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Early Vortex Burst on a Delta Wing in Pitch

M. R. Soltani* and M. B. Braggt )
University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

Wind-tunnel experiments were performed at a Mach number of 0.13 and Reynolds number of 1.43 x 106 to
study the flow over a 70-deg sharp leading-edge delta wing model. The model was tested with the angle of attack
static, a sinusoidal oscillation, and a sinusoidal ramp up. Smoke flow visualization of the leading-edge vortices
was used as well as six-component balance measurements for the delta wing forces and moments. During the
upstroke of a sinusoidal oscillation in pitch the vortex breakdown point was seen to reach the trailing edge at
a significantly lower angle of attack than in the static case. However, at large angle of attack, its position lagged
that of the static case. The dynamic normal force was less than the static value at angles of attack where the burst
point led the static value and was higher when the burst point lagged. A ramped pitch-up motion terminating
at 24-deg angle of attack produced lower lift and normal force values when compared to the static values.
Furthermore, on cessation of the motion, the dynamic loads did not converge to their static values. This
behavior was also attributed to the lead in the burst point position during a pitch-up at low angles of attack.

Nomenclature

= tunnel test section area, ft?

= normal force coefficient, N/qS

= root chord, ft

= frequency, Hz

= reduced frequency, #fc/ U

= dynamic pressure, 1b/ft2

= Reynolds number based on the root chord
= wing area, ft?

= angle of attack, deg

= nondimensional time, tUy/c
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Introduction

ANY modern fighter aircraft have highly swept, low

aspect ratio wings to improve their supersonic cruise
performance. These aircraft are required to have high levels of
maneuvering capability and controllability to be effective in
the combat arena. Among these planforms, delta wings and
their combinations are the most common. The dominant fea-
ture of delta wing flow is the leading-edge vortices which
originate at the wing apex and convect downstream over the
wing surface. These vortices produce large suction on the wing
surface and account for a large portion of the lifting mecha-
nism of delta wings. However, beyond a critical incidence, a
sudden transformation takes place and the tightly rolled vor-
tices burst. Both static and dynamic stall are initiated by the
breakdown of the leading-edge vortices.

Steady flow over delta wing models and the corresponding
aerodynamic forces and moments have been studied by many
researchers since the early work of Winter! in 1937. A detailed
review of the progress made in this area is provided in Ref. 2.
The focus of this study is the response of the flowfield over a
delta wing when in dynamic motion. Several investigators®-1¢
have used flow visualization and/or force measurement tech-
niques to study the complicated flowfield over delta wing
models under dynamic oscillatory motion. Their studies have
included delta wing models undergoing sinusoidal, linear and
sinusoidal ramp, stepwise, and plunging motions about a
mean angle of attack. Depending on the wing leading-edge
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sweep angle, the mean angles of attack were typically selected
such that the vortex burst point was located in the vicinity of
the wing trailing edge. The models were then pitched about
these mean angles of attack up to angles where the leading-
edge vortices were burst over the entire, or a large portion of,
the wing surface. The following qualitative conclusions high-
light some of these findings.

1) For all reduced frequencies tested, K = 0.01-0.4, a hys-
teresis loop in the delta wing normal force and flowfield
properties were observed between the increasing and decreas-
ing angle-of-attack conditions.

2) For a low to high angle-of-attack motion, as much as
o = 0-90 deg, substantial force and moment overshoot and a
delay in dynamic stall angle were observed, even for the
smallest reduced frequency tested.

3) In the downstroke motion aerodynamic forces and mo-
ments were significantly lower than their corresponding static
values due to the delay in the re-establishment process of the
leading-edge vortices.

4) The magnitude of the overshoot/undershoot and the size
of the hysteresis loop depend strongly on the reduced fre-
quency.

5) Unsteady aerodynamic forces and moments are greatly
influenced by the mean angle of attack. Increasing the mean
angle increases the overshoots of the dynamic loads while
enlarging the hysteresis loop.

Unlike the aforementioned studies, in the present investiga-
tion the delta wing model was oscillated in pitch from 0- to
55-deg angle of attack, or pitched up in a ramp motion from
0 deg. Therefore, in one oscillation cycle, the flow over the
wing surface encountered the formation, breakdown, separa-
tion, and reattachment process of the leading-edge vortices.
Initially an interesting result was observed in the ramp data;
for ramps from 0- to 24-deg angle of attack the normal force
coefficient did not return to its static value with time. While
investigating this, it was discovered that it could be corrobo-
rated by the flow visualization and force data on the static and
oscillatory wing. Interestingly, both the flow visualization and
force data support the fact that initially the vortex burst point
leads the static position when pitch-up is started at 0-deg angle
of attack. This paper presents and discusses the measurements
supporting this result.

