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ABSTRACT 

Flow and heat transfer are simulated numerically in a 3-dimensional square duct supplied with circular turbulators 

for different values of the turbulator height to the duct height (Blocking ratio BR).  The investigated blocking 

ratios of these circular obstacles are 0.1, 0.15 and 0.2. Reynolds number for all cases is fixed at 5477. Top and 

bottom faces of the duct in the test region are subjected to 200 W/m2 heat flux. Turbulators number effect is 

examined in a range of (1-2-5-7). The fixing angle is taken of range (0, 30, and 45). The influence of these 

parameters on both heat transfer and fluid flow are examined.  Ansys-Fluent 18 is implemented to perform the 

numerical simulation. The simulation of fluid flow is performed using realizable k-ε turbulence model. It was 

found that the presence of these turbulators has a significant effect on the heat transfer. Further that the heat transfer 

rate directly proportional to the blocking ratio, number of turbulators, and fixing angle. In general, the enhancement 

ratio of heat transfer could reach 30%. 
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INTRODUCTION 

The apparatus, engines, and equipment in sometimes need to enhance its performance and therefore its efficiency. 

There is a prevalent mechanism to enhance the performance through heat transfer improvement by fixing 

turbulators on the surfaces of heat transfer. The turbulators generate vortices inside the channel which increases 

heat transfer [1]. Several authors [2-5] studied the enhancement of thermal systems performance through applying 

artificial roughness by investigated experimentally the characteristics of pressure drop and heat transfer for a 

system roughened by inclined turbulators. These turbulators are square and inclined with a gap on its length was 

used to roughened a square duct on its top and bottom wall. The operating parameters are: Reynolds number (Re) 

in range (5,000 - 40,000), Relative gap width is 1, relative gap location is 1/3, and 10 for relative roughness pitch 

and that ratio of turbulator height to the duct diameter (blocking ratio BR). It was found that the blocking ratio has 

a significant impact on the friction factor and Nusselt number. Decreasing of blocking ratio from 0.10 to 0.060 

improved the heat transfer and decreased pressure drop related to BR of 0.060. The thermal performance in a round 

edged duct, round-edged channel was studied experimentally by [6].  

The operating parameters used are : Reynolds numbers in the range  5.0 × 104 to 2.5 × 105, and the duct was 

roughened by three turbulators (BR=0.0638) of   various shapes were examined: round edge V-shaped turbulators 

of 60°, transverse turbulators with square cross-sections and transverse turbulators. The results revealed that the 

V-shaped turbulators give a better thermal performance and higher heat transfer than other types. Another work 

[7] investigated the thermal and hydraulic behaviour of a solar air heater with a triangular passage by using the 

computational fluid dynamics (CFD) based analysis. The triangular passage of the (SAH) was roughened by a 

circular turbulators. The operating parameters are utilized as: the blocking ratio (BR) in range (0.015 to 0.06) and 

the Reynolds number (Re) between 4000 and 18000. The thermal and hydraulic parameter of performance (TPP) 

was estimated depending on the friction factor and Nusselt number (Nu) values .At Reynolds number 15000 and 

0.06 for blocking ratio BR the greatest performance parameter (TPP) was observed. An experimental and 

numerical was presented by [1] to investigate heat transfer and pressure drop in a square duct having a turbulators 

inclined by 45° in a shape of criss-cross. The heat transfer coefficients were calculated by using the thermography 
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technique of transient liquid crystal.  

The range of Reynolds number between 30,000 and 60,000 for pressure drop and heat transfer measurements. The 

numerical analysis was performed using SST k-𝜔 turbulence model to show the mechanism of enhancement in 

heat transfer. The thermal-hydraulic performance was found to vary between 1.2 and 1.5 for the investigated range 

of Reynolds number. An experimentally and numerical investigation examined the effect of the roughening surface 

on the heat transfer and pressure drop inside a solar air heating [8]. Equilateral triangular and square turbulators 

were used to roughening the surface of the solar air heating duct. The operating parameters are utilized as: 

Reynolds number from 3800 to 18,000, heat flux (1000 W/m2) and blocking ratio (BR) is 0.042. RNG k-ɛ 

turbulence model was implemented  to simulate the turbulent flow using ANSYS FLUENT .The thermo hydraulic 

performance parameter (THPP) was evaluated  for a set of operating geometrical and parameters  to determine  the 

optimum arrangement of the turbulators. It was found that for the range of parameters examined, the optimum 

value of THPP could reach (1.86). The consequences showed that the combined turbulators were more efficient 

than the single turbulator.  

