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It has been demonstrated that leading edge vortices (LEVs) formed by air°o w past
an elevated delta wing, or vortex generator, have the abilit y to erode granular materials
such as snow or sand on the leeward side of the wing (Lang and Blaisdell, 1998; Lang
and Blaisdell, 1999). The LEVs generated by the delta wing do not dissipate rapidly ,
providing e®ective, sustained erosion. However, the well-known phenomenon of vortex
bursting, characterized by a sudden enlargement of the vortex core, may signi¯can tly
reduce the abilit y of a vortex to move particulate matter. It is commonly believed that
the delta wing's angle of attack strongly in°uences vortex bursting. Systematic study
of air°o w past a delta wing, to determine the conditions surrounding vortex bursting,
requires a visualization technique, for which there are few choices. This work was aimed
at identifying a wing con¯guration that minimizes the occurrence of vortex bursting by
employing an e®ective visualization technique for air°o w past the wing. A Schlieren
optical system was employed. Using the density gradient above a heated delta wing we
were able to witness and measureLEVs at low Reynolds numbers. With this approach, it
was determined that an angle of attack of approximately 15± minimized vortex bursting.

1. INTR ODUCTION

The delta wing has many applications, most notably as a lift generator for aircraft and
re-usablespacevehicles (e.g., spaceshuttle). Of particular interest in cold regions is the
abilit y of the delta wing to remove snow by generating low-speedvortices (patent number
6,053,479). The wing, harnessingthe power of natural winds, has the potential under the
right conditions to entrain particulate matter in the vortex °ow ¯eld and to relocate the
grains (Lang and Blaisdell, 1998;Lang and Blaisdell, 1999). This is achieved when air °ows
past a delta wing oriented into the °ow at someangle of attack, ®, by vortices that are
formed over the leading edgesof the wing (Figure 1). Typically, the vortices extend some
distance from the trailing edgeof the wing. One phenomenonassociated with this system
is vortex bursting. Bursting is known to occur over the wing when the angle of attack is
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too high, or may occur downstream of the trailing edgewhen the angle of attack is less
than somecritical angle. Vortex bursting over the wing signi¯cantly reducesits abilit y to
entrain particulate matter in the °ow. Initial conditions play a crucial role in the formation
and subsequent bursting of vortices. It has been determined by experimental observation
that the burst point doesdepend on the resultant anglebetweenthe direction of air°ow and
the leading edgeof the wing (McCormick, 1995; McCormick, 1991; Roos and Kegelman,
1990). A combined numerical and empirical approach is discussedin detail in McCormick
(1991). Most studies have focused on determining lift coe±cients for high-speed air°ows
(Re > 3 £ 106) (e.g., Lambourne and Bryer, 1962; Wentz and Kohlman, 1969). To date,
very little research has been performed in the area of low-speed vortex generation over a
delta wing to directly test the relationship betweenthe angle of attack and vortex bursting
(Earnshaw and Lawford, 1966). The objective of this study was to establish a method for
observation of low-speed°ow and to obtain preliminary data that would de¯ne an optimum
angle of attack to minimize vortex bursting. After many failed attempts utilizing various
typesand sizesof smoke generators,a Schlieren optical systemwasemployed. An enhanced
understanding of the nature of vortex bursting is important to determine the limitations
and suitabilit y of delta wing vortex generation for passive snow removal.

Figure 1. Representation of vortex bursting over a delta wing.

2. THEORY

The geometry of the delta wing, when oriented into the wind, creates the conditions
necessaryfor vortex formation. The sweepback angle, ¤, is de¯ned as the angle between
the vertical plane perpendicular to the wind and the leading edge of the wing (Figure
2). From Roos and Kegelman (1990), the compound angle, ¸ , is de¯ned in terms of the
sweepback angle and the angle of attack, ®, as

¸ = cos¡ 1(sin ¤ cos®):
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Figure 2. Planform view and wing speci¯cations.

