Beavg): 

𝐵𝑒𝑎𝑣𝑔 =
∫ ∫ 𝐵𝑒𝑙  dx dy

𝐴𝐴

∫ ∫  dx dy
𝐴𝐴

 (8c) 

Methodology and Validation 

Numerical solutions of equations (1) to (5) were 

obtained by using a finite element method (FEM) 

based on Galerkin method. The governing 

equations subject to the boundary conditions are set 

for the present study. The model and simulation are 

solved by the COMSOL MULTIPHYSICS 6.1. For 

natural convection, we have discussed five cases 

(Case-I: T-shaped cavity without obstacle, Case-II: 

T-shaped cavity with two hot circular obstacles, 

Case-III: T-shaped cavity with two adiabatic 

circular obstacles, Case-IV: T-shaped cavity with 

upper hot and lower cool circular obstacles. Case-

V: T-shaped with two cool circle obstacles) of 

models for 𝑅𝑎 = 103  𝑡𝑜 106. A grid independence 

test was carried out by changing grid sizes and the 

findings are presented in Table 1. Following the 

data from Table 1, a grid size of 9128 was set to be 

optimal for the study. In the current investigation, 

the computational domain is divided into a set of 

non-overlapping regions called elements. 

  

(a) T cavity without obstacle (b) T cavity with obstacles  

Fig. 2. Schematic Presentation of the Grid without and with obstacles 

Then the Galerkin weighted residual technique is 

used to convert the nonlinear governing partial 

differential equation into a system of integral 

equations that can be solved numerically (Hossain 

et al. 2023). The investigation involved in each 

term of these equations is performed by using 

Gauss quadrature method which leads to a set of 

non-linear algebraic equations. These equations are 

modified imposing boundary equations by Newton-

Raphson iteration. Finally, these linear equations 

are solved by applying Triangular Factorization 

method. The “T” shaped cavity without obstacle 

and with circle obstacles are shown in Figure 2.  

In order to validate the obtained numerical results, 

the contour of Entropy generation and Bejan 

number at values of 𝑅𝑎 = 103 and 𝐴𝑅 = 1 within 

the square cavity are conducted as shown in Figure 

3. The numerical results agree with the published 

work Ilis et al. (Ilis et al. 2008) which focused on 

square geometries. To increase the confidence of 

the present computational simulation, we have 

tested and compared with other published papers. 
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Table 1. Grid independence test for Nuavg 

Grid 

Size 

Size of the Elements for T cavity 

without obstacle 

Nuavg Size of the Elements for T cavity 

with obstacles 

Nuavg 

GS-1 3068 5.4982 3558 9.4935 

GS-2 7532 5.5823 8042 9.5813 

GS-3 9128 5.4967 9044 9.4967 

GS-4 18876 5.5575 22388 9.6268 

𝐸𝑔𝑒𝑛  Be 

  

Ilis et al. [13] 

  

Present study 

Fig. 3. Comparison between the published work vs present study for Entropy generation and Bejan 

contours at 𝑅𝑎 = 103 and 𝐴𝑅 = 1 with 𝑃𝑟 = 0.71 

Result and discussion 

In this work, finite element methods are 

implemented for solving the set of governing 

equations. This section aims to clarify the 

numerical solutions with graphical representation. 

Streamlines and Isotherms  

The findings for the T-shaped cavity with and 

without two round cylinders are shown and 

examined for a range of Rayleigh numbers (𝑅𝑎 =

103 − 106). In Figure 4 and Figure 5 illustrate the 

streamlines and isotherm contours for varying 

Rayleigh numbers in five cases.   

Cases 𝑅𝑎 = 103 𝑅𝑎 = 104 𝑅𝑎 = 105 𝑅𝑎 = 106 
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Case-I 

    

 

 

Case-II 

    

 

 

Case-

III 

    

 

 

Case-

IV 

    

 

 

Case-V 

    

Fig. 4. Streamline contours for varying Rayleigh Number (𝑅𝑎 = 103 − 106) 

The influence of thermal buoyancy forces on 

temperature and stream functions is expressed by 

varying Rayleigh numbers, which affect all 

contours. Actually, the isotherm and streamline 

contours depend on two parameters such as the 

boundary thermal conditions of two circular 

obstacles and varying Rayleigh numbers. In each 

case, the streamline contours are distributed 

symmetrically and smoothly into the whole cavity. 

