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Highlights  

• The influence of concave and convex wall geometries on natural convection was systematically evaluated.  

• Local vortices in concave enclosures restricted hot–cold mixing, reducing heat transfer by up to 45%. 

• Convex enclosures promoted smoother circulation and improved hot-cold fluid mixing.  

• The average Nusselt number increased by up to 18.6% with the use of convex enclosures. 
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ABSTRACT 

Focusing on the enhancement effects of fluid flow alteration on natural convective heat transfer in enclosures, this study 

presents a numerical investigation about natural convection behavior inside the concave and convex shaped trapezoidal-

based enclosures. The side walls of a two-dimensional standard isosceles trapezoidal enclosure (TE) were modified to 

constitute concave and convex enclosures based on the reference geometry. Regarding the wall curvature, three different 

concave (C1, C2, and C3) and three different convex (V1, V2, and V3) enclosures were examined in terms of natural 

convective heat transfer, considering three different Rayleigh numbers (Ra=104, 105, and 106). The governing equations 

of the problem was solved by finite volume based commercial software, and the heat transfer performance was discussed 

over dimensionless streamline and temperature contours, as well as quantified by average Nusselt numbers (Nu). The 

numerical outcomes revealed that the curvature of side walls have significant effects on buoyancy-driven fluid flow and 

heat transfer. The fluid flow was squeezed and restricted in concave enclosures, particularly at high Ra, while double 

longitudinal circulations were generally formed in convex enclosures. Hence, utilization of concave enclosures led to a 

significant decrease in Nu, approaching 45%, while the convex-shaped enclosures resulted in a remarkable improvement 

in Nu, which can reach up to 18.6% depending on the Ra, compared to the reference enclosure. Regarding the outcomes 

of the work, convex-structured enclosures were found to be superior for enhancing heat transfer and were recommended 

for engineering applications such as cooling of electronics, solar thermal energy and relevant heat exchangers. 
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1. INTRODUCTION 

A vast array of thermal engineering applications involve natural convection due to its suitability 

and minimal external energy requirement [1], as well as being an essential heat transfer mechanism 

[2]. Free convective heat transfer can be commonly integrated with various industrial processes 

such as cooling of electronics [3], solar thermal collectors [4], heat exchangers [5] and various 

thermal energy storage units [6]. Various two- and three-dimensional enclosure models are 

suitable for modeling the fluid flow and heat transfer behavior in these systems, and they are 

frequently considered by researchers [7].  

 

Efficient operation of such thermal systems is highly influenced by the effectiveness of free 

convective heat transfer, which depends on many factors related to Grashof (Gr) and Prandtl 

numbers (Pr) [8]. Apart from these two dimensionless parameters including various physical 

properties and effects, geometrical constraints such as enclosure shape [9,10] and inclination [11] 

as well as additional heat transfer enhancement techniques, such as nanoparticle addition [12] and 

fin attachment [13]. Even though these techniques can be implemented in combination [14], 

geometrical variations can be significantly effective as a heat transfer enhancement technique in 

addition to their cost-effectiveness, compared to other methods. 

 

By the growing needs for effective heat exchange in thermal systems, research focusing on heat 

transfer enhancement in various enclosures hosting free convection has been recently accelerated 

[15]. Aside from conventional square or rectangular geometries, TEs have been reported to be 

more suitable for some special cooling and heat exchanger applications dealing with electronic 

components, solar absorbers and water heating systems, etc. [16–18]. Furthermore, it has been 

stated that the free convective heat transfer in TEs is a more challenging phenomenon, due to the 

presence of inclined walls and a narrowing or expanding flow area, compared to the heat transfer 

behavior in classical square or rectangular enclosures [19,20]. 

 

To overcome the challenges mentioned in the previous paragraph and contribute to improvement 

of heat transfer in TEs, researchers have exhibited a significant effort throughout the last decade. 

