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A Study on the Flow Characteristics of LEX Delta Wing

by Three-Dimensional PIV and Commercial Code CFX

Mann Fung KIM

Department of Mechanical Frngineering

Craavate School Korea Maritime (nrversrity

Abstract

Highly swept leading edge extensions(LEX) applied to delta
wmgs have greally improved (he subsonic maneuverability of
contemporary Jighters. 7Zhe LEX vortices generated at /ugh
angles of attack nmprove the maxonum i capability of the delta
wmeg by wayv of mduced siction pressure over (the board
surfaces directly under the vortices and additionally through
beneficial interaction with the separating jflow outboard on the
wmge.

In  this studyv, systematic approach by PIV  experimental

method within a circulating water channel was adopted to study



the Jfundamnental characteristics o nduced vortex generation,
development and its breakdowrn appearing on a delta wing model
with or without LEX in terms of four angles of attacks(l15° 20°
25° 30°) and six measuring sections of chord length(50%, 0%,
0%, 60%, 0%, S0%) Sideslip effect in case of the LEX was also
studied for two sidesliplyvaw) angles(5°, 10°) at one angle of
attack(20°)

High resolution digital CCD cameral(/X x 1K) and ifs
Synchronizing — system with a dual pulse  lumimating
laser(Nd-Yag, 100m/) was adopted fo obiain the reliable PV
data Distribution of time-averaged velocity vectors and vorticity
over the della wing model were compared along the chord length
direction. Quantitative comparison of he maxuonum  vorticily
Jeaturing the induced pressure distribution were also conducted to
clarily the sigrnificance of the LEX existence.

In case of the LEX-on he vortex breakdown is delaved af
higher chord length, resulting i [ mcrease  Furthermore,
double vortices at each side were detected mdicating the effect of
the LEX while the delta wing without LEX gave single vortex
Jormation and its early breakdown along the chord lengith
Amimation  presentation in  velocity  distribution  was — also
unplemented to claryfy the effect of LEX with LEX wing vorfex
interaction.

The present 5-1 stereo PV mncludes the [dentijfication of 2-1

cross—correlation equaltion, Sstereo malching o -0 wvelocity



vectors of wo cameras, accurale calculation of F-L velocrty
vectors by homogeneous coordinate system, removal of error
vectors by a statistical method followed by a continuty equation
criterior and so on.

The present dvnamic stereo PV represents the complicated
vortex  behavior, especially, i terms of (lime-dependernt
characteristics of the vorfices af given measuring Sections.
Quantities such as three velocity vector components, vorticity and
other flow iformation can be easily visualized via the 30D
lme-resolved post-processing to make the easy understanding of
the LEX effect or vortex — emerging and collapse which are
mnportant  phenomena occurring i the field of delta wing
aerodyvnanics.

Computational fluid dyvnamics study usmg CFX, one of the
commercial soffware, was carried out to compare with the result

of PIV method



Nomenclature

a . Angle of Attack of the Wing

C;, - Cross—Correlation Coefficient

L, : Vortex Lift

R, . Revnolds Number

t i Time

U . Representative Velocity in the x-direction
u . Velocity in the x—direction

V . Representative Velocity in the y-direction
v . Velocity in the y-direction

x : Distance in Horizontal Direction

Yy . Distance in Vertical Direction

A : Sweep Angle of the Delta Wing
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. Tracer Particle
Flow Field B |lumination

Input : CCD/Digital Camera or Cam Coder
A/D Convert : Image Board(DT 3154)
Output : Hard Disk(256 gray level digital image)

Image Acqusition

Background Generation/Reduction
Rotation Correction

Analysis Region Sefting

Obstacle Sefting

Field Separation

Pre-processing

Y Gray-Level Cross Correction
Identification - Correlation Area Size

- Searching Area Radius

Outlier Removing

Grid Reallocation

Convert Pixel to Real Unit

Extract Instantaneous/Averaged Quantities
- Velocity, Kinetic Energy
- Turbulence Intensity, etc.

AV Files for Animation

Post-processing

Animation Display
Print Out

Fig 2.3 Flow chart of PIV processing
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Fig 2.4 Diagram of cross—correlation identification
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Fig 31 Experimental Equipment
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Fig. 3.2 Delta wing model with/without LED
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Table 3.1 2D PIV experimental conditions

Item Specification
Working fluid Tap-water
Measuring .
. Temperature 10°C
condition
Particle PVC(Poly Vinyl Chloride)
Host computer Pentium 1V
Calculation time 20sec/frame
Data number for
Image i 200 Frame
. time-averaged
processing
= Cross correlation PIV
Identification ,
(Flowlnside3.0)
Ratio of error vector Less 1% / frame
Maximum displacement 8 pixel
Calculation i
. Pulse interval 800us ~ 1200ps
condition
Sampling rate 15Hz
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Table 3.2 3D PIV experimental conditions

