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An investigation was undertaken to understand support interference in high-angle-of-attack testing with par-
ticular emphasis on premature vortex breakdown induced by struts. In static experiments efforts concentrated on
the support geometry and its location with respect to leading-edge vortices generated by delta wings. Extensive
� ow visualization studies show that vortex breakdown induced by a dummy support might move over the wing
depending on the angle of attack and the location of the support. As the lateral distance between the vortex axis and
support is varied, static hysteresis of vortex breakdown location was observed, which will have very important im-
plications on force measurements in wind-tunnel testing. The results also suggest that support interference is more
important for slender wings. To separate the effects of time-dependent vortex strength and support interference,
the model was kept stationary, and a dummy support was oscillated in the spanwise direction in the oscillatory
experiments. It was observed that vortex breakdown location oscillates with large amplitudes at low frequencies,
but does not show any response at high frequencies, indicating that the frequency response is similar to that of a
low-pass � lter. Variation of phase-averaged breakdown location showed hysteresis loops and time lags, which are
larger for a thin � at plate than a circular cylinder. The results suggest that support interference problems are more
complex in transient experiments.

Introduction

S TATIC support interferencebecomesa particularproblemwhen
testing aircraft models at high angles of attack where there are

vortices originating from forebodies, wings, strakes, and canards.
Support systems interferewith the vorticesand wakes shed from the
model. Hummel1 demonstrated how the support interference could
affect the vortices and cause premature vortex breakdown. An ob-
stacle placed one chord length downstream of the trailing edge of a
delta wing caused the vortex breakdown to move from 80 to 40%
of the chord length, hence changing the wing loading. The “obsta-
cle” used by Hummel had a relatively large projection (cross�ow)
area and was not representativeof struts used in wind-tunnel testing.
Nevertheless,his experimentsindicatedthe potentialadverseeffects
that might be encountered in high incidence experiments. One ex-
pects that the degree of the support interferencedependson the size
of the support as well as the vortex strength and trajectory, which
are functionsof angle of attack, roll angle, and sideslip angle.There
are no available data in the literature that can be used to predict the
degree of support interference.

Dynamic support interference is a bigger problem because the
support structure is much bulkier than in a static test. Several stud-
ies pointed out the importance of support interference in dynamic
testing, in particular premature vortex breakdown caused by the
presenceof struts in modelaircraftwakes.2¡5 The DERA oscillatory
dynamic testing facility with C-strut is shown in Fig. 1. According
to Ericsson and Reding,3 this type of curved struts as well as other
rotary rigs used by NASA are typical examples of support inter-
ference in high-angle-of-attackdynamic testing. Again there are no
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availabledata in the literature that can providea basicunderstanding
of the extent of dynamic support interference and that can also be
used as a design guide to decrease the support interference.Also, in
dynamic testing the interaction of vortices with the support struc-
ture becomes more complex because the strength and trajectory of
the vortices are time dependent. In addition, frequencyof the model
motion is an important parameter that determines the dynamic re-
sponse of vortex breakdown. It is necessary to separate the effects
of dynamicsupportinterferenceand time-dependentvortexstrength
on vortex breakdown.

The main objectiveof this project is to increaseour understanding
of the support interference problem in oscillatory dynamic testing
with particular emphasis on vortex breakdown. Even very basic
issues such as the effect of support geometry and location, ampli-
tude and frequencyof model motion are not understood.As already
discussed, the time dependency of vortex strength and trajectory
in dynamic testing signi� cantly complicates the analysis of sup-
port interference. To separate the effects of time-dependent vortex
strength and support interference, it was decided to keep the model
stationary and oscillate a dummy support in the spanwise direction.
Hence vortex strength remained constant as there was no movement
of the model, allowing a simpli� ed analysis of dynamic support in-
terference effects. In this paper extensive � ow visualization studies
are reported from static, oscillatory, and transient experiments con-
ducted in a water tunnel to document the interference effects on
vortex breakdown.