In case-I, the streamline contours are symmetrically 
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smooth for increasing Rayleigh numbers (103 to 

106). In case-III and case-V, when the Rayleigh 

number is increasing for the upper circular obstacle 

in adiabatic or cool, the streamlines are spread more 

smoothly than others.  

In case-II and case-IV, when the Rayleigh number 

is decreasing and the upper circle obstacle is hot, 

the streamlines are spread more smoothly and 

created some vortices than others. In case-IV and 

case-V, streamline contours are represented by 

symmetrical rotating vortices that can be observed 

in the entire cavity. Rayleigh number (natural 

convection) causes variations in the shape of 

circulation. When the Rayleigh number (𝑅𝑎) of the 

natural convection parameter is set to any value, the 

fluid in the cavity's left space rotates 

counterclockwise, while the air in the right-hand 

chamber rotates clockwise.  

Circulating cells are developed to achieve higher 

values of buoyancy force (𝑅𝑎 = 106). This shows 

the hot air is accelerated more by the buoyancy 

effect.  In each case, the isotherms are distributed 

smoothly in the whole “T” cavity when the 

Rayleigh number is increasing.  We can control the 

thermal performance in the cavity by changing the 

thermal situation of obstacles and getting smooth 

isothermal curves. When the Rayleigh number is 

increasing from 103 to 106, the thermal buoyancy 

forces become strong.  

In case-I, isotherm contours are found in parallel 

curves from top to bottom wall for 𝑅𝑎 = (103 −

105); the isotherm contours are twisted and 

distributed in the whole cavity for 𝑅𝑎 = 106.  

In case II, the isotherm contours are displayed as 

parallel curves from the top wall to the upper circle 

for 𝑅𝑎 = (103 − 105); the isotherm contours are 

twisted curves and distributed from the top wall to 

the upper circle whole cavity for 𝑅𝑎 = 106. 

In case-III, the isotherm contours are parallel and 

closer to the adiabatic surface for 𝑅𝑎 = (103 −

105);  And symmetrical twisted curves are closer to 

the adiabatic surface when the Rayleigh number 

becomes 106.  

In case-IV, the parallel isotherm contours can be 

seen at the upper circular obstacle but circulation 

smooth contours are seen related to the lower circle 

for 𝑅𝑎 = (103 − 105). On the other hand, the 

symmetrical twisted isotherm contours are seen 

vertically inside the cavity. However, twisted 

smooth contours are noticed at the upper circle, and 

circulation contours are seen as related to the lower 

circle for 𝑅𝑎 =106.  

In case-V, the isotherm contours are circulated 

parallel curves in the whole cavity for 𝑅𝑎 = (103 −

105) and twisted symmetric curves inside the 

cavity for 𝑅𝑎 =106. 

Cases 𝑅𝑎 = 103 𝑅𝑎 = 104 𝑅𝑎 = 105 𝑅𝑎 = 106 

 

Case-I 

    



 Saha et al./ JnUJSci, Vol 11, No. I, Jun. 2024, pp. 186─202  195 

 

Case-II 

    

 

Case-III 

    

 

Case-IV 

    

 

Case-V 

 
   

Fig. 5. Isotherm contours for varying Rayleigh Number (𝑅𝑎 = 103 − 106) 

Average Nusselt-number 

Here, the average Nusselt-number is calculated for 

varying Rayleigh numbers as shown in Table 2. It 

is shown in Figure 6 that with incorporating 

circular obstacles inside the enclosure thermal 

performance can be developed for increasing the 

Rayleigh numbers. However, after adding cool 

circular obstacles, the thermal performance of the 

enclosure can be improved highly for varying 

Rayleigh numbers. 
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Table 2 Average Nusselt-number 𝑁𝑢𝑎𝑣𝑒for varying 𝑅𝑎 

