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Abstract: 

The current study deals with the analysis of a two-dimensional (2D) single-

phase turbulent airflow in a channel having ribs of different configurations. 

COMSOL Multiphysics software was used to investigate all cases that were 

carried out numerically using the standard k-ε model. Several parameters were 

studied as a variable function against the Reynolds number in ranges (9000 to 

18000), including the rate of heat transfer, friction factor, and pressure 

difference of all rib shapes compared to the empty channel. The shape plays an 

important role in the characteristics of fluid flow and heat transfer distribution 

and the circular rib shows better heat transfer performance and friction factor 

compared to the normal channel and other designs, therefore, the circular 

design ensures improved thermal-hydraulic performance. Also, the percentage 

of increase in the heat transfer rate represented by Nusselt number (71.48, 

69.99, and 67.29%) for rib designs (quarter circle, square, and triangle) 

respectively compared to the channel without ribs. As the Reynolds number 

rises, the pressure drop across the fluid entry-exit zone of the channel is 

influenced by the ribs being inserted inside as well as when the channel is 

empty. 
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1. Introduction 

 

Due to the development of the thermal boundary layer, the thermal performance is generally poor in most 

conventional heat exchanger systems, which causes a low coefficient of convective heat transfer between the heated 

surface of the system and the working media. To enhance convective heat transfer and reduce the overall thermal 

resistance, a thinner thermal boundary layer is required in the heated surface of the heat exchanger system, which 

leads to energy savings and a smaller heat exchanger size. Vortex flow or obstruction devices are used in engineering 

and industrial applications on a large scale to improve the heat transfer process. Where the vortex generators and the 

disruption of the boundary layer affect the enhancement of the coefficient of convective heat transfer and momentum 

transfer, as in pipes and channels such as; fins [1, 2], ribs [3, 4], baffles [5-7], wire coil [8, 9], twisted tapes [10-13], 

and wing-lets [14-17]. Many researchers have studied in their research papers the effect of generating vortices and 

blocking the flow of fluids to further improve heat transfer rate and one of these methods is the use of ribs.  
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Lu et al. [18] presented an experimental and numerical study that deals with the introduction of longitudinal vortex 

generators into the gaps of three-dimensional stacked chips to enhance heat transfer. Depending on the mass flow 

rate and heating power, as well as the spacing of the longitudinal vortex generators, experimental and numerical tests 

were performed on the performance of a three-dimensional stacked chip with and without longitudinal vortex 

generators in the gap. Numerical and experimental results have shown that the longitudinal vortex generator set can 

effectively improve the cooling performance of the chip with a small gap. Zhao et al. [19] performed a numerical 

study looking to enhance the overall performance of the fin tube heat exchanger by arranging a new combination of 

curved, rectangular, and straight-wing vortex generator pairs into a common flow configuration. To simplify the flow, 

temperature distribution, and pressure field, the effects of the rectangular wing vortex generator were compared with 

those of the non-rectangular wing vortex generator, and then the thermo-hydraulic performance and overall 

performance were numerically investigated between cases with different locations and sizes of the rectangular wing 

vortex generator. Skullong et al. [20] presented an experimental study dealing with the properties of thermal resistance 

and flow in a tubular heat exchanger equipped with wing-overlapping perforated tapes. The check tube has a constant 

wall heat flux for turbulent airflow in the Reynolds number range (4180-26000). The use of perforated wing tapes to 

generate longitudinal vortex flows disrupts the thermal boundary layer on the pipe wall and provides a stronger 

mixing of liquids. Sinha et al. [21] researched a numerical study that simulates the airflow in fin-tube type heat 

exchangers with half the height of the duct as vortex generators acting as a pair of rectangular wings. The heat 

exchanger is rounded as a periodic rectangular channel with heated walls and three rows of built-in pipes located at 

a specified interval. The first is for three tubular rows and the second is a staggered arrangement of three tubular rows 

with a variety of angles of attack in all directions. Ohta et al. [22] presented a numerical study that simulates laminar 

boundary layer flow to enhance heat transfer in a flat plate with arrays of tetrahedral vortex generators. When the 

prevailing angle is equal to 60 degrees, the Nusselt number is closely related to the prevailing angle. The parallax 

caused by a pair of vortices is revealed based on the analysis of each term of an energy equation with an average 

