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ABSTRACT 

Drag forces on hemispheric dimples in parallel and zigzag configuration on square cylindrical arethe focus of 

investigation and analysis in this paper. The research method has been carried out with a computer fluid dynamic 

(CFD) program using ANSYS FLUENT 18.0. The test piece has been made of acrylic in a total of 9 pieces with 

length of 300 mm, width 100 mm and height of 100 mm and dimpled ratio DR = 0.5. Dimples are arranged in rows, 

numbered from 1 to 8. All the specimens are treated in 7 equal flow velocity rates, ranging from 8 m/s to 20 m/s. 

The study which took place in laminar flow region with Reynolds number (Re) of 50064 to 125161 indicates that, 

the use of hemispherical dimples in both parallel and zigzag configurations reduces the drag coefficient (Cd). For 

example,in the same Re = 125161 the value of Cdon the plate without dimples was of 1.272, while on square 

cylinders with dimples in parallel configuration, the smallest drag coefficient, obtained on 2rows was of 1.203, and 

on dimpled square cylinder with zigzag configuration the smallest Cd was of 1.216, which was also on 2-rows 

configuration. Moreover, when compared with the square cylinder without dimples, the percentage of reduction 

drag coefficients are 4.396% and 5.412% for dimpled square cylinders in zigzag configuration and parallel 

configuration, respectively. The results show that the use of parallel configuration gives higher reduction than 

zigzag configuration.  
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1. INTRODUCTION 

Various applications of dimpled square cylinder arrangement can be found on the surface of aircraft wing and 

on the surface of high-speed vehicles. “Computational and experimental analyses of dimpleeffect on aircraft 

wings have been conducted using NACA 0018 airfoils. Dimple shapes onsemi-spheres, hexagons, cylinders 

and squareshave been selected for the analyses, where airfoils haveparticularly been tested under the inlet 

velocity of 30m/s and 60m/s at different angle of attack (5˚, 10˚, 15˚, 20˚, and 25˚). The analysis favors the 

dimple effect by increasing L/D ratio and thereby providing the maximum aerodynamic efficiency, which 

provides anenhanced performance for the aircraft (Livya et al., 2015)”. The use of dimples on aircraft wings 

has shown the potentials to reduce pressure drag and the ability to delay flow separation (Baweja et al., 2016). 

Dimples application on spherical objects can reduce critical Reynolds number and can alter the separation 

point, further downstream (Aoki et al., 2012)”. 

Dimpled surface with submicron roughness experiences surface hydrophobicity and decreasing skin 

friction by reducing shear stress on the wall, where drag is continuously reduced by about 3-5% (Paik et al., 
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2015). Dimples with a single groove have proved to experience integration of the friction-wall coefficient in the 

direction of flow and have shown an increase in total drag up to 3.54% (Ranjan et al., 2011). 

“The fluctuation of the pressure wall significantly increases near the trailing edge on the bump, where the 

boundary layer obtains a very adverse pressure gradient (Kim and Sung, 2006). Dimples configuration of 1.0 mm in 

diameter with dimpled ratio of 0.2, located on 30% - 60% and 75% - 95% of axial chord lengths on each side of suction 

have effectively reduced total pressure loss (Zhao et al., 2016). The characteristics of the turbulent boundary layer on the 

surface are influenced by the value of the Reynolds number, where friction factor on dimpled plates is higher on about 30% 

- 80% when compared to the plate without dimples (Zhou, et al., 2016)”. If the spheresare embedded in the turbulent 

boundary layer, then the distribution of flow velocity fluctuations, flow line patterns, vorticity contours, flow velocity 

fields, turbulent kinetic energy and Reynolds stress correlations can be obtained using PIV data (Ozgoren et al., 2013). 

