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Abstract

The vortical flow of a 65-deg flat plate delta wing with a leading edge
extension(LEX) was examined through off-surface visualization, 5-hole probe and
hot-film measurements. The off-surface flow visualization technique used micro water
droplets generated by a home-style ultrasonic humidifier and a laser beam sheet. The
angles of attack ranged from 10 to 30 degrees, and the sideslip angles ranged from 0
to -15 degrees. The Reynolds number was 1.82x10° for the flow visualization, and
1.76x10° for the 5-hole probe and hot-film measurements. The comparison of the
visualization photos and the flow field measurement showed that the two results
were in a good agreement for the relative position and the structure of the wing and
LEX vortices, even though the flow Reynolds numbers of the two results were much
different. The wing vortex and the LEX vortex coil each other while maintaining a
comparable strength and identity at zero sideslip. Neither a looping of the wing
vortex around the strake vortex, nor the lopsided coiling of the stronger strake and
the weaker wing vortices was observed. At non-zero sideslip, the downward
movement of the LEX vortex when going downstream was enhanced on the
windward side, and the downward and inboard movement of the LEX vortex when
going downstream was suppressed on the leeward side. The counterclockwise coiling
of the wing and LEX vortices was decreased significantly on the leeward side.

Key Word : off-surface visualization, 5-hole probe, wing vortex, LEX vortex,
sideslip, coiling of vortices

Introduction

The delta wing having strake, or leading edge extension(LEX), is known to improve the
aerodynamic performance of a delta wing, especially at high angles of attack. The improved
aerodynamic performance is brought by the interaction of the vortices generated from the
strake and the main wing, which energizes and stabilizes the vortex system, and so delays the
breakdown of them. As a result, the nonlinear vortex lift is increased compared to that of the
delta wing-alone configuration. However, the situation is more complicated and not always in
better-aerodynamic-performance, when the sideslip angle exists. At sideslip the effective sweep
angles of the two sides of the wing(windward and leeward) and the interaction state of the
strake and wing vortices of the windward and leeward sides are different. On the windward
side, the strake and wing vortices break down at much lower angles of attack. On the leeward
side, the strake and wing vortices migrate outboard and upward from the wing surface, and
their interaction is suppressed. The suction pressure distribution on the wing upper surface,
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which is the main source of the nonlinear vortex lift, changes dramatically both in the
chordwise and spanwise directions. This change of the suction pressure distribution causes the
pitching and rolling moment instability of the delta wing configuration at sideslip. Therefore,
the complicated vortical flow of a delta wing with the strake in sideslip requires more research
in order to fully exploit the vortex lift.

There have been a number of studies on the vortical flow of a delta wing with strake or
LEX. References 1-7 are some of the recent studies. The experimental methods employed in
these studies include force and moment balance measurement, on and off-surface flow
visualization, wing surface pressure measurement and the flow field measurement. Each method
has its own advantages and limitations. Therefore, a couple of complementing methods were
simultaneously used in each study. This study examines the vortical flow of a delta wing with
LEX in a sideslip through off-surface visualization, 5-hole probe and hot-film measurements of
the wing leeward flow region. The off-surface flow visualization technique used micro water
droplets and a laser beam sheet. The angles of attack ranged from 10 to 30 degrees, and the
sideslip angles ranged from 0 to -15 degrees. The analysis was focused on how the structure,
interaction and breakdown of vortices depend on angle of attack and sideslip angle.

Experimental Model, Facility and Technique

Experimental Model

Figure 1 shows the geometry and a photograph of the delta wing/LEX model used in the
5-hole probe and hot-film measurements of the wing leeward flow region. The model is a flat
wing with a 65" sweep angle and a sharp leading edge. The sharp leading edge was obtained
by beveling 25° on the lower surface, leaving the upper surface flat. The trailing edge was
also beveled in the same way. The model has the root chord of 795 mm including the LEX,
and the trailing edge has a span of 4754 mm. The thickness of the wing section is 15 mm.
The LEX is also a 6.35 mm thick flat plate, and has symmetrically beveled leading and side
edges. The platform of the LEX has the sweep angles of 65° and 90°.

t:

(b) Photograph of the model
(lower surface)

(a) Geometry of model

Fig. 1. Geometry and photograph of the experimental model
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Off-surface Visualization of the Wing Leeward Flow Region