Free convective heat transfer in a TE with stratification was numerically investigated by Rahaman 

et al. [21], and the authors reported the observations of Pitchfork and Hopf bifurcation structures 

depending on the investigated Ra, and the free convective flow structure became chaotic for Ra 

beyond 4×107. Bilal et al. [22] explored natural convection heat transfer in a TE containing a non-
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Newtonian power-law fluid and a centrally placed U-shaped fin, considering the rheological 

influences. The authors analyzed flow and temperature fields over a range of Ra=104 to 106 and 

power-law indices between 0.5 and 1.5. Results showed that increasing the Ra enhances 

momentum and heat transfer, while higher power-law indices, i.e., more viscous behavior, 

suppress them. Considering various engineering applications involving fluid-solid interaction, 

Mehryan et al. [23] conducted a numerical work investigating the natural convection in a TE which 

includes a flexible partition. The increase in Ra led to higher forces on the flexible partition, 

resulting in higher tension consequently. The comparisons to the square cavity revealed that the 

rate of heat transfer can increase up to 15% in square enclosure, compared to the trapezoidal one, 

i.e., the inclined side walls. Yet, the inclined wall impact on the tension of the flexible partition 

was found to be slight. 

 

A conductive object constituting a full and part of a circular shape was introduced in a TE filled 

with nanofluid by Selimefendigil [24], and the impact of different shapes of the conductive 

obstacle as well as the shapes of nanoparticles have been investigated thoroughly, for different 

nanoparticle fractions, side wall inclinations, and thermal conductivity ratios. The study revealed 

that the thermal conductivity ratio has insignificant effect on the heat transfer rate, while the 

highest improvements (13% to 16%) in the heat transfer were attained by using cylindrical 

nanoparticles, instead of spherical ones. Another geometric modification recently implemented to 

TE involved the placement of corrugated structure onto the heated wall [25]. The authors reported 

that the triangular corrugation provided the highest overall thermal performance ratio, especially 

when it is combined with dry concrete at low Ra. 

 

As can be explicitly inferred from the present literature survey, geometrical modifications may 

significantly enhance heat transfer provided that they are implemented cautiously. This, of course, 

requires attentive parametric study in order to figure out which cases and combinations yield an 

enhanced and effective heat transfer. Building upon these deductions, this study aims at 

investigating the impact of wall curvature of TEs on the natural convective flow structure and heat 

transfer. Therefore, six different wall curvatures, namely three for convex and three for concave 

structures, were implemented on an isosceles TE and investigated within this study in means of 

free convection enhancement. The results were benchmarked with the original isosceles 

trapezoidal cavity, i.e., no curved walls (reference case), in order to quantify the relevant 

influences. Additionally, the study has been conducted considering three different Rayleigh 



Int J Energy Studies                                                                                              2026; 11(1): 437-460  

440 
 

numbers (Ra=104, 105, and 106) to elaborate the geometrical impacts at different magnitude levels 

of free convective flow. The outcomes have been presented in terms of dimensionless streamline 

and temperature contours, as well as average Nusselt numbers, comparatively. 

 

2. MATERIAL AND METHODS 

2.1. Problem Description 

The reference model, namely the standard isosceles TE is shown in Figure 1 together with its 

relevant dimension symbolizations. The bottom and top walls of the enclosure have a length of L 

and L/2, respectively, while its height is denoted by H. Furthermore, Figure 2 illustrates the 

geometrically modified enclosures, i.e., the TEs with curved walls in a concave and convex way, 

separately, at different curvatures. The curvatures of the walls are mathematically defined via 

parametric functions, which are given in the upcoming paragraphs. 

 

Three different curvatures were considered in the numerical simulations for the concave and the 

convex structures each. Hence, apart from the reference benchmark enclosure of TE, six different 

enclosures were included in the study. The concave structures are named as C1, C2, and C3 in the 

order of increasing curvature, while the convex structures are similarly denoted by V1, V2, and 

V3, as previously given in Figure 2. Additionally, the parametric functions mathematically 

defining the curvatures of the aforementioned concave and convex enclosures were summarized 

in Table 1. The lengths of the bottom and top wall are denoted by L1 and L2, while the enclosure 

height is symbolized by H. 