Passive controls bydimplesin semi-spherical inward type on the plate, on a dimple ratio (RD) of 0.1 and a dimple 

depth equal to twice the thickness of the boundary layer, can cause instability and consequently create significant 

momentum transport. The shear layer is formed as the separation of flow across two dimpled lines. When vortex develops 

through a plate with several lines of dimpled configuration, the flow dynamics are disparate due to changes in momentum 

transport across the boundary layer (Beratlis et al., 2014). “From the analysis on the use of vortex generators to improve 

and control flow characteristics, dimples application were found to be useful (Lu et al., 2011; Storms, 1994). Further 

improvement has been proposed by incorporating the use of a novel surface modification in the form of dimples inspired 

by golf ball designs, which help to reduce the wake region induced by boundary layer separation (Bogdanović-Jovanović et 

al., 2012). From this experimental investigation, it has been observed that an airfoil with inward dimples has, in overall, the 

best performance, giving about approximately 16.43% increase in lift and approximately 46.66% of reduction in dragas 

compared to without dimpled airfoil, and it is giving the best lift/drag ratio. For inward dimpled airfoil, there is 

approximately 21.6% increase in lift to drag ratio (Mahamuni, 2015)”. 

The study shows that dimples produce lesser drag at positive angle of attacks with increase of lift(Prasath and 

Irish, 2017). Experimental results have shown the evidence for velocity 18 m/s and 33 m/s. As shown in graph, there is no 

flow separation occurs for both standard and dimpled airfoil models on the zero attack angle. As the attack angle increased 

from 0° to 5°, flow separation starts to initiate on the smooth surface airfoil model. As the attack angle increased from 5° to 

10°, clear flow separation appeared on the upper surface. As the attack angle increased from 10° to 15°, clear flow 

separation appeared on the upper surface  

“The main intention of aircraft aerodynamics is to develop the aerodynamic characteristics and maneuverability of 

the aircraft. The airfoil, which contains dimples will have comparatively a lesser amount of drag than the plain airfoil. 

Introducing dimples on the aircraft wing will create turbulence by creating vortices, which delays the boundary layer 

separation resulting in the reduction of pressure drag and increase of stall angles (Arunkumar et al., 2017)”. 

Computational fluid dynamics (CFD) simulations, investigating the passive drag reduction mechanism with the 

help of dents on flat plate have been performed(Ahirrao, 2016). From the comparisons of the Cd for all the dented plates, it 

was observed that the dented plate-1 had the least drag coefficient for these flow conditions among all the dented plate 

configurations. The Cd for dented plate-1 reduces as the flow velocity increases. Also, there is a sharp reduction in Cd from 

flow velocity 35 m/s to 40 m/s, an indication that there is a further potential to reduce the drag further. For the dented plate-

7, Cd value decreases sharply from 5 m/s to 10 m/s, and then remains almost constant for the remaining flow conditions. 
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“Investigation of the streak lines has confirmed that the axis of the vortex contained within the dimples is oriented 

in the spanwise direction. The single row cases have resulted ina vortex, larger than the dimple itself. The vortex in this 

case acted as a bump, forcing the freestream flow around the dimple. The vortex has been observed to flow upstream 

creating a strong back flow region, directly behind the dimples. The multiple row case has resulted in a slightly different 

vortex geometry. The upstream dimple has a vortex, fully contained within the dimple. The region, directly behind the 

dimple at 65% of the axial chord has beenfully attached. The dimples at 76% of the axial chord have been observed to 

draw the flow downstream, thus forcing the upstream vortex to remain contained in the dimple(Casey, 2004)”. 

2. METHODOLOGY 

Square cylindrical test pieceshave been added with dimples in parallel and zigzag configuration, on the top of the surface. 

“The treatment is to change the number of rows of dimples toward the x-axis (Lx/D) by 8 (eight) row variation levels (1, 2, 

3, 4, 5, 6, 7 and 8), to set distances of dimples to z-axis (Lz/D) to be constant, to set dimpled ratio DR = 0.5 in 

hemispherical shapes. Each dimple sequence has been installed in parallel and zigzag configuration, then flowed in 7 equal 

flow velocity rates (U0) of 8 m/s, 10 m/s, 12 m/s, 14 m/s, 16 m/s, 18 m/s and 20 m/s”. 

“The square cylindrical test materialshave beenmanufactured on 5 mm thick acrylic, while dimples have been 

formed by the help of CNC in dimensions of 300 mm length (L), 100 mm width (w) and 100 mm high (h)”. Figure 1 shows 

square cylinder test model, (a) surface without dimples, (b) with the addition of dimple formations. Figure 2 shows dimple 

configuration in (a) zigzag configuration and (b) parallel configuration. 

