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Abstract 

Buffeting of a flexible fin due to the leading-edge vortex flow over a delta wing 

was investigated. Tip acceleration of the fin as well as unsteady wing and fin surface 

pressure were measured to understand the interaction of the fin with vortex breakdown. 

It was found that structural resonances occur only at high angle of attack range (a=30°- 

40°), whereas the dimensionless acceleration is roughly constant at lower angles of 

attack. Maximum buffeting response occurs when the fin is located near the vortex 

axis for low angles of attack, but the location of the maximum buffeting shifts to 

inboard locations as the angle of attack is increased. The results show that single-fin 

buffeting may be more important than twin-fin buffeting. Simultaneous measurements 

of the fin acceleration and the wing surface pressure underneath the leading-edge 

vortex provide evidence on the extent of vortex-fin interactions. Even in the absence of 

vortex breakdown, effect of fin vibrations is observed far upstream of the fin. 

1. Introduction 

A typical fighter aircraft performs maneuvers at high angle of attack. Separated 

vortical flows originating from delta wings, leading-edge extensions, and forebodies 

interact with wings, fins and tails. Vortex breakdown phenomenon is the most 

important source of buffeting over delta wings, the most famous example of this is the 

F/A-18 fin buffeting. The vertical tails are in the highly unsteady flow of vortex 

breakdown wake as shown in Figure 1 causing large structural vibrations and severe 

structural fatigue damage. A summary of previous investigations is given by Wolfe et 

al (1995) and Gursul and Xie (1999). 

The interaction of vortex breakdown with a fin is a complicated process 

affected by: time-averaged breakdown location, helical mode instability of the flow 

downstream of breakdown, quasi-periodic oscillations of breakdown location, unsteady 

flow separation from the leading-edge of the fin, possible coupling between the flow 

separation and vortex breakdown with a feedback effect, and aeroelastic deflections of 

the fin. In addition, aeroelastic deflections of the fin may provide a feedback effect on 

vortex breakdown and disturbances due to aeroelastic effects (surface deflections) may 

propagate upstream, resulting in large oscillations of breakdown location. The 

feedback effect of fin oscillations was not considered in detail previously, although the 



sensitive nature of vortex breakdown to small changes, and the subcritical nature of the 

flow (for which the disturbances may propagate upstream) are well known. 

Gursul and Xie (2000) experimentally simulated aeroelastic deflections of a fin 

in the first bending mode by the forced oscillations of a rigid fin about a hinge, because 

this mode of buffeting is the most dangerous. Flow visualization showed that the fin 

deflections may be important depending on the fin location with respect to the leading- 

edge vortex (see Figure 2). Vortex breakdown location is not sensitive to the static 

deflections of the fin when it is well upstream of the fin, for example for yf/s=0.6. 

However, when the breakdown location is near, or downstream, of the fin (for example, 

for yf/s=0.3) it is very sensitive to the static deflections of the fin. Hence this type of 

configuration may cause coupling of vortex breakdown and fin oscillations. 

This approach chosen by Gursul and Xie (2000) eliminates structural resonance 

which occurs when the excitation frequency of the vortex flow coincides with the 

natural frequency of the fin. The amplitude of the fin oscillations was kept fixed while 

the frequency was varied. Results show that the response of breakdown location to an 

oscillating fin is similar to that of a lowpass filter. For frequencies higher than a cutoff 

frequency, vortex breakdown does not respond to fin oscillations. A mechanism based 

on the subcritical flow and wave propagation characteristics of the vortex flows was 

proposed to explain these observations. 

In this investigation the main objective is to develop a more complex and 

realistic model by using a flexible fin. The main parameter is the natural frequency of 

the fin, while the amplitude of the vibration is determined by the unsteady vortex flow, 

which may have multiple excitation frequencies. The feedback effect of fin vibrations 

on vortex breakdown and possible nonlinear interaction of the fin with vortex 

breakdown are investigated by measurements of fin-buffeting response, unsteady wing 

and fin surface pressure, and flow visualization. 

2. Experimental Setup 

A flexible fin shown in Figure 3a was designed and fabricated. It consists of a 

thin aluminum spar surrounded by several wood segments to provide aerodynamic 

shaping. The advantages that the wood sections offer are low material density and ease 

of fabrication. These sections were attached to the spar with small bolts. With this 

design, the contribution of the airfoil sections to the bending stiffness of the spar is 



minimized. The dimensions of the spar were chosen to obtain the natural frequencies 

of the first bending mode for a typical modern combat aircraft. The thickness of the 

spar was 2 mm. The leading-edge of the fin was double bevelled at an angle of 30 deg. 

The main dimensions of the fin are given in Figure 3a. The spar was attached to the 

delta wing by a bracket near the trailing-edge of the wing. 