Experimental Procedure
The experiments were conducted in the subsonic wind tunnel
located at the Aeronautical and Astronautical Research Labo-
ratory while the authors were at Ohio State University. The
open-return tunnel has a test section approximately 5 ft wide,
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3 ft high, and 8 ft long, and operates at speeds from 0 to 220
ft/s at a Reynolds number of up to 1.3 x 10%/ft. The wind-
tunnel turbulence level is less than 0.1%.

Model

The model was a simple flat plate delta wing of 70-deg
leading-edge sweep, a 20.61-in. root chord, and a 15-in. span
at the trailing edge. The wing was constructed of 0.25-in.-thick
aluminum (0.012 thickness to chord ratio). To leave the lee-
ward side (upper surface) flat, the leading and trailing edges
were chamfered on the windward side (lower side) of the wing
at 14 deg. A pod large enough to house the balance and
necessary hardware was attached under the wing. Figure 1
shows a drawing of the model. The flow visualization was
conducted using a slightly different model. This model was
0.50 in. thick and the leading edge was sharpened using a
25-deg bevel from the top and bottom surface.?

Oscillation System

A system was designed that pitched the model through
large-amplitude oscillations. Figure 2 shows a schematic draw-
ing of this apparatus mounted underneath the wind-tunnel test
section. The oscillation system uses a belt and pulley arrange-
ment to drive a cam that produces the sinusoidal pitch motion
of the model. The model was attached to the system by a push
rod and a strut arrangement as shown in Fig. 2. Model oscilla-
tion was from 0- to-55-deg angle of attack and of the form

aft) = 55 — 27.5[1 + cos(Qm ft)]

A computer-controlled solenoid clutch assembly was in-
stalled in the belt reduction system. This allowed the cam to be
rapidly connected or disconnected from the motor drive sys-
tem. Thus, sinusoidal ramp-up and ramp-down motions could
be generated at various frequencies using segments of the
sinusoidal motion. A potentiometer mounted on the arm of
the - oscillation system provides the instantaneous angle of
attack of the model during both the static and dynamic mo-
tions. Detailed information about the oscillation system used
in this investigation can be found in Ref. 2.

Force and Tare Measurements

Force measurements were made using a six-component in-
ternal strain-gauge balance. There are two types of force and
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Fig. 2 Oscillation system, not to scale.

moment tares acting on the balance. The gravitational loads
due to the model and metric balance weight are functions of
the angle of attack and the inertial forces and moments pro-
duced by the moments of inertia of the oscillating model and
metric balance. These loads can be measured when the model
is oscillating in still air, the wind-off tests. Both of these forces
and moments have been measured and subtracted from the
wind-on data.

Data Acquisition and Reduction

Dynamic oscillation data presented in this paper are an
average of at least 10 cycles taken at a sample rate of 100 Hz
at the lowest reduced frequency increasing to 750 Hz at the
highest reduced frequency. The ramp motion data are an
average of at least two different runs at the same tunnel speed,
data sample rate, and nondimensional pitch rate. Raw data
for all of the reduced frequencies and nondimensional pitch
rates were saved unfiltered on a personal computer. These
data were later digitally filtered and reduced to forces and
moments as a function of time.

Blockage corrections at small angle of attack were deter-
mined by the method of Ref. 17 and were found to be small
relative to all of the aerodynamic variables. Thus, in all of the
calculations, no blockage correction was applied. In addition,
Ref. 18 suggests that blockage ratios (S/C, wing area/test
section area) of less than 7% can usually be considered negligi-
ble. The blockage ratio for this investigation was 7.1%. Cur-
rently, there are no methods available which can accurately
estimate the blockage corrections at the high angles of attack
of this study. The data were corrected for the presence of the
support strut by the ‘‘image’’ support system method? as
described in Ref. 17.

Flow Visualization

Flow visualization was used to document the leading-edge
vortices before, during, and after bursting under both static
and dynamic conditions. These tests were conducted at a free-
stream velocity of approximately 15 ft/s, Re =0.16 x 10%. The
smoke was injected into the flow near the wing vertex. Refer-
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ence 2 shows a detailed drawing of the setup and discusses the
operation of the smoke flow generator. Leading-edge vortices
were illuminated using high intensity lamps. A VHS video tape
camera was used to record the vortices formed on the suction
side of the model.

