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Passive flow -control techniques are crucial to enhancing the performance of airfoils at 

low Reynolds numbers, where boundary -layer separation and related aerodynamic 

losses are a problem. This study examines the aerodynamic performance of a CR001SM 

airfoil  with both upper and lower surface triangular roughness elements at low 

Reynolds numbers. Two modified configurations were tested: M1 (roughness elements 

at 5% and 80% of the chord) and M2 (roughness elements at 10% and 70% of the 

chord). Experimental wind -tunnel measurements and numerical simulations were 

carried out in ANSYS Fluent 2021 R1 with the transient Transition SST model to 

compare the aerodynamic characteristics of these configurations with that of the 

smooth baseline airfoil. Freestream velociti es of 1.25 m/s, 2.25 m/s and 3.0 m/s and 

angles of attack between 00 and 180 were investigated. The lift, drag and aerodynamics 

are strongly affected by the roughness configuration. The maximum lift coefficient of 

M1 is around 1.19, 1.24 and 1.28 at 1.25, 2.25 and 3.0 m/s respectively. The smooth 

airfoil, on the other hand, has a lower drag and thus better lift -to-drag ratio at low and 

moderate angles of attack. The roughened configurations have relatively good lift 

retention at higher angles of attack, and at some angles of attack, lower drag than the 

smooth airfoil. The overall a verage absolute percentage deviation obtained from the 

numerical validation is around 8.79% with experimental lift coefficients. The 

aerodynamic effects of triangle roughness are influenced by the angle of attack, 

freestream velocity, and chordwise locatio n of the triangle. The M1 configuration is 

beneficial in situations where high angle of attack lift retention is important.  

Introduction  

In aerodynamics, airfoils are a basic element that is extensively employed in engineering systems such as aircraft wings, win d 

turbines, propellers and unmanned aerial vehicles (UAVs) [1]. The aerodynamic performance is highly dependent on the 
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behavior of the boundary layer, especially the separation, transition and stall [2] . These effects are more sensitive at lower 

Reynolds numbers, where the boundary layer is more likely to separation with adverse pressure gradients.  In the aerodynamic 

design of low -Reynolds-number airfoils, therefore, it is important to delay flow separation and stall, especially for UAV and 

other small -scale aerodynamic applications [3] [4] . To overcome these aerodynamic problems, several flow -control methods 

have been developed to alter the behavior of the boundary layer and enhance the aerodynamic performance [5][5] [6] [7] . There 

are two basic types of flow-control techniques: active and passive [8] [9] [10] . Active flow-control methods like suction, blowing, 

synthetic jets, plasma actuators, acoustic excitation and oscillatory devices have shown significant promise when it comes to  

delaying the beginning of flow separation, laminar separation bubbles and lift enhancement [8] [11] [12][13]. In general, they 

need external power sources, sensors, actuators and control systems, which makes the system more complex, costly in and 

heavier [6] . 

Passive flow control techniques, on the other hand, have been shown to be an alternative since they change the flow field by 

using fixed geometric features without the need for external energy input or complex control systems [9] [14][15]. Contrary, 

passive flow deflectors have been studied to change the near wall flow and delay flow separation [6] . Numerical optimization 

of leading edge flow deflectors was performed by Xu et al. [5]  by using Computational Fluid Dynamics (CFD) and the Efficient 

Global Optimization (EGO) algorithm. The optimized passive deflector resulted in a 58.37% increase in the lift coefficient fr om 

0.785 to 1.24 for a NACA 0012 airfoil at an angle of attack of 19 0, and a 13.59% decrease in the drag coefficient from 0.288 to 

0.249. As a result, the lift -to-drag ratio improved from 2.721 to 4.987, which is an increase of 83.29%, and the stall angle was 

delayed by about 7 0. The sensitivity analysis also showed that the aerodynamic performance was affected significantly by the 

geometric parameters.  

