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 In this numerical study, steady-state and laminar natural convection in an isosceles 
triangular cavity was studied. This study was 2D, and the FEM was used to solve the 
governing equations. The cavity was differentially heated, with the right wall hot and the 
left wall cold, while the base of the cavity remained adiabatic. The effect of different 
Rayleigh numbers (Ra) (103–107) on the heat transfer rate was studied. The effect of the 
presence of a T-shaped obstacle on the flow and heat transfer inside the cavity was studied. 
The results of this study showed that the heat transfer improves with increasing Rayleigh 
number  for cases (I and II) with and without an obstacle. However, the Nusselt number 
(Nu) increased more in the absence of an obstacle. This study demonstrated the importance 
of obstacles in dividing the cavity space into more than one thermal zone, controlling fluid 
routing, and heat transfer. These results contribute to guiding the design of integrated 
thermal systems and nanofluid-based heat exchangers to improve heat transfer in 
engineering applications. These studies help improve the design of inclined thermal 
chambers used in passive cooling systems and static heat exchangers, enhancing Heat 
transfer behavior performance without the need for external operating power. 
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1. INTRODUCTION 
 

The field of fluid flow and natural convection (NC) within 
cavities has witnessed increasing research interest recently, 
due to its diverse practical applications in many engineering 
systems [1-10]. This field has received extensive study 
through numerical simulations and laboratory experiments. 
The development of computer modeling and CFD techniques 
has contributed to the accurate and efficient analysis of the 
heat transfer (HT) behavior of complex domains. Recent 
research has covered a variety of cavity geometries, both 
classical and complex [11-17]. Research cases studied under 
various conditions showed a positive effect in improving the 
HT process. A set of different techniques was presented that 
proved effective in enhancing NC in cavities. These 
techniques involved modifications to the cavity shape or its 
inclination angle to enhance HT. Bairi [9] and Majdi et al. [18] 
employed various inclination angles of parallelogram  cavities, 
inclined cubic cavities [19-21], and inclined trapezoidal 
cavities [22]. HT through cavities is enhanced by inserting fins 
into them [3]. Ma et al. [23] implemented a square fin within 
a cavity to enhance HT. Other studies varied in the choice of 
fin shapes and locations. Charazed and Samir [24] used a 
rectangular fin, and Saeid [25] proposed a variety of shapes, 
including a rectangular fin, a single triangular fin, a pair of 
opposing triangular fins, and a pair of isosceles triangular fins. 
The nature of these fins ranged from solid to porous. As shown 
by Asl et al. [26], in addition, Siavashi et al. [27] incorporated 

a network of porous fins within the cavity into their design. 
Many studies have shown that modifying the properties of a 
thermal fluid by changing (Ra) values is an effective means of 
enhancing NC [28-31]. Magnetic field is an effective means of 
controlling the rate of HT within cavities [14, 32-34]. Some 
researchers relied on porous media as an additional means to 
enhance HT performance in cavities [35-37]. The present work 
investigated the NC of pure water (H2O) in a triangular cavity 
and the effect of a T-shaped obstacle inside the cavity. This 
study discussed the change in flow patterns and HT behavior 
inside the cavity.  

More than one study and research has shed light on the 
inclination angles of the triangular cavities, and these have 
been observed in the research of Pop and Sun [38] and Mejri 
et al. [39]. Kamiyo et al. [40] found that with increasing (AR), 
the (Ra) increases. Afrand et al. [41] introduced that the 
radiation effect enhances the HT performance, while entropy 
is an accurate indicator for evaluating energy losses and 
guiding optimal thermal design. Rahman et al. [42] found that 
the 3D simulation was more accurate than the two-
dimensional simulation for monitoring flow in triangular 
cavities. Chatterjee et al. [43] found that a small heater size led 
to stronger circulation, lower entropy generation, achieves 
highest Nu. flow obstruction, higher entropy generation occurs 
at a large heater and achieves a low Nu. Ziaur et al. [44] found 
that the corrugated base of the cavity improved HT by 
improving the flow of fluid and creating thermal vortices. V-
corrugated wall geometry facilitates stronger thermal mixing 
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at high Ra. Saha and Gu [45] studied the effect of the adiabatic 
baffle inside the cavity, long baffle has a negative effect on HT. 
Ghoben and Hussein [46] used cylinders inside the cavity to 
enhance NC due to the increase in turbulent flow. Double-
aligned cylinders have a negative effect on the (Nu), while the 
best values of the (Nu) occur when double non-aligned 
cylinders are used. Jalili et al. [47] established that the 
cylindrical obstacles inside the cavity enhanced HT by 
enhancing fluid circulation and increasing surface area for HT, 
resulting in better HT performance. (three cylinders) 
demonstrated the best performance in terms of thermal spread 
and (Nu). Roshani et al. [48] used three obstacles (an inverted 
triangle, a square, and a rhombus). The study revealed that the 
highest efficiency was at sinusoidal heating and the inverted 
triangle. Inverted triangle enhancing vortex formation, while 
Sinusoidal heating improved HT performance by generating 
initial force and secondary vortices. Yaseen et al. [49] showed 
that increasing (Ra) intensifies convection and improves (Nu̅). 
Lower power-law index (n) values, representing stronger 
shear-thinning behavior, lead to higher Nu̅ due to reduced 
viscosity. Dogonchi et al. [50] concluded that NC increases 
with a decrease in the radius of the base of the cavity. 
Bondareva et al. [51] examined the effect of an opening in a 
triangular cavity on the (Nu) and found that the opening 
facilitates the entry of cold stream and the exit of hot stream, 
thus enhancing NC. Rahman [52] concluded that HT decreases 
with a magnetic field in a triangular cavity. Increasing φ 
improved HT [53]. Thermal radiation directed at a nanofluid 
in a triangular porous cavity enhanced the HT [54]. Sarlak et 
al. [55] investigated the effect of the length of the heat source, 
which is the basis for generating convection for a nanofluid in 
a t cavity. The length of source enhanced HT [56]. The current 
numerical study is distinguished by a new innovation that was 
not addressed in previous studies, as it combined a complex 
geometric cavity, which is a triangle, and a complex obstacle 
in the shape of the letter T, which is an unconventional 
obstacle. This is something that was not addressed in previous 
studies, as this study analyzed the behavior of NC, the 
streamlines, and the isotherm. Therefore, this research aims to: 
 Compare the flow and NC behavior in an empty 

