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Vortical Flows over a LEX-Del ta  Wing 
at High Angles of  Attack 

Young-Ki Lee, Heuy-Dong Kim* 
School of  Mechanical Engineering, A ndong National University, 

388 Songcheon-dong, Andong, Kyeongbuk 760-749. Korea 

The vortical flows over sharp-edged delta wings with and without a leading edge extension 

have been investigated using a computational method. Three-dimensional compressible Rey- 

nolds-averaged Navier-Stokes equations are solved to provide an understanding of the effects 

of the angle of attack and the angle of yaw on the development and interaction of vortices and 

the aerodynamic characteristics of the delta wing at a freestream velocity of 20 m/s. The present 

computations provide qualitatively reasonable predictions of vortical flow characteristics, 

compared with past wind tunnel measurements. In the presence of a leading edge extension, a 

significant change in the suction pressure peak in the chordwise direction is much reduced at a 

given angle of attack. The leading edge extension can also stabilize the wing vortex on the 

windward side at angles of yaw, which dominates the vortical flows over yawed delta wings. 

Key Words : Angle of Attack, Angle of Yaw, Delta Wing, Leading Edge Extension, Vortical 

Flow, Vortex Breakdown 

Nomenclature 
Cp : Specific heat at constant pressure 

c : Chord 

E : Total energy per unit mass 

H : Total enthalpy per unit mass 

k : Turbulent kinetic energy 

Prt : Turbulent Prandtl number 

p : Pressure in pascal 

s : Local semi-span 

T : Temperature in Kelvin 

t : Time 

ul : Velocity in the i- th direction 

u~ : Velocity fluctuation in the i- th direction 

V : Freestream velocity 

xi : Coordinates in the i- th direction 

¢ : Turbulent dissipation rate 

: Angle of attack 
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fl : Angle of yaw 

,a : Viscosity 

,at : Turbulent viscosity 

p : Density 

ro : Viscous stress tensor 

1. Introduction 

Due to the requirement of high maneuvera- 

bility, modern supersonic combat aircraft have 

preferably adopted delta wings in order to mini- 

mize the influence of a shock wave generated 

on wing surfaces and thus to maintain the flight 

stability at supersonic speeds. At low speeds 

and high angles of attack, however, delta wings 

can introduce detrimental aerodynamic problems 

such as a sudden reduction of maneuverability 

and the generation of induced drag. Moreover, 

these generally have considerable difficulties in 

the use of high-lift devices like a flap and special 

care needs to be taken to avoid stall at take-off 

or landing with high angles of attack (Erickson 

et al., 1989; Ekaterinaris and Schiff, 1993). As 

delta wings generally have considerable flight 
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Fig. I Schematic diagram of the subsonic flowfield 
over a delta wing 

time at subsonic speeds, the low speed aero- 
dynamics of delta wings is also of great impor- 

tance in consideration of the high-angle-of-at-  

tack controllability and maneuvering effective- 

ness of aircraft. 

Figure 1 shows a typical subsonic flowfield 

over the upper surface of a delta wing at a 

freestream velocity V and an angle of attack a. 
Relatively higher pressure on the bottom plane 

causes the flow in the vicinity of the leading edge 

to roll up towards the top plane. Then, the rota- 

ting flow separates from the wing due to the 

effect of the sharp leading edge and produces 

the primary vortex. As shown in the figure, the 

vortex reattaches along the primary attachment 

line and then secondarily separates and reattaches 
below the primary vortex, torming an oppositely 

rotating secondary vortex (Hummel, 1978). The 

leading-edge vortex consequently dominates the 

overall flowfields on the delta wing. At  moderate 
to high angles of attack, the vortices induce large 

suction on the wing and thus produce a signifi- 

cant vortex-lift increment. Beyond a critical angle 

of attack, however, the vortices undergo a sudden 

expansion, called vortex breakdown (Wentz and 

Kohlman, 1971), resulting in a significant loss of 

lift, a sudden change of pitching moment and 

buffeting. 
Since the 1950s, in order to understand the 

flow physics around various types of delta wings 

at high angles of attack, considerable effort has 
been made through experimental and numeric- 

al methodologies. Verhaagen et al. (1989) studied 

the influence of yaw on the flow over a sharp- 

edged biconvex delta wing at a constant angle 

of attack of 21.1 ° through laserlight sheet and 

oil-flow visualization techniques, and pressure 

and force balance measurements. Grismer at al. 