The off-surface flow visualization was made with a 2/3 reduced model, which had the
same planform geometry as that of the model used in the 5-hole probe and hot-film
measurements. An off-surface flow visualization method of using micro water droplets and a
laser beam sheet was developed for this study. Water droplets of size 5~10 gm was
generated from a home-style ultrasonic humidifier. To simulate the fluid flow exactly in the
visualization, the micro water droplets had to meet a couple of requirements: a small diffusion
rate and a small sedimentation velocity. The two requirements are somewhat contradictory
because the sedimentation velocity increases with the droplet size, whereas the diffusion rate
decreases with it. Assuming the water droplet is a spherical particle, sedimentation velocity can
be expected. By applying Stokes law, the sedimentation velocity of a particle, Vi, is given by

gd;
V. = lppr—1
s 18v, (pr!pr—1) 0

where d, is the diameter of a spherical particle, o, is the density of a particle, o is the fluid
density, v, is the kinematic viscosity of the fluid, and g is the gravitational acceleration.

The marking particles will follow the flow exactly if the sedimentation velocity Vs is
zero. However, since the condition e, /0 =1 can not always be satisfied, the marking
particles should be as small as possible. If one requires the particle to sediment during the
time period of an experimental observation, Ate, by not more than one particle diameter, the
appropriate size of the particle is determined by

18v,

dys—F
gAtL. (pp! pr=1) (2)

From equation (2), the diameter of the water droplet has to be less than 1.5 gzm by
using the standard values of the water droplet and air densities, the air viscosity, and the free
stream velocity(6.2 m/sec) as the passing time of the marking particle. Thus, the size of
micro water droplets used in the present study, 5~10 um, is still large. However, since the
sedimentation of the micro water droplet is about 0.2~0.3 mm at the middle region of the
wing, and 05~06 mm at the trailing edge region, the size of water droplets used is
considered to be acceptable for the flow visualization. The diffusion rate is influenced by the
droplet size and environmental conditions. It requires temperature control in order to reduce the
diffusion rate of the water droplet. However, the diffusion rate is not significant in the present
experimental study since the passing time of the water droplet in the target flow region is
significantly smaller than the diffusion time.

A 3 W Argon ion laser was used to generate a light sheet. The laser light sheet was
made by a cylindrical lens, and a convex focusing lens was used to interrogate specific cross
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Fig. 2. Schematic diagram of the visualization experimental set-up
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sections of the vortical leeward flow region. The laser light sheet was perpendicular to the
wing surface. The illuminated planes were recorded by a high-resolution digital camera. The
off-surface flow visualization was performed in a low-speed wind tunnel with a test section
size of 0.9 m(W)x0.9 m(H)X2.1 m(L). The free stream velocity of the flow visualization was
6.2 m/s, which corresponds to the Reynolds number of 1.82x10°. Figure 2 shows the
experimental set-up of the off-surface flow visualization technique using the micro water
droplet and the laser beam sheet employed in the present study.

5-Hole Probe Measurements of the Wing Leeward Flow Region

The 5-hole probe was employed to measure the total pressure and cross flow velocity
vectors of the cross-section of the wing leeward flow region. The 5-hole probe used has a
spherical nose of diameter 3.175 mm, and length 30.48 mm. The 5-hole probe was calibrated by
employing the non-nulling method. The calibration result showed that the 5-hole probe measures
the velocity vector angle with an accuracy of less than 3% for a pitch angle below 45°. The
data of 5-hole probe measurement was an ensemble average taking 300 signals. The details of
the 5-hole probe measurement are described in reference 4. The total pressure field of the wing
leeward flow region is represented by a color-coded coefficient contour. The total pressure
coefficient is defined as Cp=(P; - Pi»)/q=, where P, is the total pressure of a point, Pi~ is the
total pressure of the free stream and g is the dynamic pressure of the free stream. Therefore,
the total pressure coefficient in the present study can be considered as the total pressure loss
coefficient. The 5-hole probe measurement of the wing leeward flow region was done in another
low-speed wind tunnel that has a test section of 3.5 m(W)X245 m(H)X87 m(L). The free
stream velocity was 40 m/s, which corresponds to the Reynolds number of 1.76 % 10",

Results and Discussions

In the present study, x i1s the coordinate along the wing centerline, measured from the
wing apex, y is the coordinate along the wing span measured from the wing centerline, and z
is the height above the upper wing surface.

Comparison of Visualization and 5-hole Probe Measurements

Figure 3 compares the visualization section photos of the wing leeward flow region and
the cross flow velocity and total pressure coefficient distribution of the wing leeward flow
region by 5-hole probe measurement at the 43% chord station, where two distinct pairs of
wing and LEX vortices are observed. The comparison shows that the two results have a
remarkable agreement in relative positions and the structures of the wing and LEX vortices,
even though the flow Reynolds numbers of the two results are much different (1.82x10° for
visualization, 1.76x 10" for 5-hole probe measurement).