Experimental Setup
Experiments have been performed in a free-surface water tun-

nel (Eidetics Model 1520) with a 0.381£ 0.508 m working section.
The tunnel can achieve speeds in the range 0 to 0.45 m/s through a
closed-circuitcontinuous � ow system. The tunnel has four viewing
windows: three surrounding the test section and one downstream
allowing axial viewing. The height of the test section above the
� oor allows � ow visualizationfrom below as well as from the sides.
The water tunnelhas a horizontalworking section, and models have
been mounted upside down, as shown in Fig. 2a. Models supported
with a vertical strut underneath the wing surface are used in the
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Fig. 1 DERA Unsteady Aerodynamics Testing Facility.

Fig. 2a Schematic of the water tunnel and model.

Fig. 2b Schematic of oscillating dummy support rig and model.

water-tunnelexperimentsso that any unwanted interferencewith the
leading-edgevortices is minimized. A single dummy strut is placed
downstreamin thewakeof themodelwings,as alsoshown in Fig. 2a.
In the initial experimentsonly the static case was consideredby plac-
ing the dummy support at � xed locations downstreamof the model.

A schematicof the setupfor thedynamicdummysupportis shown
in Fig. 2b. Oscillation of the dummy support in the spanwise di-
rection was achieved by mounting a hydraulic actuator above the
water tunnel. The actuatorpiston was rigidly connected to a square-
sectioned beam through which a vertical slot was machined; the
support was bolted through this slot. The actuator piston and cross
beam ran through two guides � xed rigidly to the base plate to ensure

Fig. 3a Overview of experimental setup.

Fig. 3b Dummy support dimensions.

motion of the support was along a single axis only. Motion of the
support was controlled via a desktop PC using a Data Translation
DT21EZ data-acquisitioncard with 12-bit D/A conversion; analog
output from the card was taken to a valve drive ampli� er utilizing
feedback control to position the support accurately. The feedback
signal was output from a linear potentiometer connected at one
end to the base plate and the other to the actuator piston. HP-VEE
data-acquisitionsoftware was used to generatedifferentwaveforms
(oscillatory and transient) to control the oscillation of the support
remotely from the PC. The maximum operatingfrequencyof the rig
was approximately0.5 Hz, being limitedby the size of the hydraulic
pump.

Experimentswere conductedwith simple deltawings with sweep
angles 3 D 70, 75, 80, and 85 deg. Angles of attack up to 40 deg
were consideredin the experiments.The chord lengths of the model
wings varied from c D 0:137 to 0.285 m. The thickness of the delta
wings was 5 mm. For all wings the lee surface was � at, whereas the
leading edges were beveled at 45 deg on the windward side. The
freestreamvelocitywas U1 D 0:1 m/s, giving Reynolds numbers in
the range of Re D 1:2 £ 104 ¡ 2:5 £ 104.

The effect of the dummy support on vortex breakdown location
was studiedby placing the support at one of three downstream loca-
tions.The locationof the supportwas de� ned by 1XLE (see Fig. 3a)
and took the value c, c=2, and c=4. At each of these downstream lo-
cations, the vortex breakdownlocation was measured for a range of
values of "=b, where "=b is the nondimensional spanwise distance
between the vortex core and the centerline of the dummy support
(" is positive outboard; see Fig. 3a). In addition to the effect of
dummy support location, the effect of support cross section was
also considered.Five differentdummy supportshave been used, be-
ing two of circularsectionand threeof rectangularsection.Figure3b
shows the dummy support dimensions used.