Reynolds number as the dominant factor the value of the detente angle is equal to zero. Using a turbulent component 

with an increase in the prevailing angle the heat transfer is enhanced. Aridi et al.  [23] displayed a numerical study 

looking for a new design that combines a multi-drain water application with a high-efficiency vortex generator-based 

heat exchanger. Several operational parameters have been studied, including the investigation of the effect of heat 

transfer, flow rate, total heat transfer as well as thermal reinforcement. Four different types of input energy were 

studied, including diesel, gas, electricity, and coal. Besides the investigation of the sustainability of the system, the 

economic and environmental impacts were studied. Elwekeel et al. [24] displayed a numerical study of turbulent flow 

in a channel with a rectangular cross-section. The lower wall of the channel is exposed to a heat flow condition while 

the upper wall is insulated. Several coefficients have been studied including the investigation of forced load, flow 

friction, and the horizontal air performance factor. Different types of ribs were used inside the rectangular channel to 

generate vortices to increase the heat transfer process, square-triangular-trapezoidal ones for the Reynolds number 

range (8000 - 20000).  

 

The current numerical turbulent airflow simulation uses the commercial CFD program (COMSOL Multiphysics) to 

study the effect of inserting different shapes of ribs inside a 2D horizontal channel exposed to a constant heat flux of 

(18 kW.m-2) on the bottom wall and insulation from the top on enhance heat transfer process (represent by Nusselt 

number) thus improve the performance and efficiency of the gas turbine blade and heat exchanger as one of the 

common engineering industrial applications of this study. The research gap of the current study compared to the 

previous literature was the use of different rib designs with different extents of the Reynolds number. 

 

2. Computational Information of Present Work 

 

The current modeling investigates the distribution of heat transfer in a ribbed two-dimensional channel and the steady 

state, turbulent flow field using the conventional k-ε turbulence model. COMSOL, version 6.0, is the simulation 

program used for the computational analysis. The finite element approach is used by COMSOL Multiphysics to solve 

the fluid flow and heat transfer governing equations. An appropriate turbulence model is therefore required for 

simulations to forecast the flow field and temperature distribution with any degree of accuracy. Previous research has 

demonstrated that the k-ε model can accurately predict the flow characteristics at the back of the ribs and in the bend 

of channels. Additionally, it has been found that the k-ε model's conclusions for heat transmission and pressure loss 

in channels closely match experimental findings. Therefore, the typical k-ε model was used for the present 

investigation to determine the features of pressure drop and transfer of heat (Nusselt number). 
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2.1 Explanation of the Computational Model 

 

The domain of the computational model utilized for the simulation is shown in Fig. 1. The geometry's dimensions 

are all expressed in meters. All rib geometries are included in the current computational investigation, as shown in 

Fig. 2. However, Figs. 1 and 3 only display the geometry and mesh of square ribs. The only differences between the 

four studied ribs' geometries are their respective cross-sectional areas. The test section's height (H of 0.08 m) and its 

length (L of 0.55 m). For every summary of instances examined, only the bottom wall was subjected heat flux of 

(18000 W/m2) while the top wall was thermally insulation. The pressure-correction system, which separates the 

energy and momentum equations, is used in the parametric separated solver used in this simulation. To create the 

pressure and velocity connection, a simplified approach was employed. Previous studies showed that the heat transfer 

and fluid flow characteristics in a channel may be correctly predicted using Reynolds of Average Navier -Stokes 

(RANS) models.  

 

 
Fig. 1. Test section of the computational domain. 

 

 
Fig. 2. Configurations of the geometry ribs that were employed in this study. 
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Fig. 3. (a) General view mesh of the computational domain and (b) Cut for a mesh section of a square rib. 

 

2.2 Governing Equations 

 

Due to the minor temperature change along the channel length, air is considered an incompressible fluid with constant 

physical characteristics in this study. Below is an expression of the standard governing fluid flow equations for 

various variables. Considering that the current study makes use of conductive and convective heat equations in the 

air and the solid wall, as well as constant Reynolds averaged Navier-Stokes (RANS) equations in the air domain. 

