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Abstract 

This work focused on the geometric assessment by the lens of the Constructal Design of 

a rectangular fin placed at different surfaces and positions of lid-driven cavities under 

laminar forced convection. This study aims to maximize the Nusselt number (NuH) from 

the isothermal fin for Reynolds numbers (ReH) ranging from 10 to 1000 and a fixed 

Prandtl equal to 0.71. The fin was placed at the lower, upstream, and downstream 

cavity surfaces in five positions (S* = 0.1; 0.3; 0.5; 0.7; 0.9). The domain presents two 

constraints: the cavity area and the ratio fin area to cavity area kept constant for all 

cases (φ = 0.05). The degrees of freedom explored to maximize the Nusselt number were 

the ratio between the height and length of the fin (H1/L1) and the fin position along each 

cavity surface. The results indicated that the fin geometry and positions significantly 

affected the Nusselt number. The highest Nusselt number was achieved for the fin 

positioned on the downstream cavity surface with H1/L1 = 2.0 and S* = 0.9, improving 

the Nusselt number by 63.1% and 5.8% compared to the optimal shapes in the lower 

and upstream cavity surfaces. 
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Nomenclature 

A  Domain area (channel)       m² 

Af Area filled by the fin in cavity      m² 

cp Specific heat at constant pressure      J/(kg.K) 

h Convection heat transfer coefficient      W/(m².K) 

H Cavity height        m 

H1 Height of rectangular fin        m 

k Thermal conductivity of the fluid      W/(m.K) 

L Cavity length        m 

L1 Length of the rectangular fin       m 

NuH Nusselt number for characteristic height      - 

P Pressure         N/m² 

Pr Prandtl number         - 

ReH Reynolds number        - 

Ri Richardson number        - 

S* Position of the fin in the cavity surface     - 

Ti Initial temperature       K 

Ts Temperature of the top surface of the cavity     K 

Tf Temperature of the fin surface      K 

x Spatial coordinate in horizontal direction     m 

y spatial coordinate in vertical direction     m 

 

Greek symbols 

μ  Dynamic viscosity       kg/(m.s) 

ρ  Density           kg/m³ 

ϕ Fraction of the area filled by the fin and the cavity area 

 

Subscripts 

m   Once maximized 

mm  Twice maximized 

o  Once optimized 

oo  Twice optimized 

 

1. Introduction 

Heat transfer systems have been miniaturized nowadays, particularly in electronic components, making 

developing more effective cooling solutions an intriguing research area. The convective heat transfer process in 
cavity flows has become a subject of extensive research due to its relevance in various engineering applications, 

such as heat exchangers, gas turbines, electronic systems, and microelectronic chips [1]. The complexity of fluid 

dynamics within these cavities, coupled with the presence of inserted fins or obstacles, presents a challenging but 

promising area for investigation. The internal flow in lid-driven cavities is an ideal case for studying fluid behaviour 

due to its simplicity in geometry but rich complexity in physics phenomena [2]. Key features of this flow include the 

development of primary vortices, reattachment and separation of boundary layers, and the potential emergence of 

secondary vortices, especially at high Reynolds numbers [3]. Furthermore, the mixed convection mechanism 

governs the heat transfer process in lid-driven cavities. Forced convection occurs via the movement of the shear 

flow created by the lid-driven wall, whereas natural convection is caused by the buoyancy flow created due to 

temperature gradients [4, 5]. Thus, understanding the intricate interplay between fluid flow, heat transfer, and 

geometric configurations is crucial for designing more efficient thermal management systems. 
In this regard, internal flows within cavities have been extensively researched to understand the thermal-fluid 

dynamics of forced convection [6 – 8] and mixed convection [9 – 11]. The effect of several cavity shapes, such as 

rectangular and trapezoidal, on the thermal-fluid domain has been studied in the literature [12 – 16]. Moallemi and 
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Jang [12] explored the impact of the Prandtl number on the thermal performance of mixed convection in lid-driven 

square cavities. They found that the impacts of buoyancy flow were noticeable with higher Prandtl values. A mixed 

convection in a rectangular cavity was studied by [13]. The findings showed that changes in the Richardson number 

(Ri) influenced heat transfer. 

Studies that evaluate mounted fins or obstacles inside cavities have been explored in the literature. Chamkha et 

al. [17] studied the influence of cavity geometry, Reynolds, and Richardson numbers on the thermal performance of 

a heated square cylinder under mixed convection in a square-vented cavity. Oztop et al. [18] also studied a heated 

cylinder inserted in a square cavity under mixed convection. It was reported that once the cylinder’s diameter is 

small, thermal conductivity does not affect the solution. However, the Nusselt number (Nu) increases as the body's 

diameter increases. Gibanov et al. [19] studied the mixed convection heat transfer process in a cavity with a bottom 

heat-conducting solid backward step. The authors varied the geometry of the solid form and evaluated the heat 

transfer process. They reported that varying the size and thermal conductivity of the backward step modified the 
flow and heat transfer patterns. In another work, a rotating cylinder inside a lid-driven cavity was studied in 

reference [20]. Results indicated that the Nusselt number tends to increase with the increase in the cylinder's rotating 

velocity for different Ri numbers. Other works in the literature also explored rotating cylinders inside lid-driven 

cavities [16, 21, 22]. Gangaware et al. [10] examined a triangular block inserted in a lid-driven cavity. A constant 

heat flux was applied to the triangular block, changing its position in the cavity. The results indicated that the 

highest heat transfer rates were achieved for the triangular block in the middle of the cavity.  In addition, the Nu 

decreased with the increase in the Ri number. Moayedi et al. [23] explored four distinct fin geometries (T, Y, Γ and 

┓) in a lid-driven square cavity under mixed convection. The study found that altering the fin geometry from T to Γ 

improved the Nusselt number.  