Dye � ow visualization is used to visualize the vortex trajectories
and breakdown location. Food-coloring dye diluted 1:4 with water
is used to mark the vortex core. To facilitate dye � ow visualization,
dye tubeswith an internalandexternaldiameterof 0.81and1.02mm
were embedded in the lower surface (pressure side) of the models,
exiting just aft of the wing apex. Pressurized dye canisters with
� ow control valves were used to force dye through the tubing. Dye
canisters were connected to the wing tubing by using plastic tubes
of a similar diameter. To ensure that the dye itself did not affect the
formation of the vortices over the leading edges, the exit velocity



TAYLOR, GURSUL, AND GREENWELL 145

was carefully controlled.A digital video camera was used to record
the � ow visualizationand to furtheranalyze the results.A Panasonic
NV DS99B digitalvideocamera with a capturerate of 25 frames per
second, a variable exposure time of 1/50 to 1/250 s, and a resolution
of 570,000 pixels was used to capture images. The camera was
interfaced to a desktop computer via a Pinnacle Systems StudioDV
digital video capture board, which allows real-time viewing and
capture of camera images.

The measurement uncertainty of the breakdown location from a
single image was about 0.01c. The time-averaged breakdown loca-
tion was visually estimated from long records of � ow visualization.
In a few cases (® D 30, 35, and 40 deg for 3 D 80 deg), the video
recording of the motion was analyzed frame by frame to obtain the
time historyof breakdownlocation.The rms valueof the � uctuations
of breakdownlocationwas determined from these time histories.At
® D 30 deg a typical value of the rms value of breakdown location
was around (X 0

BD/rms=c »D 0:035, which is in close agreement with
a previous study.6 At higher incidence, ® D 40 deg, the rms value
of the � uctuations was (X 0

BD/rms=c »D 0:017 and 0.027 for support-
inducedprematurebreakdownand natural breakdown, respectively.

Flow� eld measurements were carried out by a particle image
velocimetry(PIV) systemin absenceof a dummy support in order to
document the properties of the undisturbedvortex. The PIV system
utilized a pair of 30-mJ Nd:YAG lasers with a TSI PIVCAM 10-30

Fig. 4 Variation of vortex breakdown location with angle of attack for 80-deg delta, with dummy support set at ¢XLE /c = 0.25.

camera (operatingat 30 frames per second,giving15 measurements
per second in cross correlation). The software Insight was used to
postprocess the data. The � ow was seeded with Polyamid particles
of mean diameter of 50 ¹m and a density of 1.03 gr/cm3 , making
them slightly less than neutrally buoyant. The 80-deg delta wing
was set at angle of attack of 30 deg with a freestream velocity of
10 cm/s. The laser sheet was placed at the trailing edge and at one-
quarter, one-half, and one chord length downstream of the trailing
edge.The cross� ow velocity � eld at these stationswas measured by
illuminating the plane from below. The cross� ow plane was viewed
by the camera placed near the downstream viewing window.

Results
Support Interference in Static Experiments

Figure 4 demonstrateshowthe locationof thevortexbreakdownis
affected by the presence of a dummy support located at one-quarter
chord downstream of the model (1XLE=c D 0:25) at ® D 20, 25,
and 30 deg for the delta wing with 3 D 80 deg. In these pictures
the support is located at " D 0 (i.e., in line with the vortex core).
It is clearly seen that in each case the presence of the support in-
duces vortex breakdown upstream of the support, compared with
the control case where no breakdown is observed.The largest angle
of attack (® D 30 deg) seems to produce the most dramatic changes
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Fig. 5 Variation of time-averaged breakdown location as a function
of normalized spanwise location of the dummy support: ¤ = 80, ® =
30 deg, and ¢XLE/c = 0.50, for the cylindrical support d = 12 mm.

in the presence of the dummy support. Hence detailed studies were
carried out for this incidence. Figure 4 also demonstrates that the
location of this induced breakdown is dependent on the angle of
attack of the delta wing, and therefore upon the condition of the
vortex.