Experiments were carried out for this configuration in a 2.12 m by 1.51 m low- 

speed wind tunnel. The experimental setup, which uses a half-model delta wing and a 

splitter plate, is shown in Figure 3b. The delta wing model had a sweep angle of A=75° 

and a chord length of c=500 mm. The lee surface was flat, whereas the leading-edges 

were bevelled at 45° on the windward side. The thickness of the delta wing was 15 

mm. The Reynolds number based on the chord length varied from Re=3.5*105 to 

1*106. The dimensions of the delta wing and fin are scaled to those used in the water 

tunnel experiments by Gursul and Xie (2000). 

As a first step, buffeting response of this flexible fin was investigated. Fin 

vibration levels were sensed by a tip accelerometer. In addition to the calculating the 

rms value of the fin tip acceleration, the spectra of the tip acceleration was examined 

for each case. The lowest dominant frequency of the fin vibrations is shown in Figure 

4 as a function of free stream velocity. It is seen the frequency, which is the natural 

frequency of the first bending mode, is nearly constant. In addition, there is little 

influence of the angle of attack on the vibration frequency. 

Flow visualization was performed using an Aerotech paraffin smoke generator. 

The wind tunnel was run at 3 m/s (this speed was decided upon in order to maintain a 

Reynolds number of approximately 100,000). A Panasonic digital video camera was 

used to capture flow visualization images. At selected spanwise positions of the fin 

(yf/s-0.2, 0.4, 0.6, 0.8, and 1.0), images were taken from the side of the tunnel and 

from underneath the wind tunnel for side and top views of the leading-edge vortex. 

Unsteady surface pressure measurements were made by miniature pressure 

transducers (Entran), which are suitable for low-pressure measurements with high 

sensitivity (150 mV/psi). The pressure transducers were installed within the model 

delta wing and the fin due to their small size, and were used for simultaneous 

measurement of pressure fluctuations on the wing surface and fin together with the tip 

acceleration. The flush mounted transducers eliminated the need for calibration and 

correction for the amplitude attenuation and phase distortion due to transmission lines, 



while the size of pressure sensing area (less than 2 mm2) was still acceptable. One of 

the pressure transducers was located on the wing surface and underneath the vortex. 

The spanwise location of the vortex was estimated from the pressure measurements 

across the span at x/c=0.5 in the absence of the fin. It is seen in Figure 5 that the 

location of the pressure (suction) peak is only slightly affected by the angle of attack, 

showing that the spanwise location of the leading edge vortex is roughly constant. 

Consequently, it was decided to place the transducer at y/s=0.6. The measurement 

uncertainty for the surface pressure was estimated as 4%. 

3. Results 

As mentioned earlier, the main variables are the natural frequencies of the fin, 

the vortex excitation frequency fe (hence free stream velocity Uoo, since fec/Uoo is 

roughly constant), and vortex-fin configuration characterized by angle of attack a and 

normalized fin location yf/s. The tip acceleration was being measured as a function of 

these variables. The variation of root-mean-square value of acceleration as a function 

of free stream velocity for different values of angle of attack is shown in Figure 6 for 

yi/s=0.2 to 1.0 with increments of 0.1. As expected, for a given configuration, the rms 

acceleration increases with increasing free stream velocity. Local maximums are 

observed around certain Uoo (particularly at low speeds) and at high angle of attack due 

to the structural resonances. Tip acceleration increases with Uoo away from resonance 

conditions. 

A more appropriate form of presenting the data is the variation of dimensionless 

acceleration parameter, which includes the effect of the free stream velocity. If the rms 

acceleration arms, fi"ee stream velocity Uoo, and the spar thickness t are considered as 

2 
main variables, a dimensionless number ams t / Uoo can be formed. A similar approach 

was used by Mabey (1973) in presenting the tip acceleration data. The variation of 

dimensionless acceleration as a function of free stream velocity (corresponding to the 

data shown in Figure 6), is shown in Figure 7. It can be seen that the dimensionless 

acceleration is constant for low and moderate angles of attack over the free stream 

velocity range tested, but for higher angles of attack, there is a local maximum near the 

low speed end. This indicates a possible resonance with the helical mode instability of 



vortex breakdown. For example, for yf/s=0.4 and a=40°, the local maximum occurs at 

Uoo=12 m/s, which corresponds to a dimensionless frequency of fc/Uoo=l .37 (where the 

f is the frequency of the fin vibrations). This value compares reasonably well with the 

measurements of the helical mode instability over delta wings, which revealed that 

fc/Uoo is around 1.20 at oc=40° (Gursul, 1994). For U«, >15 m/s, the dimensionless 

acceleration is approximately constant even at higher angles of attack. For low angles 

of attack (a=10°-20°), the structural resonance is absent, which is presumably related to 

the excitation characteristics in the vortex flow. 

The data presented here indicate very strong effects of the fin location and angle 

of attack. The variation of the rms tip acceleration with the fin location is shown in 

Figure 8 for Uoo=30 m/s. It is seen that the buffeting response is very small for the most 

outboard fin location (yf/s^l.O) for all angles of attack. The maximum buffeting 

response occurs near the vortex axis (yv/s«0.60) for low angles of attack, although this 

is a very broad peak. As the angle of attack is increased, the local maximum with very 

well defined peaks shifts to inboard locations. However, note that the spanwise 

location of the vortex axis does not change much with angle of attack (see Figure 5). 