1.0 e
0.8
0.6
0.4
02|14

0'0-1.2 -1.0-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

(a) Section photo (b) Cross flow velocity and total pressure contour

Fig. 3. Comparison of section photo by visualization and cross flow velocity
and total pressure contour by 5-hole probe (@=24°, B=0°, x/c=0.43)
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For example, the shear laver connecting the wing leading edge and the wing vortex core
is observed both in the visualization photo and the total pressure contour. The size of the LEX
vortex is larger than that of the wing vortex. Table 1 compares the vortex core positions of
the visualization result and the 5-hole probe measurement. The vortex core position in the
visualized photo is assumed to be the center of the black dot, and the 5-hole probe assumed
the position of the maximum absolute value of the total pressure coefficient. In Table 1, s
denotes the local semi-span of the model wing. Table 1 shows that the two results have a
good agreement of the vortex core positions within the observation error.

Table 1. Comparison of vortex core locations from visualization and 5-hole
probe measurement (a=24°, R=0°, x/c=0.43, starboard wing)

Wing vortex LEX vortex
N y/s=0.80 y/s=047
Visualization 2/5=0.35 7/s=0.38
. y/5=0.80 y/s=0.52
5-hole probe 2/s=0.40 7/s=0.42

Comparison of 5-hole Probe and Hot-film Measurements

Figure 4 compares the total pressure coefficient distribution of the wake section obtained
by 5-hole probe measurement and the velocity field by the hot-film anemometer at the 43%
chord station. Figs. 4(a) and (b) are for zero sideslip, whereas Figs. 4(c) and (d) are for -5’
sideslip angle. In Fig. 4(a) which is the total pressure coefficient distribution by 5-hole probe,

the LEX vortex separated in the mid-span region and the wing vortex connected to wing
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Fig. 4. Comparison of total pressure field by 5-hole probe and velocity field
by hot-film anemometer
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leading edge are shown. The minimum value of the total pressure coefficient for the LEX
vortex was -3.6 at v/s=0.52 and z/s=0.42, while that for the wing vortex was -2.4 at y/s=0.85
and z/s=0.40. Assuming a location at which the value of the total pressure coefficient is
minimum as the vortex core, it was observed that the vortex core predicted by the 5-hole
probe measurement is located slightly outboard and upward from the wing surface compared
to the visualization result. Figure 4(b) is the cross flow velocity vectors and the axial velocity
contour obtained by the 3-axis hot-film anemometer at the same flow condition of the 5-hole
probe measurement. Assuming a location at which the axial velocity is maximum as the
vortex core, the u/U value of the LEX vortex core was 1.6 at y/s=0.55 and z/s=0.475, while
that of the wing vortex was 1.9 at y/s=0.825 and z/s=0.375. Figures 4(c) and (d) show that
the LEX and wing vortices of the windward side are stronger than those of the leeward side
at 8=-5". In Fig. 4(c), the minimum value of the total pressure coefficient for the LEX and
wing vortices of the windward side was -4.5 and -3.9, respectively, while that for the LEX
and wing vortices of the leeward side was -1.2 and -24, respectively. The 5-hole probe
result(Fig.4(c)) shows that the LEX vortex is stronger than the wing vortex on the windward
side. The hot-film result(Fig.4(d)) shows that the wing vortex is stronger than the LEX
vortex on the windward side. This disagreement in the prediction of vortex strengths at
non-zero sideslip condition is discouraging. However, both the 5-hole probe and the hot-film
measurements show a good agreement in the relative position and structure of the wing and
LEX vortices.