To study the effect of spanwise (lateral) location of the dummy
support for ® D 30 deg, the support was � rst located at a lateral
position away from the model centerline, where no effect on the
vortex was observed. The support was then stepped towards the
vortex core, and the vortex breakdown location was recorded. The
support was moved in both directions, corresponding to increas-
ing and decreasing " values. Figure 5 shows the variation of the
time-averaged breakdown location as a function of "=b for 30-deg
incidence,1XLE=c D 0:50 and thecylindricalsupportwith diameter
d D 12 mm. It is seen that for decreasing " the vortex breakdown
� rst appears in the wake (X 0

BD=c »D 1:5) when "=b »D 0.3. As " is
decreased to around "=b »D 0:2, the breakdownmoves over the wing
and stays around nearly the same location with further decreases
in ". For negative values of " as it is decreased, there is nearly
symmetric responseof vortex breakdown.However, when the same
experiment is repeated in the oppositedirection (increasing") some
asymmetry is observed, in particular in the width of the plateaunear
" D 0. Nevertheless,the main features for increasingand decreasing
" are the same. Therefore it was decided to continue with further
experiments for " ¸ 0 only.

Before studying the effect of differentparameters such as stream-
wise locationandcrosssectionof thedummysupport,it was decided
to document the undisturbed vortex � ow in detail for ® D 30 deg.
The PIV measurements were performed at the trailing edge and
at a quarter-chord, a half-chord, and one chord length from the
trailing edge in the absence of the dummy support. The detailed
time-averaged cross� ow velocity � eld is presented in Ref. 7. The
leading-edge vortex pair is fairly symmetric and coherent with no
signs of vortex breakdown for the undisturbed � ow (in the absence
of the dummy support) within one chord length distance from the
trailing edge. Variation of the normalized horizontal component of
velocity with vertical distance from the vortex core is shown in
Fig. 6. The initial asymmetry of the velocity pro� le within the vor-
tex at the trailing edge (because of the wing surface) more or less
disappears at one-quarter chord length from the trailing edge. The
maximum swirl velocity decreases with increasing streamwise dis-
tance while the vortex core radius increases from r0=b ¼ 0:05 to
0.15. The calculated circulation of the vortices was roughly con-
stant in the wake.7 The maximum circulation measured at the trail-
ing edge 0=U1c »D 0:40 is close to the measured value for a similar
wing (0=U1c »D 0:37) at much higher Reynolds numbers in a wind
tunnel.8

Figures 7–9 show how the vortex breakdownlocationvaries with
the lateral support location at 1XLE D c, c=2, c=4 for three dummy
support con� gurations.Detailed results for all � ve dummy supports
were reportedpreviously.7 All of these experimentswere performed

Fig. 6 Variation of normalized horizontal component of velocity with
vertical distance from the vortex core: ¤ = 80 deg and ® = 30 deg.

Fig. 7 Variation of vortex breakdown location with spanwise location
of the support for 12-mm rod.
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Fig. 8 Variation of vortex breakdown location with spanwise location
of the support for 24-mm rod.

at ® D 30-deg incidence. In each test the support was started at a
point at which no in� uence on the vortex was observed and stepped
towards the center of the vortex. Once reaching the vortex centre-
line (" D 0), the reverse procedure was followed. The direction in
which each data set was taken is shown on the plots. Figure 7 (top)
shows the in� uence of a 12-mm rod set at one-quarter chord down-
stream of the trailing edge of the delta. When the support is moved
from outside of the vortex towards the vortex core, breakdown is
inducedwhen the support reaches"=b »D 0.35, but more importantly
breakdown is observed upstream of the trailing edge (X 0

BD=c < 1)
when "=b »D 0:30. However, in the reverse case, when the support
is moved away from the vortex core, the vortex breakdown is ob-
served until "=b »D 0:60. This phenomenon is observed for all of the
cross sections so far considered and indicates that the vortex has a
preference to remain in its current state. For instance, when there is
no breakdown the dummy support needs to be located close to the
vortex core before vortex breakdown is observed, but when already
broken the dummy support needs to be moved farther away than
was � rst necessary to achieve breakdown before the vortex returns
to its original undisturbed state.

This static hysteresis effect is reduced as the dummy support
moved further downstream as shown in Fig. 7. In fact, the seeming

Fig. 9 Variation of vortex breakdown location with spanwise location
of the support for 96-mm plate.

preferenceof the vortex to remain in its current state appears to hold
more when the breakdownoccurs forward of the trailingedge of the
delta wing. In the cases where breakdown is observed aft of the
trailing edge (X 0

BD=c > 1:0), the hysteresis effect is vastly reduced
as shown in Fig. 9.