 

 

Figure 1. The isosceles trapezoidal enclosure with relevant dimensions and boundary conditions 
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C1 

(a) 

 

 

C2 

(b) 

 

 

C3 

(c) 

 

 

V1 

(d) 

 

V2 

(e) 

 

V3 

(f) 

Figure 2. Schematic illustration of the concave (a, b, c) and the convex (d, e, f) enclosures 

together with their abbreviations 

 

Table 1. Parametric functions for the definition of wall curvatures 

Cavity 

code 

Relevant parametric equation for the wall curvature Equation 

number 

C1 
𝑥 = −2.927 + 2.681 ∗ cos(−0.438402 + 𝑡 ∗ 0.386846) 

𝑦 = 1.138 + 2.681 ∗ sin(−0.438402 + 𝑡 ∗ 0.386846) 
(1) 

C2 
𝑥 = −1.615 + 1.378 ∗ cos(−0.628273 + 𝑡 ∗ 0.766589) 

𝑦 = 0.810 + 1.378 ∗ sin(−0.628273 + 𝑡 ∗ 0.766589) 
(2) 

C3 
𝑥 = −0.922 + 0.764 ∗ cos(−0.985316 + 𝑡 ∗ 1.480674) 

𝑦 = 0.637 + 0.764 ∗ sin(−0.985316 + 𝑡 ∗ 1.480674) 
(3) 

V1 
𝑥 = 2.178 + 2.681 ∗ cos(3.090037 + 𝑡 ∗ (−0.386846)) 

𝑦 = −0.138 + 2.681 ∗ sin(3.090037 + 𝑡 ∗ (−0.386846)) 
(4) 

V2 𝑥 = 0.865 + 1.378 ∗ cos(−3.003277 + 𝑡 ∗ (−0.766589)) (5) 
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𝑦 = 0.190 + 1.378 ∗ sin(−3.003277 + 𝑡 ∗ (−0.766589)) 

V3 
𝑥 = 0.172 + 0.764 ∗ cos(3.090956 + 𝑡 ∗ (−1.480674)) 

𝑦 = 0.363 + 0.764 ∗ sin(3.090956 + 𝑡 ∗ (−1.480674)) 
(6) 

 

Regarding Eqs. 1 to 6, the function parameter, t, is dependent on x and y coordinates and is defined 

as follows: 

𝑥(𝑡) = 𝑥𝑐 + 𝑅 cos(𝜑0 + 𝑡∆𝜑)  𝑡 ∈ [0,1]  (7) 

𝑦(𝑡) = 𝑦𝑐 + 𝑅 sin(𝜑0 + 𝑡∆𝜑)  𝑡 ∈ [0,1]  (8) 

where R is the radius of the circle, i.e., the constant distance between the center (xc, yc) and any 

point on the arc, while 𝜑 is the polar angle about the center, and the x and y within the functions 

were in m. Besides, t is a dimensionless parameter in the interval [0,1] that linearly varies the angle 

from 𝜑0 to 𝜑0 + Δ𝜑, thereby defining points along the arc. 

 

The flow inside the enclosures was considered to be two-dimensional, laminar and steady state, 

while the fluid is taken as Newtonian where the thermophysical properties remained constant, 

except density, which is treated by Boussinesq approximation.  The governing equations reflecting 

the physical structure of the free convection phenomenon inside the enclosures include continuity, 

momentum, and energy equations, which are respectively given in two-dimensional Cartesian 

coordinates as follows [26]: 

𝜕𝑢

𝜕𝑥
+

𝜕v

𝜕𝑦
= 0  (9) 

𝑢
𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
=

1

𝜌
[−

𝜕𝑝

𝜕𝑥
+ 𝜇 (

𝜕2𝑢

𝜕𝑥2
+

𝜕2𝑢

𝜕𝑦2
)]  (10) 

𝑢
𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
=

1

𝜌
[−

𝜕𝑝

𝜕𝑦
+ 𝜇 (

𝜕2𝑣

𝜕𝑥2 +
𝜕2𝑣

𝜕𝑦2)] + 𝑔𝛽(𝑇 − 𝑇𝑟𝑒𝑓)  (11) 

𝑢
𝜕𝑇

𝜕𝑥
+ 𝑣

𝜕𝑇

𝜕𝑦
= 𝛼 [

𝜕2𝑇

𝜕𝑥2 +
𝜕2𝑇

𝜕𝑦2]  (12) 

 

The symbols u and v in the given equations represent the velocity components in x and y directions, 

respectively. The thermophysical properties, namely the density, dynamic viscosity, thermal 

diffusivity, and thermal expansion coefficient, are denoted by ρ, µ, α, and β, respectively. Lastly, 

pressure, temperature, and gravitational acceleration are symbolized by p, T, and g, respectively. 