Hence, the shift in the location of the maximum buffeting response is likely due to the 

direct impingement of the shear layer in the breakdown region onto the fin. 

In order to understand this interaction better, flow visualization was performed. 

Figure 9 shows flow visualization pictures as a function of fin location yf/s for a=30°. 

Note that yf/s=0.4 produces the largest buffeting response. It is interesting that inboard 

fin locations cause larger buffeting response than outboard locations. The physical 

mechanism behind this asymmetric response is not clear. Variation of breakdown 

location as a function of fin location at different angles of attack is shown in Figure 10. 

Comparison of this figure with the tip acceleration shown in Figure 8 amplify the 

importance of fin postion even when breakdown location is nearly the same for large 

angle of attack. 

Note that largest buffeting response occurs for the most inboard fin locations 

(yf/s=0.2 and 0.3) at the highest angles of attack (a=35°-40°). Hence there is an 

apparent asymmetry with regard to the effect of fin location on the buffeting response. 

This result also implies that single-fin buffeting may be as important as twin-fin 

buffeting. The location of vortex breakdown and the relative position of the shear layer 



with respect to the fin, as well as the variation of the strength of the vortices as the 

angle of attack varies are likely be important factors. 

Figure 11 shows the variation of the rms tip acceleration as a function of angle 

of attack for different fin locations. Maximum buffeting response occurs for ot=30°- 

40° depending on the fin location. The most dramatic variations occur for yf/s-0.2. 

For this fin location, there is very little buffeting at low to moderate angles of attack (up 

to a=30°), but there is a very sharp increase in buffeting at 06=35° and 40°. 

Corresponding flow visualization pictures are shown in Figure 12. The picture for 

a=35° indicates that the shear layer of the breakdown region impinges onto the fin. For 

other fin locations shown in Figure 11, the variation of buffeting response with angle of 

attack is more gradual. An interesting case is for yf/s=0.6 for which vortex breakdown 

is always upstream of the fin. In this case, the fin buffeting response first increases 

with angle of attack, and then remains nearly constant at high angle of attack. For fin 

locations yf/s=0.8 and 1.0, it is seen that the buffeting response actually decreases at 

high angle of attack. 

As mentioned earlier, simultaneous measurements of pressure fluctuations on 

the wing surface underneath the vortex (y/s=0.6) and the fin tip acceleration were 

conducted for the fin position yf/s=0.4. The location of the pressure transducer was 

varied in the streamwise direction in order to understand the extent of the vortex-fin 

interaction. The variation of the coherence function between the wing pressure and fin 

acceleration is shown in Figure 13 for varying streamwise locations of the pressure 

transducer and at different angles of attack. It is seen that at low angles of attack there 

is a peak corresponding to the fin natural frequency in the first bending mode. It is 

remarkable that this peak is observed at upstream locations as far as x/c=0.15. This 

shows the upstream influence of the fin vibrations on the vortex flow. However, since 

there is no vortex breakdown at low angles of attack, the vortex flow is supposed to be 

supercritical and waves cannot propagate upstream in supercritical flows. Therefore 

wave propagation characteristics of vortex cores cannot explain the experimental 

results presented in Figure 13. It is interesting that as the angle of attack increases, the 

coherence between the two signals is lost for upstream locations (see x/c=0.15, 0.39, 

and 0.62). The observed coherence at low angles of attack when the vortex is compact 

(i.e., without breakdown) may be due to the oscillations of the vortex core as a result of 

the oscillations of the fin. It cab also be seen that, for streamwise locations near the fin 



(x/c=0.86 and 0.98), there are broad peaks of coherence at higher frequencies at high 

angles of attack. This is not clearly understood and further analysis is underway. 

4. Conclusions 

In this investigation, buffeting of a flexible fin due to the leading-edge vortex 

flow over a delta wing was investigated. Tip acceleration of the fin as well as unsteady 

wing and fin surface pressure were measured to understand the interaction of the fin 

with vortex breakdown. Fin-buffeting response strongly depends on the free stream 

velocity, and vortex-fin configuration which is characterized by angle of attack and fin 

location. A dimensionless acceleration parameter was found to be more appropriate to 

present the buffeting response. It was found that structural resonances occur only at 

high angle of attack range (a=30°-40°) whereas the dimensionless acceleration is 

roughly constant at lower angles of attack. Maximum buffeting response occurs when 

the fin is located near the vortex axis for low angles of attack, but the location of the 

maximum buffeting shifts to inboard locations as the angle of attack is increased. The 

results show that single-fin buffeting may be more important than twin-fin buffeting. 

Simultaneous measurements of the fin acceleration and the wing surface pressure 

underneath the leading-edge vortex, and subsequent analysis of cross-correlation 

provide evidence on the extent of vortex-fin interactions. At low angles of attack 

where there is no vortex breakdown, substantial correlation between the surface 

pressure and fin acceleration was found. Effect of fin vibrations is observed at 

upstream locations as far as x/c=0.15, although the physical mechanism of this 

upstream influence is less clear. 
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