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INTRODUCTION 
There is always needs to produce delta-wing aircraft that can fly at supersonic speeds. Most of the supersonic 

transportation (SST) is integrated with delta planform main wing [25]. Delta wing has the advantage of having a small 
frontal projection area that reduces drag significantly. Most of the delta-winged aircraft were fabricated with its leading-
edge profile that is considered blunt, due to requirements of subsonic flight regimes. Many studies on the flow around 
blunt-edged delta wing have been carried out [1–6]. However, the flow around the wing is very complicated, and it is 
difficult to solve numerically. More research is needed to verify the complexity of the flow [6].  

In order to further investigate the flow of blunt-edged delta wing, a worldwide research group was formed to perform 
experiments called the Vortex Flow Experiment-2 (VFE-2). The main objective of the VFE-2 tests was to validate the 
results of Navier-Stokes calculations with experimental data [5, 7]. Figure 1 shows the sample of the results obtained 
from past VFE-2 campaigns. The experiments in VFE-2 were carried out for both sharp and blunt-edged wings [6, 8]. 
The results obtained so far were compared with the numerical analysis.  

The results show that primary vortex would develop starting at certain chord-wise positions from the wing apex. 
Upstream from this position to the apex, the flow is attached. The onset point of this primary vortex would move upstream 
when the angles of attack are increased. The flow over delta wing is very complicated when compared to the conventional 
wing. When the air passes a delta wing model at a certain angle of attack, the pressure difference between the lower and 
the upper surface would increase the pressure gradient between the regions, which caused the flow from the lower surface 
to move to the upper surface in a swirling form called primary vortex. The primary vortex is attached to the surface at a 
certain range of angles of attack. If the angle of attack is increased, the primary vortex becomes stronger causing it to lift 
off from the wing surface. The additional vortex lift created at high angles of attack has given significant advantages to 
delta wings compared to conventional wings [12, 13]. However, the excessive increase of angle of attack induced unsteady 
flow, and this situation could cause a sudden collapse of the vortex flow, causing the strength to drop. This phenomenon 
is called vortex breakdown [14] similar to stall conditions on conventional wings. The vortex breakdown can reduce the 
aircraft longitudinal statics stability and lift force. Many investigations were performed on the vortex breakdown, and the 

ABSTRACT – This paper reports on flow visualisation and surface pressure measurements over 
the upper surface of a blunt-edged delta wing model at high angles of attack. The flow structure 
above the upper surface of the blunt-edged delta wing was found to be different compared to delta 
wing with sharp leading edge. The flow becomes more complicated especially in the leading edge 
region of the wing. Currently, there is no data available to verify if the primary vortex could reach 
the apex of the wing when the angle of attack is further increased. Most prior experiments were 
performed at the angles of attack, α, below 23° with only a few experiments that had gone to α = 
27°. These prior experiments and some CFD works stipulated that the attached flow continue to 
exist in the apex region of the delta wing even at very high angles of attack above 23°. In order to 
verify this hypothesis, several experiments at high angles of attack were conducted in Universiti 
Teknologi Malaysia Low Speed wind Tunnel (UTM–LST), using a specially constructed VFE2 wing 
model equipped with blunt leading edges. This series of experiments employed two measurement 
techniques; the first was the long tuft flow visualisation method, followed by surface pressure 
measurements. The experiments were performed at Reynolds numbers of 1.0×106 and 1.5×106.  
During these experiments, several interesting flow characteristics were observed at high angles of 
attack, mainly that the flow became more sensitive to changes in Reynolds number and the angles 
of attack of the wing. When the Reynolds number increased from 1×106 to 1.5×106, the upstream 
progression of the initial point of the main vortex was relatively delayed compared to the sharp-
edged delta wing. The experiments also showed that the flow continued to be attached in the apex 
region up to α = 27º. 
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general conclusions are that the characteristics of vortex breakdown depend on wing geometry, Reynolds number and 
angles of attack [15, 16]. 
 

 
Figure 1. Comparison of experimental measurement and Numerical studies for VFE-2 configurations at α=13° [6, 17]. 