The aforementioned parameters in the governing equations were considered in non-dimensional 

format to improve the generalizability of the outcomes as well as applicability in a wide range of 
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practices. The non-dimensional conversion has been taken into account by the following 

operations: 

𝑋 =
𝑥

𝐿𝑐
 , 𝑌 =

𝑦

𝐿𝑐
 , 𝑈 =

𝑢𝐿𝑐

𝛼
 , 𝑉 =

v𝐿𝑐

𝛼
 , 𝑃 =

𝑝𝐿𝑐
2

𝛼2𝜌
 ,  

𝜃 =
𝑇−𝑇𝐶

𝑇𝐻−𝑇𝐶
 , 𝑅𝑎 =

𝑔𝛽(𝑇𝐻−𝑇𝐶)𝐿𝑐
3

𝜈𝛼
 , 𝑃𝑟 =

𝜈

𝛼
  

(13) 

 

After these conversion operations, the symbols U and V signify the dimensionless velocity 

components in dimensionless directions of X and Y, while Lc indicates the characteristic length, 

which is taken as the cavity height, H. The dimensionless temperature and pressure are denoted by 

θ and P, while the Rayleigh and Prandtl numbers are indicated by Ra and Pr. TH and TC 

respectively signify the hot and cold wall temperatures. Consequently, the non-dimensional forms 

of the above-given governing equations can be expressed via Eqs. 14–17. Furthermore, the thermal 

behavior of the fluid inside the various enclosures investigated was elaborated over dimensionless 

streamlines and temperature contours, as well as the Nu, which is computed regarding the ratio of 

the average heat flux in convection (𝑞̇𝑐𝑜𝑛𝑣) to that in pure conduction case (𝑞̇𝑐𝑜𝑛𝑑), as expressed 

in Eq. 18. 

𝜕𝑈

𝜕𝑋
+

𝜕V

𝜕𝑌
= 0  (14) 

𝑈
𝜕𝑈

𝜕𝑋
+ 𝑉

𝜕𝑉

𝜕𝑌
= −

𝜕𝑃

𝜕𝑋
+ 𝑃𝑟 (

𝜕2𝑈

𝜕𝑋2 +
𝜕2𝑈

𝜕𝑌2)  (15) 

𝑈
𝜕V

𝜕𝑋
+ 𝑉

𝜕V

𝜕𝑉
= −

𝜕𝑃

𝜕𝑌
+ 𝑃𝑟 (

𝜕2𝑉

𝜕𝑋2 +
𝜕2𝑉

𝜕𝑌2) + 𝑅𝑎𝑃𝑟𝜃  (16) 

𝑈
𝜕𝜃

𝜕𝑋
+ 𝑉

𝜕𝜃

𝜕𝑌
=

𝜕2𝜃

𝜕𝑋2 +
𝜕2𝜃

𝜕𝑌2  (17) 

𝑁𝑢 =
𝑞̇𝑐𝑜𝑛𝑣

𝑞̇𝑐𝑜𝑛𝑑
  (18) 

 

The boundary conditions implemented to solve the relevant governing equations include the no 

slip boundary condition applies at the wall surfaces, isothermal wall temperature that are hot (TH) 

and cold temperatures (TC) at the bottom and top walls of the enclosure, which can be respectively 

expressed by θ=1 and θ=0 in dimensionless form. The side walls of the enclosure are taken to be 

adiabatic. Although the present study is conducted in a dimensionless framework, it is worth noting 

that the Prandtl number of the fluid inside the enclosurre is Pr=2.99, which corresponds 

approximately to the thermophysical properties of water within the relevant temperature range. 
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Besides, the Rayleigh number considered within the study was varied by adjusting gravitational 

acceleration values. 

