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A B S T R A C T  

 
Numerical simulations of flow and heat transfer are conducted in a three-dimensional square duct, 

including circular ribs positioned at the mid-height. The properties of the rib are examined, including the 

rib count (1-2-5-7) and the placement angle (0, 30, 45 degrees).  Reynolds number is set as constant at 

5000 for all studied cases. The existence of these ribs significantly influences heat transfer. The heat 

transfer rate is directly related to the quantity of ribs and positioning angle. The maximum recorded 

enhancement in Nusselt number is 30%. 

 

1. INTRODUCTION 

The enactment of heat transfer refers to any technique designed to augment the efficiency of a thermal system or elevate 

the heat transfer coefficient via various methodologies. The strategy for improving heat transfer has undergone substantial 

and swift advancement in recent years, as it is essential for conserving fossil fuels, a critical global objective due to its 

influence on decreasing carbon dioxide emissions and, thereby, alleviating the greenhouse effect. Furthermore, the 

worldwide increase in energy consumption correlates with population expansion[1-3]. Moreover, industrial and 

technological applications need the development of heat exchangers that are smaller and more lightweight but capable of 

high heat load, especially in the production of cooling systems for automobiles and spacecraft. This leads to material 

savings and, therefore, a cost reduction [4-5]. As a result, many efforts have been made for over a century to discover 

effective and cost-efficient enhancement methods that provide the aforementioned benefits. The generation of turbulence 

is an effective method for augmenting heat transfer, as it mitigates turbulent flow separation by inducing turbulence, thereby 

enhancing fluid mixing and impingement flows, which significantly boosts heat and momentum transfer [6-7]. 

Numerous researchers have investigated heat transfer enhancement inside ducts and tubes by different turbulence-inducing 

methods, including ribs and baffles.  Ahmed [8]  conducted an empirical and numerical study to investigate the heat transfer 

inside a pipe in the presence of different shapes of vortex generators, including rectangular, triangular, winglet, trapezoidal, 

and elliptical.  The range of tested Reynolds numbers is  (7200 -14400). The average heat transfer is found to be improved 

by 4-15% using winglet vortex generators. L. Wange and B. Sunden [9] analyzed thermal characteristics, both locally and 

averaged, for turbulent flow characterized by Reynolds numbers between 8,000 and 20,000 in a square duct, including a 

single heat-fluxed wall. Four rib configurations, including square, triangular, equilateral, and trapezoidal, with both 

decreasing and increasing height in the flow direction, are repetitively and orthogonally positioned on the heated wall, 

maintaining a constant rib blockage ratio (BR) of 0.1 while varying the rib pitch-to-height ratio (P/e) from 8 to 15. The 

results showed that the trapezoidal rib produces the highest Nusselt number and friction factor. Chunhua Min et al. [10] 

conducted an experimental study on a modified version of a rectangular longitudinal vortex generator (LVG) created by 

truncating the four corners of a standard rectangular wing. They investigated the fluid flow behavior and heat transfer 
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characteristics of this modified LVG when placed within a rectangular channel, comparing its performance to that of the 

conventional rectangular LVG. The findings demonstrate that the MRW has enhanced flow and thermal transfer 

characteristics relative to the RW. The heat transmission was enhanced by the strong longitudinal vortices generated by the 

presence of the LVGs. M. Henze and J. von Wolfersdorf [11] examined the longitudinal vortices generated by tetrahedral 

vortex generators. The vortices and associated heat transfer are contingent upon the characteristics of the entering flow. 

The heat transmission was influenced by the ratio of the VG height to the thickness of the hydrodynamic boundary layer. 

The highest VG exhibited the most substantial improvement in heat transfer. A distinct group of authors has used numerical 

simulations to investigate the augmentation of heat transfer. K. Yongsiri et al. [12] performed simulations to analyze the 

behavior of turbulent flow within a channel containing inclined detached ribs on the lower wall. The study examined a 

range of Reynolds numbers between 4000 and 24,000 and considered various rib attack angles (α), including 0°, 15°, 30°, 

45°, 60°, 75°, 105°, 120°, 135°, 150°, and 165°. Simulation results revealed that ribs oriented at a 60° attack angle enhanced 

the heat transfer rate by a factor of 1.74 compared to a smooth channel and ribs without inclination. Patankar [13] indicated 

that heat transport in a channel with staggered baffles is enhanced by an increase in baffle height and a reduction in baffle 

spacing.  