(1995) experimentally investigated the aerody- 

namic characteristics of a yawed delta wing with 

the strake at both static and sinusoidally varying 

angles of attack. Lowson et a1.(1995) examined 

the effects of delta wing configurations, especi- 

ally apex geometries, on the position of vortex 
breakdown. Lee and Sohn (2003) investigated 

vortical flows over a delta wing with a leading 

edge extension through wing-surface pressure 

measurements, off-surface flow visualizations and 

5-hole probe measurements of a wing wake sec- 

tion. Recently, several Navier-Stokes computa- 

tions (Fujii and Schiff, 1989; Ekaterinaris and 
Schiff, 1990; Ken, 1993; Robinson et al., 1994; 

Gortz et al., 1999) have been conducted to predict 

separation and vortex breakdown and to find 

practical control techniques of these phenomena. 

These studies gave a good understanding of the 

flow features existing around yawed delta wings 

or double-delta wings. The experimental studies, 

however, could not provide comprehensive data 

to examine the detailed physics of vortical flow 

due to the difficulty in visualizing the flow struc- 

ture. Furthermore, there have been rather limited 

numerical studies which can give quantitative 

inlbrmation regarding the vortical flow and its 

relation to the aerodynamic load characteristics 

of the yawed delta wings at high angles of attack. 

In the present study, three-dimensional com- 
pressible Navier-Stokes simulations were carried 

out to give a detailed understanding of the vortex 

flow characteristics of simple sharp-edged delta 

wings with and without LEX (leading edge ex- 

tension). The results obtained from the present 

computations were compared with the experi- 

mental data (Sohn and Lee, 2002; Kim et al., 

2003) and gave the visualization of path lines, 

density and total pressure contours, vorticity, 

particle trajectory, etc. which can be hardly dis- 

closed by experimental work. 

2. Model Configuration 

Figure 2 shows the schematic diagrams of delta 
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Fig. 2 Schematic diagram of delta wing models 

(units: mm) 

wing models (Sohn and Lee, 2002; Kim et al., 

2003) with and without LEX tested in the pre- 

sent CFD analysis. The present wing models are, 

basically, a flat type wing with a chord of 600 

mm, a span of 475.4 mm at the trailing edge, a 

sweepback angle of 65 ° and a thickness of 15 ram. 

The leading edge of the wing has a bevel angle 

of 25 °. In the Cartesian coordinate system, x is 

the chordwise distance along the wing centerline 

measured from the wing apex, y is the spanwise 

distance measured from the wing centerline and 

z is the normal distance from the wing upper 

surface to the freestream. The origin of the coor- 

dinate system is the apex of the delta wing and 

several chordwise locations, 30%, 45%, 60% 

and 80% of c (c : chord length), were predefin- 

ed to observe the development of vortices. For 

the LEX-delta wing, the root chord is 600 mm 

and the length between the leading edge and the 

origin is 195 mm. 

3. Numerical  Simulations 

3.1 Governing equations 
Three-dimensional Reynolds-averaged Na- 

vier-Stokes and energy equations governing the 

flowfield around delta wings are given in dif- 

ferential form as follows. 

°GOat t-~Xi (PU'). = 0  (1) 

° (ou,) + O~j (ou,u,) 
(2) 

8 tOui. Ous\ O (2 Oul~ Op. 8 : ~ , ,  
I t ± t t ± t pu, u,) 

~ (pE)  + O-~(ou iH)  
(3) 

_ O Pr,/~x/-~. us(ri~) 

In Eq. (3), the total enthalpy per unit mass H is 

related to the total energy per unit mass E by 

H = E + P / O ,  where E includes both internal 

and kinetic energy. In the term representing the 

viscous heating, (ris)e:: is given as 

[ OUs , Oui \ 2 8ui (4) - - 3  - Ix~ss 8xi ois 

where #e:: is the effective viscosity (=lz+/zt)  

and &s is the Kronecker delta. 