Vortex Structure, Interaction and Breakdown

=

Figure 5 shows the chordwise development and the interaction of the wing and LEX
vortex pairs at the 24 degrees of angle of attack and the zero sideslip angle. At 30% chord
station(Fig.5 (a)), the wing leeward flow region is dominated by a symmetric LEX vortex pair
of circular shapes, and the wing vortex starts to develop at the wing leading edge. At further
downstream the wing vortex grew and migrated upward, and the LEX vortex migrated
downward and inboard. At 45.6% chord station(Fig. 5 (e)), the wing and LEX vortices were
positioned laterally along the span with the nearly same distance from the wing surface. Also
the sizes of the two vortices are comparable at this chord station. The clockwise coiling of
the wing and LEX vortices on the port side of the wing and the counterclockwise coiling of
the wing and LEX vortices on the starboard side of the wing continued when flowing
downstream. At 60.5% chord station(Fig. 5(h)), the core of the wing vortex is located directly
above the core of the LEX vortex. So, the wing vortex and the LEX vortex each rotate 90
degrees from the 45.6% chord station(Fig. 5(e)) to the 60.5% chord station(Fig. 5(h)). The
wing and LEX vortices continued coiling without merging up to the 75.4% chord station(Fig.
5(k)), after which the two vortices start to merge. The excellent symmetry of the vortex
system on the port and the starboard sides of the wing was maintained up to the last chord
station without any vortex breakdown. The interaction and structure of the wing and LEX
vortices of the delta wing/LEX model examined in the present did not show a looping of the
wing vortex around the strake vortex, which was observed in the double delta wing model of
Hoeijmaker et al’, nor the lopsided coiling of the stronger strake vortex and the weaker wing
vortex, which was observed in the double delta wing model of Olsen and Nelson'. Instead, the
wing vortex and the LEX vortex in Fig. 5 coil each other while maintaining comparable
strength and identity. The last slice in Fig. 5 shows that the wing and LEX vortices merge
into a single vortex without breakdown at the trailing edge position(x/c=1.0). The vortex
characteristics are closely related to the suction pressure on the wing upper surface. The high
suction pressure on the upper surface of delta wings at high angles of attack is due to the
strong vortices in the wing leeward flow region. The relation between the suction pressure
distribution and the vortex flow characteristics of the delta wing with LEX is presented in
references 4 and 10.
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Fig. 5. Vortex development and interaction along the chordwise direction (a=24°, B=0°)

Figure 6 shows the chordwise development and the interaction of the wing and LEX
vortex pairs at @ =24 and A =-5". It is observed that the sideslip angle of -5" destroys the
symmetry of the vortex system on the two sides of the wing, and changes the interaction
state of the wing and LEX vortices on the two sides of the wing dramatically. The downward
movement of the LEX vortex as going downstream is enhanced on the windward side, and the
downward and inboard movement of the LEX vortex as going downstream is suppressed on
the leeward side. Also the counterclockwise coiling of the wing and LEX vortices is delayed
significantly on the leeward side. The wing and LEX vortices of the windward side break
down before reaching the last chord station. The major effect of the sideslip angle was to
expedite the vortex breakdown on the windward side and to delay it on the leeward side. The
expedited vortex breakdown on the windward side and the delayed vortex breakdown on the
leeward side observed in Fig. 6 was also observed in the study of Hebbar et al” where a flow
visualization of the vortical flow over a straked delta wing of 76/40 degree sweep angles was
made in the water tunnel.
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Fig. 6. Vortex development and interaction along the chordwise direction (a=24°, B8=-5°)

Figure 7 illustrates the trajectory of the core position of the wing and LEX vortices in
the y-z plane as a function of the angle of attack and the sideslip angle. The core positions
were obtained from the dynamic images of visualization. The line of sight of the camera was
in parallel to the wing surface to avoid any distortion in the z-direction. In Fig. 7, the
windward wing vortex core starts its trajectory in the vicinity of the leading edge of the port
wing(-y axis), and spirals clockwise as going downstream. The leeward wing vortex core
starts its trajectory in the vicinity of the leading edge of the starboard wing(+y axis), and
spirals counterclockwise as going downstream. The starting position was at the 30% chord
position.

The LEX vortex core starts its trajectory from the mid-span of the wing leeward region.
Figures 7(a) and (b) show that the increase of the angle of attack from 12” to 24° shifts the
core positions of the wing and LEX vortices farther inboard and upward than the zero sideslip
case. This tendency is the same as in other studies [1, 8] of the double delta wings. At high
angle of attack, the wing vortex core makes a stronger spiraling when going downstream, and
the coiling of the wing and LEX vortices is enhanced. At the sideslip angle of -10°(Figs. 7(c)
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Fig. 7. Vortex core trajectory in the y-z plane depending on angle—of—attack

and (d)), the increase of the angle of attack from 12" to 24" shifts the wing and the LEX
vortex cores almost vertically, especially on the leeward side. The amount of vertical shift is
much greater than the zero sideslip angle case. At 5=-10", the windward wing vortex breaks
down before reaching the last chord station as shown in Fig. 7(c).