Fluid-thermal interaction modeling is made simple by the preset Multiphysics coupling of turbulent non-isothermal 

flow, which sets up these application modes and application couplings [25]: 

 

Equation of Continuity: 
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Equation of heat Energy: 
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2.3 Boundary Conditions 

 

Under ambient conditions and with constant characteristics, incompressible air was chosen as the working fluid. The 

flow type is turbulent, non-rotating, and with a constant two-dimensional flow. The velocity of the fluid at the 

entrance to the channel was determined by the specified Reynolds number with temperature uniformity from the 

entrance (300K). The lower surface of the channel is exposed to a constant uniform heat flux (18000 W / m2). All 

walls of the channel are superimposed at constant temperature and have impermeable no-slip for velocity. All 

boundary conditions applied in channel simulation tests are summarized in Table 1. Also, Table 2 shows the 

thermophysical properties of the working fluid inside the channel. 

 

Table 1: Summary of boundary conditions applicable to all simulation tests. 

Operation Parameter Boundary Condition 

Inlet Velocity inlet 

Outlet Outlet pressure 

Fluid inlet temperature 300K 

Bottom wall channel Heat Flux of 18000 W/m2 

Top wall channel Thermal Insulation 

Re 9000 to 18000 

(a) 

(b) 
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Table 2: Thermophysical properties of the working fluid (Air) at a temperature of (300K). 

Properties Unit Value  

Specific heat capacity kJ/kg. K 1.0057 

Thermal conductivity W/m. K 0.0626 

Dynamic viscosity Pa. s 0.0000184 

Density  Kg/m3 1.177 

 

3. Study of Grid Independence 

 

Fig. (4) provides an investigation of the grid independence of the computational domain to ensure that the results 

obtained are independent of the size of the grid. The grid independence of a channel without ribs was studied at the 

value of the Reynolds number (9000) by taking different types of mesh to divide the model into many elements. The 

results of the flow variance of the Nusselt number were compared against the number of elements obtained by 

choosing the type of grid independence. 

 

 

Fig. 4. Test of grid independence for the computational channel. 

 

4. Computational Outcomes  

 

4.1 Distribution of Temperatures 
 

Fig. (5) presents the temperature distribution of the fluid flow (air) inside the channel with and without ribs at the 

value of the Reynolds number (9000). The temperature can be observed gradually increasing towards the flow axis. 

Using ribs, the temperature rate decreases compared to the empty channel due to the occupancy of the surface area. 

The percentage decrease of air temperature compared against the smooth channel (38.38, 34.49, and 33.64%) for 

different shapes of ribs (quarter circle, square, and triangle) respectively. 

 

4.2 Distribution of Velocity 
 

Fig. (6) shows the distribution of the velocity of the working fluid (air) inside the channel with and without ribs at 

the value of the Reynolds number (9000). The velocity can be observed as high as possible in the middle and decreases 

at the wall. With the use of ribs, the air velocity rate increases compared to the normal channel due to the obstruction 

of the flow and the presence of sharp angles of the ribs. The ratio of fluid velocity increased compared against the 

empty channel (76.26, 74.22, and 66.66 %) for different shapes of ribs (quarter circle, square, and triangle) 

respectively. 
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Fig. 5. Temperature distribution of a 2D channel for different shapes of ribs at Reynolds number of (9000). 

 

 

Fig. 6. Temperature distribution of a 2D channel for kinds shapes of ribs at Reynolds of (9000). 
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4.3 Distribution of Streamline  
 

Fig. (7) shows the streamlines of the fluid with the constant heat flux and the Reynolds value at (9000) around the 

three ribs compared to the empty channel. A gradual decrease in fluidity can be observed towards the flow axis of 

the fluid, so the vortices are large at the front of the channel. Also, the quarter-circle rib was found to produce very 

large separation bubbles directly behind the rib, a likely cause of which is the upward flow due to the sloping front 

surface of the rib. 

 

Fig. 7. Streamline distribution of 2D channel for different shapes of ribs at Reynolds number of (9000). 