Photographs provided in this study were taken from a video
monitor by freezing the desired frame and photographing the
screen. The breakdown location of the vortices was measured
from the photographs or directly from the monitor. The flow-
visualization portion of this study was conducted as an aid in
interpreting the force and moment data. It was not originally
intended to provide a detailed quantitative documentation of
the burst point location. However, the burst point location
data have been carefully obtained from the video and compare
favorably to data by other researchers on similar wings. An
exact location of the breakdown point is extremely hard to
obtain from the flow visualization. There always exists an
inaccuracy which should be taken into account when compar-
ing different results.!® This is due to the fact that vortices do
not burst instantaneously, as discovered by Lambourne and
Bryer.3 Therefore, to locate the burst point, a judgment must
be made by the observer as to what point the vortices are
considered to be burst.!® The accuracy of these data are ade-
quate to show the early burst phenomenon discussed later.

Error Analysis

The uncertainty in the experimental data was estimated
based on the methods in Ref. 20. The sources of errors associ-
ated with the balance data include errors due to the balance
calibration, analog-to-digital (A/D) conversion, and system
noise. The A/D and system noise errors were minimized by
averaging several hundred samples for the static case and
several cycles of data for the oscillatory or ramp data. Fur-
thermore, the averaged dynamic data were digitally filtered,
thus reducing the noise. For the six-component balance, the
total system error is estimated to be less than 0.7% of the
full-scale load for each component. For the normal beam, this
becomes a maximum error in Cy of = 0.035 at the test dy-
namic pressure.

The parallax error in the vortex burst location from the
flow-visualization data was estimated. This error is caused by
the stationary camera location, which causes the camera orien-
tation with respect to the delta wing model to change with
angle of attack. For the worst case, and using the vortex height
data from Ref. 21, the maximum error in vortex burst location
is Ax/c =0.02.

Results and Discussion

The effect of large amplitude pitching motion on the flow-
field and the aerodynamic characteristics of a three-dimen-
sional lifting surface was extensively studied. The experiments
were performed on a 70-deg sharp leading-edge delta wing
model at a Reynolds number of 1.43 x 10°. Data were taken
during forced sinusoidal oscillations and ramps at various
reduced frequencies including the static (zero frequency) case.
Comparison of the static and dynamic flow-visualization re-
sults taken at a Reynolds number of 0.16 x 10° revealed an
interesting early vortex burst phenomenon at low angles of
attack, which is the subject of this paper. The balance of the
data taken at a higher Reynolds number further supported
these findings. Detailed analysis of other aspects of this test,
including the effect of Reynolds number and reduced fre-
quency, can be found in Ref. 2.

Static Tests

Figure 3 shows the static variation of the vortex breakdown
location with angle of attack obtained from flow visualization
at a chord Reynolds number of 0.16 X 10°. To see the hys-
teresis in the breakdown position, the data for both increasing
and decreasing angle of attack are shown in this figure. As
previously indicated, the breakdown location was measured
frame by frame from the smoke flow-visualization video.

The static data shown in Fig. 3 reveal similar trends with
those obtained by other researchers*’ who used a slightly
different method in measuring the breakdown position. The
presence of a small hysteresis in the burst location between
increasing and decreasing angle of attack, seen in Fig. 3, was
also noted by Lowson’ and LeMay et al.® This figure indicates
that to move the breakdown position into the wake, the angle
of attack when « is decreasing should be less than the corre-
sponding angle at which the burst point moved onto the wing
surface with increasing «. The reason for this phenomenon is
not yet clear. For x/c <0.1, the local wing span is very small.
This makes it very difficult to distinguish the two vortices
from one another. As a result, it is extremely difficult, if not
impossible, to differentiate between the burst and unburst
vortices. For this reason, for x/c¢ <0.1, the vortex breakdown
locations were not measured in this study or for other stud-
ies*6%2! in the literature.

Dynamic Tests

The 70-deg aluminum delta wing model was sinusoidally
oscillated in pitch from 0- to 55-deg angle of attack at various
reduced frequencies. In the following sections, results for the
oscillatory motion will be examined first. Dynamic data for
the ramp type motion will be presented in the subsequent
section.