The governing equations are discretized spat- 

ially using a fully implicit finite volume scheme, 

in which the physical domain is subdivided into 

numerical cells and the integral equations are 

applied to each cell. The flowfield is represented 

by associating a distinct value of the discretized 

solution vector with each control volume, which 

is then used to evaluate the fluxes at cell faces. 

The solution vector is computed using a multidi- 

mensional linear reconstruction approach (Barth 

and Jespersen, 1989), which enables higher-order 

accuracy to be achieved at the cell faces through 

a Taylor series expansion of the cell-averaged 

solution vector. In the present computations, sec- 

ond order accuracy was applied to solutions in 

consideration of computational time. With res- 

pect to temporal discretization, a 4-stage Runge- 

Kutta scheme (Jameson et al., 1981) is used to 

discretize the time derivatives in the governing 

equations. Then it is assumed that time marching 

proceeds until a steady state solution is reached. 

The standard k - e  turbulence model (Launder 

and Spalding, 1972), modified to take account 

of the compressibility effect, was employed to 

close Eq. (2). The compressibility effect is in- 

cluded in the dilatation term of the turbulence 

model by the introduction of the turbulent Mach 

number Mt = ( k / a  z) o.s (Sarkar and Balakrishnan, 

1990). The model for the turbulent viscosity at 

is written as / h = p C u ( k Z / e ) ,  where the tur- 

bulent kinetic energy k and dissipation rate e 

are solved from the turbulent transport theory. 
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The following model constants are used: C~ = 

0.09, C1~----1.44, C2~--1.92, o 'k=i.0 and tr~----l.3. 

3.2 Computational domain and grids 
Figure 3 shows the layout of the near-field 

grids around the delta wing model with LEX 

and the entire computational domain used in 

the present study. The three-dimensional structur- 

ed grid system was used to simulate the vortical 

flow over delta wings and node points are about 

800,000. The grid size was chosen through preli- 

minary grid refinement tests to obtain reliable 

solutions. Grids were clustered in the regions near 

the wing surfaces and the sharp leading edge 

where flow separation can occur, in order to 

provide accurate predictions of vortex structures. 

For the standard k - e  model with the standard 

wall function, y-+- numbers used in the present 

computations are in the range of 50 to 200. To 

obtain domain-independent solutions, external 

boundaries were extended by the distance of 

(a) Layout of near-field grids around a LEX-delta 
wing 

6c upstream of the apex, 15c downstream of the 

trailing edge and 8c spanwise from both sides 

of the model. For the cases without yaw, espe- 

cially, computations were conducted only for the 

right side of the model axis in consideration of 

symmetry. 

3.3 Boundary conditions and analysis 
The velocity inlet, pressure outlet and far-field 

boundary conditions were applied to the up- 

stream boundary, downstream boundary and cir- 

cumferential boundary respectively, comprising 

external boundaries of the computational do- 

main. For the velocity inlet boundary condition, 

a velocity and static temperature were used, and 

the direction of the velocity was changed accord- 

ing to the angles of attack and angles of yaw 

under consideration. A uniform static pressure 

was specified at the pressure outlet boundary, 

which was set up at a downstream location far 

from the model to ensure the uniformity. Re- 

garding the far-field boundaries, to describe free- 

stream conditions, the freestream Mach number 

and static properties were specified. For wing 

surfaces, no-slip and adiabatic wall conditions 

were used. 

For the testing conditions in the present CFD 

study, the angle of attack a and the angle of 

yaw/9 were changed in the range of 10°--30 ° and 

0°~20  ° respectively at a fixed freestream velocity 

of 20 m/s. The corresponding Reynolds number 

based on the freestream velocity and the wing 

chord length was about 8.2 × 105. A convergence 

criterion of solutions was established when each 

residual of conservation equations dropped to 

1.0 × 10 -4. When the criterion was satisfied and a 

change in the force coefficient of the delta wing 

was less than 0.3%, solutions were considered 

converged. 

