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Abstract - With the rapid increase of global aviation emissions, biomimetics has proven to be a 
promising avenue to achieve greener aviation. This paper aims to explore the influence of the 
shark skin denticle inspired two-dimensional Forward-Facing Steps (FFS) on boundary-layer 
transition delay and drag reduction. Previous computation simulations indicate that the presence 
of FFS inside the laminar boundary layer can damp disturbances and lead to transition delay and 
drag reduction. The purpose of this paper is to find the optimal configuration of the FFS through 
experimental tests and correlate results to previously concluded simulations. Conditional results 
indicate that the presence of the FFS within the laminar boundary layer is effective in transition 
delay and drag reduction. 

1. INTRODUCTION 

Over the past century, greenhouse emissions from aircraft engines have become a critical issue that is 
detrimental to the environment. In order to minimize the negative effect of aviation related emissions, 
aircraft drag reduction has been developed by leaps and bounds since the 20th century [1]. However, the 
conventional methods of drag reduction have plateaued and further advances in drag reduction had 
levelled off. With the intention of finding new methods of flow control, more experts put their attention 
into the alternate drag reducing mechanisms like passive flow control [1]. One of the passive flow control 
methods was the biomimetically inspired Forward-Facing Step (FFS) [1]. A micro scale analysis of the 
Sharkskin indicates that the sharkskin is composed of many denticles stacked one above the other along 
the flow direction. The efficiency of shark-skin-inspired geometries has been proved by a sinusoidal 
surface waves experiment on a flat plate, which resulted in a transition delay of 10.8% and a drag 
reduction of 5.2% [1] [2]. Therefore, the bionic inspired flow control technique such as Leading-edge 
serration has been used in practical applications [3]. 

FFS was a simplified single-step structure based on microscale geometry, which mimicked the shark 
skin denticles [4]. A 20% transition delay and a 6% drag reduction were achieved in the laminar region 
based on simulations carried out by Bhatia et al. (2020) [1]. It was found that when the FFS was placed 
10% before the transition onset point of the flat plate, the transition delay occurred. By analyzing the 
Turbulent Kinetic Energy (TKE) contours of different boundary layer to step height (𝛿/h) values, the 
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critical step height of transition delay was found as 𝛿/h=24 when placed at 40% of the plate length 
(x/L=0.4) [1].  

This paper aims to quantify the influence of shark skin denticles inspired two-dimensional Forward-
Facing Steps (FFS) on boundary-layer transition delay and drag reduction through experimental wind 
tunnel tests [1]. The basic hypothesis of this project is to find the optimal angle of the FFS within the 
laminar boundary layer which can delay transition and reduce drag. Based on existing literature, a series 
of controlled trials between a flat plate and different configurations of FFS were carried out using a wind 
tunnel. Consequently, the aerodynamic forces and surface flow pattern were recorded and analyzed to 
find the optimal step angle in drag reduction and the possible mechanisms of transition delay. 

2.METHODOLOGY AND DATA COLLECTION 

2.1.3D model parameter determination  

Based on previous research results from Bhatia et al. (2020) [1], it was found that the FFS was effective 
in drag reduction when it was placed 10% before the transition location. In other words, the FFS was 
placed at 40% of the flat plate. Therefore, the step location was defined as x/L=0.4. Additionally, the 
height of the FFS can be defined using the dynamic-similar method with the information from a real 
shark [5]. Therefore,   5﹡10-5m high shark skin denticle and the shark swimming speed of 20ms-1 were 
used [6]. By assuming the Reynolds number (Re) of real sharkskin denticle is the same as the FFS in 
the wind tunnel, the thickness LA of FFS can be calculated as 2mm. In this experiment, a relatively low 
flow velocity of 20ms-1 was selected to obtain a more obvious surface flow pattern phenomenon. 

2.2.Modelling process 
The modelling process was carried out using 3DExperience software. Based on previous data from Bhatia 
(2020) and the size limitation of the wind tunnel, the configuration of the flat plate and FFS have been 
defined in this study (Table 1) [1]. 
 

Table 1: 3D model configurations 
Configuration Magnitude 

Length 300 mm 
Width 304.6 mm 

Thickness 7.5 mm 
Length of Leading-Edge 

Curve 
72 mm 

Height of FFS 2 mm 
Location of FFS 120 mm 

Diameter of Assembling 

Hole 
6.2 mm 

 
After defining the configurations, the FFS models were shown in figure 1 and 2 below. 
 