The geometry of the mounted fins or obstacles can alter the flow patterns, disrupt boundary layers, and facilitate 

convective heat transfer, thus offering opportunities for improving thermal performance. Moreover, the position of 

these fins or obstacles within the cavity is important to the overall heat transfer efficiency. One possible method to 

evaluate the design and position of the inserted fins or obstacles inside a lid-driven cavity is applying the Constructal 
Design method, which is based on the Constructal Law. The Constructal Law was postulated by Bejan [24] and 

describes the natural trend of any flow systems to evolve over time to ease access to the internal streams flowing 

through them [25 – 27]. The design modifications occur to reduce the thermodynamic imperfections present in all 

flow systems [28 – 30]. The Constructal Design approach may be used in various research topics, such as in the 

vascular blood flow structure in a liver [31] or in the formation of trees and river basins [26]. In engineering 

applications, advances have been proposed using the Constructal Design in the growth of capillary networks [32], 

latent and sensible heat exchangers [33, 34], the design of battery thermal management systems [35, 36], heat 

dissipating structures [37], and cooling of electronic packaging or integrated circuits [38, 39]. It is clear from these 

examples that the modifications in the flow configuration are a key aspect of more efficient systems. 

Recently, the Constructal Design approach has been used to study the geometry of fins and obstacles inserted in 

lid-driven cavities to enhance the heat transfer performance of these systems. Lorenzini et al. [40] explored the 
thermal performance of rectangular fins inserted in the middle of the low surface of the lid-driven square cavity 

under mixed convection. They explored different fins aspect ratios, Rayleigh, and Reynolds numbers. Similarly, 

Aldrighi et al. [41] investigated the heat transfer process for different rectangular fin geometries inserted in the 

centre of distinct surfaces of a lid-driven cavity flow under forced convection. Rodrigues et al. [5] studied the mixed 

convection heat transfer process of two rectangular intrusions in a lid-driven cavity. Both rectangular fins were 

placed at the inferior of the cavity’s surface. The authors varied the aspect ratio of the two inserted fins and the 

Richardson number for a constant Reynolds number equal to 400 and Pr = 6.0. Razera et al. [42] evaluated the 

thermal performance of mixed convection with different semi-elliptical fin geometries mounted in a lid-driven 

square cavity. The semi-elliptical fin was positioned in the middle of each cavity’s surface. The authors explored 

different semi-elliptical fin geometries for several Rayleigh and Reynolds numbers. Borahel et al. [43] investigated 

different geometries for a rectangular isothermal block (IB) inside a lid-driven cavity to enhance the thermal 

performance of the system. The authors studied rectangular isothermal block geometries for different IB/cavity area 
fractions and Richardson numbers. 

This work introduces a geometrical assessment of a rectangular fin mounted on different surfaces and positions 

of lid-driven cavities under laminar forced convective flows. This study investigates the relation of the height and 

length of the fin (H1/L1) under the Constructal Design lens to enhance the heat transfer performance of the system. 

The fin is inserted in three distinct cavity surfaces - low, downstream, and upstream surfaces - and on each surface, 

the fin is placed in five different positions (S* = 0.1; 0.3; 0.5; 0.7; 0.9). Furthermore, the influence of the Reynolds 

number (10 ≤ ReH ≤ 1000) on the Nusselt number in the heated fin and fluid flow and the optimal fin shapes were 
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also addressed. The study was carried out with a constant relation of the area filled by the fin and cavity area of φ = 

0.05, and constant Prandtl number (Pr = 0.71). It is important to highlight that the combined conditions evaluated in 

this work have not been investigated yet in Refs. [40 – 41]. The novelty of this work is based on the rectangular fin 

with variable aspect ratio placed in five different positions in the cavity surface's low, upstream and downstream 

boundaries, which was not previously investigated. As a result, this study aims to provide a novel contribution to the 

scientific field of lid-driven cavity flows using the constructal design method. 

 

2. Mathematical modelling 

This work numerically evaluates the flow and heat transfer in lid-driven square cavities with rectangular fins. 

The flow is assumed incompressible, laminar, and steady state. Fig. 1 shows the problem domain, representing 

boundary conditions and geometrical variables. The fin was placed at the low surface (LS) (a), the downstream 
surface (DS) (b), and the upstream surface (US) (c), as presented in Fig. 1. The cavity was modeled as a two-

dimensional domain with H = L= 1 m. The fluid inside the cavity had constant thermal physical properties. The 

modeling equations for the fluid domain are the mass, momentum and energy balance equations, given as [44]: 
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where x and y are the Cartesian spatial coordinates, u and v are the velocity components in x and y directions, P 

is the pressure; T is the temperature, ρ is the density, μ is the dynamic viscosity, Cp is the specific heat, and k is the 

thermal conductivity. 
The problem's variables can be stated in a dimensionless form to generalize the results. Dimensionless 

parameters are represented by the asterisk, and given as: 
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where A is the cavity area, u0 is the velocity imposed at the cavity lid, Tmin is the temperature at the cavity lid and 

Tmax is the temperature of the fin surfaces. 
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Fig 1: Problem statement for the flow inside cavities with rectangular fin at different surfaces: a) low, b) downstream, c) upstream. 