From °uid dynamics theory (e.g., Lamb, 1945), the °ow circulation of a vortex is

¡( r ) = 2¼r Vt (r ) = constant ;

where ¡( r ) is the circulation at the core radius, r , and Vt (r ) is the tangential velocity at
that radius. The strength of the vortex can be represented by the swirl angle,

» = tan¡ 1(
Vt

V
);

whereV is the ambient wind velocity. When the swirl angle,and hencethe vortex strength,
is su±ciently high the vortices becomeunstable and bursting occurs. The burst point is
the location of the instabilit y. Vortex bursting is characterizedby a reduction in Vt , and by
the suddensigni¯cant increasein the sizeof the core (Figure 1). It has beenhypothesized
that the burst point indicates a standing wave in which momentum is conserved while the
energydecreases(McCormick, 1995;McCormick, 1991).

3. EXPERIMENT AL METHOD

The initial objective of our study was to determine an appropriate method for visualizing
very low speed air°ow in the presenceof a delta wing. A simple Schlieren optical system
was adapted for our purposes(Geisert, 1984). Schlieren imagesare obtained by blocking
portions of light that have been refracted through a °uid density gradient. The resulting
variations in image brightnessaround the subject allow the gradient to be discerned.

The customary Schlieren setupemploys a bright light source,a knife edgeand two concave
mirrors that re°ect the light through a subject gradient in a \Z" pattern (Merzkirch, 1974).
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A simpli¯ed system was adopted for these experiments which consists of a di®use light
source(a mercury lamp or low-watt frosted light bulb), two Ronchi rulings with the same
line density, a spherical mirror and a plane mirror (adapted from Geisert, 1984; Figure
3). The Ronchi rulings were created by using a computer graphics program to generatean
image of parallel black lines, equal in width to the spacesbetween them, at a density of
11 lines per cm. These imageswere then printed onto transparencies. Disturbances to the
air density in the region between the mirror and the rulings (such as heat) will result in
Schlieren imageswhen the sourcelight is observed as it exits from the ruling. The Schlieren
imagesthat are presented here were captured from a video recording of the light traveling
through the Ronchi rulings and a wind tunnel (Figures 3 and 4).

Figure 3. Schlieren optical arrangement. The source ligh t was 2.3 m from the plane mirror, the plane mirror
was 0.7 m from the spherical mirror. The distance from the spherical mirror to the camera's objectiv e was
its focal length, 3 m. The angle between the source ligh t and the normal to the plane mirror surface was
20 degrees

Figure 4. Sketch of the wind tunnel.

A mercury lamp with a translucent screenwasplacedbehind an 11 line/cm Ronchi ruling.
A 20 cm squareplane mirror with a silvered surfacewas placed2.3 m from the light source
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and angled to direct the light toward a 30 cm diameter spherical mirror with a 3.1 m focal
radius placed 0.74 m away (Fiigure 3). (This departure from the \V" pattern suggested
by Geisert (Geisert, 1984) is to ensure that the source light is not directed through the
heated out°ow of the wind tunnel we used to simulate wind passing over a scale-model
vortex generator.) The spherical mirror was then adjusted to direct the collimated light
through a simpli¯ed wind tunnel (Figure 3) to a Ronchi ruling and video camera set 3.1
m distant. The exact anglesof the light path between the sourcelight, plane mirror and
spherical mirror are not critical, but should be kept as shallow as possible(< 30±) to avoid
distortion of the sourcelight image. This con¯guration is very forgiving and may be made
to accommodate sphericalmirrors of di®erent focal lengths without a®ectingimagequality.

As expected,at low airspeedsthe natural ambient density gradient around the delta wing
was not su±cient to generatea useful image. However, even small temperature variations
created clear visual e®ects. This suggesteda unique approach to visualizing the °ow. A
scale-model metal delta wing was heated to a temperature of 100±C with a heat gun,
and placed in the °ow ¯eld. Room temperature air passingover the heated wing created
dramatic imagesof the air°ow (Figure 5).

Figure 5. Smooth vortices at 20± angle of attac k.

A 0.40 m diameter high-speed household fan (mounted on a separate table to isolate
mechanical vibration) was usedto draw air through a simpli¯ed wind tunnel past the delta
wing. Preliminary test results and the imagespresented here were achieved at a °ow speed
of 0.50 m/s, yielding a Reynolds number of 5200, with the characteristic length as the
chord length of the wing. The uniformit y of the °ow ¯eld was not established. A small but
relatively sensitive cup anemometer (with an error of § 0:5%) was used to record the air
speed. Anglesof attack from 10± to 23± inclusivewereinvestigatedat one-degreeincrements.
The error in the angle of attack was § 0:5± degrees.