Many technical data had been published on blunt leading edge VFE-2 profile in the early 2010s [6, 8–11]. The round-
edged wing exhibits different flow topology compared to the sharp-edged wing, especially in the region near the leading 
edge and the apex. The main difference is that for blunt edge wing, there is attached or non-separated flow in the apex 
region and near the leading edged of the wing. The blunt leading edge weakens the primary vortex, resulting in reduced 
vortex-induced normal force [6]. This causes the delay of primary vortex appearance; in other words, the vortex starts at 
positions further down the chord, compared to wing with a sharp leading edge.  The flow stays attached to the wing 
surface from the apex to a certain chord-wise position from which the vortex starts, depending on the Reynolds number, 
angle of attack, Mach number and how blunt the leading-edge profile itself [22-23]. 

The flow above a blunt-edged delta wing very much depends upon the Reynolds number. At lower Reynolds numbers 
the primary vortex develops in the region very close to the wing apex. Many data have shown that the onset of the primary 
vortex would shift downstream when the Reynolds numbers are increased. This situation happens because of the stronger 
ability of the turbulent boundary layer, to endure the adverse pressure gradient, to delay the development of vortex further 
down the chord of the wing when the Reynolds number increased [10]. The flow pattern over the delta wing also depends 
on the angle of attack. With increasing angles of attack, the adverse pressure gradients on the upper surface of the wing 
also increase, and this situation leads to the upstream movement of the onset of the outer primary vortex [6]. 

It can be concluded that the aerodynamics and flow physics for the sharp-edged delta is understood to date [23]. 
However, the flow visualisation studies on blunt-edged delta wings have discovered many new phenomena which are not 
fully understood, and thus more experimental explorations are needed. There are only a few studies available [8, 22, 26-
27] directly related to these efforts. Mat et al. [8] performed several series of flow visualisations using the surface oil 
technique on four different types of leading-edges at certain Reynolds number and angle of attack. A sample of the results 
is shown in Figure 2. At lower angles of attack, the flow in the leading-edge region is fully attached starting from the 
apex to the trailing edge. Then a pair of primary vortex starts to develop at a certain chord-wise position and progresses 
upstream with increasing angles of attack. However, there is no data in VFE-2 configurations that indicate the vortex 
would progress up to the apex region of the wing if the angles of attack is increased [11] further.  

Sahin, et al [22] performed cross-flow studies in end-view planes on delta wing to investigate the consequences of 
vortex bursting and stall phenomena at the high range of angles of attack but with the influence of yaw angle. Most of the 
experiments were performed at the angles of attack lower than α =23º. As there are no available aerodynamic properties 
over a delta wing with blunt-edge, such as the primary vortex and vortex breakdown at high angles of attack is available 
beyond the angles of attack α =23º, this current experimental campaign is initiated. The main objective of this current 
experiments is to perform flow visualisation experiments and surface pressure measurements at higher angles of attack 
for the blunt-edged VFE-2 delta wing model.  
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Figure 2. Flow topology above rounded-edged delta wing at Reynolds number of 1×106 with α varying from 10° to 23° 

[8, 17]. 

METHODOLOGY 
The original Vortex Flow Experiment model profile tested as part of the vortex flow experiment campaign 2 (VFE-

2) has been replicated and machined again in UTM for further investigations. It has been decided to build a bigger model 
in UTM compared to the original NASA model in order to obtain higher Reynolds numbers in the subsonic wind tunnel 
of UTM. The original model has four sets of interchangeable leading edge profiles namely sharp, small-radius, medium-
radius and large-radius differentiated by it with a ratio of leading-edge bluntness over maximum wing root chord of 
𝑟𝑟𝐿𝐿𝐸𝐸/𝐶𝐶 = 0.0, 0.0005, 0.0015 and 0.0030 respectively. In UTM, an aluminium Alloy 6060 T6 delta wing with two 
interchangeable leading edges of medium and large-radiuses were fabricated. Figure 3(a) compares the maximum root 
chord length of the NASA and UTM model. The ratio of leading-edge radii over the wing mean aerodynamic chord were 
𝑟𝑟𝐿𝐿𝐸𝐸/𝐶𝐶= 0.0030 for the large and 𝑟𝑟𝐿𝐿𝐸𝐸/𝐶𝐶= 0.0015 for medium-radius wing. The analytical function of the leading edge 
bluntness over the chord ratio of the wing is shown in Figure 3(c).  