The fluid flow is driven by the continuous displacement of the upper surface of the cavity (forced convection), as 

illustrated in Fig. 1. The Reynolds number was calculated using the upper surface velocity, u0, as a reference. The 

upper surface has a dimensionless velocity of u* = 1 and v* = 0. On the other surfaces, lateral and bottom, the 

velocities are dimensionless and prescribed as zero (u* = v* = 0) with nonslip and impermeability conditions. 

Regarding the thermal boundary conditions, the bottom and lateral of the cavity were considered adiabatic 

(thermally insulated). In this model, the flow is heated by surfaces of the fin, which have a dimensionless 

temperature of T* = 1.0, while the cavity top surface temperature is considered as T* = 0. The Prandtl number was 

assumed constant during the simulations (Pr = 0.71).  

This investigation aimed to find the configurations that give the greatest Nusselt number between the fin and the 
surrounding fluid. Thus, the Constructal Design method has been applied to define the flow system, performance 

indicator, degrees of freedom, and restrictions in investigating fin’s geometries [24 – 27, 5, 43]. Fig. 2 shows a 

flowchart illustrating the main steps to achieve the objectives of the current study.  

As shown in Fig. 2, the geometry is constrained by two variables: the cavity’s area (A) and the area filled by the 

fin within the cavity (Af). These variables are given by the following equations: 

A HL=    (8) 

1 1fA H L=    (9) 

where H are the height and L are the length of the square cavity, H1 and L1 are the height and length of the 

rectangular fin. 
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Fig 2: Flowchart for the present application of the Constructal Design method. 
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The ratio between the area filled by the fin and the cavity area can be determined as a dimensionless parameter 

by: 

 

fA

A
 =    (10) 

 

For the present study, it was assumed that  = 0.05 for all cases. Furthermore, the height/length ratio of the 

cavity is considered constant as H/L = 1 to form a square cavity. Thus, in terms of the geometry of the problem, the 

aspect ratio of the height and length of the fin (H1/L1) is the degree of freedom that needs to be explored. The main 

objective is to identify the effect of H1/L1 on the Nusselt number for distinct Reynolds numbers 10 ≤ ReH ≤ 1000, 

and also placing the fin in five different positions (S* = 0.1; 0.3; 0.5; 0.7; 0.9) on the low, downstream and the 

upstream surfaces of the cavity. The fin H1/L1 ratio was explored from 0.1 to 10.0, except for S* = 0.1 and 0.9 where 

the minimal magnitude of H1/L1 = 2.0 is considered to avoid intersection between the fin and cavity surfaces. Fig. 3 

summarizes the geometric evaluation process for the rectangular fin placed on the different sides of the cavity. 
The heat transfer process in the problem was assessed using the Nusselt number, defined as dimensionless 

parameter that quantifies the relation of convection and conduction heat transfer mechanism [44]. It quantifies the 

heat transfer from the  isothermal fin and the fluid flow, as specified by [44]: 

 
*
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h H T
Nu

k n

 
= =


   (11) 

 

where n* is the dimensionless coordinate in normal direction of the fin surface, h is the spatial averaged heat 

transfer coefficient, which can be used to calculate the heat transfer rate by Newton’s cooling law: 
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W
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where q is the heat transfer from the fin surface, psf is the perimeter of the fin, in all cases equal to psf = (2H1 + 

L1), and W is the depth of the domain. Despite of the possibility to calculate the heat transfer rate, in this work it is 

focused on the geometries that conducted to heat transfer coefficient in the fin.   

The geometric evaluation process was performed in four steps, as presented in Fig. 3. In the initial stage, the 

geometry of the fin was optimized by changing the ratio of H1/L1, while keeping the other degrees of freedom fixed 

(ReH, cavity’s surface, and fin position – S*). Then, the highest Nusselt number is the once maximized Nusselt 
number (NuH,m), and the corresponding ratio H1/L1 is the once optimized ratio (H1/L1)o. In the second step, the first 

step is repeated for different magnitudes of S*, obtaining the twice maximized Nusselt number (NuH,mm), the twice 

optimized ratio (H1/L1)oo and the once optimized fin position (S*)o. In the third stage, the second step is repeated for 

the fin mounted in different cavity surfaces. Later, the first three steps are performed for various ReH (10 ≤ ReH ≤ 

1000). All the investigations, varying the geometric configurations and Reynolds number led to a total of 528 

simulated cases. 

 

3. Numerical modeling and verification 

The numerical solution of Eqs (1-4) was performed with the commercial computational fluid dynamics software 

Ansys Fluent (version 14), which is based on the Finite Volume Method [46 – 48]. The numerical scheme chosen to 

solve Eqs. (1) to (4) is based on the semi-implicit method for pressure linked equations (SIMPLEC). The first-order 

upwind interpolation method was chosen for the treatment of advective dominant flows. The solution was assumed 
to converge when at least two consecutive iterations are less than 10−6 for mass, 10−6 for momentum and 10−8 for the 

energy equation.  

The numerical model and the mesh employed in this work are verified and validated from previous works of our 

research group [5, 40 – 43] in relation to other works in the literature. In this study, the velocity and temperature 



Journal of Computational Applied Mechanics 2024, 55(4): 744-770 751 

 

information simulated were compared to those found in the available literature for forced convective flow in a 

square lid-driven cavity with no fins on the surfaces. The results agree with the literature, suggesting that the 

numerical model and the mesh are adequate for this problem. Then, in this study, the mesh was generated using 

rectangular volumes and each mesh resulted in a total of nearly 40,000 volumes. For the sake of brevity, the 

verification and validation and the grid independence study are not repeated here, it can be seen in Refs. [5, 40 – 

43].  

 

 
Fig 3: Schematic of the evaluation of geometric parameters surface (DS, LS or US), position (S*) and aspect ratio (H1/L1). 