Similarly, cavity -based airfoils and surface roughness, have also been investigated for controlling flow separation. The cavity 

produces counter-rotating vortices, which change the pressure distribution around the suction surface. Olsman and Colonius 

[16] numerically studied a cavitied airfoil at Re (2×10 4) and found that the separated flow region in the cavity can be reduced 

and stall delayed due to the counter-rotating flow generated within the cavity. The aerodynamic efficiency, however, especially 

the lift to drag ratio over a wide range of angles of attack was not sufficiently determined. Similarly, Lam and Leung [17], results 

indicated that the cavities configuration generated lower acoustic power than the baseline airfoil, suggesting potential bene fits 

for low -Reynolds-number applications, it enhances the lift -to-drag ratio of airfoil. Another passive way of controll ing the 

behavior of the boundary layer is through surface roughness. The proper design of roughness elements can create vertical 

structures near the wall, which can increase the momentum transfer between the outer flow and the boundary layer [18]. This 

extra momentum can help to reduce the susceptibility of the boundary layer to adverse pressure gradients and therefore delay 

or prevent flow separation [2] [19]. However, the effectiveness of roughness is very sensitive to its geometry, size, location, 

Reynolds number, and flow conditions. Several previous passive control experiments reported by the authors such as 17.7 –

21.4% drag reduction with miniature cylinde rs, 4.61% drag reduction with slat -gaps, and 10 –30% C L/CD improvement with 

needle-vortex-generator [20] . Likewise, it is reported that the use of dimple vortex generators can create streamwise vortices 

which improve flow reattachment, decrease drag and significantly increase the lift -to-drag ratio [15][21]. In addition, slotted 

airfoils have been shown to have excellent re -energizing and stall delay characteristics over a broad range of operating 

conditions [3] [4] . All of these studies show that passive flow control can provide aerodynamic benefits that are similar to many 

active control methods without the drawbacks of external power sources and control systems [1][11]. 

Although passive flow control techniques have been extensively studied, there are still several important gaps in the 

understanding of roughness based flow control at low Reynolds numbers.  The vortex generators, dimples, slots, cavities, riblets, 

and leading edge modifications have been the focus of most previous studies, whereas comparatively few studies have been 

conducted on systematically designed triangular roughness elements [21][22] [23] [24] . Furthermore, most of the previous 

studies have focused on the modification of the roughness on a single surface of the airfoil.  The simultaneous application of the 

aerodynamic effects of the two triangular roughness elements on the top and bottom surfaces is still not well understood.  The 

effects of dual surface roughness on boundary layer development, pressure distribution, flow separation, laminar separation 

bubbles, lift, drag and aerodynamic efficiency at low Reynolds numbers have not been sufficiently investigated [1][24] [20] . In 

the present study, the aerodynamic performance of a low -Reynolds-number airfoil with triangular upper and lower surface 

roughness elements is experimentally and numerically studied.  The effects of the roughness configuration are investigated at a 

range of angles of attack through the analysis of the lift coefficient (C L), drag coefficient (C D), lift -to-drag ratio (C L/CD) and flow 

separation characteristics.  The study also investigates the changes in the near wall flow and pressure distribution when the 

roughness elements are added and placed on the airfoil versus the baseline airfoil.  
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Materials and Methods  

Airfoil Geometry and Triangular Roughness Configuration  

The CR001SM airfoil was chosen as the baseline airfoil for the present study due to its relevance in small -scale, low -speed 

aerodynamic applications.  The airfoil has a chord length of 160 mm (0.160 m). The baseline configuration was a smooth 

CR001SM airfoil, while the upper and lower surfaces modified by adding triangular roughness elements.  The triangular 

roughness elements were fixed geometric surface modifications that were designed to change the near -wall flow and boundary -

layer development. The roughness elements were placed at the desired chordwise locations from the leading edge as shown in 

Table 1. Physical models of bassline and modified airfoils were made by CNC machining at the department of mechanical 

engineering, The University of Larkano, Larkana using acrylic material.  The holes were then pressure -tapped at the indicated 

points on the top and bottom surfaces for experimental pressure measurements.  

Table 1; Airfoil model configuration.  