triangular cavity (without an obstruction) versus a 
cavity containing an internal T-shaped obstruction. 

 Analyze the effect of the (Ra) on the streamline 
patterns and distributions of temperature in both 
configurations. 

 Evaluate the deterioration or improvement of HT 
performance by studying the local and average Nu for 
both cases. 

 
 

2. THE GEOMETRY 
 

In this study, two cases of a triangular geometric cavity were 
numerically verified, as shown in the in Table 1. The first case 
in this study is called case I, and it is a triangular cavity without 
an obstacle. The second case is called case II, and it is a 
geometric cavity containing a T-shaped obstacle. Both cases 
have the same boundary conditions: a hot left wall and a cold 
right wall, while the cavity base is isolated. The water is the 
working water whose properties were numerically simulated 
in this study. Three different values of Ra (103–107) were 
applied. Pure water (H2O) is the working fluid, and its 
properties are shown in Table 2. 

 

Table 1. Considered cases 
 

Case  Obstacle Ra 
I - 103–107 
II T 103–107 

 
Table 2. The physical properties [57] 

 
ρ (Kg/m3) β (1/K) K (W/m‧K) Cp(J/Kg‧K) 

997.05 0.000210 0.6130 4179 
 
 
3. THE GOVERNING EQUATIONS 

 
Numerical solutions are an essential tool for studying three-

dimensional NC within cavities of various geometric shapes. 
A set of governing equations is used according to the nature of 
the study, whether in steady-state or unsteady-state conditions. 
These equations include the continuity, momentum, and 
energy equations, which are utilized to describe HT and fluid 
motion within it. In this research, the general equations will be 
shown for a conventional fluid [58]. The assumption of this 
study is that the working fluid is pure water and that the flow 
is laminar, steady, incompressible, neglecting the effect of 
radiation and the generated heat, and adopting the Boussinesq 
approximation model. 

 
3.1 Governing equations 
 

The continuity equation [59]: 
 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0  (1) 
 

The momentum Eqs. (2), (3), and (4): 
x-direction  
 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑢𝑢 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑣𝑣 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑤𝑤 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= − 1
𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑣𝑣 �𝜕𝜕
2𝑢𝑢
𝜕𝜕𝑥𝑥2

+ 𝜕𝜕2𝑢𝑢
𝜕𝜕𝑦𝑦2

+
𝜕𝜕2𝑢𝑢
𝜕𝜕𝑧𝑧2

�  
(2) 

 
y-direction  
 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑢𝑢 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑣𝑣 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑤𝑤 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= − 1
𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑣𝑣 �𝜕𝜕
2𝑣𝑣

𝜕𝜕𝑥𝑥2
+ 𝜕𝜕2𝑣𝑣

𝜕𝜕𝑦𝑦2
+

𝜕𝜕2𝑣𝑣
𝜕𝜕𝑧𝑧2

�  
(3) 

 
z-direction  
 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑢𝑢 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑣𝑣 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑤𝑤 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= − 1
𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑣𝑣 �𝜕𝜕
2𝑤𝑤
𝜕𝜕𝑥𝑥2

+ 𝜕𝜕2𝑤𝑤
𝜕𝜕𝑦𝑦2

+
𝜕𝜕2𝑤𝑤
𝜕𝜕𝑧𝑧2

� + 𝜌𝜌𝜌𝜌𝜌𝜌(𝑇𝑇 − 𝑇𝑇𝑐𝑐)  
(4) 

 
The energy equation: 

 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑢𝑢 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑣𝑣 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑤𝑤 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝛼𝛼 �𝜕𝜕
2𝑇𝑇

𝜕𝜕𝑥𝑥2
+ 𝜕𝜕2𝑇𝑇

𝜕𝜕𝑦𝑦2
+ 𝜕𝜕2𝑇𝑇

𝜕𝜕𝑧𝑧2
�  (5) 

 
The equations below are the governing non-dimensional 

equations. 
 