Figure 4 shows the smoke flow over the wing surface for the
oscillatory pitch-up motion at two different angles of attack,
25 and 35 deg, for a reduced frequency of 0.09 and compares
them with those of the static case at the same angles of attack.
This figure illustrates the basic flow features over a delta wing
model, the presence of the two strong leading-edge vortices
and the breakdown phenomenon. Comparison of the smoke
flow over the wing surface for both static and dynamic cases
at 25-deg angle of attack shows an increase in the diameter of
the leading-edge vortices in the vicinity of the trailing edge for
the dynamic case, Fig. 4a, which indicates the breakdown of
the vortices.

It is believed that in the dynamic motion the breakdown
point at any angle of attack lags its static position; however,
the flow-visualization results shown in Fig. 4 contradict this.
For an angle of attack of 25 deg, Fig. 4a clearly shows that the
vortices over a portion of the oscillatory wing are burst, with
the burst point located at about 80% of the wing root chord.
(Note that the wing is marked with a spanwise line every 10%
root chord.) For this incidence the vortices for the static case
are still unburst, Fig. 4b. For the static case, the burst point
moves onto the wing surface at an incidence of about 28 deg.

As the angle of attack is further increased, the breakdown
point for the oscillatory wing moves toward the wing apex,
reaching about 60% of the wing root at an incidence of 35 deg,
Fig. 4c. For the static case at this angle of attack, Fig. 4d
shows that the burst point is located at about 40% of the wing
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Fig. 3 Variation of the static vortex breakdown location with angle
of attack.
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root chord, leading that of the dynamic case, Fig. 4c. There-
fore, from the present flow-visualization result it is seen that
there exists a range of angles of attack where the breakdown
point for the dynamic motion leads its static location. How-
ever, for higher angles of attack, the dynamic burst point lags
its static position as seen from Fig. 4.

The burst location data over the entire range of angles of
attack are summarized in Fig. 5. This figure shows the varia-
tion of the dynamic vortex breakdown location over the wing
surface vs angle of attack for a reduced frequency of 0.09.
Static data for increasing o are also shown for comparison. As
in the static case, the dynamic breakdown locations were
measured from the smoke flow-visualization photographs,
some of which are shown in Fig. 4. From Fig. 5 note that
during the upstroke motion the dynamic burst point moves
onto the wing surface at a lower angle of attack than that of
the static case. During the pitch-up motion, the burst point
moves onto the wing surface at an incidence of about 18 deg,
10 deg less than that of the static case. At an angle of attack
of about 30 deg, the breakdown points for the dynamic pitch-
up motion and the static case are located at the same chord-
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wise station on the wing surface. Beyond this incidence, the
dynamic burst point lags its static location, and the magnitude
of the lag increases as higher « are reached, Fig. 5.

From Fig. 5, it is clearly seen that in the pitch-down motion,
the leading-edge vortices remain burst over the wing surface
until the angle of attack is reduced to about 35 deg. This large
lag in the vortical flow reformation is associated with the
persistence of the separated wake-like flow, as well as the fast
variation of the angle of attack, f = 2.17 Hz. At an incidence
of about 18 deg, the dynamic burst point for the pitch-down
motion is located at the same chordwise station on the wing
surface as it was during the pitch-up motion, about 94% of
the wing root chord, Fig. 5. This may indicate that for the
dynamic motion, the burst point moves off the wing surface
at approximately the same angle of attack as it moved onto
the wing surface during the pitch-up motion. For the static
case, however, the trend was quite different where the hys-
teresis in burst point location between upstroke and down-
stroke was largest when the burst point was in the vicinity of
the trailing edge.

Figure 6 compares the static and dynamic variation of the

normal force coefficient with angle of attack for a reduced
frequency of K = 0.034. Between 20- and 30-deg angle of
attack the dynamic Cy data are slightly less than their corre-
sponding static values. This could be related to the breakdown
of the leading-edge vortices moving onto the wing surface at
lower angle of attack, a = 18 deg, for the oscillatory motion
case, Fig. 5. For the static case, vortex breakdown reached the
trailing edge at an incidence of about 28 deg, Fig. 3. Note that
the dynamic and static Cy are equal at about 31-deg angle of
attack, from Fig. 5 this corresponds approximately to the
position where the burst locations for both cases, static and
dynamic, are at the same chordwise station. Thus, the normal
force in the dynamic case is lower than the static value over the
angle-of-attack range where early bursting was observed in the
dynamic flow-visualization data.