Figure 3(c) shows different four sets of leading-edge contour, namely sharp, small, medium and large wing. The 
contour equation is given by: 
 

𝜑𝜑(𝜉𝜉) =  ±𝑥𝑥1 �𝑎𝑎�𝜉𝜉 + 𝑏𝑏𝜉𝜉 + 𝑐𝑐𝜉𝜉2 + 𝑑𝑑𝜉𝜉3�    in range of 0 ≤ ξ ≤ 1. (1) 
 

To differentiate the leading edge profiles, Chu and Luckring [1– 4] provided the coefficient of a, b, c, and d as the 
leading edge coefficients and this is shown in Table 1. Four sets of leading-edge namely sharp, small, medium, and large 
L.E radii representing the ratios of leading-edge radii to the mean aerodynamic chords of 0, 0.05, 0.15, and 0.3 were 
fabricated within the VFE-2 campaign. The final assembly of UTM VFE-2 model is shown in Figure 4, while its main 
dimensions are shown in Table 2. References [1-4] give more details of the leading edge profiles and their analytical 
definitions. 

Table 1. Leading-edge coefficients.  

𝑟𝑟/𝑐𝑐̅  (percent) a b c d 
0.00 (sharp) 0.00 3d -b 0.113338668 
0.05 (small) 0.066666667 0.215016 -0.256682667 0.088338667 
0.15 (medium) 0.115470053 0.123509650 -0.195678433 0.700373970 
0.30 (large) 0.163299316 0.033892978 -0.135891855 0.052101423 

α = 10° α = 13.3° α = 15° 

α = 17° α = 20° α = 23° 
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(a) Root chord of NASA and UTM model (b)  UTM large-radius LE wing 
  

 
(c) Leading edge contours (from [1–4]). 

Figure 3. Delta wing model geometry. 

 

 

Figure 4. Geometry of UTM VFE-2 delta wing model. 

In this experiment, the model was installed on a 6-axis heavy capacity external balance through a three strut mounting 
arrangement, in the 1.5 m×2.0 m closed-circuit UTM wind tunnel [28] as shown in Figure 5(a). The maximum speed of 
this wind tunnel is 80 m/s. The model has been fabricated in three parts: the first is the main body of the delta wing which 

Large-radius L.E 

Table 2.  UTM VFE-2 delta wing profiles 
Dimensions Values 
Root chord (CR) 1.311 m 
Mean aerodynamic chord 
( 𝑐𝑐̅ ) 0.874 m 

Semi span (b/2) 0.611 m 
Wing area (A) 0.801 𝑚𝑚2 
Sweep angle (Ʌ) 65° 
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is basically a flat-plate with a contoured sharp trailing edge but without the leading edge. This main wing is equipped to 
accept two pairs interchangeable of leading-edges which are machined such that they represent two different roundness. 
The wing model also was built with 98 pressure taps located on the starboard side of the upper surface of the wing. The 
root chord of the model was chosen to be 1.311m giving a mean aerodynamic chord of 0.874 m so that the highest 
Reynolds number of 4×106 could be achieved at a wind speed of 70 m/s based on the aerodynamic chord. The installation 
of the blunt-edged delta wing model is shown in Figure 5(b). 

The flow over a blunt-edge delta wing depends mainly on the angle of attack and Reynolds number. In this campaign, 
experiments were performed at two speeds of 17.9 and 26.8 m/s corresponding to 1×106 and 1.5×106 Reynolds numbers 
and subsonic flow regime with Mach numbers of 0.053 and 0.079. The model angle of attack was varied manually ranging 
from α = 0° to 27ο. During the experiments, the air density (ρ) and air viscosity were 1.17 kg/m3 and 1.81×10-5 kg/(m.s) 
respectively. 

