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The Vortical Flow Field of Delta Wing with Leading Edge 
Extension 

Ki Young Lee*, Myong H w a n  Sohn 
Department o f  Mechanical Engineering Korea AD" Force Academy Chongwon-Gun, 

Choongbook- Do 363-849, Korea 

The interaction and breakdown of vortices over the Leading Edge Extension (LEX) Delta 

wing configuration has been investigated through wing surface pressure measurements, the 

off-surface flow visualization, and 5-hole probe measurements of the wing wake section. The 

description focused on analyzing the interaction and the breakdown of vortices depending on 

the angle of attack and the sideslip angle. The Effect of angle of attack and sideslip angle on the 

aerodynamic load characteristics of the model is also presented. The sideslip angle was found 

to be a very influential parameter of the vortex flow over the LEX delta wing configuration. The 

introduction of LEX vortex stabilized the vortex flow, and delayed the vortex breakdown up to 

a higher angle of attack. The vortex interaction and breakdown was promoted on the windward 

side, whereas it was suppressed on the leeward side. 
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I. Introduction 

Super-maneuverability is one of the key design 

parameters lbr modern and [itture combat aircraft 

mission accomplishment. To achieve the desired 

high degree of fighter maneuverability, the delta 

wing having the leading edge extension (LEX) or 

the strake configuration is employed for several 

modern fighter aircraft such as F-22. F 35. This 

type of wing geometry is known to be able to 

improve aerodynamic performance more than 

tile delta wing alone configuration, especially at 

higher angles of attack (Sohn and Lee. 2002: 

Chung et al., 2002). 

The flow over a LEX/'deha wing is complicat- 

ed because of the additional phenomenon of 

vortex interaction between the LEX vortex and 
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wing vortex. At low angles of attack, leading edge 

vortices from both the LEX and wing remain 

distinctly separate from each other. As the angle 

of attack increases, the LEX and wing vortices 

start to interact (Hebber et al., 2000). In Particu- 

lar, at high angles of attack, the strong LEX 

vortex induces a lateral velocity field, which en- 

ergizes the boundary layer above the wing tipper 

surface. This LEX vortex stabilizes the main wing 

vortices, and delaying its vortex breakdown to a 

higher angle of attack. 

The vortical 1low field is inlluenced by several 

wing parameters, which include sweep angle, lea- 

ding edge geometry, as well as free stream con- 

ditions and angle of attack. Among these para- 

meters, the sideslip angle makes the vortical flow 

field of the delta wing at high angle of attack a 

more complex one. The wing side leading into 

the flow (the windward side) has an effective 

increase in sweep angle. The decrease in effective 

sweep will cause stronger vortices, but it will also 

increase the likelihood of vortex breakdown 

(Verhaagen, 1999). Up to now the sideslip angle 

is known to be the most influential parameter 
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causing the asymmetric vortex development  and 

breakdown,  and the dynamic stability problem of  

a sharp-edge delta wing or a highly swept slender 

wing. 

There have been a number  of  research efforts to 

examine the performance of  L E X / d e l t a  wing 

configurat ion (Ericksson, 1999 : Cornel ius ,  1995 : 

Ekaterinaris,  1995 ; Boer and Cunningham,  1990 : 

Cunn ingham and Boer, 1990: Fujii  and Schiff, 

1989: Hoei j imarkers  and Vaatstra, 1983). How- 

ever, only a few studies have been performed 

about  the vortex flow over the L E X / d e l t a  wing 

conf igurat ion with sideslip (Grismer and Nelson, 

1995: Verhaagen and Naarding,  1989). 

The purpose of  this article is to undertake a 

detailed experimental  analysis on the characteris- 

tics of  vortical  flow for the k E X - d e l t a  wing con- 

figuration with and without sideslip. Vortical 

flow was studied using off-surface flow visual- 

izations, wing upper surl:ace pressure, and 5 hole 

probe measurements.  A new visualizat ion tech- 

nique of  employing the ultrasonic humidif ier  wa- 

ter droplet  and laser beam sheet was developed 

and applied to visualize the vigorous vortical  

regions of  the model.  The findings of  these ex- 

perimental  analyses revealed the interaction and 

breakdown of vortices depending on angle of  

attack and sideslip angle. These results expand 

general knowledge and develop a broad, consis- 

tent data base for this type of  vortical  flow. 