Surface-pressure results of Ref. 8, taken at a reduced fre-
quency of K = 0.0764 over a range of motion of 2-60 deg,
showed that in the upstroke motion static-pressure coefficients
on the upper surface at the 75% chord location were slightly
lower than those of the static case for o of 20-35 deg. The
increase in the pressure coefficients for this angle-of-attack
range might be related to the early breakdown phenomenon
observed in our flow-visualization results. The authors of Ref.
8, however, do not mention this increase in the pressure for
the dynamic case in their paper. Note that the delta wing
model used in Ref. 8 is similar to the one used in the present
investigation.

At about 30-deg angle of attack, the lead in the dynamic
vortex burst point vanishes, Fig. 5, and with further increase
of the incidence, the dynamic burst location lags its static
position, producing higher normal force. The normal force
coefficient for this reduced frequency reached its maximum
value of approximately 1.9 at about 46-deg angle of attack.
For the static case, the maximum normal force coefficient
occurs at an incidence of about 38 deg, about 8 deg lower than
the corresponding value when in dynamic motion. This is
clearly an indication of the lag in the breakdown location
during the dynamic upward motion, resulting in higher normal
force. During the rest of the cycle, o = 46-55 deg, the normal
force coefficient decreases substantially, indicating further de-
terioration of the leading-edge vortices and flow separation.

The flowfield when the model is in the downstroke motion
is not the focus of this paper. However, it further demon-
strates the relationship between the vortices as shown by the
flow visualization and the normal force and will be discussed
briefly here. In the downstroke motion, the dynamic normal
force coefficient, for angles of attack of 52 deg and below, is
smaller than its corresponding static value until an incidence
of about 18 deg is reached, Fig. 6. For this part of the motion,
o = 52-18 deg, the flow re-establishment process is very slow
due to the persistence of the separated flow produced at the
end of the pitch-up motion. The normal force coefficient

decreases as « is reduced until an incidence of about 36 deg
beyond which Cy starts to increase, Fig. 6. This corresponds
to the angle where the vortices were again visible in the flow
visualization near the leading edge. In Fig. 5 the leading-edge
vortex burst point was at approximately x/c¢ = 0.10 at 36-deg
angle of attack. At an angle of attack of about 18 deg, Cy
reaches the same value it had in the upstroke motion as the
flowfield becomes fully re-established, Fig. 6. Remember 18
deg was the angle of attack where the vortex burst point was
at approximately the same position on the w1ng trailing edge
on the upstroke and downstroke.

Figure 6 also shows that in the pltch—down motion the
normal force coefficient for angles of attack of approximately
18-8 deg is slightly higher than the corresponding values in the
upstroke motion. This creates a counterclockwise hysteresis
loop. Note that the hysteresis loop formed at moderate-to-
high angles of attack has a clockwise direction. Therefore, the
two hysteresis loops together form a distorted figure eight
shape. This low angle-of-attack hysteresis was also noted by
other researchers.?® The reason for this phenomenon is not yet
clear and could not be discerned from the flow visualization.

Ramp Motion

Figure 7 shows the variation of the normal force coefficient
vs .7, time nondimensionalized by convective time, for the
ramp motions from 0- to 24-, 38-, 47-, and 55-deg angle of
attack and at a nondimensional pitch rate of X = 0.034. Note
that the ramp motion used in this investigation is derived from
a section of a continuous oscillatory motion of frequency f.
Therefore, the usual reduced frequency K will be used to
describe the ramp pitch rate and will be referred to in this
study as the nondimensional pitch rate. The model angle of
attack is shown vs 7 in the lower part of Fig. 7. Static data for
24-, 38-, 47-, and 55-deg angle of attack are also shown for
comparison. The overshoot in the ramp normal force data
caused by the convective time lag of the adjusting flowfield is
apparent. Figure 7 shows that for the ramp motions of 0-47
and 0-55 deg, maximum normal force coefficients occur at the
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same angle of attack to within 0.5 deg, at o = 47 deg, although
the magnitudes of Ch,,, for both cases are not the same. For
the 0-55-deg ramp mot1on Cn,... 18 slightly higher than that of
the 0-47-deg ramp.

For the 0-38-deg pitch-up, Cy_ . 18 obtained after the model
has reached 38-deg angle of attack. The nondimensional time
required for the model to return to the static value, once the
dynamic Cy__ has been reached, varies with the maximum
angle of attack Fig. 7. From this figure it is clearly seen that
for the 0-55- deg ramp motion the time lag is smaller than for
the other two cases.