In order to investigate the vortex properties at higher angles of attack, two measurements techniques were employed 
on the wing. The first one was the tuft method and followed by surface pressure measurements. The flow visualisation 
techniques discussed by Shen and Pang [18] were followed during the experiments. The details of the experiment test 
points are shown in Table 3. 

  
 

(a) Schematic arrangement of the model in test position 
in the wind tunnel 

(b) Photograph of the installed VFE2 model in the wind 
tunnel 

Figure 5. The installation of UTM VFE-2 model in UTM-LST at α = 10°. 

Table 3. Experimental conditions. 

Reynolds Number, Re 1 × 106 1.5 × 106 
Velocity, V [m/s] 17.9 26.8 
Mach Number 0.053 0.079 
Angle of attack, α [°] 0, 5, 10, 15, 20, 27 0, 5, 10, 15, 20, 27 

 
Figure 6 shows the tuft experiments in the UTM tunnel. This experiment was conducted using several arrays of threads 

that had been tied to a grid across the wind tunnel. The length of the threads was 2 m and a total of 600 threads were used, 
in order to accommodate the size of wind tunnel cross-section which is 2×1.5 m2. The grid attached with the tufts was 
then placed in front of the model, such that the free tip of the threads would go past the delta wing model, and as such 
would capture the aerodynamic flow, including being induced into the vortex over the wing. This method would also 
provide the sign of the onset of the development of primary vortex, particularly in the leading edge region of the wing 
[19]. In order to capture and record the behaviour of the strings above the wing, a high-resolution NICON Camera PX 
was used. The camera was set on its tripod and positioned on the roof of the wind tunnel test section. 

 
Figure 6. Installation of tufts for flow visualisation experiment. 

Model position 
at α = 27°  

Arrays of threads Model position at α = 0°  
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In order to measure the pressure distribution above the wing, a digitised pressure scanner, as shown in Figure 7 was 
used. The pressure scanner is the FKPS 30DP Electronic Pressure Scanner with 30 pressure ports. The scanner was 
connected to a computer such that the pressure readings would be ready tabulated through LabView software. As there 
were 98 pressure ports on the wing, four pressure campaigns were conducted to gather all 98 pressure points data for each 
of the two Reynolds numbers (Re = 1×106 and Re = 1.5×106) and angles of attack from α = 0º to α = 27º. 

 

  
Figure 7. Electronic Pressure Scanner and the computer interphase is giving readings of the pressures. 

RESULTS AND DISCUSSION 
The images taken from the tuft experiments performed at two Reynolds numbers of 1×106 and 1.5×106 are shown in 

Figure 8 and Figure 9, respectively. The photographs show that the formation of the primary vortex, particularly at the 
leading edge can be detected by this tuft technique. Figure 8 shows that, at zero angle of attack (α = 0º), the flow is fully 
attached to the wing surface, and the primary vortex is not observed. When the angle of attack was increased to 10º, a 
vortex flow was initiated at a certain chordwise position of the wing.  Upstream of this point, the flow was still attached 
to the surface. 
 

 
(a) α = 0º at Re = 1×106 

 
(b) α = 10º at Re = 1×106 

 

00:00:02 

00:00:01 

00:00:01 

00:00:02 

Primary 
vortex 
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(c) α = 27º at Re = 1×106 

Figure 8. Flow visualisation using long tufts for Re = 1×106 and angles of attack (a) α = 0º, (b) α = 10º and (c) α = 27º. 

When the angle of attack was increased to the anticipated α = 27º, the primary vortex enveloped the entire wing 
starting from near the apex of the wing. The primary vortex became more significant in size as the flow moved 
downstream. The main observation at this condition was that the origin of the primary vortex developed very near to the 
apex of the wing. A closer look onto the apex region showed that the attached flow still existed. However, in the 
downstream region, the vortex structure has turned into a very disorganised and unstructured pattern. This is where the 
vortex had broken down. This situation happened for both Reynolds number conditions. It could also be seen that the 
image for lower Reynolds number condition shows developed vortex compared to the condition for higher Reynolds 
number. This observation agrees with [20]. 