4. R e s u l t s  

(b) Layout of the entire computational domain 

Fig. 3 Computational grid system 

4.1 Effect of LEX on the development of 
vortices 

At a = 2 4  ° , /9=0  ° and V = 2 0  m/s, Fig. 4 visua- 

lizes typical vortex flows over the upper sur- 

faces of delta wing models with and without 
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(a) Without LEX (b) With LEX 

Fig. 4 Path lines for vortical flows over delta wings 

LEX, using the path lines for the particles trac- 

ed from the sharp leading edge. Without LEX, 

the fundamental structure of the vortex system 

is built up in a typical subsonic vortical flow- 

field. A strong vortex pair develops from the 

leading edge of the wing due to a large pres- 

sure difference between lower and upper sur- 

faces. Then the vortical flow spreads out gra- 

dually towards the trailing edge with increased 

dimensions and consequently breaks down out 

of the wing surface. In the presence of LEX, 

another vortex pair, called LEX vortices, is gen- 

erated in the wake region over the upper wing 

surface. The vortices developing in the LEX re- 

gion are just slightly diffused and thus the struc- 

ture of the vortical flow is maintained up to the 

trailing edge of the wing. 

For the same flight condition, Fig. 5 shows 

spanwise static pressure distributions on the up- 

per surfaces of the delta wing models. In order 

to understand the development of vortical flow, 

the distributions were obtained at the chordwise 

locations ofx /c=0.3 ,  0.6 and 0.8. The computed 

results are given with measured pressure distri- 

butions, taken from the past wind tunnel experi- 

ments (Sohn and Lee, 2002; Kim et al., 2003) 

performed by K A F A  (Korean Air Force Acade- 

my). In the figure, C~, is static pressure coeffi- 

cient defined by Cp=--(p-po.)/(p..V2/2), where 

p,o is the freestream pressure, and the spanwise 

distance y is normalized by the local semi-span 

s of delta wing models. Without LEX, there is 

| i I I [ • ii | I " 

./, "W,~g'~ ~. -- \ .  

~-2 

-3 

. . . .  x/c =0.8(CFD) ~ '  

- 4  , I , I , I * I J ! , | , i , 

-0 .75-0.5-0.25 ~S 0.25 0.5 0.75 
, /  

(a) Without LEX 

-I "3" ~ 

~ x/c =0.3(Exp) 
x,C =0.3(CFD) 

-3 - - a - -  x,'c =0.6(Exp) 
. . . .  x/c =0.6(CFD) 
too - - -  x/c =0.8(Exp) 
. . . .  x'c=O.8(CFDI 

' ' " ' ' ' " ' " 

- -0.75 - .5 0.25 05 0.75 
),,J 

(b) With LEX 

Fig. 5 Wing surface pressure distributions at sever- 
al chordwise locations (a=24 ° and V=20 
m/s) 

an absolute peak value of the pressure coeffi- 

cient, called the suction pressure peak, observed 

at all chordwise locations and the largest suction 

pressure peak of computed distributions ( C p =  

--3.1 at y / s=+0.7)  occurs at an upstream loca- 

tion of x/c=0.3.  As x / c  increases, the suction 

pressure peak becomes weaker with a reduced 

gradient due to the diffusion of leading edge vor- 

tices along the chordwise direction. With LEX, 
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]Fig. g Total pressure coefficient contours at sever- 
al chordwise locations (a=24  ° and V=20 

m/sl 

the change in the suction pressure peak is rela- 

tively insignificant. It is interesting to note that 

the pressure distribution at x/c=0.3 has a signi- 

ficantly different gradient from those at down- 

stream locations (x/c=0.6 and 0.8) and the suc- 

tion pressure peak occurs at an outboard loc- 

ation of the wing ( C p = - l . 8  at y/s=+0.95). 
In this situation, the highest suction pressure 

peak is observed at x/c=0.6 due to the inter- 

action between LEX vortices and wing vortices. 

The present computations somewhat underpre- 

diet pressure values when compared with the 

wind tunnel test results but the location of the 

suction pressure peak and the effect of  LEX on 

the aerodynamic characteristics of the delta wing 

can be reasonably predicted. 