Item Specification
_ Working fluid Tap-water(20C)
M easuring
condition
Particle PVC
Host computer Pentium IV
Calculation time 2sec(1000frame)
Frame number for
time-averaging 250 frame
Image W catifionia Cross correlation
processing PIV
CACTUS3.1
yortuAe (1T Co)
- Less than 1%
Ratio of error vector / frame
e Maximum 9 pixe
Identification
condition _ _
Time interva 500 Hz
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Wing Vortex

(@) Without LEX

(b) With LEX

Fig4.1 Time-Averaged raw images(AOQA=30°,40%)
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Fig. 4.6 Flow characteristics in angle of attack(25
degree) without LEX(upper) and with LEX(low er)
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Fig. 4.8 Distribution of velocity and vorticity with LEX
(AOA=25")
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Fig.4.9 Comparison of Vorticity Distribution (AOA=30°)
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Flow Informatics Lab. (Karea Maritime University)

(a) LEX-OFEF(ints.)

Flow Informatics Lab. (Korea Maritime University)

(b) LEX-ONC(inst.)

Fig. 4.13 Instantaneous & time—-mean velocity

vectors(continued)
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Flow Informatics Lab. (Karea Maritime University)

(¢c) LEX-OFF(mean)

Flow Informatics Lab. (Korea Maritime University)

(d) LEX-ON(mean)

Fig. 4.13 Instantaneous & time—mean velocity vectors
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Flow Informatics Lab. (Karea Maritime University)

(b) LEX-ON(inst.)

Fig. 4.14 Instantaneous & time—-mean turbulence intensity

(continued)
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Flow Informatics Lab. (Karea Maritime University)

(¢) LEX-ON(mean)

Flow Informatics Lah. (Korea I‘ﬁaritime University)

50 _

(d) LEX-OFF(mean)

Fig. 4.14 Instantaneous & time—mean turbulence intensity
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Flow Informatics Lab. (Karea Maritime University)

(a) LEX-OFEF(inst.)

Flow Informatics Lab. (Korea Maritime University)

(b) LEX-ONC(inst.)

Fig. 4.15 Instantaneous & time—-mean Kkinetic

energy(continued)
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Flow Informatics Lab. (Karea Maritime University)

(¢c) LEX-OFF(mean)

Flow Informatics Lab. (Korea Maritime University)
50

4

(d) LEX-ON(mean)

Fig. 4.15 Instantaneous & time—-mean Kinetic energy
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Flow Informatics Lah. (Kerea Maritime University)

(a) LEX-OFF(inst.)

Flow Informatics Lab. (Korea Mzarilime University)

(b) LEX-ONC(inst.)

Fig 4.16 Instantaneous & time—mean turbulent kinetic

energy(continued)
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Flow Informatics Lab. (Karea Maritime University)

(¢c) LEX-OFF(mean)

Flow Informatics Lab. (Korea Maritime University)

(d) LEX-ON(mean)

Fig 4.16 Instantaneous & time—mean turbulent kinetic

energy
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Flow Informatics Lab. (Karea Maritime University)

(a) LEX-OFEF(inst.)

Flow Informatics Lab. (Korea Maritime University)

(b) LEX-ON(inst.)

Fig. 4.17 Instantaneous & time-mean vorticity(continued)
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Flow Informatics Lab. (Karea Maritime University)

(d) LEX-ON(mean)

Fig. 4.17 Instantaneous & time—mean vorticity
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(a) Velocity vector

(b) Enlarged velocity vector
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(c) Symmetric vortex patterns

(d) Vorticity with vectors
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(e) Spiral vortex formation with velocity vectors

(f) Spiral vortex stream from wing rear view point

Fig. 4.18 Sample pictures from the 3—-D animation
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(a) Distribution of vorticity(without LEX)

(b) Distribution of vorticity(with LEX)

Fig. 4.19 Comparison of Vorticity's distribution
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LEX-OFF / 30deg / Streamline

Velocity
(Streamline 1)

— 1.850e+001
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LEX-ON 30deg / Streamline
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.011e+005
.011e+005
.011e+005
= 1.011e+005
= 1.011e+005
= 1.010e+005
= 1.010e+005

Fig. 5.2 Streamline of delta wing
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LEX-ON / 30deg / Lower

Pressure
(pressure)
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LEX-ON / 30deg / Upper
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Fig. 5.3 Pressure on and beneath the delta wing(AOA=30°)
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/ 30deg / 10%

Velocity (Projection)
(velecity)
—1.850e+001

9.250e+000

4.625e+00

— 0.000e+000

[m sA-1]