X=𝑥𝑥
𝐻𝐻

     Y=𝑦𝑦
𝐻𝐻

   𝑍𝑍 = 𝑧𝑧
𝐻𝐻

    𝑈𝑈 = 𝑢𝑢𝑢𝑢
𝛼𝛼_𝑓𝑓

      𝑉𝑉 = 𝑣𝑣𝑣𝑣
𝛼𝛼_𝑓𝑓

   𝑊𝑊 = 𝑤𝑤𝑤𝑤
𝛼𝛼_𝑓𝑓
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𝑃𝑃 = 𝑝𝑝𝐻𝐻2

𝜌𝜌𝑓𝑓𝛼𝛼𝑓𝑓
2  𝜃𝜃 = 𝑇𝑇−𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟

𝑇𝑇𝐻𝐻−𝑇𝑇𝐶𝐶
  𝑇𝑇ref = 𝑇𝑇𝐶𝐶+𝑇𝑇𝐻𝐻

2
  𝑅𝑅𝑅𝑅 = 𝑔𝑔𝛽𝛽𝑓𝑓𝐻𝐻3( 𝑇𝑇𝐻𝐻−𝑇𝑇𝐶𝐶)

𝜗𝜗𝑓𝑓𝛼𝛼𝑓𝑓
 

 𝑃𝑃𝑃𝑃 = 𝜗𝜗𝑓𝑓
𝛼𝛼𝑓𝑓

  

 
The continuity equation: 

 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0  (6) 
 

The momentum Eqs. (7) and (8): 
x-direction  
 
𝑈𝑈 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
+ 𝑣𝑣 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
+ 𝑤𝑤 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= −𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
+ 𝑃𝑃𝑃𝑃 �𝜕𝜕

2𝑈𝑈
𝜕𝜕𝑋𝑋2

+ 𝜕𝜕2𝑈𝑈
𝜕𝜕𝑌𝑌2

+ 𝜕𝜕2𝑈𝑈
𝜕𝜕𝑍𝑍2

�  (7) 
 
y-direction:  
 

𝑈𝑈 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑣𝑣 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑤𝑤 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= −𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑃𝑃𝑃𝑃 �𝜕𝜕
2𝑉𝑉

𝜕𝜕𝑋𝑋2
+ 𝜕𝜕2𝑉𝑉

𝜕𝜕𝑌𝑌2
+

𝜕𝜕2𝑉𝑉
𝜕𝜕𝑍𝑍2

� + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝜃𝜃  
(8) 

 
The energy equation: 

 
𝑢𝑢 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑣𝑣 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑤𝑤 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= �𝜕𝜕
2𝜃𝜃

𝜕𝜕𝑋𝑋2
+ 𝜕𝜕2𝜃𝜃

𝜕𝜕𝑌𝑌2
+ 𝜕𝜕2𝜃𝜃

𝜕𝜕𝑍𝑍2
�  (9) 

 
The boundary conditions and initial conditions shown 

below and in Figure 1 were applied for the purpose of solving 
the previous equations numerically. This study was carried out 
numerically in the COMSOL program, and it was a 
dimensionless study where the study considered the cold wall 
temperature TC and the hot wall temperature TH, so θ = 0 at 
the cold wall and θ = 1 at the hot wall. The purpose of 
conducting the study in a dimensionless manner is to transform 
it into a dimensionless field, and this simplifies the 
calculations and equations. Initial conditions for this study 
were: T = (Th + Tc)/2.  
• The left wall of the triangular cavity remains hot: 

Hot wall at x = 0, T = Th, No slip (w = v = u = 0) 
• The right wall of the triangular cavity remains cold: 

Cold wall at x = L, T = Tc, No slip (w = v = u = 0) 
• The bottom wall and T- obstacle are kept insulated: 
 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0, No slip (w = v = u = 0) 
 

 
 

Figure 1. The boundary conditions 

4. THE NUMERICAL METHODOLOGY 
 

The finite element method (FEM) was used to solve the 
governing equations of fluid flow and HT of steady-state NC 
of fluids (pure water) inside the triangular cavities described 
above. The network independence test was examined for two 
cases (one without an internal obstacle and the other with an 
internal obstacle) based on the stability of the (Nu). For case I, 
the network independence procedure is presented in Table 3, 
taking into account the error resulting from choosing the 
appropriate network. The adopted mesh for the cases (I II) is 
presented in Table 4 and Figure 2. 

The validity of the streamline patterns and isotherms was 
also verified by comparing them with those presented by 
Triveni et al. [65] at (Ra = 106), as shown in Figure 3. 
 

  
case I case II 

 
Figure 2. Mesh of geometry 

 

 

 
(a) 
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(b) 

 
Figure 3. The validation of the present data with Triveni et 

al. [60], Velocity contours (a) and stream function (b) 
 

Table 3. The grid independence test at Ra = 103 for case I 
 

Domain Elements Edge Element Nu 
4128 107 5.187 
4318 112 5.213 
5984 271 5.641 
6002 279 5.801 
6947 310 5.814 
9836 341 5.818 

 
Table 4. The selected grid for cases (I II) 

 
Case Domain Elements Edge Element 
case I 6947 310 
case II 11745 493 

 
 
5. RESULTS AND DISCUSSION  
 

In the case I, an isosceles triangular cavity as in Figure 4(a) 
is studied, under conditions including a relatively low (Ra = 
1000), where the right wall is cold, the left wall is hot, and the 
base is insulated. The flow distribution shows the emergence 
of a symmetrical pattern containing three thermal circulation 
cells within the cavity, with a concentrated velocity in the 
central region. The max velocity is 1.8, indicating moderate 
fluid movement despite the weak convection at Ra = 103. This 
behavior indicates that the flow is relatively coherent and 
provides moderate HT efficiency via the natural circulation 

mechanism within the cavity. 
The velocity distribution shows the formation of thin 

boundary layers along the walls due to the reduced velocity 
near the surfaces, while high-speed internal vortices appear, 
enhancing mixing and HT. This behavior is consistent with the 
principles of boundary layer theory and vortex dynamics, 
where the boundary layer thickness and vortex intensity 
control the efficiency of HT within the triangular cavity. 