4. Results and discussion 

4.1 Results for the fin at the low surface of the cavity 

 

In this section, the temperature maps of several H1/L1 ratios were simulated to find the optimal fin shape that 
maximizes the average NuH. Initially, the fin was placed on the cavity's low surface. The variation of Reynolds 

numbers and the position of the fin (S*) was investigated over NuH.  

Fig. 4 presents the influence of the fin H1/L1 ratio on the NuH mounted on the low surface for S* = 0.1 (a), S* = 

0.5 (b) and S* = 0.9 (c) and for different Reynolds numbers. It is possible to observe that lower Reynolds numbers 

led to lower Nusselt numbers, while the highest Nusselt number was achieved for ReH = 1000 for all cases. It 

demonstrates the tendency that the higher the flow intensity, the higher the NuH values, as expected. It is also worth 

noting that, for the case of ReH = 10, the NuH number tends to demonstrate a small sensitivity with the H1/L1 ratio, 

while for higher ReH, the difference between the highest and the lowest NuH numbers increases compared to the 

cases with lower ReH. 

In general, among the H1/L1 cases for S* = 0.1 and 0.9 (Fig. 4 a and c), it can be seen that NuH values decrease 

when the H1/L1 ratio increases, except for ReH = 10 where the lowest NuH was found for H1/L1 = 5.0. The lowest 
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possible ratio (H1/L1)o = 2.0 is the one that leads to the highest NuH from the fin to the fluid flow for all ReH 

evaluated. It is worth mentioning that even the NuH for S* = 0.1 and S*= 0.9 demonstrating similar trends, it could be 

different since the flow does not exhibit symmetrical tendencies because the incidence of the main vortex occurs 

differently for the two cases. On the other hand, when the fin was positioned at the center of the cavity's low surface 

(S* = 0.5 - Fig. 4b), it was discovered that the best system performance is achieved with an intermediate H1/L1 ratio. 

This trend is similar when the fin is positioned in S* = 0.3 and S* = 0.7, so only the results for S* = 0.5 are presented. 

Fig. 5 presents the temperature maps for the maximum NuH,m values achieved for the optimal (H1/L1)o ratios 

(left-hand temperature maps) in relation to the worst NuH values for different H1/L1 ratios (right-hand temperature 

maps) with different ReH numbers and fixed S* = 0.1. It is possible to observe a higher temperature in the left and 

lower regions of the cavity, especially between the fin and the upstream surface, which is the area where the fluid is 

trapped (stagnant). For the lowest Reynolds number (ReH = 10) a more diffusive behavior was observed since the 

characteristics of the isotherms were more linear, and as the Reynolds number increases to ReH = 100 and 1000, the 
main vortex has more intensity and the temperature gradients increase, especially in the region of the fins. For all 

cases, the increase in fin height resulted in a flow restriction and increased the temperature field, demonstrating that 

the highest H1/L1 ratios achieved the worst thermal performance. The optimal ratios (H1/L1)o, usually with lower 

heights, improved the NuH numbers about 11.7, 20.3 and 20.6% in relation to the worst cases observed for ReH = 10, 

100 and 1000, respectively. In general, the increase in the heat exchange surface area is not a sufficient condition to 

maximize NuH in an internal flow convection problem if there is a restriction of the fluid flow. 

 

 
Fig. 4 – Effect of the ratio H1/L1 over NuH in LS position for ReH and S*: a) S* = 0.1, b) S* = 0.5, c) S* = 0.9. 
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Fig. 5 – Temperature maps for some best and worst configurations for a rectangular fin placed on the low surface and S* = 0.1. 

 

The temperature maps obtained by the rectangular fin positioned in the middle of the low surface of the cavity 

(S* = 0.5) are illustrated in Fig 6. This figure presents the maximized NuH,m values achieved by the optimal (H1/L1)o 
ratios in the left-hand side (Figs. 6 a, c and e) and the worst NuH values by different H1/L1 in the right-hand side 

(Figs. 6 b, d and f) in relation to different Reynolds numbers. The temperature map is not so affected when ReH = 

10. For this case, the fluid flow has a low intensity, and the isothermals are almost linear. Therefore, the fluid flow is 

restricted to the upper downstream corner of the cavity. As a result, the temperature map are slightly different for the 

optimal (H1/L1)o ratio in relation to the worst case. Nevertheless, the (H1/L1)o ratio increased the NuH by about 34.0% 

in relation to the worst H1/L1 ratio. However, the differences in the temperature map for the best and worst H1/L1 

ratios rise as the ReH increases, as shown in Figs. 6 (c, d, e, and f). As the ReH increases, the intensity of the main 
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vortex increases, reaching the lower regions of the cavity and enhancing the heat transfer through the fin. It is worth 

noting that higher H1/L1 ratios were the worst cases, as it suppresses the main vortex in the top area of the cavity, 

increasing the temperature in the lower and left side regions of the cavity (Fig. 6d, f). It is more evident for the case 

ReH = 1000, where the primary vortex penetrates even more into the cavity, meagering the heat exchange in the 

lower cavity regions for the H1/L1 = 10. The difference in the NuH between the optimal and worst H1/L1 ratios was 

65.2 and 128.5% for ReH = 100 and 1000, respectively. 

 

 

Fig. 6 – Temperature maps for some best and worst configurations for a rectangular fin placed on the low surface and S* = 0.5. 