2. Experimental Apparatus 

2.1 Wind tunnel facil it ies 

Experiments were carried out in two wind tun- 

nel t:acilities of  the Korea Air  Force Academy. 

The measurement  of  the wing upper surface pres- 

sure and the 5-hole  probe measurement were 

carried out in the medium sized low-speed wind 

tunnel that has a test section of  3.5 m(W) x2.45 

m(H)  × 8 . 7 r e ( L ) .  The wind tunnel is powered 

by a 2,100 kW motor  that provides a maximum 

free stream velocity of  92 m/s.  The mean inten- 

sity of  turbulence is 0 .034%(u ' ) ,  and 0 .093~  

(w') for the operat ing free strearn velocity. The 

upper surface presstire measurement and 5-hole  

probe measurement were performed at 40 m/s.  

Fig. 1 LEX/Del ta  wing model in the test ~ection of 

the KAFA subsonic wind tunnel 

The corresponding Reynolds number, based on 

the wing centerl ine c h o r d ( 6 0 0 m m ) ,  was R e c =  

1.76 X 10 G. The angle of  attack, a, ranged from 10 ° 

to 40 °, and the sideslip angle, /3, ranged from 0 ° 

to - -20 ° . The negative sideslip angle denotes that 

the central axis of  the delta wing rotates in a 

clockwise direction against the tree stream. Thus, 

the let1 wing is on the windward side, and the 

right wing is on the leeward side of  the wing. 

Figure 1 shows the experimental  model mo- 

unted in the wind tunnel test section. 

The o f f  surface flow visualization was made 

in a smaller low-speed wind tunnel at the Korea 

Air Force Academy,  a test section size of  0.9 m 

(W) X 0 . 9 m ( H )  ×2.  I r a ( L ) .  The turbulence in- 

tensity was less than 0.2% for the available test 

section speeds { 3 . 6 ~ 5 0 m / s ) .  The free stream 

velocity of  the oil=surface flow visualization was 

6.2 m/s ,  which corresponds to the Reynolds num- 

ber of  1.82× l0 ~. 

2.2 LEX/Del ta  wing model 

As shown in Fig. 2, a flat LEX,,del ta  wing 

with a sharp leading edge model  was used in the 

present study. The sharp leading edge was ob- 

tained by beveling 25 ° f'rom below, while leaving 

the upper surliice flat. It has a 65 ° sweepback 

angle with a 600mm root chord without LEX,  

and 795 mm with LEX. The length of 'span at the 

trail ing edge is 475.4 mm, with a wing thickness 

of  15 ram. The LEX was also a fiat plate 0.35 mm 
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thick with symmetrically beveled leading and side 

edges. The LEX had 65°/90 ° sweep angle. The 

apex portion of the pure delta wing could be 

removed and be replaced with the LEX. Thus, the 

model has the configuration of the delta wing 

having LEX. 

The wing was instrumented with four spanwise 

rows of upper surface static pressure taps on the 

entire wing to investigate the effects of the sideslip 

angle. The pressure rows were located at 30%, 

43%, 60%, and 80% of the distance along the 

wing centerline chord(c),  measured from the 

wing apex. The number of pressure taps on each 

chord station was 47 along the entire span. Thus, 

a total of 188 p,essure taps were used to collect 

time averaged surface pressure data. The pressure 

taps on each chord station were located at the 

same relative span position normalized by local 

semi-span (s). 

The off-surface visualization data were ob- 

tained through a 2/'3 reduced model, which has 

the same planform geometry and sharp leading 

edge as those of the model used in the wing upper 

surface pressure and 5-hole probe measurements. 

In this study a model coordinate axis was used 

(Fig. 2). Thus, x is the coordinate along the wing 

centerline measured from the wing apex, y is the 
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Geometry of experimental model 

coordinate along the wing span measured from 

the wing centerline, and z is the coordinate nor- 

real to the wing upper surface. 