Figure 8 isolates the effect of sideslip on the vortex core trajectory at a fixed 20" angle
of attack. At the zero sideslip angle, the position of the port wing vortex core was about y/s=
-0.91 and 2z/s=0.15, and the position of the port LEX vortex core was about y/s= -0.6 and
z/s=0.51 at the 30% chord station. The port wing vortex migrated inboard and upward, and
the port LEX vortex migrated inboard and downward up to a certain chord station, after
which they migrated downward(wing vortex) or upward(LEX vortex). The clockwise-rotating
wing and LEX vortices coil each other as going downstream. The center of the port wing
vortex core was between y/s= 0.9l(at the 30% chord station) and y/s= 0.5(at the 68% chord
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Fig. 8. Vortex core trajectory in the y-z plane depending on sideslip angle(a =20°)

station). The center of the port LEX vortex core was between y/s= 0.7 (at the 72% chord
station ) and y/s= 0.4(at the 48% chord station). The sideslip angle shifts the wing and the
LEX vortices inboard, and expedites the breakdown of them on the windward side. On the
leeward side, the sideslip angle shifts the wing and the LEX vortices outboard and upward.
Also the wing and LEX vortices coil each other without breakdown up to the last chord
station.

The effect of angle of attack and sideslip angle on the behavior of the vortical flow can
be seen more clearly in the total pressure coefficient maps on the transverse plane. Figure 9
shows the total pressure coefficient distribution at the 30% chord station section for two
different angles of attack, 16° and 28°. The sideslip angle is zero. It is observed that the total
pressure maps of the two different angles of attack are similar in structure, but significantly
different in magnitude. At the higher angle of attack, the wing leeward flow region is
dominated by the strong LEX vortex pair, which was fed with vorticity generated in the
boundary layer in the vicinity of the sharp leading edge.

..V/s 10 00
(@) a=16° (b) «=28°

Fig. 9. Total pressure coefficient distribution depending on angle of attack
(B =0°, x/c=0.30)
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(B=0°, x/c=0.60)
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Fig. 11. Total pressure coefficient distribution depending on angle of attack
(B=-10°, x/c=0.60)

Figure 10 compares the total pressure coefficient distributions of the two different angles
of attack, 16° and 28°, at 60% chord station section. The sideslip angle is zero. Figure 10
shows that, at the 60% chord station, the total pressure maps of different angles of attack are
much different both in structure and magnitude. At the lower angle of attack, the wing and
LEX vortices are moved to a mid-span region of each side of the wing in a highly
concentrated state. The wing and LEX vortices are close to each other, but do not merge. At
the higher angle of attack, the total pressure coefficient distribution corresponding to the LEX
vortex indicates the beginning of vortex breakdown, which is characterized by the collapse of a
spiked Cy distribution as shown in Fig. 10(b).

Figure 11 compares the total pressure coefficient distributions of @ =20° and «=28" at the
60% chord section, for sideslip angle -10°. By sideslip, the symmetry of the vortex pairs on the
two sides of the wing is destroyed, and the effect of angle of attack is pronounced. At a lower
angle of attack, the windward side has the wing and LEX vortices of considerable strength
without merging or breakdown, and the leeward side has a concentrated LEX vortex and a
weak wing vortex. At the higher angle of attack, a complete vortex breakdown occurred on
the windward side, while the leeward wing and LEX vortices of considerable strength kept
their identity.
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Conclusion

The vortical flow of a delta wing with leading edge extension(LEX) was examined
through off-surface visualization, 5-hole probe and hot-film measurements. The model was a
flat wing with a 65° swept sharp leading edge. The angles of attack ranged from 10 to 30
degrees, and the sideslip angles ranged from O to -15 degrees. The Reynolds number was 1.82
x10” for the flow visualization, and 1.76x10° for the 5-hole probe and hot-film measurements.
The analysis is focused on the structure, interaction and breakdown of vortices depending on
the angles of attack and sideslip.

The comparison of the visualization photos, the 5-hole probe and hot-film measurements
showed that the results have an excellent agreement in relative positions and the structures of
the wing and LEX vortices. The wing vortex and the LEX vortex coil each other while
maintaining a comparable strength and identity at zero sideslip. By sideslip, the downward
movement of the LEX vortex when going downstream was enhanced on the windward side,
and the downward and inboard movement of the LEX vortex when going downstream, was
suppressed on the leeward side. Also the counterclockwise coiling of the wing and LEX
vortices was decreased on the leeward side. The increase of angle of attack shifted the core of
the wing and LEX vortices inboard and upward, increased the coiling of the vortices and the
diameter of spiraling. The sideslip amplified the vertical shift of the core position, especially on
the leeward side.
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