Fig. 7 illustrates the temperature maps for the optimal and the worst cases geometries for flows with ReH = 10, 

100 and 1000 and S* = 0.9. In general, like the previous case (S* = 0.1), the main vortex is suppressed when the fin 

has a greater penetration in the y-direction of the cavity. It can also be seen that, unlike in the case of S* = 0.5, the 

main vortex cannot propagate in the area between the fin and the downstream surface of the cavity in cases with a 



Journal of Computational Applied Mechanics 2024, 55(4): 744-770 755 

 

higher H1/L1 ratio. This slightly change the distribution of temperature fields throughout the cavity. The (H1/L1)o = 

2.0 ratio was the best fin shape for these cases while the worst one was H1/L1 = 5.0 for ReH = 10, and H1/L1 = 10.0 

for ReH = 100 and 1000. The (H1/L1)o improved the NuH number about 11.8, 23.5 and 49.2% in relation to the NuH 

for the worst H1/L1 ratios.  

 

 

Fig. 7 – Temperature maps for some best and worst configurations for a rectangular fin placed on the low surface and S* = 0.9. 

All the maximized NuH,m numbers and optimum (H1/L1)o ratios results achieved for the rectangular fin placed in 

the low surface of the cavity can be compiled and ploted in relation to the distance S*, as shown in Fig. 8 (a) and (b), 

respectively. Fig. 8a illustrates that the NuH is lower when the fin is positioned at the beginning or end of the cavity - 

lower and higher values of S* - for all ReH. Conversely, the highest NuH,m values were achieved when the fin was 

positioned more in the middle of the cavity for all ReH values. As previously mentioned, when the fin is positioned 

at the beginning or end of the cavity, part of the flow is trapped (stagnated) between the lateral of the fin and the 
cavity, which decreases the heat transfer and the Nusselt number. Otherwise, once the fin was positioned in the 

middle of the cavity (S*=0.5), it facilitated the main vortex to remove heat from the entire fin surface, increasing the 
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system's thermal performance. In the highest ReH number case (ReH = 1000), the optimal geometry obtained was for 

(S*)o = 0.5 and (H1/L1)oo = 0.4, which led to a twice-maximized Nusselt number of NuH,mm = 10.5236.  

 

Fig. 8 – Effect of distance S* for a rectangular fin placed at the low surface on: a) the once maximized Nusselt number, NuH,m, b) once 

optimized ratio H1/L1, (H1/L1)o. 

Fig. 8b presents the impact of the position of the fin (S*) over the optimized (H1/L1)o ratio. At the ends of the 

cavity, the values are higher, and it decreases for intermediate values of S*. It is also worth mentioning that in the 

range 10 ≤ ReH ≤ 100, the behaviour of (H1/L1)o is symmetrical, i.e. the optimal geometries obtained for S* = 0.1 and 

0.9 are equal to (H1/L1)o = 2.0 and for S*= 0.3 and 0.7 they are also around (H1/L1)o ~ 0.8. However, for ReH = 1000, 

this behaviour is no longer symmetric. It can be attributed to the fact that the primary vortex is more intense, and the 

incidence of this vortex is different for S* < 0.5 and S* > 0.5. Thus, the optimal geometry is a consequence of the 

flow asymmetry, where the primary vortex goes from the top right corner to the middle of the cavity. 

 

4.2 Results for the fin at the downstream surface of the cavity 

 

Fig. 9 presents the effect of H1/L1 over the NuH for the fin placed on the positions of S* = 0.1 (a), 0.5 (b) and 0.9 

(c) on the downstream surface of the cavity. The NuH increases as the ReH increases for all cases. The results 
indicated that the optimal geometry found was (H1/L1)o = 2.0 for all ReH when the fin was placed in S* = 0.1 (a) and 

S* = 0.9 (c). However, it is evident from Fig. 9a that NuH smoothly increases when H1/L1 decreases for the S* = 0.1. 

However, NuH sharply increases when H1/L1 decreases for the S* = 0.9, Fig. 9c, especially for H1/L1 ratios lower than 

4.0, reaching a maximum value of NuH = 28.55 for (H1/L1)o = 2.0. This difference may be attributed to the fin being 

positioned near to the top surface of the cavity for S* = 0.9. Then, the NuH is more sensitive to fluid flow and the 

heat transfer compared to the fin positioned at S* = 0.1. It is also apparent from Fig. 9c that the NuH results for ReH 

between 10 and 100 are very close to each other, indicating that there are no significant improvements to increase 

ReH since the heat transferred is almost the same for these cases. From Fig. 9b, it is possible to observe a similar 

trend when the fin is positioned on S* = 0.5 at the low surface (Fig. 4b). However, when the fin is positioned at the 

middle of the downstream surface, the NuH values are a bit higher than the ones found in Fig. 4b. It is also noted that 

the optimal (H1/L1)o ratios are not equal to Fig. 9a and 9b. In these cases, it was found that the optimum fin shape 

that led to the best heat transfer performance were low and intermediate H1/L1 ratios. 
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Fig. 9 - Effect of the ratio H1/L1 over NuH for the rectangular fin mounted on the downstream surface of the cavity considering different 

ReH and S*: a) S* = 0.1, b) S* = 0.5, c) S* = 0.9. 