Figures 7–9 clearly show that the worst case of support interfer-
ence (i.e., when the vortex breakdown occurred most forward) was
in all cases when the dummy support was located in line with the
vortexcore ("=b D 0) and was at its closest to the trailing edge of the
delta wing (1XLE D c=4). Increasing the diameter of the cylindri-
cal support caused earlier breakdown and widened the region over
which the hysteresiswas observed, as shown in Fig. 8. When plates
were used for the dummy support, there was little to separate the
24- and 48-mm plate results,7 whereas the 96-mm plate appeared to
be the worst support of all, as it pushed the breakdown further for-
ward than any of the other supports (see Fig. 9). Also, the hysteresis
region was wide in this case. These results show that a thin cross
section is not necessarily desirable if the length in the streamwise
direction is large. In other words, streamlined supports might not
be as good as those with a circular cross section. It is postulated
that this effect is caused by the boundary condition imposed on the
azimuthal velocity component of the vortical � ow.
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Fig. 10 Variation of breakdown location for natural and forced cases
(for ¢XLE/c = 0.25, "/b = 0, and d = 12 mm) as a function of angle of
attack: ¤ = 80 deg.

With regard to the static hysteresisbehavior of vortex breakdown
observed in these experiments, several investigators noted similar
observations when the angle of attack is varied (for example, see
Lowson9/. For a 3 D 80-deg sweep delta wing Lowson reported
that vortex breakdown appears near the trailing edge at ® D 41 deg
when® is increased,but remainsover thewinguntil® is decreasedto
34 deg.Tobakand Peake10 suggestedthat the static hysteresiscan be
explained as a subcritical bifurcation of vortex � ows over slender
wings at high angle of attack. They note that subcritical bifurca-
tion of three-dimensionalseparated� ows always leads to hysteresis
effects. Nonuniqueness and hysteresis of vortex breakdown were
also noted in several theoretical and numerical studies11¡13 when
the swirl level is varied in various axisymmetric cases and in delta
wing � ows14 when angle of attack is varied. According to Visbal,14

static hysteresis of vortex breakdown was computed even for rel-
atively lower sweep angles such as 3 D 65 deg. Previous studies
found the static hysteresis as the strength of the vortices is varied.
In contrast, in this study the delta wing is stationary and � xed at
a given angle of attack; therefore, the strength is not a variable.
Yet, as the location of the dummy support is varied the hysteresis is
observed.

The effect of angle of attack was investigated in detail for the
cylindrical support with d D 12 mm. In these experiments the loca-
tion of the dummy support is � xed at 1XLE=c D 0:25, and the direct
impingementof the vortex was considered(" D 0) as this represents
the most adverse conditions for the support interference.The varia-
tion of breakdownlocation is shown as a functionof angle of attack
in Fig. 10 for 3 D 80 deg. Also, the data points are shown for the
natural case (in the absence of the support) for comparison. At low
angles of attack, the vortex breakdown location is just upstream of
the dummy support (for example, see ® D 20 deg in Fig. 4) and
downstream of the trailing edge of the wing. As the angle of attack
is increased, vortex breakdown location appears at the trailing edge
for ® »D 25 deg, whereas in the natural case it appears at the trail-
ing edge for ® »D 36 deg. At large angles of attack, the data for the
natural and induced breakdowns have a trend of merging. Hence
there seem to exist two plateaus, one at low angles of attack and the
other one at large angles of attack. In between these regions, vortex
breakdown is very sensitive to the presence of the dummy support,
and largest deviations from the undisturbed case are found in this
region. It is suggested that the leading-edgevortex reaches a critical
stage in this region.