 

2.2. Numerical Procedure 

The governing equations explained in the previous section were solved under the relevant 

boundary conditions using a finite volume method-based solver. Second-order upwind scheme 

was considered for the discretization of the convective terms, while the coupling of pressure-

velocity fields was handled by SIMPLE algorithm. The criteria for the convergence of the 

continuity, momentum and energy equations were specified to be 10-5, 10-5, and 10-8, respectively. 

A structured face meshing suitable for the 2D geometry was considered within the present work. 

The number of mesh elements was determined by the number of equal divisions starting from the 

bottom wall. The elements were quadrilaterally dominant within the fluid domain, and the average 

aspect ratio was 1.62 for the geometry in Case V3. The minimum and average orthogonal quality 

values were 0.56 and 0.95, respectively, while the maximum skewness was 0.62. The solution has 

been ensured to be independent of the grid as a result of an attentive grid independence test. One 

of the most struggling case in terms of natural convective fluid flow, which is Case V3 at Ra=106, 

was selected for the grid independence test to ensure that the grid considered was undoubtedly 

sufficient for accurate solution. Consequently, five different grid divisions, namely 25×25, 33×33, 

50×50, 100×100 and 150×150, have been tested, and the outcomes in terms of Nu exhibited 

negligible difference between the 100×100 and 150×150 structures, which indicated that using a 

grid structure of 100×100 is sufficient for the balance of accuracy and computational cost. The 

view of the mesh structure considered in this case was depicted in Figure 3a together with a scale-

up portion, while the results of the grid independence test are illustrated in Figure 3b. 

 

 

(a) 
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(b) 

Figure 3. a) Exemplary schematic of the grid structure of Case V3, and b) outcomes of the grid 

independence test 

 

The validity of the numerical procedure is ensured by an appropriate benchmark with the existing 

literature data on free convection in TEs. As a result of this benchmark that has been conducted 

against the study of Lasfer et al. [27] and depicted in Table 2, the highest discrepancy across the 

cases was computed to be 1.93%, which assures the credibility of the present work. 

 

Table 2. Results of validation procedure 

Rayleigh number Nusselt number 

 Lasfer et al. [27] Present study Deviation 

104 2.174 2.132 -1.94% 

105 4.236 4.183 -1.26% 

106 8.049 8.072 0.29% 

 

3. RESULTS AND DISCUSSION 

The flow structure and free convective heat transfer performance across the enclosure types 

investigated were comparatively discussed on dimensionless streamline and temperature contours, 

and they were quantified by Nu. In the following subsections, these performance parameters are 

respectively presented and discussed for each case examined within the framework of the study, 

in regard to different Ra. 
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3.1. Flow Structure and Temperature Distribution 

Figure 4, 5, and 6 display the dimensionless streamline and temperature contours with respect to 

various Ra. In Figure 4, focused on the thermal behavior of the fluid at Ra=104, it was evidently 

noticed that the concave structure of the enclosures led to the occurrence of separated circulation 

zones, particularly for the enclosures of C2 and C3 where the wall curvature is relatively higher. 

This phenomenon can be attributed to the restricted flow region for the fluid inside the enclosure. 

As the geometry of the flow field was narrowed down, the fluid flow was hindered, and the effect 

of buoyancy forces was diminished. Therefore, separated circulation zones occurred, which 

triggered a relatively more stratified temperature distribution, as seen from the isotherms. While a 

relatively non-uniform temperature distribution was noted for the reference cavity and C1, the 

isotherms exhibited a more stratified temperature distribution in vertical direction within the 

enclosure, indicating a conduction-dominant heat transfer. Comparing the reference geometry, 

which is the standard TE, and the C1, the penetration of cold fluid through the middle section of 

the enclosure is more noticeable in the reference case. 

 

On the other hand, the convex geometries, namely V1, V2, and V3, demonstrated an enlarged flow 

circulation in parallel with the outward curved side walls. According to the streamline and 

corresponding isotherms, it was seen that the buoyancy-driven fluid flow is strengthened as the 

curvature of the walls are increased through outward, compared to the standard trapezoidal case, 

and a larger mixing occurs between the thermally active walls. 