The temperature maps for the rectangular fin placed on the downstream surface of the cavity at the position S* = 

0.1 in relation to ReH are shown in Fig. 10. The Figs. 10a, 10c and 10e illustrate the temperature maps for the 

optimal (H1/L1)o ratios and the maximized NuH,m while the Figs. 10b, 10d and 10f present the temperature maps for 

the worst H1/L1 ratios cases. In general, it can be seen that the fins with optimal geometries, lower (H1/L1)o ratios, do 
not significantly affect the flow of the main vortex, leading to higher temperature gradients on the top and left side 

of the fin surfaces. On the other hand, when the fin geometry has a high H1/L1 ratio, the main flow is trapped in the 

upper region of the fin, restricting the fluid flow, and decreasing the NuH. These results trends become more evident 

in the temperature maps for higher ReH when the fluid flow has a higher intensity. The optimal fin geometries 

enhanced the NuH about 25.5, 46.5 and 24.0% compared to the worst fin geometries for ReH of 10, 100 and 1000, 

respectively. 

Fig. 11 shows the temperature maps for the best and worst fin geometries when the fin is positioned at the center 

of the downstream surface of the cavity (S* = 0.5) for ReH from 10 to 1000. Figs. 11a, 11c, and 11e present the 

maximized NuH,m for (H1/L1)o, while the Figs. 11b, 11d and 11f present the lowest values of NuH for the worst H1/L1 

ratios tested. The optimal fin geometry is not the same for all cases; it varies from (H1/L1)o = 0.1, 0.3 and 0.7 for ReH 

= 10, 100 and 1000, respectively. This can be attributed to modifications in the fluid flow and the thermal behavior. 

For ReH = 10, the optimal fin geometry has a large left-side edge, so the heat was mainly removed on this side. 
However, when the ReH increased to 1000, the optimal fin geometry (H1/L1)o = 0.7 has more uniform surfaces and 

the heat was removed in more homogeneous way. Furthermore, once the fin H1/L1 ratios increase, it restricts the 

fluid flow and heat transfer in the lower region of the cavity, trapping part of the flow in the top area of the cavity. 

As a result, heat transfer from the fin to the surrounding flow is limited in the cavity's low surface. For all cases, the 

worst fin geometry found was the H1/L1 = 10.0. The optimal fin geometries found for S* = 0.5 represented a 



758 Aldrighi et al. 

 

difference of 66.8, 48.9 and 40.0 % in relation to the H1/L1 = 10.0 ratio. 

 

Fig. 10 – Temperature maps for some best and worst configurations for a rectangular fin placed on the downstream surface and S* = 0.1. 
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Fig. 11 – Temperature maps for some best and worst configurations for a rectangular fin placed on the downstream surface and S* = 0.5. 

Fig. 12 shows the temperature maps for the optimal ratios (Fig. 12 a, c, e) and the cases with the worst 

geometries (Fig. 12 b, d, f) in relation to ReH for the fin positioned at S* = 0.9 at the downstream surface of the 

cavity. In these cases, the temperature fields are significantly influenced by the top surface of the fin, causing an 

increase in the temperature gradients in the gap between the fin and the top surface of the cavity. It is worth noting 

that this condition is only possible due to the imposition of the flow in the lid-driven surface. For all cases, the  



760 Aldrighi et al. 

 

 

 

Fig. 12 – Temperature maps for some best and worst configurations for a rectangular fin placed on the downstream surface and S* = 0.9. 

optimal (H1/L1)o ratios were 2.0, which generated the narrowest gap possible between the fin and cavity for the 

studied cases, while the worst cases were H1/L1 = 10.0. For ReH = 1000, the maximized NuH,m was 28.5590, which 

was significantly higher than the worst case with NuH = 10.537 for H1/L1 = 10.0. As mentioned above, for higher 

H1/L1 ratios, the fluid flow is restricted to the top region of the cavity, making it difficult to remove heat from the 

bottom of the fin. However, for lower H1/L1 ratios, the fluid flow has more access to the bottom and side walls of the 
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fin, improving the heat transfer and increasing NuH. It is also possible to note that the NuH are similar for the cases 

with lower ReH. It was achieved NuH,m = 22.1038 and 23.0422 for ReH = 10 and 100 with (H1/L1)o = 2.0, 

respectively. It might be attributed to the similar formation of the main vortex for these cases. Then, the magnitudes 

of NuH are very similar for ReH in the range 10 ≤ ReH ≤ 100. 

Results from the rectangular fin positioned on the downstream surface of the cavity are summarized in Fig. 13 

that show the influence of the distance S* on the once maximized Nusselt number (a) and the once optimized ratio 

(H1/L1)o (b). Fig. 13a shows that the twice maximized NuH,mm was obtained once the fin was close to the top surface 

of the cavity for (S*)o = 0.9. The results also show a considerable decrease in the NuH values as S* decreases. For 

example, for ReH = 1000, the optimal geometry with (H1/L1)oo = 2.0 and (S*)o = 0.9 leads to a twice maximized 

NuH,mm = 28.5591, which is 4.66 times higher than the worst once optimized NuH,m for the same ReH number with S* 

= 0.1 and (H1/L1)o = 2.0. Fig. 13b shows that the highest optimal (H1/L1)o ratio was 2.0 when the fin is positioned at 

the extremes of downstream surface of the cavity. As previously shown in the temperature maps, it justifies because 
for higher H1/L1 ratios, the main vortex ends up being suppressed in the top section of the cavity, decreasing the heat 

transfer on the left and lower region of fin surface. For intermediate ratios of S*, the magnitudes of (H1/L1)o 

decreased even more, with different magnitudes depending on the ReH. 

 

 
Fig. 13 – Effect of distance S* for a rectangular fin placed at the downstream surface on: a) the once maximized Nusselt number, NuH,m, 

b) once optimized ratio H1/L1, (H1/L1)o. 