2.3 P r e s s u r e  and cros s  f low v e l o c i t y  m e a -  

s u r e m e n t  

The static pressure on the wing tipper surface 

was obtained by using PSI 8400 pressure mea- 

suring system. The wing surface pressure data 

presented in this study was an ensemble average 

of 300 pressure signals of each pressure tap. The 

measured surface presstire data is accurate within 

0.05%. The 5-hole probe (United Sensor SPA- 

12 6 45 C) was employed to measure total pres- 

sure and cross flow velocity vectors of tile cross- 

section of the vortical tlow. The 5-hole probe 

measurement data was also an ensemble average 

of 300 signals in the same way as the wing upper 

surface pressure measurement. The measuring 

section was normal to the wing surface. The axis 

of the probe was parallel to the wing surface and 

to the wing centerline chord. The calibration 

results showed that the 5-hole probe measured 

the velocity vector angle with an error of less 

than 3% for the pitch angle below 45 ° . The total 

presstlre field of each vortical wake cross-section 

was represented by total pressure coefficient con- 

tours. 

2.4 V i s u a l i z a t i o n  o f  vor t i ca l  f low f ield 

Micro water droplet and laser beam sheets were 

used for the off surface flow visualization. The 

5-- I0/2m sized water droplets were generated by 

a home style ultrasonic humidifier. A 3 W Argon 

Prvh~ L 

Fig. 3 
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Experimental set-up for off-surface visual- 

ization 
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ion laser was used to generate the laser light sheet. 

The laser light sheet was used to a interrogate 

specific cross section of  the vortical  wake. A 

cylindrical  lens and convex focusing lens were 

used to form a laser light sheet, which was 

perpendicular  to the wing surface. The i l luminat-  

ed planes were recorded on a high resolution 

digital camera (SONY D C R - V X  2000 N T S C ) .  

Other details of  the flow visual izat ion technique 

were described in Sohn & Lee(2002).  Figure 3 

shows the experimental  setup of  the visualizat ion 

technique. 

3. Discussion of  Results 

3.1 Overall  vortical flow field 

The prospective visualizat ion results at several 

chordwise stations for various sideslip angles 

( f l = 0  °, - -5  °. - -10  °, and -- 15 ° ) are shown in Fig. 

4. The perspective photos were obtained from 

dynamic images, which were taken by a camera 

posit ioned downstream of the wing trailing edge 

i 

with a birds eye view, and a laser light sheet 

moving down stream with a constant speed. 

In Fig. 4(a) ,  the development  of  two distinct 

vortex pairs is observed on the front section of  the 

wing for the zero sideslip angle. At the middle 

region of  the wing, the vortices start to interact 

with each other, in ter-wind,  and eventually merge 

into one vortex at the rear part of  the wing. At the 

sideslip angle of  - -5° (F ig .  4 ( b ) ) ,  the inboard 

movement  and expedited breakdown of  the 

vortices are observed on the windward side. 

Whereas, the coi l ing and breakdown of  the 

wing and the LEX vortices are suppressed on the 

leeward side. At large sideslip angles, (Fig. 4(c, 

d ) ) ,  the vortex breakdown posit ion moves up- 

stream region of  the wing on the windward side. 

However,  on the leeward side, the vortex pair 

remains dist inguishable without  breakdown over 

the entire chord station. This  illustrates that the 

vortex breakdown is promoted on the windward 

side by sideslip, whereas the vortex breakdown is 

suppressed on the leeward side by sideslip. 

(a) ' 8=0  ° (b) . 8= - -5  ° 

(c) ' 8 = - 1 0  ° (d) ' 8 = - - 1 5  ° 

Fig. 4 Perspective photos of the wake section at a = 2 4  ° 
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The flow visualizat ion data on the vortex 

trajectory is shown in Fig. 5. The vortex core 

locations were visually selected f iom the photo-  

graphs in a careful manner,  and their coordinates  

were non-d imens iona l ized  using the half  span (s) 

for y and z coordinates.  On the windward side, 

the wing vortex core moves inboard and away 

from the wing surface. The core of  the LEX 

vortex enters the middle of  the wing wake region, 

moving inboard and closer to the wing surface. At 

about middle region of  the wing, x / c = 0 . 4 3 ,  these 

two vortices rotate clockwise, and coi l ing around 

each other. On tile leeward side these vortices 

rotate in a counter  clockwise direction, coi l ing 

each other through the last chord station. The  

crossover point of  the interacting LEX and wing 

vortices moves upstream with increasing sideslip 

angle. 
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Fig .  6 Effect  o f  s i d e s l i p  a n g l e  on  the  vo r t ex  s t r u c t u r e  at ¢t=24 °. a n d  x / ' c = 0 . 4 3  
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3.2 D e t a i l e d  cross  f low s tructure  