 

4.4 Distribution of Pressure 

 

Fig. (8) deals with the distribution of the pressure rate of the empty channel surface against the use of ribs to improve 

heat transfer. The pressure rate can be observed to increase significantly when the rib is placed inside the empty 

channel. The quarter rib of the circle gave the highest average pressure values of the other ribs (square and triangle) 

compared to the normal channel with an increase of (98.95, 98.82, and 98%), respectively. 

 

4.5 Nusselt Number 
 

Fig. (9) presents the distribution of the forced convection heat transfer rate represented by the Nusselt number against 

the Reynolds number with different ranges (9000-18000). It can be observed that the number of Nusselt increases 

gradually as the fluid velocity increases during the flow and also increases with the use of ribs compared to the empty 

channel. The ratio of the increase of the Nusselt number for the three various ribs (quarter circle, square, triangle) is 

(71.48, 69.99, and 67.29%) respectively. 
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Fig. 8. Contour pressure distribution of 2D channel for different shapes of ribs at Reynolds number of (9000). 

 

 
Fig. 9. Variation of Nusselt number with Reynolds number for different configurations of channel. 

 

4.6 Pressure Drop and Friction Factor 

 

Fig. (10) shows the change of the pressure difference across the inlet and outlet of the channel and also the change of 

the friction factor against the Reynolds number. The observed velocity of the fluid can be caused by an increase in 

the amount of pressure. The shape of the ribs also affects the pressure change compared to the channel without ribs. 

The friction factor decreases gradually by increasing the fluid velocity and by changing the shapes of the ribs as a 

result of the velocity inversely proportional to the friction factor. 
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Fig. 10. Variation of pressure drop and friction factor with Reynolds number for different configurations of 

channel. 

 

5. Conclusions  

 

Numerical analysis of computational fluid dynamics using the COMSOL Multiphysics program to improve the heat 

transfer process and airflow characteristics of a 2D channel with height and length of (0.08 and 0.55 m) respectively 

using ribs of different shapes (quarter circle, square, and triangle) to focus on the optimal design of the rib to improve 

thermal performance. The numerical simulation result deduced several points as follows: 

1) The characteristics of the fluid flow and heat transfer of the channel are influenced by the presence of ribs. 

2) The design of the circular rib improves heat transfer compared to other designs (quarter circular-Square) and 

also the normal channel. 

3) The primary finding from the computational analysis above is that crucial parameters related to heat transfer 

and fluid flow across the ribbed surface of a channel can be computed using Reynolds-averaged Navier-

Stokes-based equations and a suitable turbulence model. 

4) The quarter circle rib provided the highest heat transfer performance for the Reynolds number under 

consideration, with a pressure loss performance higher than the other ribs, while the smooth channel provided 

the best pressure loss performance. 

5) The rib design plays a very important role in determining the heat transfer rate, the design with more bends 

has a higher heat transfer rate. 

6) In general, the coefficient of heat transfer by forced convection gradually improves with increasing fluid 

velocity (Reynolds number). 

7) The percentage of increase in the heat transfer rate is represented by the Nusselt number (71.48, 69.99, and 

67.29%) for rib designs (quarter circle, square, and triangle) respectively compared to the channel without 

ribs. 

8) The pressure drop across the fluid entry-exit zone of the channel is affected by the inserting of ribs inside as 

well compared to the empty channel gradually increases with an increase in the Reynolds number. 

 

Nomenclature  

H Height of channel, m 

k Kinetic of turbulence heat energy 

L  Length of channel, m 

p Fluid pressure, N.m-2 

Pr Prandtl Number 

Re Reynolds number 

T Fluid temperature, K 

u Velocity of fluid, m.s-1 

 

Greek symbols  

µ Fluid dynamic viscosity, Ns/m2 

µt Turbulent dynamic viscosity, Ns/m2 

ε Kinetic dissipation of turbulence heat energy 

ρ Fluid density, kg/m3 
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Abbreviations 
2D Two Dimensional  

CFD Computational Fluid Dynamics 

COMSOL Computer Solution 

RANS Reynolds of Average Navier -Stokes 
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