 
Figure 1: Square Cylinder Test Model, (a) Surface Without 

Dimples, (b) with the Addition of Dimple Formations. 

 

 
Figure 2: Dimple Configurations (a) Zigzag Configuration 

(b) Parallel Configuration. 



680                                                                                                  Nasaruddin Salam, Rustan Tarakka, Jalaluddin & Muhammad Ihsan 

 

Impact Factor (JCC): 8.8746                                            SCOPUS Indexed Journal                                                    NAAS Rating: 3.11 

Figure 3 depicts the position of dimples on the cylinder surface. As depicted in figure 2(a) and (b) the horizontal 

z-axis is perpendicular to the direction of flow. 

 
Figure 3: The Position of Dimples on the Cylinder Surface. 

The distance between dimples on the x-axis (Lx) and the distance between dimples on the z-axis (Lz) are depicted 

in figure 3, which also shows the position of dimples on the surface of the square cylinder. Computational analysis using 

CFD simulation has beenbased on ANSYS FLUENT 18.0. The model of the test object is shown in figures 1–3. The 

simulation begins with the meshing process using ANSYS ICEM CFD 18.0 in automatic mode, where the software will 

determine the optimal meshing type according to geometry, generally using tetrahedrons. After the meshing process, the 

work then proceeded with the setup process in ANSYS FLUENT 18.0 consisting of the definition of the type of fluid, 

direction of fluid flow and fluid velocity at a speed of 20 m/s or at the Reynolds number (Re) = 125161. Subsequently, the 

number of iterations has been determined for 100 times and calculation processhasinitiated afterward. After performing the 

calculation process, the computational results in the form of pathline velocityhave been produced. One example of this type 

of meshing is shown in figure 4, below. 

 
Figure 4: Meshing of Test Object with 8-rows Parallel Dimples Configuration. 

“The experiment has been carried out using international standard testing equipment in the form of wind tunnel in 

the Laboratory of Fluid Mechanics, Department of Mechanical Engineering, Faculty of Engineering, Hasanuddin 

University. The 300 mm x 300 mm wind tunnel with the maximum airflow velocity through the test section is 20 m/s. To 

analyze the experimental data from the observation of drag force as well as to determine the flow characteristics of Cd, 

(Fd)th and Re due to the addition of the number of lines in each configuration, the following equations are used. Equation 
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(1) is used to determine the drag coefficient Cd where the actual or measured drag force (Fd)act and the theoretical drag 

force or air flow (Fd)th were obtained from Eq. (2), whereas ρ and A are the air density and sectional area of square 

cylinder. Determining the Reynolds number is conducted using Eq. (3), where U is the flow velocity across the test 

specimen and D is the square cylinder diameter (Olson and Wright, 1990)”. 
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The study has taken place in the laminar flow region, where Reynolds numbers calculated based on the square 

cylinder diameter are ReD = 50064 to 125161. 

3. RESULTS AND DISCUSSION 

From computational analysis using CFD simulation, the following velocity pathline results are obtained. Figure 5 shows 

the velocity pathline for plate without dimples at a speed (U) of20 m/s. From figure 5, it can be seen that on the back of a 

square cylindrical model without dimples, the initial flow separation occurs on the back of the square cylinder. Similarly, 

the flow vortex is larger and lasts for a longer duration. Moreover, figure 6 shows the velocity pathlineson 1-rowdimple 

configurations at the similarvelocity of 20 m/s. 

 
Figure 5: Velocity Pathline on a Square Cylinder 

Without Dimples at Flow Velocity 20 m/s. 

It turns out that the flow vortex that occurs in 1-row configuration is smaller and lasts quite short, and the flow separation 

is slower when compared to the one without dimples. This shows that, the use of dimples on a square cylinder as a passive 

control can dampen the flow index and delay the flow separation.  