Figure  6 presents the effects of  tile sideslip 

angle on the vortex structures at the middle region 

of  the wing, x / c = 0 . 4 3 .  The variat ion of  the posi- 

tion and structure of  the LEX and wing vortices 

can be observed. Consider ing the relative posit ion 

of  the vortex pairs on each side of  the wing, the 

yaw effect on the mutual induction and the in- 

teraction of  the LEX and wing vortices can be 

illustrated. On the windward side, the LEX vortex 

core and wing vortex core are almost parallel  to 

the wing surface with increasing sideslip angle. 

However ,  on the leeward side, as sideslip angle 

increases, the relative posit ion o f  LEX vortex to 

wing vortex changes from a horizontal  to a ver- 

tical position. Thus, the yaw angle delays the 

interaction of  vortices on the leeward side. 

As the sideslip angle increases (Fig. 6 (b ) ) ,  vis- 

ualizat ion data reveals a system of" co- ro ta t ing  

vortical  structures around the LEX core vortex on 

the leeward side of  the wing. This  co- ro ta t ing  

sub-vort ices  structural feature, which is expected 

to undergo transit ion to turbulence, is significant 

at /3=  --15° (Fig. 6(d i ) .  This unsteady vortical 

structure, which rotate around the LEX vortex, 

resembles the spanwise vortical structures found 

in a two-d imens iona l  mixing layer downstream of 

a splitter plate (Winant  and Browand. 1974). The 

cause of this type of  sub-vort ices  was assumed to 

be a local three-d imensional  Ke lv in -He lmhol t z  

instability of  the free shear layer (Ozgoren et al., 

2002; Riley and Lowson,  1998; Menke and 

Gursul ,  1997). These structural features co- ro ta -  

ting sub-vort ices  disappear  with thrther increase 

of the angle of  attack ,'not shown in Figures/ .  

The effect of  the angle of  attack on the behavior  

of  the vortical flow at the same sideslip condi t ion 

can be seen in Fig. 7. It is observed that the 

visualization results at the four different angles 

of  attack have a somewhat  similar pattern in vor- 

tical structure, but have slightly different vortical 

strength and vortex core locations. It can also be 

observed the higher the angle of  attack is, the 

larger the diameter  of  black dot, which denotes 

(a) /~=0 ° (b) f l = - - 5  ° 

(c) B = - l o  ° (d) ~ = - 1 5  ° 

Fig. 7 Effect of angle of attack on the vortex stucture at ~ = - - 5  °, and x/c=0.43 
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the rate of  concentra t ion of  vortices is. As the 

angle of  attack increases, the inner LEX vortex 

moves downward  and outboard,  and the outer  

wing vortex moves upward and inboard on the 

windward side of  the wings. Whereas,  both the 

L E X  and wing vortex move upward and out- 

board on the leeward side. This  shift of  the vortex 

core posi t ion is more significant at large sideslip 

angles. At the angle of  attack, ~ = 2 8  ° (Fig. 7 (d)) ,  

the LEX vortex starts to break down on the 

windward  side. This is because the wing vortex is 

cont inuously fed with vortices from the wing 

leading edge as well as from the shear layer 

between the wing and L E X  vortices. Whereas, 

the vorticity fed into the L E X  vortex gradual ly  

diminishes downst ream of  the wing. Vortex in- 

teraction and breakdown is enhanced on the 

windward side at higher  angle of  attack, especial- 

ly at larger sideslip condit ion.  

Both total pressure coefficient contour  plot and 

cross flow velocity are also good indicators of  

the presence of  vortices• The total  pressure co- 

efficient, Cm=(Pl-Poo)/qoo, is defined as the 

difference between local total pressure(P/)  and 

free-stream total p ressu re (P , ) ,  and normalized 

by free-stream dynamic pressure(qo,). Thus, the 

total pressure coefficient means the total pressure 

loss coefficient. 