The effect of sweep angle can be seen in Fig. 11, where the varia-
tion of breakdown location with incidence is shown for 3 D 70, 75,
80, and 85 deg. The differencebetween the forced and natural cases
is small for 3 D 70 deg, but increases with increasing sweep angle.
Hence, the results suggest that support interference might be more

Fig. 11 Variation of breakdown location with incidence for natural
and forced cases (for ¢XLE /c = 0.25, "/b = 0, and d = 12 mm).

important for slenderwings. Some comparisonof the present results
for the natural case is made with the data collected by Erickson,15

who showed that the angle of attack at which breakdown appears at
the trailing edge differs considerably (as much as 10 deg) in differ-
ent facilities. In fact, the scatter of vortex breakdown location data
is largest near the trailing edge.16 Lowson and Riley17 demonstrated
that detailed model geometry is the most important factor for the
scatter of the data, and other effects such as support interference
and Reynolds number are secondary. The present data for 3 D 70
and 75 deg are near the lower end of the reported range, whereas
the data for 3 D 80 and 85 deg are near the middle of the range.
Figure 11 shows that the results for the sweep angle 3 D 85 deg
do not appear to con� rm the increasing trend of the data for the
natural case. This is similar to the results of Wentz and Kohlman,18

who showed that for large sweep angles the breakdown occurs at
a constant angle of attack (around 38 deg), independent of sweep.
Finally, althoughnonslenderwings seem to be much less vulnerable
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to support interference problems at zero sideslip angle they might
be more sensitive at nonzero sideslip angles. It was shown in Ref. 7
that as the sideslip angle was varied for 3 D 70-deg wing the vor-
tex reached a critical stage, even at low angles of attack such as
15 deg, leading to a large differencebetween the forced and natural
cases.

Support Interference in Oscillatory Experiments

In the oscillatoryexperimentslocationof the dummy supportwas
varied periodically according to

" D "0 C "1 cos !t D "0 C "1 cos 2¼ fe t (1)

The mean location was varied in the range "0=b D 0–0.3, and the
amplitudewas variedbetween "1=b D 0:1 to 0.285. The reduced fre-
quency fec=U1 was in the range of 0.025–0.5. All of the � ow visu-
alizationexperimentswere carriedout at an incidenceof ® D 30 deg
for 3 D 80-deg delta wing and 1XLE=c D 0:25. An example of time
histories of breakdown location is shown in Fig. 12 for a 96-mm
plate, "0=b D 0:285, "1=b D 0:285 at different reduced frequencies.
It is seen that theamplitudeof the � uctuationsof breakdownlocation
is very large for the smallest reduced frequency fec=U1 D 0:025,
but becomes smaller rapidly with increasing frequency. The vortex
breakdowndoes not respondmuch to the oscillationsof the dummy
supportat high frequencies.Hence, it is con� rmed that the frequency
of the motion is a very important parameter.

The effect of the excitation frequency can also be seen from the
amplitude of the cross spectrum between location of vortex break-
down and motion of support in Fig. 13 for the same parameters as
those in Fig. 12. In each spectrum the excitation frequency of the
dummy support motion is shown with an arrow. For the smallest
excitation frequency fec=U1 D 0:025, a very large spectral ampli-
tude is observed at the excitation frequency. It is seen that the peak
spectral amplitude decreases with increasing excitation frequency.
These observationssuggest that the responseof breakdownlocation

Fig. 12 Time history of breakdown location for different oscillation
frequencies of the dummy support for 96-mm plate: ¢XLE /c = 0.25,
"0/b = 0.285, and "1 /b = 0.285.