Another work investigated experimentally and numerically the influence of the circular turbulators with middle 

fins on the heat transfer and fluid flow in a rectangular passage channel [9]. ANSYS-FLUENT was implemented 

to perform the numerical simulation. The operating conditions were: Reynolds numbers (Re=7901), the pitch- 

turbulator height of (10), the dimensions of the rectangular channel was (30 x 60 mm), and (0.5 m) duct length 

and (1.5 mm) thickness. The results showed that the circular turbulators with middle fins raise the cooling air 

temperature by (10.22%), and reduce the temperature of the inside wall by (16.5%). The heat transfer coefficient 

was increased due the turbulent conditions generated by the circular turbulators with middle fins and the increasing 

surface area for heat transfer.  The flow characteristics and heat transfer performance for a channel with wavy 

turbulators was studied numerically [10]. To enhance the heat transfer and reduce pressure loss, wavy turbulators 

used in the internal cooling channel in the blades of gas turbine. The operating parameters were: Reynolds number 

in range 10,000–40,000 and the turbulators spacing (P/e) is 10, the wavy turbulator used is 45° V-shaped 

turbulators. The consequences revealed that the heat transfer and flow of channel were greatly affected by the 

turbulator angle, turbulator height, and turbulators round radius.  

Pressure drop decreasing and heat transfer increases with large round radius and high turbulator height for wavy 

turbulators . The effect of the shape of wavy turbulators on cooling air decreases the friction effect. It turned out 

that the wavy turbulators was an active technique to improve the heat transfer in internal cooling channels. Another 

author [11], conducted an experimental investigation to examine the turbulators effect on the heat transfer and 

flow inside a solar air heater. V-grooves and V-turbulators with 45° attack angle were used. Reynolds number 

range was between 5300 and 23,000, blocking ratio and groove-pitch lengths (RB = 0.5), three inclination angles 

(b=45°, 0° and -45°) of turbulators punched holes, and relative turbulators-pitches (RP=1.0, 1.5 and 2.0) were used 

as an operating parameters. The results showed that the highest pressure drop and heat transfer (Nu) were at the 

combined turbulators at b=45° and RP=1.0. Another work [12] investigated numerically of the influence of 

different turbulators on heat transfer performance at the internal cooling systems.  

The turbulators used were of different configurations (60° turbulator, V turbulators, W turbulators, and 90° 

turbulators,). SST k-𝜔 turbulence model was implemented to simulate the heat transfer and flow for all cases using 

ANSYS-CFX. The results showed that the turbulators presence have a significant influence on  heat transfer and 

flow field which is decreasing pressure loss and increasing heat transfer. From the four different configurations, 

the 90° turbulator give the greatest performance. The purpose of this paper is to investigate numerically  heat 

transfer and pressure drop inside a square duct in case of the presence of  circular turbulators fixed at the middle 

of the distance between the bottom and the top face. In particular, ANSYS-Fluent software is used to simulate  the 

heat transfer and fluid flow besides, the effects of geometric parameters, including the number of turbulators, 

blocking ratio (BR), and the turbulators  fixing angle on the enhancement of the thermal performance are examined. 

DESCRIPTION OF THE MODEL 

Figures 1 and 2 show the model in 2D and 3D preview respectively of a square duct provided with circular vortex 
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generators. Three regions of a square section of (16 cm2) represent the computational domain. The first region is 

the entrance region, It is of (40 cm) in length to guarantee the fully developing for flow. The second region 

represents the test region. The top and the bottom face of this region are under constant heat flux. The vortex 

generators are fixed in the second region. The angle of fixing the vortex generator with the horizon is known as 

fixing angle. The last one is the exhaust region which connects the test region with the ambient; this region keeps 

the test region away from the influences of the ambient. Table 1 shows the dimensions of each region. 

Table 1. Dimensions of the regions 

The regions 

 

Width (H) 

(cm) 

Length (L) 

(cm) 

Entrance region 40 400 

Test region 40 200 

Exhaust region 40 60 

 

 

Figure 1. 2-D preview of the model. 

 

Figure 2.  3-D preview of the mode. 

GRID GENERATION 

The grid generation is the process of converting the flow domain into very small elements in order to solve the 

governing equations for each element. Two kinds of volume meshing methods were used, structured and 

unstructured meshing [13]. The structured meshing consists of nearly equal size elements. This kind is used with 

regions of constant shape. The unstructured meshing consists of an element of different sizes and shapes (not 

always). This kind of meshing is commonly effective for complex geometries. Since the entrance and exhaust 

regions are uniform sections, so structured meshing is used to mesh these regions. Hexagonal elements are used 

to mesh these regions. The test region is of non-uniform because of the turbulators presence, so it is meshed by 

using the unstructured method. Tetrahedron elements were used to generate a mesh in this region. Figure 3 depicts 

the grid used in the current work. The schematic of physical test model is shown in figure 4. The number of 

elements has a significant influence on the result of the simulation. For the current work, the elements number is 

more important in the test region than the other regions since it includes the heating surfaces and the turbulators. 

