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Determination of Vortex Burst Location on Delta Wings from
Surface Pressure Measurements

Douglas I. Greenwell* and Norman J. Woodf
University of Bath, Bath BA2 7AY, England, United Kingdom

A shape parameter for the vortex-induced upper surface pressure distribution on a delta wing has been derived
from a simple two-dimensional potential flow model. For this model the half-width of the suction peak is a
function solely of the vortex height above the wing surface. Published experimental data are used to show that
this result holds for real delta wing flows at low angles of attack, thus allowing a good estimate of vortex
trajectory and strength to be made from surface pressure measurements alone. At higher angles of attack, where
the vortex burst region is over the wing, the simple model breaks down; however, the variation in half-width with
both chordwise location and angle of attack appears to correlate well with the condition of the adjacent vortex.
In particular, the burst point corresponds to an abrupt, well-defined change in half-width. This observation
offers an alternative to flow visualization techniques for experimental determination of burst location.

Nomenclature

= pressure coefficient

= pressure coefficient at suction peak

= root chord

= nondimensional angle of attack, tan «/tan e
= static pressure at suction peak

= local semispan

= freestream velocity

= chordwise coordinate

= spanwise coordinate

Ymin» Yo = Spanwise location of suction peak

Yy = spanwise location of vortex core

P = half-width of suction peak

= height of vortex core

= angle of attack

sideslip angle

= vortex strength

= vortex strength parameter, y.,,/s - x/¢ -V — Cooin
wing semiapex angle

leading-edge sweep

= density
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Introduction

T high angles of attack, the aerodynamics of delta wings

A are dominated by the trajectory of the vortex burst re-

gion. This is particularly true for lateral behavior, where

asymmetric bursts induce significant nonlinearities in force
and moment characteristics.!

The measurement of burst location is thus an important part
of the investigation of these flow regimes. However, conven-
tional experimental methods are, to some extent, unsatisfac-
tory. Visual measurements depend on observer judgment of
burst location, introducing errors of the order of 5% (Ref. 2),
while the tests are often carried out at very low Reynolds num-
bers to facilitate flow visualization. Direct flow measurements
require the use of either a physical probe, which may itself
affect the burst location,® or a sophisticated and hence expen-
sive nonintrusive technique such as laser Doppler velocimetry.
Further, the oscillatory nature of the burst location* may
complicate the interpretation of velocity measurements.
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Previous attempts have been made to correlate vortex burst
with surface pressure distributions.>*7 These efforts have
concentrated on the behavior of the suction peaks induced by
the leading-edge vortices. In general, the variation of C,
with angle of attack for a given chordwise location is corre-
lated with the vortex state, but no consistent trends have been
noted. For example, in one case the burst is followed by a
reduction in the rate of change of the peak suction with angle
of attack, whereas in another there is a local reduction in
suction underneath the breakdown point followed by a recov-
ery as the burst moves upstream. The results presented in
Ref. 7 suggest that this difference in behavior may be a func-
tion of chordwise location of the pressure measurements. In
general, vortex burst is not associated with any abrupt or
well-defined change in peak suction. As a résult, recent inves-
tigations of vortex breakdown have tended to disregard sur-
face pressure variations.

This paper presents an alternative analysis of surface static
pressure data, using a shape parameter derived. from a simple
potential flow model. At low angles of attack this analysis
enables an estimate to be made of vortex strength and core
trajectory. At high angles of attack, where the vortex burst is
over the wing, the position of the burst point may be deter-
mined with comparable accuracy to that of flow visualization
techniques. In addition, an insight is provided into the struc-
ture of the entire burst region.

Flow Model

For a slender wing at low angles of attack the flow may be
assumed to be conical, and the problem reduces to a two-
dimensional flow in the crossflow plane.® The simplest possi-
ble model of the flow induced by a leading-edge vortex is a
point vortex over an infinite plane (Fig. 1a), inducing a suction
peak as shown. It can be readily shown that the half-width of
the pressure distribution is directly proportional to the height
of the vortex. In addition, the vortex strength is a function of
the half-width and peak suction of the pressure distribution:
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Fig. 1 Definition of half-width for vortex-induced suction peak.
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Fig. 2 Application of simple model to experimental vortex trajectory
data.