 

Code 
Streamlines Isotherms 

 

Reference 
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C1 

  

C2 

  

C3 

  

V1 

  

V2 
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V3 

  

 

Figure 4. Dimensionless streamline and isotherm contours at Ra=104 for the concave and 

convex geometries investigated 

 

The dimensionless streamline and temperature variations were demonstrated for Ra=105 in Figure 

5. Unlike the previous discussion, the augmentation in Ra resulted in stronger and divided fluid 

circulation zones in all cavities investigated, due to increased buoyancy forces. In the reference 

cavity and the convex shaped enclosures, namely V1, V2, and V3, two nearly symmetrical free 

convective circulation regions were formed. Thereby, an inverse mushroom shaped temperature 

contour was observed in these cases. More frankly, the fluid warmed up at the bottom wall rose 

up along the side walls through the cold top wall of the enclosure, and then the cooled-down fluid 

descended down the symmetrical axis of the enclosure in the middle section. Nevertheless, for the 

concave shaped enclosures (C1, C2, and C3), the circulation zones were seen to be formed in the 

upper and lower regions of the enclosure, which consequently restricted the relatively hot fluid 

portions to effectively contact the cold wall to increase the convective heat transfer coefficient 

along the thermally active walls. Furthermore, dead flow regions were formed, and the fluid in 

these regions could not contribute to thermal transport, leading to a significant decrement in free 

convection. The corresponding isotherms confirmed the aforementioned influence of fluid flow 

on the heat transfer. As seen from the figure, the hot and cold fluid regions accumulated separately 

in the lower and upper parts of the cavity, respectively, and remained stratified, especially for C1 

and C2, at this Ra. 
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Code 
Streamlines Isotherms 

 

Reference 

  

C1 

  

C2 

  

C3 

  

V1 
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V2 

  

V3 

  

Figure 5. Dimensionless streamline and isotherm contours at Ra=105 for the concave and 

convex geometries investigated 

 

When Ra increased to Ra=106, the pattern of the streamline and isotherms significantly varied, 

compared to previous Ra examined, as seen from Figure 6. As the buoyancy forces are remarkably 

stronger at this Ra, there were several natural convection vortices formed in various regions of the 

enclosure. Especially for the reference case and the concave cases (C1, C2, and C3), these vortices 

were noticed to be asymmetrical. Nonetheless, the displacement and region-swap of the hot and 

cold fluid streams were relatively more restricted for C1 and C2, compared to other enclosures 

investigated. Similar to the previous discussions, in the middle section with respect to y-axis, the 

free convective fluid flow and heat exchange became weaker in these enclosures. Hence, the 

thermal coupling between the hot and cold fluids remained insufficient. 

 

In the convex cavities, on the other hand, there were one or two circulation zones observed. For 

V1 and V2, two asymmetrical and relatively larger (compared to concave ones) vortices developed 

along the vertical axis within the enclosures. Thereby, the warmed-up fluid flowed upwards in V1 

and V2 along the convex side walls, and then it flowed along the middle section directly 

downwards. However, for V3, a more circular fluid flow was observed by the outcomes, i.e., the 

hot fluid rose up along the left wall, cooled down along the top wall and then descended along the 

right wall. 
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Code 
Streamlines Isotherms 

 

Reference 

  

C1 

  

C2 

  

C3 

  

V1 
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V2 

  

V3 

  

Figure 6. Dimensionless streamline and isotherm contours at Ra=106 for the concave and 

convex geometries investigated 

 

3.2. Nusselt Numbers 

Average Nusselt numbers were presented in Figure 7 and 8 for the quantification of the natural 

convection effect as well as for the comparison of the geometric influences on the thermal 

transport. The influence of concave enclosure geometry on Nu is compared to the reference TE, 

and the outcomes are accordingly discussed over Figure 7, for the Ra investigated. 

