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Measurements on a Delta Wing in Unsteady Flow

A. G. Parker*
Texas A&M University, College Station, Texas

Low-speed wind-tunnel tests were undertaken to determine the vortex location, vortex burst location, and
upper surface pressure distribution on a delta wing (aspect ratio = 2) in an oscillatory airstream. In steady flow
an axisymmetric "tulip"-type burst was observed at all angles of attack, whereas in unsteady flow the vortex
core gradually dissipated into turbulence for increasing angles of attack but formed a "helical''-type burst for
decreasing angles. The pressure distributions showed that in unsteady flow there were considerable phase lags in
the suction peaks associated with the vortices but virtually no lags elsewhere on the wing.

Nomenclature
M. - aspect ratio
c0 =root chord
c = aerodynamic mean chord
cp = pressure coefficient
K = reduced frequency parameter, o>c/ U
t = time
U = freestream velocity
x = distance measured downstream from wing apex
a = angle o f attack
o> = angular velocity

Introduction

I N general, the steady flow past low-aspect-ratio (of order
1) delta wings with sharp leading edges is well understood

and well documented.1"15 Data on wings of aspect ratio 1.5
and above are considerably more scarce, and data for un-
steady flow past these wings are virtually nonexistent.

The steady flow is characterized by two vortices, caused by
leading-edge separation, which lie above the wing close to the
leading edges. With increasing angle of attack these vortices
increase in strength and move inboard causing two large
suction peaks in the spanwise loading. At some point along
their length the phenomenon of vortex breakdown, i.e., the
bursting of the tightly rolled vortex core, occurs. For
moderate angles of attack this is well downstream of the
trailing edge, but with increasing angle the burst point moves
rapidly forward until it occurs above the wing, producing
unsteadiness in the loading.16"22 Increasing the aspect ratio
causes the burst to reach the trailing edge at lower angles of
attack.

Two distinct types of breakdown have been observed.17'18

One, more common at high Reynolds numbers, is an
axisymmetric burst where the core suddenly expands to form
a "tulip"-shaped "bubble." In the other, more generally seen
at low Reynolds numbers, the core has a sharp kink and starts
swirling in a helical path about its axis before breaking down
into turbulence.

In unsteady flow the vortex cores move both laterally and
vertically, and their loci have been measured during various
motions for low-aspect-ratio wings.23'27 As yet, no effort has
been made to ascertain the effect of flow unsteadiness on
vortex bursting or to determine the effect of the burst on the
transient loading. The current tests were planned to in-
vestigate these areas.

Equipment and Tests
Most of the work on delta wings in unsteady flow has been

done by moving wings in a steady stream.23"27 Although the
basic mechanics of this approach are straightforward, it does
lead to problems with data aquisition and might not be
representative of an aircraft entering a gust.

For the current tests, a thin sharp-edged delta wing, M = 2,
was mounted in the Texas A&M University 7 x 10 ft low-speed
wind tunnel, and a stream oscillation device28'29 was used to
produce a sinusoidal variation in flow angle of the airstream.

Frequencies of oscillation of 2 Hz and 4Hz were used, and
by setting the airspeed at 83.8 fps, reduced frequency
parameters, K=uc/U of 0.2 and 0.4 were obtained at a
Reynolds number (based on mean aerodynamic chord) of
1.3x 106. With these frequencies and tunnel speed the total
wavelengths of the flow were 42 ft and 21 ft compared to the
root chord length c0 of 4 ft for the delta wing. The flow angle
amplitude chosen for the tests was ±8° about a mean angle of
attack of 15°.

The tests were divided into two sections, flow visualization
and pressure measurements. For the flow visualization a
liquid nitrogen and steam smoke generator developed at
Texas A&M30 was used to seed the vortex cores. Initially, the
position of the vortex core and burst point in steady flow were
determined, at several angles, by photography (Fig. 1). In the
unsteady case photographs of the vortex locations at a par-
ticular time in a cycle were obtained by illuminating the flow
with slave strobe lights triggered by the oscillatory flow drive
motor (Figs. 2 and 3). From these photographs the loci of the
vortex burst point vs angle of attack were determined (Fig. 4).