Figure 6 shows total pressure coefficient con- 

tours obtained at x/c=0.3, 0.6 and 0.8. The 

total pressure coefficient Cm, defined by Cpt=- 
(pt-p=)/(p=VZ/2), is the most useful non-d i -  

mensional  property to understand the charac- 

teristics of vortex structures and to evaluate a 

total pressure loss of wake flow. Referring to 

Crocco's theorem (Liepmann and Roshko, 1957), 

total pressure gradients are related to vorticity 

and thus iso-total pressure lines can be used to 

represent vortices. At a chordwise location close 

to the trailing edge of the wing without LEX, the 

Cm gradient near the vortex core is relatively 

weaker and the wing vortex becomes more widely 

spread. For  the LEX delta wing model, at the 

30%0 chord location, two vortex cores are clearly 

observed. The upper and lower cores represent 

the LEX vortices and wing vortices, respectively. 

At the 60% chord location, LEX vortices move 
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(b) With LEX 

Fig. 7 Effects of the angle of attack on surface 
pressure distributions (x/c=0.45 and V=20  
m/s) 

inboard and downward,  and the interactions 

between LEX vortices and wing vortices lead to 

the inboard movement of wing vortices. Near 

the trailing edge of the wing (x/c=0.8), these 

vortices completely coalesce into single vortices, 

resulting in an increase in the suction pressure 

peak when compared with the LEX-of f  model 

(see Fig. 5). 

The spanwise pressure distributions obtained 
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at x / c = 0 . 4 5  and V = 2 0  m/s in Fig. 7 show the 

effect of the angle of attack on the aerodynamic 

characteristics of the wing models with and with- 

out LEX. For the experimental results of the 

LEX-off model, as a changes from 20 ° to 24 °, the 

suction pressure peak at a vortex core changes 

insignificantly but a further increase in a results 

in a reduced peak value and relatively weaker 

spanwise pressure gradient. It implies that the 

vortex-spread rate in the chordwise direction may 

become suddenly high from a certain angle of 

attack when it is increasing. However, the present 

computations do not appropriately predict this 

behavior due to the weakness of the present tur- 

bulence model to predict the sharp pressure 

changes. It is considered that the Boussinesq ap- 

proximation (Hinze, 1975) involved in the stand- 

ard k - e  turbulence model yields a too strong 

turbulent viscosity in the core of vortices. For 

the LEX-on model, computed pressure distribu- 

tions overpredict suction pressure peaks but give 

qualitatively proper predictions of the aerody- 

namic characteristics• With LEX, there is no sud- 

den change in vortical flow characteristic as a 

increases, which was shown for the LEX-off mo- 

del. It implies that LEX can help stabilize wing 

vortices developing over delta wings at high an- 

gles of attack. 

4 .2  V o r t i c a l  f l o w  o v e r  a y a w e d  L E X - d e l t a  

w i n g  

The aerodynamic load of delta wings at high 

angles of attack is dominated by the suction pres- 

sure acting on the upper wing surface and this 

pressure is mainly attributed to the strong lea- 

ding edge vortex developing on the wing mo- 

dels (Lee and Kim, 2004). Through the results 

at zero angle of yaw, it has been found that in- 

tense and concentrated leading edge vortices led 

to pressure distributions with a high suction pres- 

sure peak and a large spanwise gradient. In the 

presence of LEX, wing vortices could be stabi- 

lized at high angles of attack. The following 

figures can explain the effect of yaw on the aero- 

dynamic load characteristics of the LEX-delta 

wing model. 

At a=20  °,/~=10 ° and V : 2 0 m / s ,  Fig. 8 shows 
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Fig. 8 Wing surface pressure distributions at sever- 
al chordwise locations (a=20 °, f l= 10 ° and 