 

At first sight, the Nu are considerably lower for the concave TEs at Ra=104 and 105, compared to 

the reference case, which is a standard isosceles TE. Yet, the Nu for the C2 was found to be almost 

the same as the reference case at Ra=106. Quantitative results demonstrated that the average 

Nusselt number at Ra=104 was computed to be 1.83 for the reference case, while it was 1.57 for 

C1, and it was even unity for C2 and C3. Compared to the reference enclosure, the Nu in the 

cavities of C1, C2, C3 were respectively 14%, 45%, and 45% lower, which indicates a significant 

reduction in free convective heat transfer, and the mechanism is even pure-conduction for the 

enclosures C2 and C3. A similar observation was noted at Ra=105, and the Nu values were 3.83, 

3.02, 2.14, and 3.45 for the reference case, C1, C2, and C3, respectively. Related to the previous 

discussion, the squeezing of the enclosure restricted the fluid motion, hence, it led to considerable 

thermal stratification. 
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However, at Ra=106, an exception was observed where the Nu for the reference enclosure and C2 

were found to be almost identical. On the other hand, C1 and C3 yielded significantly lower values. 

This can be attributed to the well-mixing of fluid in the enclosure C2, while it was stuck in C3 

with a high thermal stratification and local circulation zones damping each other in C1, as 

previously shown in Figure 6. Nu computed for these cases were 6.25 for the reference case, and 

5.16, 6.26, and 4.77 for C1, C2, and C3, respectively. This indicates that Nu decreased by 17.5% 

and 23.7% for the enclosures C1 and C3, respectively, compared to the standard isosceles TE. 

 

To sum up, modifying the side walls of standard TEs in a concave way is not recommended as a 

heat transfer enhancement technique, due to the damping effect on the natural convective flow and 

high thermal stratification, which hinders the effective heat exchange by decreasing local 

temperature gradients. 

 

 

Figure 7. Nu values for the reference and concave enclosures at different Ra. 

 

Figure 8 depicts the variation of Nu with respect to different Ra for the reference and the convex 

shaped enclosures. Unlike the concave enclosures, the Nu exhibit a superior trend compared to the 

reference case, particularly at the low and high Ra investigated. At Ra=104, the Nu computed were 

1.83, 1.99, 2.07, and 2.17 for the reference, V1, V2, and V3, respectively. This shows that a notable 

increase occurred as the curvature of the side walls increased, and the enhancement rates in Nu 

with respect to reference enclosure were calculated to be 8.3%, 13.1% and 18.6% for the V1, V2, 
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and V3, respectively. Parallel to the deduction made from the streamline and isotherm contours, 

the convex curvature of the side walls enabled smoother and stronger free convective circulation 

of the fluid inside the domain. Thereby, this geometric modification became helpful for the 

boosting of the buoyancy forces. 

 

Nevertheless, as the buoyancy forces are already increased up to a specific level when Ra is 

switched to Ra=105, this advantage of the curved walls has diminished. As seen from the relevant 

contours in Figure 5, the hot fluid arisen along the side walls contacted the cold wall and the 

cooled-down fluid descended through the middle section of the enclosure, making an inverse 

mushroom shape temperature contour. This phenomenon was a common occurrence for all the 

enclosure investigated, regardless of the wall curvature. Therefore, the Nu computed for these 

cases yielded almost the same values, namely 3.83, 3.82, 3.78 and 3.73 for the reference, V1, V2, 

and V3, respectively, where the maximum discrepancy was 2.4% (between the reference and V3 

enclosures). 

 

At the highest Ra examined (Ra=106), the differences in Nu became more noticeable, particularly 

for the enclosures V1 and V2, while there was a marginal difference between the reference case 

and the V3. Quantitative findings showed that the Nu values calculated for the reference case, V1, 

V2, and V3 enclosures were respectively 6.25, 6.81, 6.83, and 6.23. Hence, V1 and V2 achieved 

an enhancement of 8.9% and 9.3%, respectively, compared to the reference case. Related to the 

fluid flow behavior, this result is attributed to the double circulation zones along the two side walls 

in the enclosures V1 and V2, while there was only one single circulation in V3. Because the hot 

fluid rising up through two branches along the convex shaped side walls met up at around the 

midpoint of the cold wall, and then the cooled down fluid descended down through the middle 

section of the enclosure, which ensured a more effective mixing of hot and cold portions of the 

fluid. On the other hand, V3 exhibited a single circulation of the heated fluid from bottom to top 

in clockwise direction, hence, a relatively poorer fluid mixing occurred, which resulted in weaker 

convection currents. Lastly, in the reference case, although there were a few different circulation 

zones, these have blocked each other and restricted the mixing of hot and cold fluid portions, 

resulting in relatively lower Nu as well. 
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Figure 8. Nu values for the reference and convex enclosures at different Ra. 