An examination of the literature indicates a need for further enhancement and evaluation of novel vortex generators in 

thermal systems, owing to the extensive use of heat exchangers and air ducts in industrial applications. This study 

numerically investigates the impact of circular ribs on the hydro-thermal performance inside a square duct.  

 

2.  PHYSICAL MODEL 

The purpose of a solar still is to use solar energy to evaporate, and condense water from sources such as seawater or 

SolidWorks 2014 was used to construct the 3D flow domain geometry. Initially, 2D drawings are created, followed by the 

use of 3D tools to produce the whole geometry. The computational domain comprises three sections inside a square piece 

of 4 cm. The first section is the entry zone, measuring 40 cm in length (10Dh) to guarantee a fully established flow. The 

following area is the testing region. The top and bottom surfaces are subjected to a continuous heat flow. The ribs are 

positioned in this area. The last component is the exhaust zone, which links the test region to the surrounding environment. 

This zone protects the test area from environmental influences. Figures (1) and (2) illustrate the model in two-dimensional 

and three-dimensional representations.  

 

 

 
Fig. 1. 2d- section of the model  

 

 
 

Fig. 2. The model  
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3. MESHING 

The creation of a computational mesh involves partitioning the flow domain into minute components and then resolving 

the governing equations for these elements. Two volumetric meshing techniques were employed: structured and 

unstructured [14]. The structured meshing has components of approximately uniform dimensions. This kind is used with 

areas of uniform shape. The unstructured meshing has components of varying sizes and forms. This kind of meshing is 

often appropriate for intricate geometry. Due to the uniform cross-section of the entry and exhaust sectors, structured 

meshing is used to discretize these areas. Hexagonal elements are used to discretize these areas. The test area exhibits non-

uniformity due to the rib's existence, necessitating an unstructured meshing approach. Tetrahedral components were used 

to create the mesh in this area. 

The element number substantially influences the simulation results in this study. The element number is significant in the 

test zone, encompassing fluid movement and heat transfer. The grid consists of a total of 1,420,557 components. This figure 

was established by evaluating the impact of the element count on the average heat transfer coefficient at the test surface. 

This test is shown in Table 1. The meshed domain is seen in Figure 3. 

 
TABLE I. VARIATION OF AVERAGE HEAT TRANSFER COEFFICIENT WITH ELEMENTS NUMBER. 

Elements number hav 

389571 18 

569127 21 

866432 23 

1150000 24 

1420577 24.36 

 

 

Fig. 3. The meshed domain 

 

4. GOVERNING EQUATIONS 

The Navier-Stokes equations, expressed in tensor notation, decompose variables into mean and fluctuation components 

through Reynolds averaging. This process resembles velocity decomposition [15]: 

𝑢𝑖 =  �̅�𝑖 + 𝑢𝑖
′                                                        (1) 

Where  𝒖𝒊 is the instantaneous fluid velocity, 𝒖𝒊
′ is the velocity fluctuation and  �̅�𝒊 is the time-averaged value of  𝒖𝒊 at a 

point.  

4.1 Continuity Equation  

This equation defines the law of conservation of mass, which asserts that the mass of a steady-state system The continuity 

equation delineates the principle of mass conservation, asserting that the mass of a steady-state system remains invariant 

across time. 
 𝜕𝜌𝑢

𝜕𝑥
+

𝜕𝜌𝑣

𝜕𝑥
+

𝜕𝜌𝑤

𝜕𝑥
= 0                                                                           (2) 
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The above equation may be expressed as follows, given that the mass density of fluid remains constant: 

 
 𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑥
+

𝜕𝑤

𝜕𝑥
= 0                                                                                 (3) 

 

Then, the continuity equation is stated as: 

 
 𝜕𝑢𝑖

𝜕𝑥𝑖
= 0                                                                                                             (4) 

4.2 Momentum Equation  

The concept of conservation of momentum asserts that in an isolated system, the total momentum remains constant 

before and after a collision between objects. The lost momentum is equivalent to the gain. The momentum equation is 

expressed as [15]:  

 