In Figure 4(b), case II, the cavity under the same boundary 
conditions contains a T- obstacle. This results in an 
unambiguous change in the flow pattern, with the lower region 
of the cavity becoming almost stationary, and only a single 
small rotation cell forming in the upper part. The max velocity 
also dropped significantly to about 0.5, indicating weak 
movement within the lower compartment. This change reflects 
that the T- obstacle slows the fluid flow and reduces the 
effectiveness of NC, as it divides the field into two regions: an 
active region with little flow at the top, and a nearly static 
region below the obstacle, resulting in a lower HT rate in the 
greater part of the cavity. 

 

 
(a) 

 

 
(b) 

 
Figure 4. Velocity contours at Ra = 1000 

 
Figure 4(b) shows that the presence of the T-shaped 

obstacle restricted flow down the cavity, resulting in the 
formation of thick, weakly moving boundary layers near the 
obstacle. In contrast, the effective flow is concentrated in the 
upper region in the form of confined vortices above the 
obstacle. This behavior reflects the obstacle's role in 
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redistributing circulating currents and controlling boundary 
layer thickness. This behavior reflects the role of the obstacle 
in redistributing circulating currents and controlling the 
thickness of the boundary layer, consistent with the principles 
of boundary layer theory and vortex dynamics, where the 
resulting closed vortices enhance or impede convective mixing 
depending on their location. 

This change reflects that the T- obstacle slows the fluid flow 
and reduces the effectiveness of NC, as it divides the field into 
two regions: An active region with little flow at the top, and a 
nearly static region below the obstacle, resulting in a lower HT 
rate in the greater part of the cavity. The above analysis shows 
that the triangular cavity without an obstacle performs better 
in HT by NC due to the smooth flow and free circulation of 
the fluid.  

The T- obstacle reduces HT by obstructing fluid movement. 
However, it is useful in cases where flow must be directed to 
a specific area, heat loss must be reduced, or thermal 
separation between two areas within a cavity is required, 
giving it a vital role in thermal insulation or thermal control 
applications. 

For case I, but at Ra = 105, as shown in Figure 5(a), a 
relatively strong thermal circulation pattern is formed, 
represented by two clear cells on both sides of the cavity. Max 
velocity reaches approximately 60, which expresses a clear 
activity in the fluid movement. In this case, NC begins to 
dominate the flow, resulting in an active thermal distribution 
that enhances the HT efficiency compared to cases at Ra = 103. 

At the same Ra = 105, as shown in Figure 5(b) (case II), the 
T- obstacle concentrates the flow over the obstacle, forming a 
single active rotational cell, while the movement below the 
cavity decreases significantly, and the maximum velocity 
decreases to about 40. This means that the T- obstacle prevents 
the development of rotating cells and restricts HT towards the 
lower part, resulting in a decline in the active flow area and the 
formation of vortices confined to the upper part of the cavity, 
which weakens the convection efficiency compared to case I 
at Ra = 105. The flow is more diffuse and efficient in HT due 
to active NC, as is clearly demonstrated in Figure 5(a). In 
Figure 5(b), the flow is directed and limited in the upper part 
of the cavity and almost disappears in the lower regions, 
resulting in a decrease in overall HT performance. As the Ra 
increases, the flow becomes more sensitive to the presence of 
a T- obstacle within the cavity, which more clearly influences 
the pattern and distribution of the movement.  

In Figure 5(a), the flow circulates freely within the cavity, 
generating thin boundary layers near the hot and cold walls 
with the appearance of two symmetrical vortices that enhance 
heat mixing and energy transfer. In Figure 5(b), the presence 
of the T- obstacle increased the thickness of the lower 
boundary layer and weakened the flow at the bottom, with the 
thin layers and vortices concentrated in the upper part. This 
change reflects the role of the obstacle in redistributing the 
boundary layers and controlling the dynamics of the vortices, 
which altered the HT mechanism and mixing efficiency 
compared to the case without the obstacle. 

For case I at Ra = 10⁷, very thin flow layers (Boundary 
Layers) are observed, located near the side walls, and as shown 
in Figure 6(a), the maximum velocity reaches approximately 
700, which indicates a strong and concentrated flow along the 
cavity walls. At high Ra, buoyancy forces are strong, and NC 
becomes the completely dominant mechanism. The fluid heats 
rapidly at the hot wall and rises along it, while it cools and 
descends along the cold wall, creating a strong, directed flow 

that enhances HT efficiency. 
 

 
(a) 

 

 
(b) 

 
Figure 5. Velocity contours at Ra = 105 

 
While for case II at Ra = 107 in Figure 6(b), despite the 

maximum velocity rising to over 700, it was concentrated near 
the edges and only above T- obstacle. This resulted in the 
formation of a large and complex vortex in the upper part of 
the cavity, while the area below the T- obstacle was almost 
devoid of any effective flow. 

This suggests that the T- obstacle obstructed the natural 
flow path and forced the fluid to change direction, disrupting 
the flow pattern and heat distribution. As a result, the lower 
regions were virtually thermally isolated, reducing the 
efficiency of NC throughout the cavity. Figure 6(a) shows the 
strength and uniformity of the convection, which indicates a 
high efficiency in HT, as the water flows smoothly and freely 
within the space. In contrast, in Figure 6, the presence of a T- 
obstacle inhibits the flow path, causing local non-uniform 
vortices concentrated in the upper part, while the lower part 
suffers from weak HT.  