Figure 8 shows the vortical  wake section of  

the delta wing with L E X  configurat ion for a 

sideslip angle of  10 ° and angle o f  attack of  24 °, 

represented by a total pressure contour  and cross 

flow velocity vector• This  transverse plane total 

pressure distr ibution and cross flow velocity il- 

lustrate the vortex interaction and breakdown in 

more detail. On each side of  the wing, develop-  

ment of  the two vortices was observed, one from 

the LEX,  and the other from the wing leading 

edge in Fig. 8 (a). On the windward side, the L E X  

vortex enters the wing wake region more inboard 

and closer to the wing surface, while the leeward 

side L E X  vortex enters wing wake region more 

outboard  and farther from the wing surface. The 

L E X  vortex starts to merge with the wing vortex 

at the middle region of  the wing ( x / c = 0 . 6 )  on 

the windward side. The merging of  these vortices 

is distinguished by the coalescence of  the two 

distinct low total pressure zones. Toward  the rear 

of  the wing, these merged vortices undergo vor- 

tex breakdown as shown in Fig. 8(d) .  the vortex 

breakdown produces a substantial increase in the 

magnitude of  the total pressure loss and distri- 

butes this loss over a larger area as shown at the 

downst ream station in Fig. 8(b)• While on the 

leeward side, the LEX vortex moves further out- 

board of  the wing by sideslip. The wing vortex 
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Total pressure contour and cross flow veloci- 

ty of the wake section at a,=24 ° and /3=  -- 10 ° 
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also moves slightly farther outboard and becomes 

weak. As a result, the vortex breakdown does not 

occur, and the vortex cores maintain their identi- 

ties without merging into a single vortex. 

For sideslip condition, a stronger vortex is 

formed on the portside. For example, at x/c=0.3,  

the total pressure coefficient of the LEX core 

was --4.5 and that of the wing vortex core was 

--5.1 on the portside. However, on the starboard 

side, the total pressure coefficients of the LEX 

and the wing vortex cores were --2.4 and --0.9 

respectively. The strength of the wing vortex in- 

creases with increasing downstream distance of 

the wing apex. As the strength of the wing vortex 

increases, the weaker LEX vortex is drawn 

downward because of the velocity field induced 

by the wing vortex. At the downstream station, 

the LEX vortex is observed to merge with the 

wing vortex. 

3.3 Aerodynamic load characterist ics  
The upper wing surface pressure distribution, 

in Fig. 9, illustrates the combined effects of angle 

of attack and sideslip on the aerodynamic load 

characteristics of the model. Figure 9 shows 

spanwise suction pressure distributions at 30~, 43 

~,  60, and 80% chord stations from wing apex. 

This shows that the sideslip angle significantly 

changes the upper wing surface pressure distribu- 

tion, especially at a higher angle of attack. 

At a medium angle of attack, ( t=24°(Fig.  9 

(a)),  the pressure distribution of the two sides of 

the wing are similar to each other in shape, but 

they are different in the magnitude of the suction 

pressure peak. The suction pressure peak of the 

windward side is greater in magnitude than that 

of the leeward side. For the small sideslip angle 

( f i = -  5°), the suction pressure distribution with 

the distinct peaks is preserved even at the rear part 

of the wing. However, delta wing alone configu- 

ration, the pressure distribution rapidly collapsed, 

that means onset of vortex breakdown, at the 

middle region of the wing for the same condition, 

a = 2 4  ° and f i= - -5 ° (Lee  and Sohn, 2003). This 

also demonstrates that the beneficial interaction 

of the LEX and the wing vortex is preserved at 

small sideslip condition, ~ = - - 5  °. However, grea- 

ter than this sideslip angle, the suction pressure 

distribution collapses either at the rear part of the 

wing. 

At a relative high angle of attack, a=36°(F ig .  

9(b)) ,  the suction pressure peak increases on the 

windward side and decreases on the leeward side 

as the sideslip angle increases in magnitude. The 

spiked suction pressure distribution on the wind- 

ward side is completely destroyed for more than 

the sideslip angle of --10 ° at the rear part of the 

wing. The suction pressure of each side of the 

e, I~= 0 o 

/ / / ~  -~ 1 ~ = . 5  o 

(a) a=24 ° 
v ~ = O  o 

L ~ 13=.S o 

3=-10 o 

~' L~ = . 1 5  o 

J 

0.00,20.40.60.8  

Fig. 9 

(b) cg=36 ° 

Effect of sideslip angle on the upper wing 
surface pressure distribution 
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wing decreases rapidly at all chord stations with 

an increasing sideslip angle. At a larger sideslip 

angle, this collapse of the suction pressure on the 

both side of the wing is typical of vortex break- 

down. At higher angle of attack, no more vortex 

lift is expected even for small sideslip angles 

because of vortex breakdown on the windward 

side and lift-off of vortices from the wing surface 

on the leeward side. Asymmetry of the spanwise 

pressure distribution of the two sides of the wing 

becomes apparent with increased angle of attack 

and sideslip angle. 