The 2.0 mm thick steeldelta wing (Figure 2) wasconstructed with 18 cm leading edges,a
17.5cm wingspan,and mounted on a wooden baseto an elevation of 18 cm. The sweepback
angle was 60.5cir c, giving the wing an aspect ratio (4=tan ¸ ) of 2.26. Machine screws
were inserted 5.1 cm apart along the midchord, perpendicular to the plane of the wing, to
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provide a clear distance scale(Figure 6). The screwswere used in all of the experiments
in which burst point measurements were made (i.e., all of the experiments usedto provide
the graphed data). The wing was ¯tted with a pivot to allow for an easily adjustable angle
of attack, and mounted on a 25£ 25£ 2 cm3 squareplywood stand.

Figure 6. Spiral breakdown and vortex bursting at 10± angle of attac k. The screws perpendicular to the
plane of the wing are 5.1 cm apart. Arro w indicates location of burst point.

4. RESULTS

Initial investigations were made into the relationship between the angle of attack and
vortex bursting.Mo vie 1 provides a good exampleof laminar °ow around the vortex gener-
ator. In changing the angleof attack, we discovered that vortex bursting is an intermitten t
phenomenon,but not clearly periodic. Thus, we had to sift through the video records to
capture the burst events. Bursting events (shown clearly in Mo vie 2) sometimeslasted for
a few seconds,but at other times they appeared for lessthan one second. As the angle of
attack increased,bursting events moved toward the vortex generator apex and seemedto
becomemore common and longer lasting.

Of 67 burst event imagescaptured from video recordingsof the experiment, 28 wereused
to obtain burst point measurements. The remaining imageswerediscardedbecauseof poor
image quality (e.g., blurring). The burst points were measuredrelative to the midchord of
the wing, and have an estimated error of § 1:0 cm (§ 6:4% of the 15.7cm midchord length).

Figure 7 plots the burst point against the angle of attack. Although the data show some
scattering, there is a generaltrend of burst points moving toward the apex of the delta wing
asthe angleof attack increases,con¯rming our impressionfrom watching the completevideo
record. Burst points near and beyond the trailing edgeof the wing, as suggestedby the
regressionline, will occur at anglesof attack of lessthan 10±.

Data plotted against the compound angle(Figure 8) are compressedinto a band between
30± and 40±. A similar plot in Wentz and Kohlman (1969) indicates that the band should
extend into the 40± to 50± range as burst points occur near the vortex generator apex.
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Figure 7. Burst point as a function of angle of attac k.

However, our particular generatorcon¯guration (' 60± sweepback) wasnot tested at angles
of attack high enough(30± to 35±) to causebursting very near the apex, so this departure
from the Wentz data (Wentz and Kohlman, 1969) should not be surprising.

Figure 8. Burst point as a function of compound angle.

5. DISCUSSION AND CONCLUSIONS

It is known that air°ow at low velocities vacillates between stable and unstable states
on a short time scale. This is causedby the many in°uences that can a®ect°uid °ow in
the environment, wheresmall perturbations from the equilibrium °ow can induce turbulent
°ow. The classi¯cation for any °uid °ow regime, including a vortex, is simply to determine
if the °ow is inherently stable or inherently unstable.
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Prior tests have shown that, with a speci¯c geometry and con¯guration of delta wing, we
can produceinherently stable vortices that are capableof eroding particulate materials such
as snow or sand from the ground surface. An unstable condition called vortex bursting can
occur closeto the delta wing and signi¯cantly degradethe delta wing's erosion potential.
Our ultimate goal is to minimize or eliminate vortex bursting upstreamfrom the point where
the vortex impinges on the ground, in order to maximize the momentum of the vortex and
thus its capacity for erosion. We have seenthat brief over-wing bursts occur at nearly all
angles of attack, but have not yet determined their overall e®ecton downstream vortex
strength. We completed this study to attempt to determine the best angle of attack to
minimize the appearance(number and duration) of bursting events directly over the vortex
generator. We achieved this by adapting a visualization schemethat allows detection of air
currents.