Although the maximum velocity remains high in both cases 
(I, II) at Ra = 107, its distribution is broader and more 
widespread in the case of the obstacle -free cavity, enhancing 
the HT efficiency across the entire range.  

The stream function in Figure 7(a) case I, shows a uniform 
pattern centered in the cavity center, with a single circular 
rotation cell. The maximum value of the stream function is 
estimated to be around −0.34. This pattern indicates weak and 
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slight fluid rotation, consistent with a low (Ra = 10³), where 
heat conduction dominates, with convection beginning to be 
minimal. 

 

 
(a) 

 

 
(b) 

 
Figure 6. Velocity contours at Ra = 107 

 
It is also noted that the flow is concentrated in the cavity 

center without disturbances or major deviations, and is more 
uniform and clearer. 

In Figure 7(b), which represents case II at a low Ra, the 
stream function shows a small, confined rotation cell in the 
upper part above the obstacle, while the lower regions of the 
cavity are virtually devoid of any rotation. The streamline’s 
maximum value drops markedly to around 10−2, indicating 
very weak fluid motion. 

Analysis indicates that the obstacle interrupted and divided 
the natural flow path, resulting in very little flow and a state of 
near-stagnancy in most parts of the cavity, particularly in its 
lower half. The effect of NC is already weak at low Ra, but 
the presence of the obstacle exacerbates this weakness and 
hinders the development of effective thermal circulation. 

Therefore, the barrier-free condition is better at low Ra 
values, as it allows for the formation of a uniform, albeit 
simple, circulation pattern, which enhances HT compared to 
case II at Ra = 103. 

Figures 8(a) and 8(b) compare the stream function at Ra = 
105. For case I, Figure 8(a) shows a single, uniform circulation 
cell covering the entire cavity, indicating relatively active 
convection and high HT efficiency. For case II, Figure 8(b) 

shows the presence of the internal obstruction causing the flow 
to split, forming a small circulation cell at the top of the cavity, 
with almost no flow at the bottom, reducing the efficiency of 
NC within the cavity. 

 

 
(a) 

 

 
(b) 

 
Figure 7. Stream function at Ra = 1000 

 
It is noted that without the obstruction inside the cavity, 

there was a large circulation cell centered in the center of the 
cavity, with maximum stream function values of 
approximately −9.2, indicating strong and advanced flow. The 
stream function is dense and uniform, reflecting the presence 
of efficient and smooth thermal circulation. 

Compared to the case at Ra = 103, heat flow is significantly 
enhanced at Ra = 105, where NC becomes the dominant HT 
mechanism. Due to the absence of any internal obstructions, 
the fluid circulates freely within the space, improving the HT 
efficiency of the system. 

Figure 8(b) shows two asymmetric circulation cells, one 
above the T- obstacle and a smaller, weaker one below, with 
the maximum value of the stream function decreasing to only 
about −3.0. The T- obstacle causes the flow path to meander 
and change direction, resulting in non-uniform flows and 
limited local vortices. This disruption of the natural flow path 
reduces the convection efficiency. 

Figure 9(a) for case I at Ra = 107 shows the formation of 
strong flow cells extending along the walls, with minimum 
values of the stream function ranging from -34 to -40, 
indicating high-intensity circulation. An asymmetric double 
flow pattern is formed, and dense layers of lines are created 
near the side walls of the cavity, especially at the hot and cold 
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walls.  
This indicates that NC is at its peak, where the thermal and 

flow boundary layers are very active, and the organized and 
intense flow covers the entire space, achieving highly efficient 
HT within the cavity. 

 

 
(a) 

 

 
(b) 

 
Figure 8. Stream function at Ra = 105 

 
Figure 9(b) shows the formation of several complex flow 

cells (vortices), one in the upper right and another on the left, 
as a result of the obstacle's effect on the flow pattern. The 
maximum values of the stream function reach about −44, 
which is higher than in the case without an obstacle, indicating 
the presence of high local velocities. 

However, the flow pattern appears non-uniform, with clear 
separation due to the obstacle. Analysis indicates that the 
obstacle creates flow turbulence, leading to multiple 
circulation paths and the formation of separate local vortices. 
This reduces the flow distribution efficiency despite high 
speeds and weakens the HT efficiency within the cavity 
compared to the unobstructed case.  

Even though the maximum stream function values are 
higher in the presence of an obstacle, the flow pattern becomes 
turbulent and non-uniform, with the formation of discrete local 
vortices. On the other hand, a cavity without an obstacle 
provides a more stable and consistent flow, which contributes 
to enhanced HT efficiency. 

T- obstacle results in the splitting of flow paths and the 
appearance of turbulence. While this can be beneficial in 
special applications that require enhancing mixing or reducing 
conductivity in specific areas, it generally degrades the overall 
HT performance within the cavity. 

 

 
(a) 

 

 
(b) 

 
Figure 9. Stream function at Ra = 107 

 
Figure 10(a) case I shows a uniform HT from the hot wall 

to the cold wall. A smooth color gradient is observed from red 
(high temperature) to blue (low), indicating a linear and 
uniform heat distribution. At low (Ra = 103), the effect of NC 
is very weak, and the conduction mechanism is dominant. Due 
to the absence of strong flow inside the cavity, no distortions 
are observed in the isotherms, making the HT mainly due to 
conduction rather than convection. 