V=20 m/s) 

spanwise pressure distributions at the chord- 

wise locations of x / c = 0 . 3 ,  0.45, 0.6 and 0.8 on 

the upper surface of the LEX-on model• When 

compared with the no-yawed case in Fig. 5(b), 

a yaw angle of 10 ° completely destroys the sym- 

metry of the vortex pair. In this situation, the 

suction pressure peak and large pressure gra- 

dients are observed on the windward side. At 

x / c = 0 . 3 ,  the suction pressure peak of the ex- 

perimental result occurs at y / s = - - 0 . 9 .  Between 

x / c = 0 . 3  and 0.45, the location of the peak 

abruptly moves inboard ( ,dy/s=0.4)  and then 

it changes insignificantly at further downstream 

chordwise locations• The largest suction pressure 

peak occurs at x / c = 0 . 6 ,  where considerable in- 

teractions between LEX vortices and wing vor- 

tices exist. On the leeward side, along the chord- 

wise direction, the suction pressure peak becomes 

weaker and the location moves inboard mono- 

tonically. From this result, it is considered that 

the present CFD code well predicted the over- 

all aerodynamic load characteristics except the 

sharp suction pressure peaks at x / c = 0 . 6  and 

0.8. 

For the same angle of attack and freestream 

velocity, the spanwise pressure distributions ob- 

tained at x / c = 0 . 4 5  in Fig. 9 show the effect of 
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(b) With LEX 

Fig. 9 Wing surface pressure distributions with an- 

gles of yaw (or=20 °, x/c=0.45 and V = 2 0  

m/s) 

the angle of yaw on the aerodynamic load char- 

acteristics of  delta wing models. For  both models, 

as fl increases, the symmetry of  a vortex pair at 

f l = 0  ° is broken and asymmetry becomes severe. 

When the L E X - o f f  model  is yawed, there is a 

considerable reduction in the suction pressure 

peak observed on the windward side and the 

vortices on the leeward side are also strongly 

developed. On the other hand, in the presence of  

0 1 .  , . i . I .  , .  1 6 ~ . 0 ~  , , ..... 

and Kim et al., 2003) 

-31 o ~= ~Ex~)  

- [ ] -  5,=20O(F_m)i 
5' ----2&(RSM) 

-4 , I , I , I , I J I , I I , I , I , 

-1 - 0 . 8 - 0 . 6 - 0 . 4 - 0 . 2  I/s 0.2  0 .4  0 .6  0.8 

Fig. 10 Spanwise pressure distributions of LEX-on 

cases with angles of yaw, predicted by RSM 

(or=20 °, x/c=0.45 and V = 2 0  m/s) 

LEX,  the change in the suction pressure peak 

with fl on the windward side is relatively insig- 

nificant and the vorticies on the leeward side are 

restrained from developing strongly. It implies 

that the use of  L E X  can alleviate vortex break 

down on the windward side for the angles of  yaw 

tested. 

F rom the present numerical  results, it has been 

considered that the severe deviations from ex- 

perimental  results shown in all pressure distri- 

butions could mainly be attributed to the lack of  

the ability of  the k - e  turbulence model  to cor- 

rectly predict strong vortices. In order to prove 

this fact, the results given in Fig. 9(b) have been 

validated using a f ive-equat ion turbulence mo- 

del, the Raynolds  Stress Model  ( R S M ;  Launder  

et al., 1975), which is not based on the Boussinesq 

approximation.  For  the given testing conditions,  

in Fig. 10, RSM provides considerably improved 

predictions of  the surface pressure distributions 

quanti tat ively as well as qualitatively, compared 

with those o f  the standard k-e turbulence mo- 

del. Therefore, it is concluded that the use of  a 

proper closure model  is essential to provide an 

insight into the physics of  vortical  flows over a 

delta wing. 

At  or=20 ° and V = 2 0 m / s ,  Figs. 11 and 12 



Vortical Flows over a LEX-Delta Wing at High Angles of  Attack 2281 

(a) /~=0 ° (b) /~=100 (c) ~ = 2 0  ° 

Fig. 11 Computed oilflow patterns at angles of yaw 

( a = 2 0  * and V = 2 0  m/s) 

(a) ~ = o  ° (b) 

Fig. 12 

~ = i 0  ° (c) ~ = 2 0  ° 

Path lines at angles of yaw ( a = 2 0  ° and V = 

20 m/s) 

present the computed oi lf low visual izat ion and 

path lines o f  vortical  flows over  the upper sur- 

face o f  the L E X - o n  model  with and wi thout  yaw. 