Figures 6 and 8 show the comparison of the speed pathline in the parallel and zigzag configuration models, on the same 

number of dimpled lines, counted from 1 to 8, at speeds of 20 m/s.However, the velocity pathline displayed in the figures is 

only up to 3 (three) dimple rows, because the vortex pattern and flow separation from 3 lines up to 8 tend to increase, so 

that the lowest flow pattern is obtained in 2 rowsof dimples for all types of configurations (Salam et al., 2018). 
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Figure 6: Velocity Pathline on Square Cylindersin for 1-row Dimplesin (a) Parallel 

Configuration and (b) Zigzag Configuration, Where Dimpled Ratio DR = 0.5 at 

Flow Velocity of 20 m/s. 

The results of the comparison of these two configurations indicate that flow separation and flow processing are 

always smaller in parallel dimple configuration models when compared to that on zigzag dimple configurations. 

Specifically, when observed in 2-rows dimple formations as shown in figure 7, the comparison of flow and vortex after 

passing through a square cylinder, where in parallel configuration models, the vortex is smaller and faster to dissipate than 

the ones in the zigzag configuration model. Based on these characteristics, it can be concluded that, in parallel dimple 

configuration models, the passing fluid flow resistance is smaller than the one in zigzag dimple configurations. 

 
Figure 7: Pathline Speed on a Square Cylinder with a Dimpled Configuration of 2-Rows Dimple Formation 

in (a) Parallel Configuration and (b) Zigzag Configuration, Where Dimpled Ratio DR = 0.5 at Flow 

Velocity of 20 m/s. 

Figure 8 shows an alteration in flow vortex which is greater than the one in the 2-rows dimple configuration. This 

phenomenon also shows a larger flow separation pattern, and this has resulted in a greater flow fluctuations, or conversely 

a larger flow fluctuation, resulting in greater flow vortices.This condition illustrates that 2-rows dimples configuration has 

more constraints than the 3-rowsdimples configuration. The phenomenon gives the same pattern for parallel and zigzag 

dimple configurations. However, the vortex flow in the zigzag dimples configuration is greater than the one on the parallel 

dimples configuration. The phenomena on 4-rows dimple configuration, wherevelocity pathline changes up to 8 lines are 

not shown in this article. Nevertheless, the growth pattern of velocity pathline shows an increase in flow vortex and earlier 

flow separation. 
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Figure 8: Pathline Speed on a Square Cylinder with Dimple Configuration of 3 Lines (a) Parallel 

and (b) Zigzag, with Dimple Ratio, DR = 0.5 at Flow Velocity 20 m/s. 

This is because, the addition of the number of rowslarger than two rows is not able to reduce the shear stress on 

the wall. Instead of using 1-row dimple configuration and 2-rowdimple configuration, it is actually viable to reduce the 

shear stress on the wall when compared without dimples.The use of dimples on a square cylinder can lead to stability and 

instability, which causes significant momentum transport. The shear layer is formed, as the flow separation passes through 

the first two rows of dimples to become unstable and coherent collection of flow vortices. 

From the experimental results of the airflow across the hemisphericallydimpled square cylinder in parallel configuration, it 

was obtained the actual resistance value (Fd)act of the airflow on the use of dimples with the number of rows (N), i.e. 1 to 8 

rows and without dimples, 7 equal airflow velocity levels (U) from 8 m/s up to 20 m/s or at the number of Re = 50064 to 

125161. Furthermore, the value is compared to the one of the theoretical resistance force (Fd)th, and subsequently to drag 

coefficient (Cd) as shown in table 1. 

Table 1: Drag Coefficient (Cd) for Parallel Configuration 

Reynolds Number Drag Coefficient (Cd) 

Without 

Dimples 

Number of Dimple Rows (N) 

1 2 3 4 5 6 7 8 

50064 1.451 1.397 1.251 1.262 1.289 1.315 1.342 1.369 1.396 

62580 1.357 1.254 1.211 1.237 1.254 1.262 1.279 1.293 1.303 

75097 1.344 1.261 1.227 1.241 1.260 1.265 1.287 1.300 1.311 

87613 1.333 1.271 1.245 1.271 1.280 1.289 1.297 1.306 1.319 

100129 1.322 1.295 1.268 1.282 1.289 1.295 1.302 1.309 1.324 

112645 1.306 1.246 1.225 1.236 1.241 1.246 1.252 1.257 1.268 

125161 1.272 1.220 1.203 1.220 1.224 1.233 1.237 1.241 1.254 

Table 1 indicates that “the smallest drag coefficient of all levels of Reynolds number is on the use of 2-rows 

dimple formation. To examine the characteristic pattern of each level of Reynolds number, a graph of the relationship 

between the drag coefficient (Cd) and the number of rows (N) in the constant Reynolds (Re) number is developed as 

depicted in figure 9.The characteristic pattern in figure 9 shows that Reynolds number change does not affect the 

characteristic pattern of Cd to N, i.e. when N is enlarged, the Cd value is smaller. However, dimpled square cylinder with 