Figure 10 shows the variation of the suction 

pressure peak with the angle of attack for different 

sideslip angles. In Fig. 10, W denotes the wind- 4 
C o m a x  

ward side and L denotes the leeward side. Ex- 

cept for a small sideslip angle, /~=--5°C, the 3 

tendency of the peak value variation with angle 
2 

of attack is very similar each other. At a small 

sideslip angle, the suction pressure peak of wind- 

ward side increases in the magnitude of 3.5 at 

60,%o chord station as the angle of attack in- 0 

creases up to a = 3 0  °, after which decrease. At a 

larger sideslip angle, /5'= -- I0°~  --20 °, the suc- 

tion pressure peak of windward side become 4 

much weaker(C~m~x=2.85~2.38 at x/c=0.6) C~m~x 

than that of smaller sideslip angle. This indicated 3 

that the sideslip make vortex breakdown promote 

on the windward side. 2 

Whereas, on the leeward side, the value of 

suction pressure peak increased monotonically 

with the angle of attack for the entire region of 
0 

the wing. This increment of the vortex strength 

implies the delay or suppress of the vortex break- 

down up to a high angle of attack on the leeward 
4 

side. Coma × 

For smaller sideslip angle, /~=--5% the pattern 
3 

of peak value variation with the angle of attack is 

slightly different from larger sideslip condition. 

The magnitude of the peak value is much higher 

than that of the larger sideslip, and the angle of 

attack where the peak value occurs, is also much 

higher. In particular, at the middle region of the 0 

wing(Fig. 10(c)), the peak value of the wind- 

ward side (Comax=l.0~l.18) was smaller than 

that of the leeward side ( Cpmax = 1.55~ 1.20) for Fig. 10 

the angles of the attack of 32°~36 °. This rest.It 

was not observed for other ranges of angles of 

attack and sideslip angles. At this range of angle 

of attack and sideslip angles, a negative rolling 

moment would be expected. For the delta wing 

alone configuration, this negative rolling mo- 

ment, rolling moment reversal, occurred relatively 

broad ranges of angle of attack and sideslip angle, 

a = 2 4 ° ~ 3 6  ° and ~ = - - 5 ° ~ - - 1 5 ° ( L e e  and Sohn, 

2003). Thus, compare to the delta wing only 

configuration, much limited rolling moment re- 

versal ranges of angle of attack and sideslip angle 

also reveals a beneficial el'feet of L E X  on the 

stabilization of vortical flow field. 
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4. Conclusions 

In this article, the effects of angle of attack and 

sideslip on the vortical flow of LEX/deha  wing 

configuration were analyzed. Compare to the 

delta wing alone configuration, the experimental 

data has clearly shows that the beneficial effect 

of the LEX vortex on the vortical flow field, 

even at a higher angle of attack lbr small sideslip 

angle. The LEX vortex stabilized the wing vor- 

tical flow field to delay the breakdown up to 

4°--6 ° of angles of attack in non-zero sideslip 

condition. 

The interaction between LEX and wing vor- 

tices was highly sensitive to sideslip. With sideslip 

angle, the interaction and the breakdown of the 

LEX and wing vortices were promoted on the 

windward side, whereas, they were suppressed on 

the leeward side. The vortex breakdown on the 

windward side was characterized by a forward 

movement toward the apex of the model as the 

angle of attack and the sideslip angle were 

increased. On the leeward side, the LEX and the 

wing vortices coiled each other while keeping 

their identities even at a higher angle of attack 

and sideslip angle. The rolling moment reversal 

would be expected much limited conditions of 

angle of attack and sideslip ang les (a=32°- -36  ° 

lbr ~-5°) .  
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