Model 
Upper -surface roughness 

location  
Lower -surface roughness location  No. of triangular elements  

Baseline None None None 

M1 5 % C  80 %C  5 

M2 10 %C  70%C  5 

 

 

Figure 1. Airfoil model (a) Baseline (b) M 1 and (c) M 2. 

Wind -Tunnel Experimental Setup and Measurement Procedure  

Experimental investigation was carried out in the Aerodynamics Laboratory of Department of Mechanical Engineering, QUEST, 

Nawabshah in a subsonic wind tunnel.  The test section is 50 × 250 mm and the airflow was produced by a variable speed fan, 

experiments were conducted at the velocities of about 1.25 –3.0 m/sec.  These conditions are used to obtain the low Reynolds 

number flow regime of the present study.  The airfoil model CR001SM was secured in the test section, and the pressure taps 

were placed on the upper and lower surface of the airfoil and connected to a multi-tube manometer. The levels of the manometer 

were checked and adjusted before each measurement to establish the reference condition. The wind tunnel fan then started and 

the flow was allowed to stabilize, and the pressures at each of the pressure taps were recorded.  The measurements were 

conducted at the angles of attack from 0 0 to 180 and flow velocities (1.25 –3.0 m/sec) for both the baseline and modified airfoil 

configurations.  The water manometer was used to measure the difference in pressure at various points along the surface of the 

airfoil, and the pressure distribution over the surface was determined.  The local pressure coefficient was calculated as;  

𝐶𝑝 =
𝑃 − 𝑃∞
1
2
𝜌𝑈∞

2
 1 

where P, P∞, ρ, and U∞ are the local static pressure at the pressure tap, the freestream static pressure, the air density, and the 

freestream velocity, respectively. Lift coefficient was calculated from the pressure distribution on the upper and lower surf aces 

for the two-dimensional airfoil. The pressure coefficient distributions were numerically integrated using trapezoidal integration 

method. 

𝐶𝐿 = ∫ 𝐶𝑝,𝐿
1

0
 𝑑(𝑥/𝑐) − ∫ 𝐶𝑝,𝑈

1

0
 𝑑(𝑥/𝑐)                                2 

where Cp,L  and Cp,U  are the pressure coefficients on the lower and upper surface, respectively.  The lift coefficient was thus 

directly determined from the measured surface pressure distribution by using trapezoidal integration method, and this 

approach was used for experimental investigation.  
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Computational Domain and Mesh Generation  

A C -shaped computational domain was used for the numerical investigation of the two -dimensional CR001SM airfoil.  The 

computational domain was large enough upstream and downstream of the airfoil to reduce the effect of the outer boundaries 

on the numerical simulation.  Around the airfoil a structured body -fitted mesh was created, mostly made up of quadrilaterals.  

Local mesh refinement was performed near the airfoil surface and especially around the triangular roughness elements to 

capture the high velocity and pressure gradients in these areas.  Additionally, near -wall refinement was used to achieve a proper 

capture of the boundary -layer development. The mesh was developed and the Transition SST model was used for simulation.  

The computational domain was created as a 2 -D  C -shaped domain with a body -fitted mesh around the airfoil.  The final mesh 

was composed of 240,000 elements and 240,960 nodes.  The average and maximum skewness were 0.069 and 0.878, 

respectively, which were acceptable.  The boundary layer flow was resolved by local refinement near the surface of the airfoil 

and near the triangular roughness elements . 

CFD Methodology and Boundary Conditions  

Numerical simulation was carried out by using the ANSYS 2021 R1. The Fluent solver configuration was used, and a pressure 

based, transient solver with a two dimensional planar design was used. The flow was assumed to be incompressible as the test 

velocities were relatively low (1.25 to 3.0 m/sec). A model called the Transition SST model was used to simulate the separated -

flow and boundary layer transition phenomena. The model was chosen because the present investigation is concerned with low 

Reynolds number  flow where the interaction between laminar boundary layers, transition and flow separation is of importance. 