Though further testing is required, the agreement between the preliminary data and
previous independent experiments (McCormick, 1991;Lambourne and Bryer, 1962;Wentz
and Kohlman, 1969;Earnshaw and Lawford, 1966)suggeststhat the heated-wingSchlieren
visualization systemis a valid method for detecting vortex behavior at low Reynoldsnumber
air°ow. This agreement also suggeststhat, for a delta wing (vortex generator) with a
60± sweepback angle, an angle of attack of 13± to 16± (composite angle ' 32:5±) may be
optimal for keepingsigni¯cant or persistent vortex bursting well away from the wing. This
con¯guration shows the fewest vortex bursts over the wing, and so has a greater potential
for moving granular materials on the leeward side. However, the samecompound anglemay
be achieved by other sweepback anglesat di®erent anglesof attack, which suggeststhat
other con¯gurations should be investigated.

Over the courseof our investigation several possible re¯nements of the experiment be-
cameapparent. The imageswe obtained were somewhatdistorted by density variations in
the glasswalls of the wind tunnel enclosure.Using high-quality optical glasswould reduce
this e®ect.The imagequality degradedquickly as the wing cooled and the density gradient
decreased.A thermostatically controlled heating element integrated with the wing struc-
ture would maintain a nearly constant density gradient. Though the scaling screwsdid not
appear to a®ectthe behavior of vortex bursting, there is the possibility that perturbations
from the screwsmay have contributed to air°ow instabilit y, especially at lower anglesof
attack. A lessintrusive method of scalingwould be preferable. A double-passSchlieren sys-
tem should improve the image quality. Finally, high-speedphotographic equipment (video
or still) would increasethe imagedetail and reducethe margin of error in measurement. To-
gether, it is likely that thesemodi¯cations would greatly improve the quality of the images
and the reliabilit y of measurements.

Development of low-wind-speeddelta wing technology should include investigations into
vortex strength, longevity, bursting and burst point, wing dimensions,angleof attack, wing
elevation above the ground and wind speed. Application to relocating granular materials,
such as snow, will bene¯t from an exploration of the maximum length of the vortices and
a more preciserelationship betweenvortex bursting and delta wing geometry, including its
angleof attack. This unique heated-wingvisualization method will enablethe experimenter
to investigate vortex generation and bursting, even at very low wind speeds.



A.S. Bova, R.M. Lang, G.L. Blaisdell, J. Gibson, T. Niessen 39

REFERENCES

1. Earnshaw, P.B. and Lawford, J.A. (1966) Low-Speed Wind Tunnel Experiments on a Seriesof
Sharp-Edged Delta Wings, ARC R&M No. 3424.

2. Geisert, T.W. (1984) A Single Mirror Schlieren Optical System, Amer. J. Physics, 52 (5),
467{468.

3. Lamb, H. (1945) Hydro dynamics, 6th edition, Dover Publications, NY.
4. Lambourne, N.C. and Bry er, D.W. (1962) The Bursting of Leading Edge Vortices-Some

Observations and Discussion of the Phenomenon, J. Fluid Mech., 14 (4).
5. Lang, R.M., Blaisdell, G.L. (1998) Passive Snow Removal with a Vortex Generator at the

PegasusRunway, Antarctica, Annals of Glaciology, 26, 231{236.
6. Lang, R.M., Blaisdell, G.L. (1999) Passive Snow Removal at the PegasusRunway, McMurdo

Antarctica, Cold Regions Sci. and Tech., 29, 75{88.
7. McCormick, B.W. (1995) Aerodynamics, Aeronautics and Fligh t Mechanics, 2nd edition, John

Wiley and Sons,NY.
8. McCormick, B.W. (1991) Aerodynamics of Delta Wings with Application to High-Alpha Fligh t

Mechanics, 3rd Annual AerospaceSymposium, TU Braunschweig, Germany, Springer-Verlag.
9. Merzkirch, W. (1974) Flow Visualization, Academic Press, New York.
10. Roos, F.W. and Kegelman, J.T. (1990) An Investigation of Sweep-Angle In°uence on Delta

Wing Flows, AIAA Paper 90{0383.
11. Wentz, W.H. and Kohlman, D.L. (1969) Wind Tunnel Investigation of Vortex Breakdown on

Slender Sharp-Edge Wings, NASA CR 98737.



A.S. Bova, R.M. Lang, G.L. Blaisdell, J. Gibson, T. Niessen 40

Figure 9. Still from movies 1 and 2.