Cases Ra=103 Ra=104 Ra=105 Ra=106 

Case-I 1.7756 1.7756 1.9445 5.4967 

Case-II 0.8347 0.8482 1.0724 3.1875 

Case-III 1.6253 1.6252 1.6297 3.8871 

Case-IV 5.2717 5.2889 5.5368 8.4320 

Case-V 6.8648 6.865 6.9422 9.4967 
 

 
Fig. 6. Average Nusselt-number for five cases 

 

Entropy Generation (𝑬𝒈𝒆𝒏) and Bejan 

Number (𝑩𝒆) 

There can be considerable variations in the 

behavior of  𝐸𝑔𝑒𝑛  due to the temperature 

gradient, viscosity dissipation, total 𝐸𝑔𝑒𝑛 , and 

local 𝐵𝑒 contours at various thermal conditions 

of circular obstacles and without obstacles inside 

the T-shaped enclosure. Figure 7 shows the 𝐸𝑔𝑒𝑛  

and local 𝐵𝑒 contours for five cases inside the 

cavity. Every contour can vary significantly at 

various Rayleigh numbers (𝑅𝑎 = 105 − 106).  

Convective factors dominate in forming fluid 

flow and determining 𝐸𝑔𝑒𝑛 at these elevated 𝑅𝑎 

levels. Consequently, the cases of a domain 

without cylinder and a domain with two circular 

cylinders exhibit observable differences in 𝐸𝑔𝑒𝑛, 

highlighting the important influence of 

convection on the distribution of energy and 

entropy. In case-I, it is evident that a rise in 𝑅𝑎 

values cause the contours to significantly 

increase inside the whole cavity. At higher 𝑅𝑎, 

the contour shows a complex nature inside the 

enclosure without obstacles. After adding two 

circular obstacles with thermal boundary 

conditions, there is a significant change in 

entropy generation. In case-II and case-III, by 

analyzing the local entropy contours, we find 

that the graphs near the cold and adiabatic 

surface get denser with an increase in 𝑅𝑎. In 

case-IV and case-V, the contours of the isotherm 

reveal that when 𝑅𝑎 rises, the contours around 

the heated and cold surface as well as the 

adiabatic surface get denser. 
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Cases 𝐸𝑔𝑒𝑛 𝐵𝑒 

 𝑅𝑎 = 105 𝑅𝑎 = 106 𝑅𝑎 = 105 𝑅𝑎 = 106 

Case-I 

    

Case-II 

    

Case-III 

 

 

  

Case-IV 

 

 
  

Case-V 

 

 

  

Fig. 7. Spatial Distribution of 𝐸𝑔𝑒𝑛 and Local 𝐵𝑒 for five cases at 𝑅𝑎 = 105 − 106
 

When the Rayleigh number is increasing, the 

average 𝐸𝑔𝑒𝑛  is increasing which shows in Table 3. 

We get the best average entropy value in case-I and 

after including two obstacles the average entropy 

value is better in case-V than others as shown in 

Figure 8. 
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Table 3  Entropy Generation (𝐸𝑔𝑒𝑛) 

Entropy Generation (𝑬𝒈𝒆𝒏) 

Case 𝑅𝑎 = 103 𝑅𝑎 = 104 𝑅𝑎 = 105 𝑅𝑎 = 106 

Case-I 1.8373 1.838 2.6712 155.85 

Case-II 3.0397 3.0422 3.5379 79.405 

Case-III 1.6834 1.6836 1.7308 70.11 

Case-IV 8.3539 8.3597 9.1401 112.44 

Case-V 7.0431 7.0535 8.4205 197.77 

 

 

Fig. 8. Entropy generation for varying Rayleigh numbers 

When 𝐸𝑔𝑒𝑛  is dominating due to heat transfer, it 

is seen that contours become less uniform as 

𝑅𝑎 increases, resulting in a significant 

fluctuation in temperature in the bottom region. 

Conversely, when the Rayleigh number is 

increasing, the local Bejan number (𝐵𝑒𝑙) is 

decreasing which shows in Table 4 and Figure 9. 