The computational domain included an inlet, an outlet, and solid wall for the external flow boundaries that were selected. Th e 

freestream velocity  was set at the inlet, and the outlet was specified by a pressure -outlet condition. The airfoil surface was 

assumed to be a no slip surface. In order to make a direct comparison between the numerical and experimental results, the 

same geometric configurati ons used in the experimental investigation were reproduced in the CFD model. The simulations were 

carried out for the chosen velocities and angles of attack. In each case, the transient solution was integrated to a statisti cally 

stable flow -field and aerod ynamic force coefficients. The time -dependent aerodynamic forces on the airfoil were used to 

calculate the final lift and drag coefficients.  

 

 

Figure 2. CFD simulation Methodology and Boundary Conditions.  

Validation of Simulation results  

As seen in Figure 3, the overall trend of the numerical results is in good agreement with the experimental results, such as the 

increase in lift as angle of attack increases, the region of maximum lift, and the decrease in lift at higher angles of attac k. The 

average absolut e errors for M1  airfoil are 6.17%, 7.05% and 8.36%  at 1.25 m/sec, for M1, M2 and smooth respectively . The 
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overall average absolute error is about 7.20% for all experimental data points. The overall deviation is relatively small, which 

means that there is a good agreement between the numerical and experimental results. The greater variations in these areas 

close to the maximum lift and post -stall regions  are due to the complex separated flow and transition phenomena of low 

Reynolds number aerodynamics.  

 

Figure 3.Comparison of coefficient of lift vs angle of attack at velocity of 1.25 m/sec,  (a) M1 (b) M2 and (c) Smooth . 

Results and Discussion  

The numerical model was validated with the experimental measurements and the aerodynamic performance of the baseline 

CR001SM airfoil, and the two modified configurations (M 1 and M2) was studied. The influence of the roughness configuration 

and freestream velocity was assessed by the lift coefficient (C L), drag coefficient (C D), and aerodynamic efficiency (C L/CD) at 

different angles of attack from 0 0 to 180. Figure 4 shows the change in C L with angle of attack for the freestream velocities 

investigated. The M 1 configuration has the highest simulated C L equal to 1.187 at 9 0, while M 2 and the smooth airfoil have 

approximately 1.120 and 1.095 respectively.  At 180 M1 maintains a C L of 0.943, compared with 0.826 for M 2 and 0.913 for the 

smooth airfoil. So, M1 has better lift retention at high angles of attack.  The performance of all configurations increases at 2.25 

m/sec. M1 will have a C L of 1.235 at 120, while, M 2 will have a C L of 1.124 at 120 and the smooth airfoil will have a C L of 1.136 at 

120. M1 still has the highest lift coefficient of 1.052, while M 2 has 0.986 and the smooth airfoil a 0.976 at 18 0. The same general 

trend is seen at 3.0 m/sec.  The highest C L is obtained with M 1, around 110 – 120, and is closely followed by M 2, with the smooth 

airfoil getting about 1.17.  These results show that the C L generation of the M 1 configuration is the best one of the roughness 

configurations investigated, especially at moderate and high angles of attack.  The improved lift performance of M 1 compared 

with M2 indicates that the chordwise placement of the roughness elements is an important parameter.  The two configurations 

have triangular roughness on the upper and lower surfaces but the change in location from 5 –80% chord to 10 –70% chord 

causes a noticeable change in C L characteristics.  

 

 

Figure 4. Coefficient of lift vs angle of attack at different velocities, (a) 1.25 m/sec, (b) 2.25 m/sec  and (c) 3 m/sec . 

All configurations and velocities see an increase in drag coefficient with the angle of attack, as shown in Figure 5. The roughened 

configurations typically have higher drag than the smooth airfoil at low and moderate angles of attack at 1.25 m/sec.  For 

example, at 6 0, the C D values are 0.0934 for M 1, 0.1130 for M 2, and 0.0610 for the smooth airfoil. However, the drag of the 

smooth airfoil rises more quickly at higher angles of attack.  At 180, the simulated drag coefficients at 1.25 m/sec are 0.211 for 

M1, 0.229 for M 2, and 0.254 for the smooth airfoil. This is also seen at 2.25 and 3.0 m/sec, with the smooth airfoil having a 

significant rise in drag at high angles of attack.  This behavior shows that the roughened airfoil has more drag at low angles of 
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attack, but the behavior at high angles of attack can be modified and the rapid drag increase seen for the smooth airfoil is 

reduced. This effect is configuration dependent and M 1 tends to have a better drag response than M 2. 