Fig. 13 Spectra of breakdown location for different oscillation fre-
quencies of the dummy support for 96-mm plate: ¢XLE /c = 0.25, "0 /b =
0.285, and "1/b = 0.285.

is similar to that of a low-pass � lter. Similar behavior of vortex
breakdown was reported recently19 for an oscillating � n near the
trailing edge of a delta wing. It was also shown that the frequency
response of breakdown location in different unsteady � ows (such
as for pitching delta wing, oscillating � n, etc.) is similar, suggest-
ing a common, universal mechanism, regardless of the unsteady
motion.20 A mechanism based on the wave propagation character-
istics of the vortex � ows was proposed to explain the experimental
observations.The present study shows that observations in the near
wake caused by an oscillatingdummy support (1XLE=c D 0:25) are
similar to those on the wing in previousstudies.An analyticalmodel
that predicts the frequency response of vortex breakdown location
has been recently proposed.21

Figure 14 shows the variation of the peak spectral amplitude
as a function of forcing frequency for different amplitudes and
96-mm plate as well as 12-mm rod. As long as the amplitude of
the � uctuations of breakdown location is not too small, the results
for both large- and small-amplitude cases are qualitatively similar,
con� rming the effect of reducedfrequencyon the responseof break-
down location.Although only the peak spectral amplitude is shown
in Fig. 14, it is evident that the rms value of the � uctuations of
breakdown location strongly depends on the excitation frequency.
Whereas the largest rms value for 12-mm rod is around 0.06c, it can
be as large as 0.26c for 96-mm plate.22

It is interestingto examine the variationof phase-averagedbreak-
down locationas shown in Fig. 15 for different reduced frequencies
and large-amplitude motion of 96-mm plate. At the smallest re-
duced frequencyvortex breakdownlocation forms a hysteresis loop
when plotted as a function of dummy support location because of
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Fig. 14 Variation of peak spectral amplitude as a function of forcing
frequency for different oscillatory motions.

Fig. 15 Variation of phase-averaged breakdown location at different
oscillation frequencies for 96-mm plate: "0 /b = 0.285, and "1/b = 0.285.

Fig. 16 Variation of phase-averaged breakdown location for different
amplitudes of oscillatory motion for 96-mm plate and fec/U1 = 0.025.

the time lag of breakdown location (with respect to the displace-
ment of the dummy support). Note that the dynamic hysteresis loop
does not cause large variations in breakdown location as much as
static hysteresis does. With increasing frequency the dynamic hys-
teresis loops � attens, as vortex breakdown does not respond to the
motion of the dummy support and its location becomes roughly
constant.Although not shown here but reported in Ref. 22 in detail,
the hysteresis loop is much narrower for the rod, which indicates
smaller time lag of breakdown location.The cross-spectralanalysis
of location of vortex breakdown and motion of the dummy support
revealed that the phase lag at fec=U1 D 0:025 is Á D 61 and 47 deg
for 96-mm plate and 12-mm rod, respectively.

Figure 16 shows the effect of different amplitudes of oscil-
latory motion for 96-mm plate at a � xed reduced frequency
fec=U1 D 0:025. The large-amplitude case causes large hystere-
sis effect and an unexpecteddelay in the time-averagedvalue. Even
for small-amplitudecases, the effect is largerwhen the motionof the
support covers sensitive regions in the static case. For example, the
case of "0=b D 0:2 and "1=b D 0:1 shown in Fig. 16 has considerable
hysteresis, compared to "0=b D 0 case. Again, the hysteresis loops
and corresponding time lags are larger for the plate than the rod.22

Support Interference in Transient Experiments

Several different waveforms for the transient experiments were
considered. Time history of the motion of the dummy support for
different transient cases studied is shown in Fig. 17. These include
various sinusoidal single full-wave motions of different amplitudes
(casesA–D),half-wavemotioncorrespondingto thedummysupport
cutting throughthe vortexaxis (caseE), anddummy supportmoving
to " D 0 and stopping (case F). In each case the characteristicperiod
of the single full/half-wave was varied.

Two important observations were made during these transient
experiments. First, there was an increasing time delay in the � rst
appearance of the vortex breakdown. This is shown in Fig. 18 for
case F, where time histories of breakdown location for different
nondimensional frequencies are shown for 12-mm rod. The � rst
data point in each case corresponds to the � rst appearanceof vortex
breakdown.It is seen that there is substantialdelay in the occurrence
of breakdownat high frequencies.Anotherpieceof informationthat
can be obtained from Fig. 18 is an estimate of the time constant
for the motion of vortex breakdown. The normalized time constant
¿U1=c is around 2.5, which is consistent with previously reported
values for various unsteady vortex � ows.23;24

The second important observation is that the minimum break-
down location (corresponding to its most upstream location)
strongly depends on the nondimensional frequency of the motion.
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Fig. 17 Time history of dummy support motion for several transient
cases studied.