The grid is made up with a total number of elements (1420557). This number is determined by testing the effect 
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of the number of elements on average Nusselt number on the heated faces. This test is shown in figure 5. 

 

 

(a) 

 

(b) 

Figure 3. The geometry after grid generation: (a) Side view of the grid; (b) Side view of the grid in the test 

region. 

 

Figure 4. Schematic of physical test model. 

 

Figure 5. Effect of the elements number on average heat transfer coefficient. 
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NUMERICAL ANALYSIS 

Ansys-Fluent software is used to perform this numerical investigation to examine the effect of the ratio turbulator 

height to the duct height (blocking ratio) (BR), turbulators number and turbulators fixing angle (θ) on the local and 

average heat transfer and pressure drop. There are many turbulence models in Fluent which can be used to simulate 

various flow cases. For the current work, the k-ε realizable model is chosen. This model is recommended for the 

flows with vortices and rotation such as flow inside the duct with turbulators. Various assumptions were made, to 

solve the numerical simulations as follows:  

1- Turbulent, incompressible flow. 

2- Steady-state flow. 

3- No-slip at the walls of the pipe. 

GOVERNING EQUATIONS 

The governing equations for this simulation are continuity, momentum, and energy which can be defined as: 

Continuity equation 

This equation characterizes by the law of conservation of mass which states that the mass remains constant over 

time for a steady-state system  

 𝜕𝜌𝑢

𝜕𝑥
+

𝜕𝜌𝑣

𝜕𝑥
+

𝜕𝜌𝑤

𝜕𝑥
= 0                                                                                                                                                 (1)   

as the fluid density  is constant equation (1)  can be written as: 

 𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑥
+

𝜕𝑤

𝜕𝑥
= 0                                                                                                                                                        (2) 

Then, the continuity equation is stated as: 

 𝜕𝑢𝑖

𝜕𝑥𝑖
= 0                                                                                                                                                                        (3)   

Momentum Equation 

The principle of momentum conservation states that: the total momentum before and after the collision of objects 

is the same for an isolated system in another word, the momentum lost is equal to momentum gain [14]. The 

momentum equation is stated as [15].  

𝜌
𝜕𝑢𝑖𝑢𝑗

𝑥𝑗
=  −

𝜕𝑃

𝜕𝑥𝑖
+ 𝜇 

𝜕

𝜕𝑥𝑗
(

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) + 𝜌

𝜕

𝜕𝑥𝑗
(−𝑢𝑖

′𝑢𝑗
′)                                                                                               (4) 

Where: 

𝑢𝑖 is the instantaneous fluid velocity. 

𝑢𝑖
′ is the velocity fluctuation.  

�̅�𝑖  is the time-averaged value of  𝑢𝑖 at a point.  

i or j =1 corresponds to  X-direction  or 2 and 3 for y and z directions  

Energy Equation 

The energy conservation principle states that the total amount of energy is constant over time in an isolated system 

[15]. The energy equation can be written as follows: 

 𝜌𝑐𝑝
𝜕𝑢𝑖𝑇

𝜕𝑥𝑖
=  

𝜕

𝜕𝑥𝑖
(λ  

𝜕𝑇

𝜕𝑥𝑖
− 𝜌𝑢𝑖

′𝑇′)                                                                                                                             (5) 

Where: 

 λ  is thermal conductivity. 
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RESULTS AND DISCUSSION 

The numerical investigation was performed to simulate   the heat transfer and flow structure inside a square duct 

in the presence of circular turbulators. This investigation aims to examine the effect of blocking ratio (BR), 

turbulators number and fixing angle (θ), on the local and average heat transfer and pressure drop, the local heat 

transfer rates are calculated on the upper face of the test section. Average Nusselt are then calculated from the 

average heat transfer coefficient. Table 2 shows the tested variables in this work. 

Table 2.  Variables of the work 

Variable Values 

Blocking Ratio (BR) 0.1, 0.15 , 0.2 

Turbulators Number  1, 2 , 5 , 7 

Turbulators  Fixing Angle (θ) 0 , 30 , 45 

 

The local heat transfer rates are calculated on the on the upper face of the test section. Average Nusselt are then 

calculated from average heat transfer coefficient. The distance (X) represents the length of the test section. Figure 

6 presents a comparison of the data from present prediction with experimental data from Afrawi [16]. The data 

shows that the discrepancy at low Reynolds number (Re=5000) is 28% but the discrepancy reduced to 1.7% at 

Re=18000. This comparison indicated that the present model is reliable to be used for further predictions. The high 

discrepancy at low Re may be attributed to experimental error which normally reduced at higher Re. 