2rows has a turning point, so for all levels of Reynolds numbers, the smallest value of Cd is obtained on N = 2 rows. This 

shows that atN = 2 rows, the flow wake at the back of the square cylinder is smallest, resulting in the smallest flow 

separation”. 
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An interesting fact is notable 

given Reynolds numbers. “This phenomenon

separation, so the value of Cd is just slightly

of this change of drag coefficient follows

where the exact interference position will

“The same treatment is given on

by the actual drag value (Fd)act of the airflow

without dimples, by treatments with 7

numbers of Re = 50064 to 12,161. Furthermore

The value of the drag coefficient (Cd) is

Table 2 shows that “the smallest

2-rows formation. Based on these results,

coefficient of drag, because on 2-rows formation

Table 2:

Reynolds Number 

Without

Dimples

50064 1.451

62580 1.357

75097 1.344

87613 1.333

100129 1.322

112645 1.306

125161 1.272

To examine the characteristic 

drag coefficient (Cd) and the number 

figure 10. 
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Relation Between Drag Coefficients with the Number

Parallel Dimple Configuration at the 7 Equal Levels 

Reynolds Number (Re) 

on the 4-rows dimple formations, where the Cd values

phenomenon shows that large number of dimpled rows 

slightly higher when compared to the one without dimples.

follows the pattern of objects disturbed in the tandem composed

will decrease the flow drag coefficient on tandem bodies

on hemispherical dimpled square cylinder in zigzag configuration,

airflow in the application of dimples with the number of

7 equal levels of airflow velocity (U) i.e. 8 m/s up to

Furthermore, the values are compared to the value of the

is shown in table 2”. 

smallest drag coefficient of all levels of Reynolds numbers

results, it is shown that zigzag dimpled configuration does

formation, the configuration is not really zigzag”.   

: Drag Coefficients (Cd) for Zigzag Configuration 

Drag Coefficient (Cd) 

Without 

Dimples 

Number of Dimple Rows (N)

1 2 3 4 5 6 

1.451 1.420 1.306 1.320 1.337 1.353 1.380

1.357 1.289 1.254 1.272 1.275 1.283 1.293

1.344 1.295 1.261 1.275 1.280 1.289 1.301

1.333 1.300 1.267 1.280 1.289 1.297 1.305

1.322 1.309 1.278 1.289 1.295 1.302 1.310

1.306 1.257 1.230 1.246 1.252 1.257 1.262

1.272 1.233 1.216 1.224 1.233 1.241 1.250

 pattern of each level of Reynolds number, a graph of

 of rows (N) in the constant Reynolds number (Re)
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Number of 

 of 

values tend to be constant for any 

is not able to delay the flow 

dimples. The characteristic pattern 

composed in rectangular cylinders 

bodies (Salam et al., 2017)”. 

configuration, which is obtained 

of rows (N) of 1 to 8 rows and 

to 20 m/s or on the Reynolds 

the theoretical drag force (Fd)th. 

numbers is obtained by the use of        

does not significantly detract the 

(N) 

7 8 

1.380 1.407 1.421 

1.293 1.300 1.312 

1.301 1.311 1.318 

1.305 1.315 1.324 

1.310 1.319 1.329 

1.262 1.267 1.273 

1.250 1.254 1.263 

of the relationship between the 

(Re) is developed, as shown in               
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flow wake at the back of the square cylinder

finding is that on the number of lines dimpled

phenomenon shows that when the number

the flow separation could not be achieved,

characteristic pattern of this drag coefficient

separation occurred earlier in zigzag configuration

Figure 11 below shows a comparison

configurations, at 3 levels of the Reynods

Reynolds number does not affect the characteristic

largest Cd value is obtained on the square

decreases to 2 dimple rows, and after 2 

Figure 11: “Relationship
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Number. The Value of
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Relationship Between Drag Coefficients with Number of