The present computa t ional  method predicts well 

the typical subsonic delta wing flow, such as the 

separat ion and reattachment o f  vortex sheets, as 

schematical ly shown in Fig. I. The  dark color  in 

the oi lf lows represents low-pressure  regions. As 

the angle of  yaw increases, L E X  vortices and 

wing vortices move  inboard  on the windward  

side and outboard  on the leeward side. It can be 

observed that the L E X  vortex interacts strongly 

with the wing vortex on the windward  and the 

vortex structure is mainta ined up to the trail ing 

edge. On the leeward side, however,  wing vortices 

quickly spread out at angles of  yaw due to the 

much weaker  vortex interaction compared  with 

the case at zero angle o f  yaw. At  a high angle of  

yaw, ~ = 2 0  °, the reat tachment region o f  the pri- 

mary vortex on the windward  side is much larger. 

It implies that the vort ical  flow on the windward  

side, which is stabilized by LEX,  may govern the 

(a) /~=0 ° (b) /~=10 ° (c) /~=20 ° 

Fig. 13 Velocity vectors at several chordwise cross 

sections ( a = 2 0  ° and V = 2 0  m/s) 

(a) ~8=0 ° (b) f l=10  ° (c) f l=20  ° 

Fig. 14 Total pressure contours at several chordwise 

locations ( a = 2 0  ° and V = 2 0  m/s) 

aerodynamic  characteristics of  a yawed L E X -  

delta wing. 

The velocity vectors and total  pressure contours  

for the same flight condit ion,  given in Figs. 13 

and 14 respectively, can give an detailed under- 

standing of  the vortex development  a long the 

chordwise  direction on both sides of  the L E X -  

on model  with and without  yaw. The results are 

presented at the cross sections of  the chordwise  

locations of  x / c = 0 . 3 ,  0.6 and 0.8. Velocity vec- 

tors are given in a cross section normalized by 

the local semi-span s. In both figures, the vortex 

core is shown as the center of  rotating flow vec- 

tors and total pressure contours,  and the vortex 

diffusion towards the trail ing edge can be clearly 

observed. The inboard and downward  movement  

o f  the L E X  vortex leads to the coil ing of  the wing 

vortex inwards and both vortices coalesce com- 

pletely at x / c = 0 . 8  on the windward  side for all 

yaw angles. On the leeward side, the locat ion of  

the L E X  vortex at angles of  yaw are much de- 

tached from the wing surface and consequently 

it does not  clearly merge with the wing vortex 

even near the trail ing edge at / 9 z 2 0  °. The strong 
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vortices on the windward side last up to the 

trailing edge and these are dominant at angles 

of yaw. In general, larger lift can be obtained as 

the vortex strength increases and the vortex core 

is closer to the suction suface. Therefore, it is 

considered that these stabilized vortices with LEX 

can enhance the flight performance of delta wings 

at angles of yaw. 

5. Conclusions 

The physics of vortex development and aero- 

dynamic load characteristics of delta wings with 

and without a leading edge extension have been 

studied using a computational method. Three- 

dimensional compressible Navier-Stokes equa- 

tions with the standard k-~ turbulence model 

were solved to simulate complex vortical flows 

using an implicit finite volume scheme and a 4- 

stage Runge-Kutta scheme. The basic configura- 

tion of wing models is a flat type with a chord of 

600 mm and a sweepback angle of 65 °, which is 

employed to validate the results obtained through 

the present CFD analysis with past wind tunnel 

tests. Various vortical flow features were inves- 

tigated particularly at high angles of attack with 

and without yaw. 

The spanwise distributions obtained from the 

present computations gave qualitatively reason- 

able predictions of the effect of LEX on the aero- 

dynamic load characteristics of delta wings. Se- 

veral numerical visualization methods provided 

a good understanding of the fundamental struc- 

ture of the vortex system developing in the 

chordwise direction. With LEX, a change in the 

suction pressure peak in the chordwise direction 

was relatively insignificant at an angle of attack 

when compared with the result for the LEX-off 

model. At angles of yaw, the strong vortices on 

the windward side were maintained up to the 

trailing edge and dominated the vortical flows 

over the upper surface of the LEX-on model. 

Therefore, a leading edge extension could stabi- 
lize the vortices developing over a delta wing at 

angles of attack and angles of yaw, consequently 

enhancing the flight performance. 
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