(a) LEX -OFF 10%

LEX-ON / 30deg / 10%

Velocity (Projection)
(velecity)
— 1.850e+001

9.250e+000

.625e+000

(b) LEX-ON 10%

Fig. 5.4 Velocity vectors at each chord length(continued)

- 116 -



LEX-OFF / 30deg / 20%

Velocity (Projection)
(velecity)
— 1.850e+001

9.250e+000

4.625e+0

— 0.000e+000

[m s~-1]

(c) LEX-OFF 20%

LEX-ON / 30deg / 20%

Velocity (Projection)
(velecity)
— 1.850e+001

9.250e+000

—0.000e+0

[m s~-1]

(d) LEX-ON 20%

Fig. 5.4 Velocity vectors at each chord length(continued)
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LEX-OFF / 30deg / 30%

Velocity (Projection)
(velecity)
— 1.850e+001

9.250e+000

4.625e+0

—0.000e+000

[m s~-1]

(e) LEX-OFF 30%

LEX-ON / 30deg / 30%

Velocity (Projection)
(velecity)
— 1.850e+001

9.250e+000

—0.000e+0

[m s~-1]

(f) LEX-ON 30%

Fig. 5.4 Velocity vectors at each chord length(continued)
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LEX-OFF / 30deg / 40%

Velocity (Projection)
(velecity)
— 1.850e+001

9.250e+000

4.625e+0

— 0.000e+000

[m s~-1]

(g) LEX-OFF 40%

DN / 30deg / 40%

Velocity (Projection)
(velecity)
— 1.850e+001

9.250e+000

—0.000e+0

[m s~-1]

(h) LEX-ON 40%

Fig. 5.4 Velocity vectors at each chord length(continued)
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LEX-OFF / 30deg / 50%

Velocity (Projection)
(velecity)
— 1.850e+001

9.250e+000

4.625e+0

— 0.000e+000

[m s~-1]

(i) LEX-OFF 50%

DN / 30deg / 50%

Velocity (Projection)
(velecity)
— 1.850e+001

9.250e+000

—0.000e+0

[m s~-1]

(i) LEX-ON 50%

Fig. 5.4 Velocity vectors at each chord length(continued)
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LEX-OFF / 30deg / 60%

Velocity (Projection)
(velecity)
— 1.850e+001

9.250e+000

4.625e+0

— 0.000e+000

[m s~-1]

(k) LEX-OFF 60%

LEX-ON / 30deg / 60%

Velocity (Projection)
(velecity)
— 1.850e+001

9.250e+000

—0.000e+0

[m s~-1]

(1) LEX-ON 60%

Fig. 5.4 Velocity vectors at each chord length(continued)
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LEX-OFF / 30deg / 70%

Velocity (Projection)
(velecity)
— 1.850e+001

9.250e+0
4.625e+0

—0.000e+000

[m s~-1]

(m) LEX-OFF 70%

LEX

Velocity (Projection)
(velecity)
— 1.850e+001

—0.000e+0

[m s~-1]

(n) LEX-ON 70%

DN / 30deg / 70%

Fig. 5.4 Velocity vectors at each chord length(continued)
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LEX-OFF / 30deg / 80%

Velocity (Projection)
(velecity)
— 1.850e+001

— 0.000e+00G0

[m s~-1]

(o) LEX-OFF 80%

LEX-ON / 30deg / 80%

Velocity (Projection)
(velecity)
— 1.850e+001

(p) LEX-ON 80%

Fig. 5.4 Velocity vectors at each chord length(continued)
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LEX-OFF / 30deg / 90%

Velocity (Projection)
(velecity)
— 1.850e+001

—0.0006+000

[m s~-1]

(q) LEX-OFF 90%

LEX-ON / 30deg / 90%

Vclocity (Projection)
(velocity)
— 1.8B50c+001

.388e+001

(r) LEX-ON 90%

Fig. 5.4 Velocity vectors at each chord length
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(b) 30° LEX-ON&OFF 40%

Fig. 5.5 Graph of velocity at each chord length(continued)
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Fig. 5.5 Graph of velocity at each chord length(continued)
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Fig. 5.6 Streamline at AOA=15, 30, 45°(continued)
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Fig. 5.6 Streamline at AOA=15, 30, 45°
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(b) LEX-ON 15°

Fig. 5.8 Pressure on the wing according to AOA(continued)
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(d) LEX-ON 20°

Fig. 5.8 Pressure on the wing according to AOA(continued)
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Fig. 5.8 Pressure on the wing according to AOA(continued)
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(h) LEX-ON 30°

Fig. 5.8 Pressure on the wing according to AOA(continued)
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Fig. 5.8 Pressure on the wing according to AOA(continued)
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Fig. 5.8 Pressure on the wing according to AOA(continued)
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Fig. 5.8 Pressure on the wing according to AOA
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