On the other hand, Figure 10(b) shows a clear distortion in 
the temperature distribution as a result of the presence of the 
obstacle, as the heat is largely concentrated in the area above 
the obstacle, while the sides remain relatively cold, and the 
area below the obstacle is almost thermally isolated. 

The obstacle obstructs NC, preventing it from fully 
dispersing down the cavity, resulting in isolated areas within 
the space. This reduces conductivity efficiency, creating 
thermally static zones where inefficient HT occurs, thus 

443



 

impairing overall HT performance. 
At low (Ra = 103), NC is almost ineffective, and conduction 

is the dominant HT mechanism. However, the presence of a T- 
obstacle exacerbates the weak HT, as it not only reduces the 
effect of convection but also prevents complete conduction 
across the space, resulting in partial thermal insulation. 

Meanwhile, the case I exhibits a more uniform and 
continuous HT, making it the ideal choice under weak NC 
conditions. 

The results show that the temperature gradient in the 
unobstructed case (Figure 10(a)) is uniform from the hot wall 
to the cold wall, with symmetrical thermal boundary layers 
forming along the walls, reflecting a stable HT. In the case of 
the presence of the obstacle (Figure 10(b)), the thickness of the 
thermal layer below the cavity increased as a result of the 
obstruction of flow, while the thermal changes were 
concentrated above the obstacle, which clarifies the role of the 
obstacle in reshaping the thermal boundary layer and changing 
the path of HT inside the cavity. 

 

 
(a) 

 

 
(b) 

 
Figure 10. Temperature contours at Ra = 1000 

 
Figure 11(a) is similar to Figure 10(a), as it shows an 

asymmetrical heat distribution. As a result of the Ra rising to 
105, the isothermal lines begin to bend due to the onset of the 
effect of NC. The upper left-hand region of the cavity appears 
hotter, reflecting upward HT due to fluid movement. NC 
begins to take effect, where conduction is not the sole 
dominant HT mechanism as in the lower cases. The flow 

within the cavity begins to transfer heat from the hot wall 
toward the top of the cavity, distorting the heat lines and 
creating an asymmetric heat distribution. This indicates the 
development of convection cells that have begun to form 
clearly within the cavity. 

While Figure 11(b) shows a clear concentration of heat 
directly above the T- obstacle, the sides and bottom of the 
cavity remain relatively cool, indicating a heat distribution 
imbalance. The area below the baffle remains relatively 
thermally insulated, with weak HT to it. The presence of the 
obstruction prevents the development of circulating cells and 
impedes fluid movement within the cavity, resulting in NC 
being restricted to the upper portion and virtually absent in the 
lower half. This restriction results in a significant loss of 
overall HT efficiency. 

Although the Ra, Ra = 105, represents the threshold for NC 
to dominate HT, the presence of an obstacle prevents this 
effect from being fully exploited. Conversely, in the absence 
of an obstacle, HT occurs smoothly by upward flow, resulting 
in a more uniform and efficient heat distribution within the 
cavity. 

 

 
(a) 

 

 
(b) 

 
Figure 11. Temperature contours at Ra = 105 

 

In Figure 11(a) (unobstructed), the thermal gradient is 
distributed obliquely within the cavity, with heat moving from 
the hot wall to the cold wall and a broad thermal boundary 
layer forming that extends across the entire cavity, indicating 
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more diffuse thermal mixing. In Figure 11(b) (with a T- 
obstacle), the obstacle refocuses the thermal gradient at the top 
of the cavity, causing the thermal layer below to thicken and 
constrict convection to a narrow path above the obstacle. This 
demonstrates that the presence of the obstacle alters the 
structure of the thermal boundary layer and restricts 
convection paths, compared to the open case. 

At a high Ra = 107, Figure 12(a) shows the surface 
temperature distribution, with intense HT near the hot wall of 
the cavity, where a sharp thermal gradient forms on the left-
hand side. A clear asymmetry in the distribution is also 
observed, with the warm region rising on the left side and the 
cold region descending on the right side, indicating a strong 
and active heat flow pattern.  

 

 
(a) 

 

 
(b) 

 
Figure 12. Temperature contours at Ra = 107 

 
At very high (Ra = 107), NC is the dominant HT mechanism. 

Ultra-thin thermal layers form near the walls to increase the 
fluid velocity, which efficiently extracts heat from the hot wall 
and then rapidly redistributes it within the space. This is a clear 
indication of the high efficiency of convective HT in the 
absence of obstructions, as the buoyancy effect and thermal 
circulation within the cavity are maximized. 

In Figure 12(b), it is noted that there is a strong thermal 

concentration directly above the T- obstacle, while the area 
below the T- obstacle remains in a state of near-static 
temperature, with a non-uniform color gradient and a clear 
discontinuity in the heat distribution across the cavity. 

The T- obstacle interrupts the natural flow of fluid and 
prevents the formation of complete convection cells, resulting 
in the formation of localized thermal vortices limited only to 
the upper portion. This restriction impedes HT to the lower 
regions and results in a significant loss in heat exchange 
efficiency within the space. In Figure 12(a) (unobstructed), the 
thermal gradient appears to be distributed almost 
symmetrically along the walls, with thin thermal boundary 
layers close to the surfaces and a gradual gradient towards the 
center of the cavity, indicating more extensive HT. In Figure 
12(b) (with T- obstacle), the presence of the obstacle led to a 
redistribution of heat, as it increased the thickness of the 
thermal layer below the obstacle and concentrated the thermal 
gradient region above it, which shows that the obstacle 
reshaped the thermal boundary layer and limited the 
convection paths compared to the case without an obstacle. 