 
Figure 1. Updated FFS model 
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Figure 2. Side view of 30°, 45°, 60°, 90°, 120°, 135°, 150° FFS models 

 
After completing the modelling process, 3D models were printed using resin by 3D printer. Before 

testing, sandpaper and different types of grinding tools were used to grind the surface of the 3D models 
to achieve more accurate aerodynamic reaction results and flow patterns.  

2.3.Wind tunnel test 

Wind tunnel experiments were divided into two aspects known as aerodynamic force measurement and 
surface flow observation. A subsonic AF-1300 wind tunnel with a three-component balance was used in 
the experiment as shown in figure 3. Besides, a smoke generator and an ultra-slow-motion camera were 
used to obtain the surface flow pattern, and basic experimental phenomenon was observed as shown in 
figure 4. In this experiment, seven typical FFS angles of 30°, 45°, 60°, 90°, 120°, 135°, and 150° were 
tested. The flat plate model was set as a control group and the flat plates with FFSs on top were set as an 
experimental group. Subsequently, aerodynamic coefficients and the surface flow pattern for different 
models were recorded and analyzed.  
 

 

2.4.Reliability analysis 
To reduce error in the experimental results, the uncertainty analysis was required to be carried out. The 
uncertainties associated with the measurements of force from 0 to 1.0 N spring scale were calculated. 
Considering flat plate as an example, the uncertainty associated with drag was calculated as shown below. 
 

       𝛿𝐹 = √(
0.005

√6
)

2

+ (0.01 × 𝐹)2  = √(
0.005

√6
)

2

+ (0.01 × 1.4)2 = 1.41%                                       (1)            
Where, 

𝛿𝐹 𝑖𝑠 𝑡ℎ𝑒 𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑤𝑖𝑡ℎ 𝑡ℎ𝑒 𝑓𝑜𝑟𝑐𝑒 𝑖𝑛 𝑁  
𝐹 𝑖𝑠 𝑡ℎ𝑒 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑓𝑜𝑟𝑐𝑒 𝑖𝑛 𝑁 

 
As a result, the average uncertainty of drag for flat plate and FFS models were obtained as 1.06%. 

3.RESULTS 

The experimental data indicate promising result (Table 2). Subsequently, the drag reduction rate in 
percentage for different FFS models and flat plate are plotted in this paper (Figure 5). 

      

       Figure 3. AF-1300 wind tunnel         Figure 4. Surface flow pattern of smoke test 
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Table 2: Summary of experimental data 

Model 𝑪𝑫 
Drag reduction 

rate 

Transition 

delay 

Flat plate 0.062  / 
30°FFS 0.0542 12.6% / 
45 °FFS 0.0360 42.0% / 
60°FFS 0.0462 25.5% 9.8% 
90°FFS 0.076 -22.5% / 

120° FFS 0.040 35.4% / 
135° FFS 0.023 62.9% 14% 
150° FFS 0.028 54.8% 17% 

 

 
Figure 5. Drag reduction percentage vs. different FFS models and flat plate 

 
According to the results, the optimal angles with positive drag reduction performance were determined 

as 45°, 135°, 150°, and the drag reduction percentage was 42%, 62.9%, 54.8%, respectively. However, 
90° FFS indicated a negative effect on drag reduction performance of -22.5%. The transition delay 
phenomenon can be observed on the surface of 60°, 135°, and 150° FFS models, which were 9.8%, 14%, 
17%, respectively. 

4.DISCUSSION 

For FFSs from 0° to 90°, the best drag reduction performance occurred at 45° with 42.0% while for 30° 
and 60° FFS, 12.6% and 25.5% drag reduction are achieved. However, in the range of 09° to 180°, the 
135° FFS has the best drag reduction performance with 62.9%. Moreover, 150° FFS can also achieve a 
high drag reduction percentage of 54.8%. The study shows that the 90° FFS indicates a negative value in 
drag reduction of minus 22.5%. Therefore, it can be assumed that the overall drag reduction effect of FFS 
angles within the obtuse angle range is better than that of acute angle range when the FFS is strategically 
placed at 10% before the transition onset point. 
 