4.3 Results for the fin at the upstream surface of the cavity 

 

Finally, the NuH in relation to the H1/L1 ratios for the rectangular fin placed on the upstream surface of the cavity 

surface in the positions S* = 0.1 (a), 0.5 (b) and 0.9 (c) for different ReH are shown in Fig. 14. These results are like 

the ones achieved for the fin positioned on the downstream surface of the cavity. It was noted a decrease in NuH 

when H1/L1 increases for S* = 0.1 and 0.9. Therefore, lower H1/L1 ratios led to the highest NuH values for these 

cases. Once the fin was positioned near the cavity’s lower surface (S* = 0.1), there was a slight difference in the fin 
geometries over the NuH. However, when the fin is positioned close to the upper region of the cavity (close to the 

imposed fluid flow), it is possible to observe higher NuH values depending on the H1/L1 ratio. It can also be seen in 

Fig. 14b that for S* = 0.5, there was an intermediate optimal (H1/L1)o ratio for all ReH investigated. In addition, the 

highest H1/L1 ratios lead to the worst NuH.  

Fig. 15 presents the temperature maps for fin placed on the upstream surface of cavity and S* = 0.1 for the 

maximized NuH,m and the worst cases. For the same S* = 0.1, the findings show a similar trend for the fin positioned 

on the cavity's downstream surface. Regarding the temperature maps, it slightly differs from the case of the fin on 

the downstream surface of the cavity. However, there are no significant differences from the temperature gradient 

close to the fin since it was positioned close to the lower surface of the cavity. 
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Fig. 14 – Effect of the ratio H1/L1 over NuH for the rectangular fin mounted in upstream surface of the cavity considering different ReH 

and S*: a) S* = 0.1, b) S* = 0.5, c) S* = 0.9. 

Fig. 16 presents the temperature maps for the optimal (H1/L1)o ratios (Fig. 16 a, c, e) and the cases with the worst 

geometries (Fig. 16 b, d, f) in relation to ReH for the fin positioned at S* = 0.9 on the cavity’s upstream surface. For 

the worst fin H1/L1 ratios, the fin restricts the primary vortex in the top region of the cavity, similar to what was 

observed with the increase in S* when the fin is placed in the DS cavity position. For the (H1/L1)o the fluid flow is 
not trapped in the upper region of the cavity, enhancing the NuH,m and achieving the maximum value of NuH,m = 

11.3283 for ReH = 1000. It is worth mentioning that the optimal (H1/L1)o ratios are not the same as the one found for 

S* = 0.5 when the fin is placed at the downstream surface. It occurs because the flow is asymmetric since the main 

vortex is formed in the top right corner and moves towards the center of the cavity, causing the flow incidence to be 

different from one fin to another. This is not noticeable for the case with ReH = 10 as the flow intensity is low. 

The temperature maps reached for the optimal and worst fin configurations for the rectangular fin placed on the 

upstream surface of cavity and S* = 0.9 are shown in Fig. 17. The optimal (H1/L1)o = 2.0 and the worst H1/L1 =10.0 

found are the same of the ones found when the fin is positioned in the downstream surface of the cavity for S* = 0.9. 

However, the temperature maps are not the same since the fluid flow is non-asymmetrical. In particular, for the 

optimal case with ReH = 1000, the temperature maps are different from Fig. 17e and Fig. 12e, and it can be attributed 

to the difference of how the main vortex is generated and how it goes to the lower region of the cavity. For the fin 
positioned on the upstream surface, the main vortex flows on the lower surface of the fin. However, in the case of 

the fin positioned on the downstream surface of the cavity, the main vortex is generated on the left side of the fin, 

making it harder to go to the lower surface of the fin, affecting the temperature map. 
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Fig. 15 – Temperature maps for some best and worst configurations for a rectangular fin placed on the upstream surface and S* = 0.1. 
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Fig. 16 – Temperature maps for some best and worst configurations for a rectangular fin placed on the upstream surface and S* = 0.5. 
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Fig. 17 – Temperature maps for some best and worst configurations for a rectangular fin placed on the upstream surface and S* = 0.9. 

Fig. 18 shows the effect of the S* on the NuH,m (a) and the effect of the S* on the optimized (H1/L1)o values (b) in 

relation to Reynolds. The best NuH,m results were obtained for S* = 0.9. In general, the results trends were similar to 

the case of the fin inserted in the downstream surface of the cavity. It is interesting to note that for the same ReH = 

1000, the optimized fin geometry was (H1/L1)oo = 2.0 and S* = 0.9 achieved a (NuH,m) = 26.8870, which is 4.55 times 

higher than the case of once optimized (H1/L1)o = 2.0 and S* = 0.1, where NuH = 5.913478. Regarding the optimized 

(H1/L1)o as a function of S* (Fig. 18b), it is possible to note that they are similar to those for the fin mounted in the 

downstream surface of the cavity. The optimal (H1/L1)o ratio was 2.0 for the fin positioned in the extremes of the 

upstream surface. It is explained by the fact that H1/L1 ratios greater than 2.0 suppress the main vortex at the top area 
of the cavity, decreasing the heat transfer on the bottom of the fin surface. It was also observed that for ReH = 10 

there was a symmetric behavior of (H1/L1)o, while for numbers of ReH > 10, the behavior becomes asymmetrical, 

due to the effect of the primary vortex on the flow.  
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Fig. 18 – Effect of distance S* for a rectangular fin placed at the upstream surface on: a) the once maximized Nusselt number, NuH,m, b) 

once optimized ratio H1/L1, (H1/L1)o. 

4.4 Comparisons and summary of the optimal fin geometries and positions 

 

Fig. 19 shows the relation within the twice maximized Nusselt number, NuH,mm, and the ReH for the fin mounted 

in the three different surfaces of the cavity. It is clear that the increase of ReH leads to augmentation of NuH,mm. The 
NuH,mm evaluated for the fin mounted on the cavity’s upstream and downstream surfaces presented similar results. 