Figure 13(a) shows the isotherm maps with a uniform and 
almost straight pattern, with the lines moving from the hot wall 
to the cold wall vertically, with an equal and uniform 
temperature gradient across the space.  

 

 
(a) 

 
(b) 

 
Figure 13. Isotherm contours at Ra = 1000 
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This distribution clearly indicates that conduction is the 
dominant mechanism of HT, with no significant influence 
from NC. The absence of bends or distortions in the lines 
reinforces this conclusion and is fully consistent with the low 
(Ra = 103), where buoyancy forces are insufficient to induce 
efficient fluid motion. Consequently, HT proceeds quietly 
through the medium, with no significant contribution from 
convection. 

The isotherm maps show clear bends and non-uniform 
twisting in the thermal distribution due to the presence of the 
T- obstacle, as shown in Figure 13(b). The region below the 
obstacle appears as a thermally quasi-static area with quasi-
closed isotherms, while the thermal gradient in the upper part 
above the obstacle stacks up. 

The T- obstacle impedes HT even through conduction, as it 
cuts off the direct path between the hot and cold walls, causing 
heat to accumulate in a limited area and impairing conduction 
in other areas, especially below the T- obstacle. 

Although Ra = 103 does not produce effective NC, the T- 
obstacle itself is the sole cause of the observed thermal 
distortion. Under these conditions, the heat distribution in the 
cavity without the obstacle is more uniform and consistent, 
making it a better choice from an engineering perspective for 
conductive HT in systems operating at low Ra numbers. 

Figure 14(a) shows clear bends and openness of the 
isotherms in some areas, especially in the upper part of the 
cavity. The temperature gradient between the two walls is no 
longer symmetrical, as the lines bend upwards and become 
more convergent near the hot wall, reflecting an increase in the 
temperature gradient there. 

This behavior indicates that NC is beginning to exert its 
influence alongside conduction, as the (Ra) increases to 105. 
The hot fluid begins to move upward within the cavity, 
distorting and bending the isotherms. This deflection of the 
isotherms indicates more active HT and reflects improved 
thermal efficiency compared to the low-Ra case, where 
conduction was the dominant mechanism. 

The isotherm lines exhibit non-uniform behavior, as in 
Figure 14(b), where they rise from the hot wall and then break 
or twist upon contact with the obstacle. A strong heat 
concentration is observed above the obstacle, as the lines are 
very close together, while the region below the obstacle shows 
horizontal or semi-closed lines, indicating thermal inactivity 
or isolation in that region.  

The T- obstacle impedes convective HT from the hot wall 
to the rest of the cavity, preventing the formation of a complete 
thermal circulation cell. As a result, a small "heat bubble" 
forms at the top, and heat exchange becomes localized and 
limited. Overall, HT efficiency is reduced, as the lower regions 
remain almost thermally insulated. 

At Ra = 105, NC begins to have a significant effect. In the 
case without an obstacle, the heat lines propagate freely 
throughout the cavity, enhancing heat exchange efficiency. In 
the case of an obstacle T, however, the heat lines are broken 
and confined to the upper part, weakening conduction to the 
rest of the cavity and significantly reducing overall thermal 
efficiency. 

Figure 15(a) shows the isotherm maps showing a strong 
curvature, especially near the hot wall, with a sharp and clear 
temperature gradient within the boundary layer. The thermal 
distribution extends smoothly to cover the entire cavity area, 
without interruption or inert regions. 

At very high (Ra = 107), NC becomes the dominant HT 
mechanism. This results in significant distortion of the heat 

lines due to the rapid and active flow of the fluid, causing very 
thin thermal layers to form near the hot and cold walls. This 
pattern reflects a great efficiency in extracting heat from the 
hot source and distributing it throughout the entire space, 
making this case a clear example of highly efficient HT 
without any internal obstructions. 

In Figure 15(b), the isotherms show significant and non-
uniform distortion, especially in the obstacle region. The 
thermal gradient is concentrated in the upper part only, while 
the lower part of the cavity appears thermally inert, with dead 
or nearly horizontal lines that do not show effective thermal 
activity. 

 

 
(a) 

 

 
(b) 

 
Figure 14. Isotherm contours at Ra = 105 

 
The T- obstacle impedes fluid flow and interrupts the NC 

path, resulting in poor heat distribution, even at very high (Ra 
= 107). Local thermal vortices form, isolating some of the heat 
in the upper region and preventing it from reaching the lower 
region, reducing HT efficiency. 

At Ra = 107, NC is assumed to achieve maximum efficiency, 
which is achieved in the case of a cavity without a baffle due 
to uniform flow and a wide thermal distribution. However, in 
the case of a baffle (T), thermal performance deteriorates due 
to discontinuities and distortions in the distribution, making 
the case without a baffle the best in terms of thermal efficiency 
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and the benefit of strong NC. 
Figures 16 and 17 represent a graphic comparison of the 

local (Nu) along the hot wall inside a triangular cavity, in two 
cases: the first without an internal obstacle (I), and the second 
with a T- obstacle (II). In the case I (without obstacle), the Nu 
starts at an intermediate value at the base of the wall, then 
decreases slightly in the central region, and rises sharply near 
the upper edge of the hot wall at Y = (1). The three curves 
show a clear effect of the variation of the (Ra), and it is noted 
that the highest value of the (Nu) reaches about 170 at the top 
of the wall. This indicates the presence of a thin thermal layer 
and very efficient HT at that point due to the natural pooling 
of the up flow.  