For the pressure measurements, 20 Validyne DP9 pressure
transducers were mounted on the wing. One side of each
transducer was connected to a port on the upper surface and
the other side to a plenum referenced to freestream static
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AIAA. Fig. 1 Vortex flow visualization, steady flow a=20°.
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e) a =14.7° decreasing

a = 20o9 increasing f) « = 9,1° decreasing

c) a = 23° g) a = l°

d) a = 20.5° decreasing h) a = 9.5° increasing

Fig. 2 Vortex flow visualization, unsteady flow K= 0.2.
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Fig. 3 Detail of a helical-type burst.

1.0---

0.8-

0.6-

0.4-

0.2-

8 12 16 20 24
OC (DEGREES)

Fig. 4 Locus of vortex burst point vs angle of attack.

pressure. Outputs from all transducers, together with a signal
indicating the flow direction, were recorded on Honeywell
visicorders. After reduction, the load distributions on the
wing were plotted at several angles of attack throughout a
typical cycle at each frequency (Fig. 5).

Discussion
Flow Visualization
Steady Flow

At 5° angle of attack, a, in steady flow the vortices above
the wing were weak, and it proved impossible to seed the cores
adequately with smoke. When a was increased to 10°, the
vortex core was well defined and easily seeded; toward the
trailing edge the core tended to curve into the stream direc-
tion. Increasing a to 15° caused the cores to move inboard,
and on one vortex the burst point moved up to the trailing
edge, no bursting was evident in the other vortex. This
asymmetry was probably caused by either a slight yaw angle
on the wing or a disturbance to the flow caused by the smoke
probe.

At 20° angle of attack (Fig. 1) the vortex cores had moved
farther inboard and the burst points had moved forward to
almost 50% of the root chord. These trends continued until at
a = 30° the burst points were at the 20% root chord position.

According to Sarpkaya18 the spiral type of vortex
breakdown is the one more commonly observed over delta
wings, and it was this type of burst that was observed by
Maltby et al.27 in a wind tunnel at Reynolds numbers of 1.5 to
6xl06 ; however, in the current steady flow tests the burst
was always of the axisymmetric "tulip" type which is con-
sistent with the results of Lambourne,17 who pointed out that

his observations of the spiral-type burst were at very low
Reynolds numbers in a water tunnel.

The position of the burst point as a function of angle of
attack is plotted in Fig. 4. Numerically, the burst point in
these tests at all angles of attack lies slightly ahead of Lam-
bourne's measurements as expected for a slightly larger aspect
ratio (2.0 as opposed to 1086)3

Oscillatory Flow
Photographs obtained at several angles of attack during

oscillatory flow at #=0.2 are presented in Fig. 2. At 15.3°
(Fig. 2a), with the angle of attack increasing, the vortex was
still weak, and no burst occurred above the wing. At 20.9°
(Fig. 2b), the vortex had moved inboard and burst at
x/c0 = 0.6. It should be noted, however, that this burst did not
appear to be of the "tulip" type; rather the core expanded
gradually, became turbulent and dissipated. By the time the
maximum angle of attack had been reached (23° 9 Fig. 2c)s the
burst point had moved forward but still appeared to be of a
gradual diffusion type. At 20,5° and decreasing (Fig, 2d)? the
burst point had not changed location but its character was
changing. By the time a had decreased to 14.7° (Fig. 2e)s the
burst point had moved downstream and become a helical-type
burst (see also Fig0 3). At 9.1° (Fig. 2f) the burst point was
near the trailing edge of the wing and the vortex was
decreasing in strength. As the angle passed through a
minimum (Fig. 2g), the burst moved off the wing and the core
moved outboard before moving inboard again with increasing
angle (a = 9.5°, Fig. 2a).