 

 
(a) α = 0º, Re = 1.5 × 106 

 
(b) α = 10º, Re = 1.5 × 106 

 

Disorganized and 
unstructured vortex 

00:00:02 

00:00:03 00:00:01 
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(c) α = 27º, Re = 1.5 × 106 

Figure 9. Flow visualisation using long tufts for Re = 1.5×106 and angles of attack of (a) α = 0º, (b) α = 10º and  
(c) α = 27º. 

The aerodynamic coefficient of lift CL and drag CD of the wing model at two different Reynolds number conditions is 
presented in Figure 10. The figure shows that due to the installation constraints and safety factor, the experiment to 
measure forces were limited to 25º angle of attack. This emphasised the need to conduct flow visualisation experiment at 
a high angle of attack, as no force measurement could be conducted above this 25º angle of attack. Overall, the measured 
forces for the two airspeeds show a similar pattern. The CL and CD are relatively higher for the lower Reynolds number 
flow (Re=1×106) particularly at low to moderate angles of attack lower than α = 15°. The higher values of CL and CD at 
lower Reynolds number may be induced by larger separation of the primary vortex in the leading edge. 

  
Figure 10. Variations of lift and drag coefficients (CL and CD respectively) with angles of attack at Re = 1.0×106  

and 1.5×106. 

The effects of the attached flow region are prominent at the Reynolds number of 1.5×106 and low angles of attack. 
The large portion of the attached flow that covers the apex region lowers the CL and CD. The results show that the flow 
characteristics of the delta wing are much influenced by the boundary layer, being either laminar or turbulent. At lower 
Reynolds number and angles of attack, smooth laminar boundary layer initiates early separation in the leading edge 
region. At higher Reynolds number, the stronger ability of the turbulent boundary layer to sustain the adverse pressure 
gradient delays the separation, particularly at lower angles of attack. With increasing angles of attack, the onset of primary 
vortex moved upstream. At high angles of attack, the upper surface of the wing flow is dominated by the primary vortex 
even in the apex region. 

Figure 11 shows the leading-edge pressures measured at the same time as the flow visualisation experiment. The 
results supported the observations that in the region near the apex of the wing (Y/Cr = 0.10), the flow is completely attached 
to the wing surface, such that the graph follows the attach flow theory through all angles of attack. Here, Reynolds number 
did not give much influence to the flow pattern. At Y/Cr = 0.20, the flow is still attached, but it has a tendency to separate 
particularly at lower Reynolds number. 

It was also observed, that by increasing the angle of attack, the point of onset of the primary vortex moved upstream. 
This observation suggested that the flow field of the blunt leading edge will not behave like one on the wing with a sharp 
edge. But the tuft experiment points toward this forward movement of the onset, but it could not give the full 
characteristics of the flow in the region. This means there are further needs to employ a more detail flow visualisation 
techniques to fully understand the flow characteristics. 

00:00:02 

00:00:01 

Disorganized and 
unstructured vortex 

00:00:03 
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Figure 11. Leading-edge pressures near the apex region. 

Due to the limitation of the access area in the apex region, it is very difficult to install enough static pressure holes to 
allow a comprehensive measurement of on-surface pressures. It would be valuable if other flow visualisation techniques 
can be employed to provide further information on off-surface flow and nature of the vortices at this targeted area. Further 
discussion on the flow visualisation techniques can be found in [17, 21, 22]. As for this tuft visualisation method, it is 
recommended to use more fine strings to obtain better observations. 

CONCLUSION 
The early result obtained here has pointed that there is attached flow developed in the apex region of the delta wing, 

even at higher angles of attack. This means that there still exists leading-edge pressures that allow the attached flow to 
happen. The results emphasise that the primary vortex of the blunt-edge wing will not behave as the sharp-edged wing 
even when the angle of attack was increased to α = 27° and even higher. It is recommended that more experiments be 
conducted with several different methods of flow visualisation to verify this result. The experiments at higher than  
α = 27º also should be conducted to confirm this hypothesis. 
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