𝜌
𝜕𝑢𝑖𝑢𝑗

𝑥𝑗
=  −

𝜕𝑃

𝜕𝑥𝑖
+ 𝜇 

𝜕

𝜕𝑥𝑗
(

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) + 𝜌

𝜕

𝜕𝑥𝑗
(−𝑢𝑖

′𝑢𝑗
′)                              (5) 

 

4.3 Energy  Equation  

The law of energy conservation states that the total energy within an isolated system remains constant over time. The 

energy equation can be articulated as follows [15]: 

 

𝜌𝑐𝑝
𝜕𝑢𝑖𝑇

𝜕𝑥𝑖
=  

𝜕

𝜕𝑥𝑖
(λ  

𝜕𝑇

𝜕𝑥𝑖
− 𝜌𝑢𝑖

′𝑇′)                                                          (6) 

 

Where λ ∶ is thermal conductivity 

  

 

4.4 Turbulence Model   

Numerous turbulence models in Fluent are available to simulate diverse flow scenarios. The K-ε realizable model was used 

in this study. This model is advised [16] for flows characterized by vortices and rotation, such as those occurring inside 

ducts, including ribs.    

 

5. BOUNDARY CONDITIONS 

The Governing equations are solved by utilizing the following boundary conditions as in Figure (4): 

• Left face: velocity inlet  

• Right face: pressure outlet. 

• Upper and lower face of test section: heat flux   

 
Fig. 4. The Boundary conditions 
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5. SOLUTION 

In order to perform numerical simulations of the natural convection inside the annulus and between the glass cover and the 

surroundings, the ANSYS Fluent set-up, in detail described below, was chosen according to ANSYS recommendation [14]. 

The spatial discretization settings used for numerical simulations are the second order for all equations.  The convergence 

criteria are set to 10-5 for all equations. 

 

6. RESULTS 

This study quantitatively examined heat transfer and flow structure inside a square duct, including circular ribs. This study 

analyzes the impact of the number of ribs (1, 2, 5, 7) and the placement angle θ (0, 30, 45 degrees). The ratio of rib height  

to duct height is 0.2. The convective heat transfer coefficient is calculated on the test section's top face. The average Nusselt 

number is then derived from the mean heat transfer coefficient.    

6.1 Effect of Ribs Number  

 Figure (5) illustrates a relationship between the local heat transfer coefficient and the number of ribs inside the test section. 

The graphic demonstrates an improvement in the heat transfer coefficient as the number of ribs increases up to a particular 

threshold. This improvement is attributable to heightened turbulence levels. The number of ribs significantly influences 

pressure. As the number increases, further fluid is impeded, resulting in an elevated pressure decrease, as seen in Figure 

(6). Figure (7) illustrates the increase in the average Nusselt number for various rib configurations in comparison to the 

smooth duct. The improvement may reach 30%. 

 

 

Fig. 5. Local heat transfer coefficient for different ribs number 
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Fig. 6.  Effect of ribs number on pressure drop. 

 
Fig. 7. Enhancement of average Nusselt number. 

6.2 Effect of Placement Angle 

Figure (8) illustrates the influence of the rib placing angle on local heat transfer at a velocity of V=2m/s with three ribs 

present. Heat transfer escalates with an increase in angle owing to the enhancement of the turbulence zone.  Figure (9) 

illustrates the impact of the angle on pressure drop. Figure (10) illustrates the increase in the average Nusselt number 

resulting from this angle's influence. Nusselt number was increased by 6%. 

 
 

Fig. 8. Local heat transfer coefficient for different angles. 
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Fig. 9. Pressure drop. 

 
Fig. 10. Enhancement of average Nusselt number. 

6. CONCLUSIONS 

 This research investigated numerically the heat transfer and pressure drop characteristics in a heated square duct, including 

circular ribs (vortex generators) positioned along the duct's centerline. The Reynolds number was maintained at 5000 

throughout all scenarios, with ribs number of 1, 2, and 3 and rib placement angles (θ) of 0, 30, and 45 degrees. The 

subsequent findings are as follows: 

1. Generally, ribs enhance heat transfer by increasing turbulence.  

2. The number of ribs significantly influences heat transfer. 

3. The placement angle positively affects heat transfer.  

4. The maximum improvement is 30% for seven ribs.  
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