The NuH,mm values are slightly higher when the fin was mounted on the downstream surface, indicating that flow has 

more access to remove the heat from the fin in this configuration. On the contrary the Nusselt number drops by 

almost half once the fin was positioned at the bottom of the cavity. It is explained by the difficulty for the flow to 

penetrate in the y-direction on the cavity to remove heat compared to the fin positioned on the upstream or 

downstream surfaces. 

 

 

Fig. 19 – Effect of the Reynolds number (ReH) over the twice maximized Nusselt number (NuH,mm). 

Fig. 20 presents the best positions for the fins inserted on the upstream, downstream and lower surfaces of the 
cavity (a) and the aspect ratio of the fin twice optimized (H1/L1)oo (b) in relation to ReH. In Fig. 20a, the results show 

that the best position for the fins inserted on the cavity’s upstream and downstream sides is the same, (S*)o = 0.9, 

close to the top of the cavity. It is attributed to the proximity of the fin to the imposed fluid flow. In addition, in 
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these cases, the fluid flow has more access to the bottom and the side of the fin, improving the heat transfer and 

increasing the NuH. Once the fin was placed on the cavity’s low surface, the best position was (S*)o = 0.5, in the 

middle of the cavity. When the fin is positioned at the beginning or end of the cavity at the lower surface, fluid flow 

is usually trapped between the right or left side of the fin and the surface of the cavity, decreasing the heat transfer in 

these spots. From Fig 20b, it is possible to observe the same trend of results for the fins inserted in the upstream and 

downstream surfaces with a twice optimized fin geometry that remained constant with (H1/L1)oo = 2.0, which 

conducted the upper fin surface the most close possible of the lid-driven cavity surface. For the fin inserted in the 

lower surface of the cavity there was a decrease of (H1/L1)oo when Reynolds number increases. The optimal ratio 

geometry obtained for this configuration was (H1/L1)o = 0.4. 

 

 
Fig. 20 – Effect of Reynolds number (ReH) over optimal shapes reached in Fig. 19: a) (S*)o, b) (H1/L1)oo. 

Finally, Fig. 21 presents the temperature field for the optimal fin shape at ReH = 1000 for the fin placed at (a) 

downstream, (b) low and (c) upstream surface of the cavity. It is clear from the figure that the twice maximized 

Nusselt number was significantly higher when the fin was placed on the cavity's downstream surface. The fin placed 
on the downstream surface with (H1/L1)oo = 2.0 improved NuH about 63.15% and 5.85% in relation to the fin 

positioned in the lower and upstream surfaces, respectively.  

Overall, the results indicated that there is no universal position for the mounted fin that results to the best system 

performance. Furthermore, even the surface area for the fin with (H1/L1) = 10.0 being higher than for the optimum 

shape (H1/L1)oo = 2.0, the best geometry that presented the highest NuH was achieved by a fin geometry with a lower 

surface area. The difference of the Nusselt numbers between the best and worst configurations is much higher than 

the surface area of the fin. In other words, increasing the surface area does not necessarily lead to the most 

efficiency system. The results presented in this work reinforce the importance of using the Constructal Design 

Method to study forced convection heat transfer problems to obtain the optimal geometries for a given problem. 

 
Fig. 21 – Temperature maps for the optimal shapes when ReH = 1,000 for different placements of heated blocks on the cavity surfaces: a) 

downstream, b) lower, and c) upstream surface. 
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5. Conclusions 

This work aimed to numerically investigate the influence of the rectangular fin geometry mounted on different 

surfaces and positions of lid-driven square cavities under laminar forced convective flows. The Constructal Design 

method was applied for the geometrical assessment of the fin geometry. The study was carried out for four ReH: 10, 

50, 100, and 1000 over the Nusselt number for a fluid flow with a fixed Pr = 0.71 for different fin geometries and 

with the rectangular fins being positioned on the lower, upstream and downstream surfaces of the cavity. The ratio 

between the area filled by the fin and the cavity area was considered fixed (φ = 0.05), and the geometry had two 

degrees of freedom: H1/L1 and S*. 

The findings of this work revealed that the fin shape had an important impact on the Nusselt number. The 

constructal design method considerably improved thermal performance for all the cases studied. For ReH = 1000, the 

best results were for the fin inserted in the downstream surface with (H1/L1)oo = 2.0 and S*=0.9, which increased NuH 
by 63.15% compared to the fin inserted in the lower surface and about 5.85% compared to the fin positioned in the 

upstream surface. It was also noted that the twice optimized (H1/L1)oo ratio was the same for the fins inserted on the 

side surfaces of the cavity, even the fluid flow (mainly the main vortex) being different on the side surfaces of the 

cavity. Additionally, the (H1/L1)oo ratio obtained for the fin inserted on the low surface differed from those obtained 

on the side surfaces of the cavity. It indicates that the fin geometry needs to be adapted according to the surface of 

the cavity where it is inserted. Finally, the results showed that the position of the fin affected the H1/L1 ratio over the 

NuH regardless of the surface where the cavity was inserted. For fins inserted on the lower surface of the cavity, it 

was found that the best thermal performance was obtained for the intermediate S* and small H1/L1 ratios. On the 

other hand, when the fin was mounted on the lateral surfaces of the cavity, the highest S* = 0.9 and the lowest H1/L1 

= 2.0 (for S* = 0.9) led to the best thermal performances, considering the NuH as the performance indicator.  
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