For the 0-24-deg ramp motion case, Fig. 7 shows that again
CN,,, is obtained after the model has reached .an angle of
attack of 24 deg. In addition, dynamic Cy,_ is seen to be less
than its correspondmg static value at 24- deg angle of attack.
This is very interesting and correlates well with the oscillatory
data of Fig. 6 and the flow visualization results of Figs. 4 and
5. Figure 6 showed that in the upstroke motion the dynamic
normal force coefficient for angles of attack of 20-30 deg is
slightly less than that of the static case. Figure 5 showed that
the vortex burst point moved onto the wing at 18-deg angle of
attack during pitch-up but not until 28 deg in the static case.

The ramp motions used in this investigation are all derived
from sections of a continuous oscillatory motion. Therefore,
measurements have shown that for ramps starting at 0-deg
angle of attack, the aerodynamic forces and moments for the
ramp motion are the same as those of the oscillatory case while
in the upstroke motion.? As a result, the flowfield over the
oscillatory model for increasing o will be similar to that of the
ramp motion case. Therefore, the data of Fig. 5 for the dy-
namic upstroke case can be used to locate the breakdown point
for the ramp motion. Thus, when the model is pitched from
0- to 24-deg angle of attack, the leading-edge vortices will
experience breakdown over the model. Figure 5 shows that at
24—deg angle of attack, the burst po1nt for the oscillatory wing
is located at about 83% of the w1ng root chord. Accordingly,
the lower dynamic CNW seen in Fig. 7 is due to the early
bursting of the leading-edge vortices at low angle of attack. .

*Figure 7 also shows that for the 0-24-deg ramp case, on
cessation of the motion, the dynamic values did not converge
to their static values as they did for the other cases. This could
be related to the persistence of the burst vortices over the wing
surface. Note that for the static case, the vortex burst point
reached the wing trailing edge at an incidence .of. approx-
imately 28 deg when « was increasing, Fig. 3. However, when
a was decreasing, the burst point moved off the wing surface
at an incidence of about 26 deg. It appears that once the
breakdown moved onto the wing surface, it remained stable
over the wing unless the incidence was reduced.. Previous
investigators-® have shown that for the static case the angle at
which bursting moved onto the wing surface was always
greater than the angle required to move the breakdown point
off the model and into the wake. Figure 3 clearly supports
these findings. Thus, even in the static case, the vortex burst
point tends to remain on the wing once it has moved onto the
wing unless the angle of attack is reduced..

As the model is pitched up to 24-deg angle of attack, the
burst point moves onto the wing surface before the motion is
terminated, about 18 deg for K = 0.09, see Fig. 5. To move
the breakdown point off the wing surface, the angle of attack
would have to be reduced, which is not the case in the pitch-up
and hold situation. Therefore, the vortices will remain burst
over the wing surface resulting in a lower normal force coeffi-
cient when compared to the corresponding static values at
24-deg angle of attack, see Fig. 7.

Summary and Conclusions

An extensive experimental study was conducted to investi-
gate the flow on a 70-deg sharp leading-edge delta wing model
undergoing large amplitude pitching oscillations. Ramp mo-
tions were produced using an initial sinusoidal increase in
angle of attack and hold. Unlike most other studies, the model

was oscillated or pltched from O-deg angle of attack. Thus
each ramp or oscillation experienced the initial formation,
growth, and bursting of the leading-edge vortices. Because of
this motion, an interesting phenomenon was observed.

During the upstroke motion the vortex breakdown point
was seen to reach the model trailing edge at a smaller angle of
attack than it did in the static case. This phenomenon was
observed from the flow-visualization result. Furthermore, the
dynamic normal force data for moderate angles of attack,
20-30 deg, were slightly less than their corresponding static
values. This further confirmed the fiow-visualization results.
However, at higher angles of attack, the flow visualization
showed the burst point lagging the static values and the forces
were greater than the static values. This high-angle-of-attack
behavior was the usual burst point lag and force overshoot
often measured and reported.

Terminating the ramp motion at 47- or 55- deg angle of attack
produced almost identical results, although slightly larger nor-
mal force overshoots for the 0-55- deg case. The ramp to 38
deg produced significantly lower overshoots. The time to re-
turn to the static value decreased slightly as the maximum
ramp angle was increased.

However, for the 0-24-deg ramp motion case the delta
wing model produced lower normal force values when the data
were compared to the static case. Furthermore, upon cessation
of the model motion, the dynamic loads did not converge to
their static values as they did for other ramp motions. This is
also believed to be due to early movement of the vortex burst
point onto the wing during the pitch-up. The persistence of the
burst point to remain on the wing prevents the model from
attaining the static lift value after the motion has stopped.
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