 

Figure 6. Comparison the data from present prediction with experimental data from Afrawi [16]. 

Effect of Blocking Ratio (BR) 

Figure 7 represents the effect of the blocking ratio of a circular turbulator at the entrance of the test section on 

local heat transfer. Near the entrance of the test section, there can be seen a slight increases as the blocking ratio 

increases. This is can be attributed to the turbulence generated by turbulator and which is augmented with the 

blocking ratio increase. The turbulence augmentation with fluid velocity (2 m/s) is shown in figure 8. This type of 

turbulator s generates less turbulence as compared with other types of turbulators. Figure 9 shows the influence of 

blocking ratio on the friction factor. It can be said that the relation is proportional. As the blocking ratio (BR) 

increases the pressure drop increases because the flow cross section area decreases and more fluid is impeded. 

Figure 10 exhibits the enhancement trend of average Nusselt number due to the presence of a turbulator at the inlet 

of the test section. The enhancement increases from (1%) for BR=0.1 to reach (6%) For BR=0.2. 
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Figure 7. Effect of blocking ratio (BR) on local hat transfer. 

 

Figure 8. Effect of blocking ratio on turbulence kinetic energy. 
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Figure 9. Effect of blocking ratio on the friction factor. 

 

Figure 10. Enhancement of average heat transfer. 

Effect of Turbulators number 

The relation between Nusselt number and the turbulators number is shown figure 11. The figure reveals that the 

heat transfer increases as turbulators number increases until certain limits. This enhancement is a result of increased 

turbulence levels. This effect can be observed in figure 12. The turbulators number has a strong influence on the 

friction factor. As turbulators number increases more fluid is obstructed which leads to higher pressure drop as 

shown in figure 13. The enhancement of the average heat transfer for different turbulators number with respect to 

the flat duct is shown in figure 14. The enhancement increases significantly from 6% to reach 30% as turbulators 

number increase from 1 to 7. 
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Figure 11. Effect of turbulators number on local heat transfer. 

 

Figure 12. Effect of turbulators number on turbulence kinetic energy (BR=0.2) 
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Figure 13. Effect of turbulators number on the friction factor (BR=0.2) 

 

Figure 14. Enhancement of average heat transfer with turbulators number (BR=0.2) 

Effect of Turbulator Fixing angle (θ) 

Figure 15 shows the effect of the fixing angle (angle of placing of turbulators) of the turbulator on local heat 

transfer for blocking ratio (BR=0.2), velocity (V=2m/s) and three turbulators. The turbulators fixing angle 

significantly affects the heat transfer and this can be seen in figure 16. The heat transfer increases with angle 

increases due to the increase in the turbulence zone.  The effect of the angle on the friction factor is shown in figure 

17. The enhancement of the average heat transfer due to the effect of this angle is shown in figure 18 which reached 

(6%). 

 

0

0.5

1

1.5

2

2.5

3

0 1 2 3 4 5 6 7 8

f/
f 0

Turbulators number

1

1.1

1.2

1.3

1.4

1 2 3 4 5 6 7 8

N
u

/N
u

0

Turbulators Number



Effect of Circular Turbulators on Heat Transfer in A Square Duct  

227 

 

 

 

Figure 15. Effect of turbulator fixing angle on local heat transfer (BR=0.2, 3-turbulators). 

 

Figure 16. Effect of fixing angle (θ) on turbulence kinetic energy (BR=0.2, 3-turbulators). 
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Figure 17. Effect of turbulators fixing angle (θ) on the friction factor (BR=0.2, 3-turbulators). 

 

Figure 18. Enhancement of average heat transfer with fixing angle (θ) (BR=0.2, 3-turbulators). 

CONCLUSIONS 

The current work presented a numerical investigation of heat transfer and pressure drop characteristics in a heated 

square duct in the presence of circular turbulators (Vortex generators) fixed in the middle of distance between 

bottom and top face of the test region of the duct. The Reynolds number was fixed at (5477) for all cases, the 

blocking ratio (BR) is (0.1-0.15-0.2), turbulators number is of (1-2-5-7), turbulator fixing angle (θ) is (0,30,45), 

all of these parameters are investigated to demonstrate the effect of turbulators on heat transfer and friction factor. 

The following points are the conclusions of the current work:  

1. In general, the turbulators have a positive influence on heat transfer due to the augmentation in turbulence. 

2. The higher blocking ratio causes higher rates in heat transfer. 

3. The heat transfer rate increases with number of turbulators. 

4. The fixing angle plays a significant role in the enhancement of heat transfer. 

5. The maximum enhancement was 30 % which occurs for seven turbulator s at BR=0.2. 

6. The pressure drop in all cases is acceptable.   
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