 

4. CONCLUSION 

The impact of side wall curvature of a basically isosceles TE on the natural convective flow and 

heat transfer characteristics of the fluid inside have been explored within this work. For this 

purpose, apart from the reference case involving standard isosceles TE, three different concave 

(abbreviated as C1, C2, and C3) and three different convex shaped (abbreviated as V1, V2, and 

V3) cavities were taken into consideration. Furthermore, three different Ra (namely, Ra=104, 105, 

and 106) were considered to numerically elaborate the natural convection effects at different 

buoyancy force strengths. 

 

The geometrical modification considered within the study led to significant variations in fluid 

flow, temperature distribution and consequently in Nusselt numbers. The major conclusions drawn 

from the work are presented as follows: 

 

• Concave type enclosures led to the formation of squeezed and separated circulation zones 

within the enclosure, and this formation resulted in dead-circulation zones, and the 

separated local vortices restricted the mixing of hot and cold fluid portions, which 

consequently decreased the natural convection effects. 
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• In the convex enclosures, on the other hand, the fluid circulation became stronger, 

particularly for Ra=105 and 106, and the formation of two asymmetrical vertical, i.e., 

longitudinal, vortices allowed a more effective fluid mixing due to the fact that the heated-

up fluid rose up through side walls and descended down through the middle section, which 

enabled higher local temperature gradients. 

 

• The wall curvature has a significant impact on the alteration of natural convective fluid 

flow. Concave shaped enclosures were insufficient for enhancing the natural convection, 

while convex cavities were superior to the reference standard isosceles TE, particularly at 

relatively lower Ra. 

 

• Quantitative outcomes showed that concave enclosures had a significant adverse impact 

restricting the natural convective fluid flow, and the average Nusselt number can decrease 

by up to 45%, compared to the reference enclosure, at low Ra, and the thermal stratification 

increased in this enclosure. 

 

• Depending on the Ra, convex enclosures exhibited a considerable enhancement effect on 

the natural convection. Especially at low Ra (Ra=104), the improvement in Nu can reach 

up to 18.6%, compared to the reference enclosure, while this ratio was found to be 9.3% at 

the highest Ra examined. Nevertheless, due to the balance between the buoyancy forces 

and the geometrical effects, the improvement impact was diminished at the moderate 

Rayleigh number. 

 

To conclude, a simple geometrical modification on a standard isosceles TE was found to be 

significantly beneficial in terms of natural convective heat transfer enhancement when the design 

and operational conditions were accordingly considered. Therefore, it can be recommended to 

consider convex trapezoidal shaped enclosures to boost the natural convection in engineering 

applications such as cooling of electronic devices, solar thermal energy harvesting and relevant 

heat exchangers, with a relatively cost-effective method. 

 

NOMENCLATURE 

Cp  

g 

Specific heat (J kg-1 K-1) 

Gravitational acceleration (m s-2) 
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H 

k 

Lc 

Nu 

p 

P 

Pr 

Ra 

T 

t 

u  

U 

v 

V 

x,y 

X,Y 

 

Subscripts 

C 

H 

ref 

 

Greek letters 

α 

β 

θ 

μ 

v 

𝜑 

ρ 

Enclosure height (m) 

Thermal conductivity (Wm-1K-1) 

Characteristic length (m) 

Average Nusselt number 

Fluid pressure (Pa) 

Dimensionless fluid pressure 

Prandtl number 

Rayleigh number 

Temperature (K) 

Dimensionless arc parameter 

Horizontal velocity component (m s-1) 

Horizontal component of dimensionless velocity 

Vertical velocity component (m s-1) 

Vertical component of dimensionless velocity  

Cartesian coordinates (m) 

Dimensionless coordinates 

 

 

Cold 

Hot 

Reference 

 

 

Thermal diffusivity (m² s-1) 

Coefficient of thermal expansion (K-1) 

Temperature in dimensionless form 

Dynamic viscosity (kg m-1 s-1) 

Kinematic viscosity (m² s-1) 

Polar angle (rad) 

Fluid density (kg m-3) 
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