Clearly, a more realistic model would need to take account of
the finite nature of the wing, the freestream velocity, the
feeding vortex sheet, etc.® However, this would complicate the
application of this analysis and tend to obscure the basic
physics of the situation. In fact, as will be seen, the simple
model gives remarkably good results when applied to experi-
mental data.

Figure 1b shows the definition of half-width as applied to a
typical delta wing upper surface pressure distribution.” Al-
though the treatment is in no way rigorous, the justification
for this interpretation is that the inner edge of the suction peak

most closely resembles the isolated vortex case, being rela-
tively unaffected by the secondary separation, the leading-
edge suction, and the opposite vortex. For ease of application
the suction peak is measured relative to a pressure coefficient
of zero, rather than the extrapolated asymptote of the pressure
distribution curve. Since for low angles of attack the compo-
nent of freestream velocity in the plane of the wing is close to
freestream, the resultant error will be small. For this case,

z/s = 1.55 yv,/s

P=x-V.z:N-C,.
=7-V-c-(1.55,/5)- (x -tan e/c) N — G, ..
S T/Vec-e) T
where

I =y,/s -x/c -~ — Con
T'’ may be regarded as a vortex strength parameter, and y,/s
characterizes the shape of the vortex-induced pressure distri-
bution.

A literature search was performed to identify published
results containing both vortex core trajectory and upper sur-
face pressure measurements.’!® Figure 2a compares the mea-
sured spanwise location of the vortex core and the suction
peak. In general, there is good agreement, although for the
relatively thick biconvex wing described in Ref. 9 the vortex
tends to be around 5% outboard of the suction peak, possibly
due to the high spanwise curvature of the wing. Figure 2b
shows the measured vortex height plotted against the pressure
distribution half-width. The simple flow model can be seen to
give a good fit to the data. Figure 3 shows local nondimen-
sional vortex strength (derived from T'’) as a function of
Hemsch and Luckring’s vortex similarity parameter.!® Note
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Fig.3 Vortex strength derived from simple flow model compared
with semi-empirical correlation of Ref. 19.
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Fig. 4 Chordwise variation of half-width and vortex strength param-
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that only flows approximating to conical behavior (e.g., close
to the wing apex) are shown in this figure. A semiempirical
correlation from Ref. 19 is also shown.

Although there is some scatter, due in part to the small size
and sometimes poor reproduction of the curves analyzed, the
simple flow model gives a remarkably good fit. For very high
sideslip angles the model breaks down, as the leading-edge
effects become significant.

These results encouraged a closer examination of the behav-
ior of the half-width and vortex strength parameter. Figure 4
illustrates the variation of these parameters with chordwise
location for a 76-deg delta wing?° at a constant angle of attack.
From Fig. 4a it can be seen that for small sideslip angles the
nondimensional half-width remains almost constant along the
wing, implying a constant nondimensional vortex height, as is
indeed the case. The typical upward movement of the leeward
vortex with sideslip can also be seen. Similar trends are appar-
ent in data from Refs. 8 and 14. Figure 4b shows the vortex
strength parameter increasing linearly from the wing apex as
in the classical conical flow assumption, except in the vicinity
of the trailing edge. Small sideslip angles have little effect on
the vortex strength; this is not immediately apparent from the
significantly asymmetric pressure distributions.

It is clear from Fig. 4 that where a burst vortex is present
over the wing the simple flow model breaks down. Although
the core trajectory is relatively unaffected by the burst, the
half-width exhibits a marked increase in the region of the
burst, implying a change in the shape of the pressure distribu-
tion. This change can also be seen in the vortex strength
parameter, which deviates from the ‘‘unburst’’ curve.