 
Figure 6. Surface flow pattern of 60° FFS 
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Figure 7. Topological graph of 60° FFS surface flow pattern 
 
Figures 6 and 7 above present the surface flow pattern and topological graph of 60° FFS. According 

to the streamline pattern of 60° FFS, a small recirculation bubble is formed upstream of the FFS. The 
length of the upstream separation bubble in front of the step is Lr/L= 0.05 and the height hr is 
approximately the same as the step height. Besides, a larger circulation bubble is also formed downstream 
due to flow separation and reattachment. The length of the downstream separation bubble is certainly 
larger than that of the small bubble as LR/L=0.094, and the height hR/h=1. 

Apart from the separation bubbles, there is a redevelopment region after the step, which means the 
laminar flow on the surface of FFS is not separate at the same location as the flat plate. The flow is 
energized after the step and the transition starts at Ts/L=0.58, which achieves a 9.8% transition delay 
compared to the flat plate control group. The length of the transition region is LT/L=0.19, which is nearly 
the same as the flat plate. It can also be observed that after the transition region, a vacuum zone was 
formed and the turbulent vortices in turbulent regions were generated. 

 
Figure 8. Surface flow pattern of 150° FFS 

 

 

Figure 9. Topological graph of 150° FFS surface flow pattern 
 
As seen from Figures 8 and 9, two separation bubbles are formed due to the presence of the adverse 

pressure gradient. The length of the upstream separation bubble in front of the step is Lr/L=0.044 while 
the height hr is the same as the step height of 2 mm. Besides, the length of the downstream separation 
bubble is LR/L=1.06, and the height is hR/h=1.3. 

With the increase of the step angle, the downstream separation bubble is further delayed, and the 
redevelopment region also moves backward on the surface consequently. Similarly, the transition onset 
point is at Ts/L=0.61, which is delayed 17% compared to the flat plate control group. The length of the 
transition region is LT/L=0.18. Likewise, the turbulent flow is formed due to the adverse pressure gradient 
after the transition region. 
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Table 3: Parameters of surface flow observation test 

Models Lr/L hr/h LR/L hR/h Ts/L 
Transition 

delay 
LT/L 

Flat plate / / / / 0.48 / 0.20 

60° FFS 0.05 1 0.094 1 0.58 9.8% 0.19 
135° FFS 0.044 1 0.105 1.3 0.62 14% 0.19 
150° FFS 0.044 1 0.105 1.3 0.61 17% 0.18 

 
The data of flow observation tests are obtained and analyzed (Table 3). With the change of the step 

angle, the size of the upstream separation bubbles is almost the same while the size of the downstream 
separation bubbles is different. As mentioned in the table, the height for 135° FFS and 150° FFS 
downstream separation bubbles are hR/h=1.3, which is bigger than that for 60° FFS of hR/h=1. Likewise, 
the length for 135° FFS and 150° FFS downstream separation bubbles are LR/L=0.105 that is longer than 
that for 60° FFS of 0.094. In addition, the transition delay for 60° FFS is 9.8%, which is smaller than 135° 
FFS and 150° FFS with 14% and 17%, respectively. Therefore, a potential drag reduction mechanism of 
FFS is such that the transition delay is determined by the downstream separation bubble. 

5.CONCLUSIONS 

To reduce greenhouse gas emissions and to improve aircraft performance, the sharkskin denticle inspired 
forward-facing step concept was tested and correlated to simulated results obtained by researchers of this 
field in the past. Therefore, the effect of step height and step location on transition delay and drag 
reduction was referenced from the previous research to assist further optimization of FFS configurations. 
In this paper, a series of wind tunnel experiments were carried out to investigate the effect of different 
FFS angles on transition delay and drag reduction within the laminar boundary layer. 

It was discovered that the 45°, 135°, and 150° FFS have the optimal drag reduction percentage of 
42.0%, 62.9%, 54.8%, respectively. Besides, 60°, 135°, and 150° FFS models can delay the transition 
compared to flat plate model, which were 9.8%, 14%, 17%, respectively. By analyzing the surface flow 
patterns of different FFS models, it was found that the overall drag reduction performance of FFS angles 
within the obtuse angle range is better as compared with that of acute angle when the FFS is strategically 
placed at 10% before the transition onset point. According to the assumption related to the effects of FFS 
on drag reduction, the length of the FFS downstream separation bubble dictates the transition delay. 
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