Configuration at the 7 Equal Levels of Reynolds Number

figure 10 shows “that Reynolds number alteration does

enlarged, the Cd value is smaller. However, dimpled square

the smallest value of Cd is obtained on N = 2 rows. This

cylinder is smallest, resulting in the smallest flow separation.

dimpled by 4, the Cd value tends to be constant for each

number of dimpled lines is added and then a zigzag configuration

achieved, so the value of Cd tends to be the same compared

coefficient change follows the pattern on parallel configuration

configuration”. 

comparison of the characteristics of dimpled parallel

Reynods number (Re). The characteristic pattern in figure 11

characteristic pattern of the drag coefficient (Cd) on 

square cylinder without dimples, when the number of

 lines up to 8 lines Cd increases.  

Relationship Between Drag Coefficients with the Number

 and Zigzag Configuration at 3 Levels of the Same Reynolds

of Parallel Configuration is Shown in Continuous Lines

Zigzag Counterpartis Shown Dashed Lines”. 
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configuration pattern, but the flow 
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11 shows that the change in the 
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This shows the same characteristic pattern, both for parallel parallel configuration and zigzag configuration at all 

three Reynolds number levels. However, at Re = 50064, the decrease in the value of Cd was greater than that of Re = 87163 

and Re = 125161. The characteristic pattern shown in figure 11 is the same as the velocity pathline characteristic pattern, as 

the results of computational simulation analysis in figures 5 to 8. This shows that, the wake of flow in the back of the 

dimpled square cylinder in parallel configuration is smaller than that of dimpled plate in zigzag configuration because the 

flow separation is more delayed. 

This phenomenon shows that on 2-rows zigzag configuration, drag coefficient is equal to the one on 2-rows 

parallel configuration or in other words; the number of row on parallel configuration is added to form zigzag configuration. 

At Re = 125161 the smallest Cd value for dimpled square cylinder in 2-rows zigzag configuration is 1.216, while for 

dimpled square cylinder in 2 rows parallel configuration Cd value is 1.203. When the result is compared to square cylinder 

without dimples (Cd = 1.2715), the smallest drag coefficient percentage for zigzag configuration is 4.396%, while for 

parallel configuration, the drag coefficient is 5.411%. This result shows that the application of parallel configuration is 

better than the application of zigzag configuration. This result also shows that it is not necessary to install large numbers of 

rows of hemispherical dimples on the square cylinder where 2 rows are sufficient. 

“Because in general, the use of square cylinder with dimple in zigzag or parallel configurations can be projected 

on a variety of objects, such as on the aircraft wings, vehicle bodies and blades on fluid machineries, based on the results of 

the research, the projection will also decrease the drag resistance, which is the main contribution of this research. Of the 

results of previous research as mentioned in the literature review in the introduction, none has applied dimple by giving 

effect of the number of lines to parallel and zigzag configuration, and compare the effect of both configurations which is 

the novelty of this research”. 

4. CONCLUSIONS 

“From the analysis of fluid flow drag through the hemispherical dimpled square cylindrical in parallel and zigzag configuration, 

on the number of dimpled rows (N) from 1 to 8 and without dimples, with the wind tunnel inflows or outer sample flow (U) from 

8 m/s to with 20 m/s or laminar flow which are on Reynolds number (Re) from 50064 to 125161, it can be concluded”:  

• “The larger the number of lines dimpled on the parallel configuration and zigzag configuration, the smaller the 

drag coefficient, but at N = 2 a turning point emerges or when N > 2 the drag coefficient is becoming larger”.  

• “The drag coefficient pattern tends to be the same for each dimple configuration change, flow speed or Reynolds 

number and the number of lines dimple. This phenomenon also shows that the use of dimples gives better results 

or the flow vortices are smaller and the flow separation is slower than without dimples”. 

• “The use of hemispherical dimpled parallel and zigzag configurations in high speed vehicles is very useful, 

because it can reduce fluid flow resistance”. 
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