The locus of the burst point throughout the cycle is plotted
in Fig. 4. As the angle of attack increased to a maximum, the
point of burst for K = 0.2 significantly lagged the position in
steady flow; also, the burst in oscillatory flow did not move as
far forward as it did in steady flow. This is presumably
because the wing was not at the maximum angle of attack long
enough for the steady-state conditions to occur; the integrated
vortex strength, which must affect the burst location, was
always less in unsteady flow than it was at the maximum angle
of attack in steady flow. As the angle of attack decreased
from maximum, the position of the burst point in unsteady
flow was aft of (i.e, leading) steady flow position until ap-
proximately a = 20.5°, when the steady and unsteady burst
positions were coincident. With further decreases in angle, the
unsteady results again lagged the steady data by increasing
amounts. For K=0.2 the burst point finally moved off the
wing at approximately 8°.

For K=0.4 the trends were similar to those observed at K
= 0.2, and a plot of the burst point vs angle of attack (Fig. 4)
shows that, for increasing a, the burst position lagged both
the steady and the K = Q.2 cases up to maximum a. Then,
unlike the K=0.2 data, the burst point continued to move
forward as the angle of attack started to decrease and reached
its maximum forward position when a = 21°; this maximum
forward position was still downstream of the most forward
position for K=Q.2. As before, the burst location was in
phase with the steady flow results at about 20°. As the angle
of attack decreased further, the burst position lagged both the
steady and the K=0.2 results and finally moved off the wing
at about the minimum angle of attack.

Pressure Measurements
All of the pressure data obtained, both steady and un-

steady, are presented in the form of carpet plots of the
pressure coefficient cp vs position at several angles of attack
in Fig. 5.

With the wing at 15° angle of attack in steady flow (Fig.
5a), near the nose the two suction peaks were narrow and
close to the leading edges; further downstream they moved
slightly inboard, spread out, and decreased in magnitude due
to the effects of secondary separation, indicated by the small
peak outboard of the main vortex, and the Kutta condition of
the trailing edge. In unsteady flow the distribution was
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o STEADY
o
A K=(U

a) a= 15° increasing e) a= 15° decreasing

b) a = 2® ° increasing f) a-10° decreasing

c) ex = 23° g) a. — 1°

d) a = 20° decreasing h) a = 10° increasing

Fig. § Pressure distributions on a delta wing.

similar, but the peaks were slightly lower for #=0.2 and
lower still for the # = 0.4 case. These trends continued
through a = 17.5° until, at a = 20° (Fig. 5b), it was true at the
most forward measuring station (x/C0 = 0.4), but at the
midstation (x/c0 = 0.6) the peaks in unsteady flow were
slightly greater than in steady flow. A reason for thr is
probably in the vortex burst; flow visualization showed (.ig.
4) that at this angle of attack, in steady flow the burst oc-
curred ahead of, whereas in unsteady flow, for a increasing, it
had not reached x/c0 = 0.6. Thus, in unsteady flow, full
vortex suction still was being maintained. Peaks for #=0.2
were slightly higher than for #=0.4. At x/c0 = 0.8 the peaks

for K=0.2 and 0,4 were about the same magnitude, the vortex
had burst upstream of this location at # = 0.2 but not for #
= 0.4, and the loss of suction due to bursting probably
cancelled the loss due to phase lag.

By the time maximum angle of attack (23°, Fig. 5c) was
reached, the vortex burst had moved ahead of tf/C0 = 0.6 for
both frequency parameters, and the pressure distributions at
x/C0 = 0.6 and 0.8 were similar. The suction peaks at
x/c0 = 0.4, where no burst occurred in either case, were
greater for the lower frequency.