But when it comes to cavity flow analysis, a rise 

in Be means that the rate of heat transfer 

becomes more apparent than the rate of energy 

annihilation. 
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Table 4  Local Bejan Number (𝐵𝑒) for varying Rayleigh numbers 

Local Bejan Number (𝐵𝑒) 

Case 𝑅𝑎 = 103 𝑅𝑎 = 104 𝑅𝑎 = 105 𝑅𝑎 = 106 

Case-I 0.99998 0.99762 0.72572 0.075872 

Case-II 0.99959 0.99354 0.82371 0.18712 

Case-III 1 0.99956 0.95674 0.23094 

Case-IV 0.99999 0.99883 0.88297 0.13527 

Case-V 0.99995 0.99517 0.74707 0.043229 

 

Fig. 9. Local Bejan Number (𝐵𝑒) for varying Rayleigh numbers 

Ecological Coefficient performance (𝐸𝐶𝑂𝑃 =
𝑁𝑢𝑎𝑣𝑒

𝐸𝑔𝑒𝑛
) [20] is affected by various Rayleigh numbers 

(𝑅𝑎 = 103 − 106). In case-I, at higher 𝑅𝑎, the 

𝐸𝐶𝑂𝑃 value is much lower than others which has a 

good effect on the environment.  

Table 5 Ecological Coefficient Performance (𝐸𝐶𝑂𝑃) for varying Rayleigh numbers 

Ecological Coefficient Performance (𝐸𝐶𝑂𝑃) 

Case 𝑅𝑎 = 103 𝑅𝑎 = 104 𝑅𝑎 = 105 𝑅𝑎 = 106 

Case-I 0.96642 0.9661 0.72795 0.03527 

Case-II 0.27459 0.27881 0.30312 0.04014 

Case-III 0.96549 0.96531 0.94159 0.05544 

Case-IV 0.63105 0.63266 0.60577 0.07499 

Case-V 0.97468 0.97328 0.82444 0.04801 
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Fig. 10. 𝐸𝐶𝑂𝑃 for varying Rayleigh numbers. 

Suggesting that introducing obstacles into the 

domain improve thermal energy and minimize its 

impact on the environment. Additionally, Figure 10 

shows that there is a decline in 𝐸𝐶𝑂𝑃 values when 

𝑅𝑎 rises from 103 to 106, suggesting a lower level 

of energy efficiency and a greater environmental 

effect. Based on this pattern, it is possible that the 

lower ECOP values may be obtained from higher 

Ra values, which could mean a decrease in the 

system's energy efficiency and an increase in its 

environmental effect. 

Conclusion 

A numerical investigation of heat transfer and 

entropy generation on natural convection of airflow 

is performed inside the T-shaped cavity with and 

without circular obstacles. According to boundary 

conditions, five cases are considered in our flow 

simulation. Therefore, the highlighted conclusions 

are obtained as following: 

(i) Streamlines and isotherm contours are 

depending on parameters such as the 

thermal conditions of obstacles and 

Rayleigh numbers.   

(ii) When Rayleigh number increases, 

isotherm contours are spread smoothly 

and symmetrically inside the whole 

cavity. 

(iii) Thermal performance can be controlled 

by adding circular obstacles inside the 

T-shaped cavity according to 

numerically calculated streamlines and 

thermal contours data.  

(iv) For varying Rayleigh numbers, 

streamline contours are represented by 

symmetrical rotating vortices that can be 

observed in the entire cavity. 

(v) The average Nusselt-number and 

entropy generation at the enclosure 

increase for increasing Rayleigh 

number. 

(vi) The higher entropy value can be found 

in case-v than others cases.  

(vii) Suggesting that introducing obstacles 

into the domain improve thermal energy 

and minimize its impact on the 

environment. 

It is found that the thermal performance of the 

cavity can be improved by adding two circular 

obstacles (radius 0.05) at position (0.25, 0.1) and 

(0.25, -0.1) with cool boundary conditions. It is 

evident that the innovative structure by adding two 

circular obstacles with cool boundary conditions 

gives higher average Nusselt-number for varying 

Rayleigh numbers. 
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