 

Figure 5. Coefficient of Drag vs angle of attack at different velocities, (a) 1.25 m/sec, (b) 2.25 m/sec  and (c) 3 m/sec . 

The variation of C L/CD shows the balance between the lift enhancement and drag penalty of the triangular roughness elements.  

The smooth airfoil offers the highest aerodynamic efficiency at 1.25 m/sec, with a C L/ C D of 13.33 at 60, while M 1 and M2 have 

CL/ C D of 9.23 and 6.85, respectively.  The maximum C L/ C D of the smooth airfoil is about 20.18 at 6 0 when the velocity is 2.25 

m/s. At 60, the values of M1 and M2 are about 8.48 and 6.42, respectively.  Thus, the smooth airfoil is still more aerodynamic at 

low to moderate angles of attack. The difference between the configurations is less at higher angles of attack.  At 2.25 m/sec and 

180, the CL/ CD values are approximately 4.82 for M 1, 4.80 for M2, and 4.28 for the smooth airfoil. This means that the roughened 

forms are more competitive in the high angle of attack regime, mainly due to their better lift retention and the relatively h igh 

rate of drag rise of the smooth airfoil.  

 

Figure 6. Aerodynamic performance of airfoil vs angle of attack at different velocities, (a) 1.25 m/sec , (b) 2.25 m/sec  

and (c) 3 m/sec . 

Generally, the aerodynamic response of the airfoil configurations is better when the freestream velocity is increased from 1. 25 

to 3.0 m/sec.  As the velocity increases, which causes changes in the behavior of the boundary layer and flow separation.  This 

effect is more pronounced in the lift properties.  M1 raises its max simulated C L from 1.19 at 1.25 m/sec to 1.24 at 2.25 m/sec and 

1.28 at 3.0 m/sec.  The maximum lift of the smooth airfoil also rises as velocity increases.  This means that the aerodynamic 

response is becoming more positive with increasing Reynolds number.  The comparison between M1 and M2 shows that it is not 

enough to just add roughness to the airfoil surface, but it is also important to consider the location of the roughness.  In general, 

M1 has higher coefficient of lift than M 2. At 2.25 m/sec, M 1 produces C L (1.235) at 120 compared with 1.124 for M 2. At 18 0, M1 

maintains C L at 1.052, compared with 0.986 for M 2. The results indicate that the M 1 configuration offers a better overall 

aerodynamic response, especially in terms of lift retention at moderate and high angles of attack.  The smooth airfoil is still the 

most desirable shape for a maximum aerodynamic efficiency at low to moderate angles of attack.  

Conclusions  

In this study, the aerodynamic behavior of a CR001SM airfoil with triangular roughness elements on the top and bottom surface s 

was studied numerically and validated experimentally.  The results show that the aerodynamic performance is dependent on 

the placement of the roughness, freestream velocity and angle of attack.  In comparison with the other modified configurations, 

M1 typically generated higher lift coefficients and maintained the lift at higher angles of attack than M 2 and smooth airfoil.  The 

maximum simulated lift coefficients for M 1 were about 1.19, 1.24 and 1.28 at freestream velocities of 1.25, 2.25 and 3.0 m/sec 

respectively. The smooth airfoil, however, had a higher C L/CD ratio at low and moderate angles of attack due to its lower drag.  
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The roughened shapes had lower drag at higher angles of attack than the smooth baseline.  The overall average absolute 

percentage difference between the numerical and experimental lift coefficient was about 8.79%, which shows good agreement 

between the two methods. In summary, M 1 is a good choice for applications where better lift retention is desired.  
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