Fig. 18 Response of vortex breakdown location to transient motion of
dummy support for different nondimensional frequencies.

This is illustrated for 12-mm rod in Fig. 19 for case A (where the
minimum " is zero), and the pictures are taken for " D 0 at different
frequencies.It is seen thatvortexbreakdownis most upstreamfor the
smallest frequency and is further downstream with increasing fre-
quency. In fact, there is no clearly identi� ed breakdownupstreamof
the dummy supportat the highestfrequency,althoughthere is strong
interaction of the vortex with the support and consequent deforma-
tion of the vortex core. For various transientmotions (cases A–E) of
different amplitudes and frequencies, it was noticed that the mini-
mum breakdownlocation is a strong functionof the static hysteresis
characteristics. For the 12-mm rod vortex breakdown is observed
� rst at "=b D 0:32 for decreasing " in the static experiments (see
Fig. 7). For various transient motions the parameter ¿C is de� ned
as the length of time during which j"=bj < 0:32. This parameter is
plotted in Fig. 20 as a functionof the minimum breakdownlocation.
It is seen that there is a good correlationbetween this parameter and
minimum breakdown location.

Fig. 19 Flow visualization of the interaction of leading-edge vortex
with the dummy support for transient motion with different nondimen-
sional frequencies.

Fig. 20 Variation of minimum breakdown location with time support
spends in “region of in� uence” for various transient motions.
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Conclusions
An investigation was undertaken to understand support interfer-

ence in high-angle-of-attacktestingwith particularemphasisonpre-
mature vortex breakdown induced by struts. In static experiments
efforts concentrated on the support geometry and its location with
respectto leading-edgevorticesgeneratedby deltawings. Extensive
� ow visualizationstudiesshowed that vortexbreakdowninducedby
a dummy support can move over the wing depending on the angle
of attack and the location of the support. As the lateral distance
between the vortex axis and support is varied, static hysteresis of
vortex breakdownlocation was observed, which has very important
implications on force measurements in wind-tunnel testing. Static
hysteresis was previously observed in experiments and computa-
tions when angle of attack of the wing is varied. It is interesting that
the same effect can be generated by the location of the support for a
� xeddeltawing.The cross sectionof the supporthad large effectson
the location of vortex breakdown and hysteresis characteristics. In
particular it was noted that a streamlined support can be worse than
a circular cylinder.Also, it seems that support interferencemight be
more important for slender wings.

To separate the effects of time-dependent vortex strength and
support interference, the model was kept stationary, and a dummy
support was oscillated in the spanwise direction. It was found that
the oscillation frequency has a very large effect on the response of
vortex breakdown. It was observed that the vortex breakdown loca-
tion oscillateswith large amplitudesat low frequencies,but does not
show any responseat high frequencies,indicatingthat the frequency
response is similar to that of a low-pass � lter. Similarities to the dy-
namics of vortex breakdown over unsteady delta wings were noted.
Variation of phase-averaged breakdown location showed hystere-
sis loops and time lags, which are larger for a thin � at plate than
a circular cylinder. For large-amplitude oscillations of the dummy
support, the location of the vortex breakdown may be very different
than that of static case. Hysteresis effects are more dominant when
the motion of the support covers the regions that are sensitive in the
static case.

Transient experiments showed that there was a delay in the oc-
currence of vortex breakdown with increasing nondimensional ac-
celeration parameter. It was found that how far upstream vortex
breakdown propagatesstrongly depends on the nondimensionalac-
celeration parameter as well as static characteristics. Overall the
results suggest that support interference problems are more com-
plex in transient experiments.
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