By comparing the distributions at the various angles of
attack, it can be seen that the total load on the wing increased
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steadily as the angle of attack increased from 15° to 23°.
When a decreased to 20° (Fig. 5d) the loading for all cases
was similar, as might be expected since this is the angle at
which the burst patterns were in phase. A major difference
between the steady and unsteady data was that dips due to
secondary separation apparent in the steady data were not
present in the unsteady distributions; this might be caused by
the ports being located at the "wrong" places to detect
secondary separation in unsteady flow.

Again, little change in loading occurred as the angle of
attack further decreased to 17.5°, but, by 15° (Fig. 5e) the
load on the wing had started to decrease. An interesting point
at this angle was distribution at x/c0 = 0.6 and 0.8, the suction
peaks in unsteady flow were quite broad whereas they were
narrow for steady flow. In steady flow at this angle vortex
bursting did not occur until the trailing edge (Fig. 4), whereas,
at A'= 0.2, it occurred at about x/c0 = 0.6 and somewhat
further forward for #=0.4, causing the peaks to become
broader and lower.

As a decreased to 10° (Fig. 5f) the total lift continued to
decrease. The vortex loading in unsteady flow at the two
forward stations was considerably greater than for steady
flow. At the rear station the vortex burst in unsteady flow
caused the peaks to broaden and decrease in magnitude.

At the minimum angle of attack, a - 7° (Fig. 5g), the vortex
peak at x/c0 = 0.4 for K = 0.2 became very narrow and did not
move as far outboard as the peak for K = QA. The reason for
this is not known, but it might be connected with a rapid
collapse of the vortex core at low angles in large-amplitude
oscillatory flow as discussed by Lowson.24

As the angle of attack increased back up to 10° (Fig. 5h),
the lift continued to decrease. It was not until 12.5° that the
lift started to increase again.

In general, it can be seen that in oscillatory flow there was a
phase lag, that increased with frequency, in the development
of vortex lift. This was not so in the loading away from the
influence of the vortices, i.e., along the center of the wing.
Flow that came over the vortices and reattached along the
centerline of the wing (the "potential" flow) responded fast
enough so that there were no phase lags within the accuracy of
measurement (except at high angles where the center section
was influenced by the vortices). The phase lag that occurs in
the vortex loading must occur because of the finite time it
takes the vortex strength to change after a change in the
leading-edge shedding rate; this is consistent with the
measured lags in the locus of the burst points.

In the results presented here no wind-tunnel boundary
corrections have been applied. Estimates for the magnitude of
the angle-of-attack correction were made using standard
steady flow values of lift coefficient, and these indicated that,
at a = 7° and 23°, corrections of order -0.2° and -0.6°
would be needed. However, this type of correction cannot be
justified rigorously in unsteady flow, so none have been
applied.

Conclusions
On a sharp-edged delta wing of aspect ratio 2 in steady flow

at Reynolds numbers of order 1 x 106 the vortex bursting was
of the axisymmetric "tulip" type and the burst point moved
upstream with increasing angle of attack. In unsteady flow (a
= 15° + 8 sin ut) this type of burst did not occur. As the angle
of attack increased, the vortex core appeared to undergo a
gradual viscous dissipation into turbulence; with decreasing
angle, a helical (i.e., the vortex core swirls about its own axis)
burst was observed. The locus of the burst point in unsteady
flow lagged the steady position over most of the cycle. The
burst point did not move as far forward in unsteady as in
steady flow, probably because the vortex strength takes a
finite time to build up and the leading-edge vorticity shedding
rate was not maintained at the maximum value long enough
for the vortex to reach equilibrium.

Measured pressure distributions indicated that the suction
pressures due to the vortices in unsteady flow lagged behind

the steady-state pressures through most of the cycle whereas
the loading in regions of "potential" flow remained in phase
with the angle-of-attack variation, confirming that the
vortices take a finite time to change strength after a change in
angle of attack. Vortex bursting decreased the suction
pressure and broadened the peak, causing a decrease in lift
downstream of the burst. When the angle of attack was
decreasing, the burst position in unsteady flow remained
ahead of the steady-state position, causing a significant loss of
lift over the rear of the wing.
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