Effect of Vortex Burst

Thus, in contrast to the behavior of the suction peak, the
half-width of the pressure distribution can change abruptly in
the region of a burst vortex. This is confirmed by the analysis
of published pressure data®>®!* and data from current re-
search work at Bath. These data revealed surprisingly consis-
tent behavior. Figure 5 shows typical variations of half-width
with chordwise location and angle of attack, with the burst
location marked. In general, vortex burst corresponds to a
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Fig.5 Typical variation of half-width with chordwise location and
angle of attack in the region of the vortex burst (Ref. 2).
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Fig. 8 Proposed interpretation of general half-width trends.

marked, well-defined change in the half-width. If sufficient
pressure data are available, the burst location may thus be
determined as accurately as with flow visualization techniques.

Inasmuch as half-width is a function of the pressure distri-
bution shape (for constant vortex height), the half-width trends
contain considerable information about the vortex breakdown
phenomenon.

Figure 6 gives a schematic of the vortex breakdown process
split into four regions.??! Region A denotes the unburst vor-
tex, where the simple model is valid and the half-width is
directly proportional to vortex height. Region B indicates flow
deceleration ahead of the visible burst point. In the presence
of a longitudinal pressure gradient the velocity distribution
through an unburst vortex (outside the viscous subcore) grad-
ually changes,?>?* such that the swirl component falls off more
rapidly with increasing radius. The net effect should be a
reduction in half-width. Region C shows a bubble-type break-
down, with some degree of flow reversal in the core. The start
of the bubble is usually defined as the burst point, since it is
relatively easy to observe. The flow in this region is unsteady
and difficult to model; one approach has been to combine a
point vortex with a source®* to generate a semi-infinite slender
body along the vortex axis aft of the breakdown point, giving
a reduction in suction peak and an increase in half-width. The
fully developed burst vortex, region D, is often described as a
region of large-scale turbulence, although flow visualization
indicates that it retains an essentially vortical character.

These stages in the vortex breakdown process may be dis-
cerned in the half-width trends typified by Fig. 5. These
trends, as synthesized from a wide range of published data,
are shown diagrammatically in Fig. 7. .

Figure 7a illustrates the general variation of half-width with
chordwise location for a constant angle of attack. The differ-
ence between the unburst (A) and decelerating flow (B) regions
is generally difficult to see on this plot, with half-width re-
maining essentially constant. Some data sets do show a grad-
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ual reduction in half-width from the apex, until the burst point
is reached. The burst point, as determined visually, is always
in the region of the first kink in the curve. Aft of the burst the
half-width increases linearly, as the bubble develops (C), until
a plateau is reached when the burst is fully developed (D). This
final value is of the order of twice the unburst half-width.

Figure 7b shows the variation of half-width with angle of
attack for a given chordwise location. The initially unburst
vortex (A) shows a linear increase in half-width and hence
height with angle of attack, consistent with observed behav-
ior.% The curve then levels off, which seems to correspond to
the flow deceleration region (B), with a reduced half-width
relative to the unburst vortex. The burst point is always in the
region of the abrupt increase in half-width at the end of this
almost level portion of the curve. The half-width now in-
creases rapidly as the breakdown progresses (C), until the
burst is fully developed (D) and the curve approaches a
straight line of approximately double the slope of the initial
unburst vortex region.

Figure 8 is an attempt to combine the observed half-width
trends with both angle of attack and chordwise location in one
figure. The shape of the surface will depend on leading-edge
sweep and profile.?® The change in half-width at the burst
point is most pronounced in the direction of increasing angle
of attack.

Conclusions

For an unburst leading-edge vortex, a simple flow model
based on a point vortex above an infinite plane gives the result
that vortex height is directly proportional to the half-width of
the induced pressure distribution on the surface. A surpris-
ingly good match with experimental data is found.

For angles of attack where the vortex burst phenomenon is
present over the wing, the burst location is marked by an
abrupt change in the half-width of the pressure distributions.
There appears to be a good correlation between the various
stages of vortex breakdown and the behavior of the half-width
parameter.

This observation offers the ability to determine vortex con-
dition and burst location from surface pressure measurements
alone. Limitations include the need for extensive pressure
tappings and the lack of data on vortex bursts off the wing
(i.e., low angle of attack or high sideslip). Conversely, the
usual experimental techniques also present considerable prac-
tical difficulties, combined with the need for an ‘‘eyeball”’
judgment of burst location.
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