 

 
(a) 

 
(b) 

 
Figure 15. Isotherm contours at Ra = 107 

 
In case II, the general pattern appears similar in terms of the 

direction of the curve, but there is a difference in the details. 
Although the Nu continues to rise in the upper region, the 
values in the middle of the wall appear flatter, indicating a 
slowdown or relative weakness in HT in that region. This is 
due to the obstacle effect, which hinders the development of 
ideal flow and reduces the effectiveness of convection in the 
medium, while maintaining active heat exchange at the top. 

In general, the figure shows that the local (Nu) is affected 
by the presence of an obstacle, particularly in the mid-hot wall 
regions, where HT is weaker than in the open case. Although 

the highest HT remains at the top due to the concentration of 
upward flow, the obstacle-less cavity achieves a more uniform 
and efficient HT distribution along the entire hot wall. 

Figures 18 and 19 show a comparison between the curves 
of the average Nusselt number (Nuavg) as a function of the (Ra) 
inside a triangular cavity, in two cases (I, II).  
 

 
 

Figure 16. Nu distribution along the hot wall for case I 
 

 
 

Figure 17. Nu distribution along the hot wall for case II 
 

 
 

Figure 18. The Nu versus Ra for case I 
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Figure 19. The Nu versus Ra for case II 
 

Quantitative analysis shows that Nusselt values increase 
with increasing Ra in both cases, reflecting the increased effect 
of NC, but with a marked difference in efficiency. In case I, 
the value starts at around 6.1 at Ra = 103 and reaches 19 at Ra 
= 107, indicating a significant improvement in heat exchange. 
In contrast with case II, the values are lower at each point, 
starting at 5.2 and only reaching 15.5 at the same high Ra value. 

It is concluded that the obstacle restricts fluid movement 
and impairs the development of NC cells, resulting in reduced 
HT efficiency, especially at high Ra values. At low Ra values, 
where conduction dominates, the difference between the two 
cases is minimal. Overall, the data show that the cavity without 
an obstacle achieves better thermal performance and more 
efficient HT distribution, especially under strong NC 
conditions. 
 
 
6. CONCLUSIONS 
 

• Obstacles within cavities redirect flow and are therefore 
important in systems that require precise directional flow 
control. 

• Obstacles create internal isolation zones and are thus used 
to reduce cooling or heating in specific areas. 

• The Obstacle within a cavity prevents the formation of 
large vortices or excessive thermal fluctuations and thus 
enhances the reliability of delicate thermal systems (such as 
electronic components). 

• Internal obstacles contribute to creating multiple thermal 
environments within a single space, as they separate the field 
into more than one thermal zone. This is of great importance 
in heat exchangers and multi-functional systems. 

• Obstacles have a positive role despite the low HT 
efficiency, as their presence allows heating of a specific area 
within the cavity and not others, and they also play a 
prominent role in directing heat. 

• The role of obstacles is highlighted in biological and 
medical devices that contain sensitive areas that should not be 
heated. 

• At low (Ra = 103), the thermal behavior of both cases is 
similar due to weak convection. 

• At intermediate (Ra = 105), a clear difference in thermal 
behavior appears, and convection begins to dominate. 

• Thermal convection is at its peak and dominates the entire 
space, and a radical difference in thermal behavior within the 
cavity is evident at high (Ra = 107). 

• T-shaped Obstacles within triangular cavities reduce 

efficiency but are useful for thermal insulation or thermal 
guidance applications, depending on design requirements. 

• Obstacle work inversely to the (Ra), i.e., as the (Ra) 
increases, the Obstacle reduces the NC, making the tank 
without a baffle more efficient in transferring heat. 

Considering that this study assumes a 2D, steady state, 
which may limit its representation of the true 3D flow behavior, 
it is recommended that the study be expanded to an unsteady 
3D model and the effects of different types of fluids and 
obstacles be investigated in the future. 
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NOMENCLATURE 

Cp Specific heat at constant pressure, J/Kg‧K 
C Location of the partition, m 
G Acceleration due to gravity, m/s2 
Ha Hartmann number 

H Height of partition, m 
K Thermal conductivity, W/m. K 
Nu Nusselt number  
P Pressure, N/m2 
Pr Prandtl number 
Ra Rayleigh number  
T Temperature, K 
t Time, s 
U The velocity component in x-direction, m/s 
V The velocity component in y-direction, m/s 
W The velocity component in z-direction, m/s 
X The coordinate in horizontal direction, m 
Y The coordinate in vertical direction, m 
Z The coordinate in axial direction, m 

Greek symbols 

α Thermal diffusivity, m2/s 
β Coefficient of thermal expansion, 1/K 
γ Inclination angle of the magnetic field, ° 
μ Dynamic viscosity, Kg/m.s 
ρ Density, Kg/m3 
φ Nanoparticles solid volume fraction 
Θ Inclination angle of the cavity, ° 
ϕ Inclination angle of the partition, ° 

Abbreviations 

AR Aspect Ratio 
CFD Computational Fluid Dynamics 
CVM Control Volume Method 
DQM Differential Quadrature Method 
FDM Finite Difference Method 
FEM Finite Element Method 
FVM Finite Volume Method 
LBM Lattice Boltzmann Method 
MRT Multiple Relaxation Time 
PIV Particle Image Velocimetry 
Rd Radiation number 
TSM Time Space Method 
2D Two-dimensional 
3D Three dimensional  
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