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SUMMARY

Flow-field measurements have been made to determine the effects of core blowing on vortex breakdown
and control. The results of these proof-of-concept experiments clearly demonstrate the usefulness of
water tunnels as test platforms for advanced flow-field simulation and measurement.

1. INTRODUCTION

At present, there are significant efforts being made to effect design changes which will improve
aircraft agility, maneuverability, and performance. But although significant progress has been made in
computational aerodynamics, reliable design changes still cannot be made without recourse to experiment.
Attempts to extend tactical flight envelopes require extensive, preflight, ground-based model testing.
Unfortunately, conventional wind tunnel testing is expensive and time consuming and most facitities were
built before present-day optical methods for quantitative flow field measurements were envisaged. Conse-
quently, there are few nonintrusive, detailed measurements of lee-side vortex flow fields, which are often
required to support design evaluation and optimization.

However, in the past, qualitative water tunnel simulations have guided many practical designs and,
since most of these facilities have been built with excellent optical access, they are ideally suited for
use in advanced flow-field diagnostics. Since the performance of most 1ifting and maneuvering bodies is
governed by extensive viscous wakes and vortical lee-side flows, nonintrusive optical measurement tech-
niques are required. Consequently, water tunnels offer the opportunity to obtain inexpensive, detailed,

flow-field measurements to support "cut and try" designs and basic research. Water tunnels are excellent
media for conventional and scanning laser velocimetry research (Ref. 1) and laser fluorescence anemometer
studies of mixing processes (Ref. 2).

This paper describes an experiment in which detailed qualitative and quantitative flow-field observa-
tions of vortex breakdown were obtained and describes some of the results of attempts to control its
occurrence. Specifically, the experiment was designed to determine the mechanisms and feasibility of
controlling vortex breakdown by introducing relatively low rates of jet blowing along the vortex core.

2. BACKGROUND

When a slender delta wing is at an angle of attack to an oncoming stream, the upper- and lower-
surface boundary layers flow outward and separate from the teading edges to form two free shear layers
that roll up into a pair of vortices above the wing. Increasing angle of attack strengthens the vortices
until the induced wing pressure field and associated adverse streamwise pressure gradients cause vortex
breakdown. The flow is further complicated as the leading-edge vortices mix with the wake from the trail-
ing edge downstream of the wing. The phenomenon of vortex breakdown (or vortex bursting) can have a sig-
nificant influence on control-surface performance and unsteady loading. The inherent unsteadiness of the
breakdown process compounds the problem as it continually moves the breakdown region back and forth along
the vortex axis. This creates serious time-dependent flow problems and asymmetrically disposed breakdown
positions above the wing that are aggravated with sideslip.

Wide variations of breakdown patterns have been observed. With increasing swirl, the patterns change
from spiral to near axisymmetric {Ref. 3). Spiral breakdown most commonly occurs over delta wings. In
this breakdown process, the filament of fluid along the axis does not spread out symmetrically from a
fixed stagnation point but, instead, takes on a spiral form around an unsteady "stagnation point" which
varies in both space and time. Axisymmetric breakdown over delta wings, although rare, can also occur
(Ref. 4). In this case, the vortex has a roughly axisymmetric breakdown pattern with a characteristic
bubble, which can have singie or multipie tails (Ref. 5).

Unfortunately, the parameters and conditions that result in vortex breakdown are poorly understood
because reliable quantitative experimental data are difficult to obtain. With limited experimental infor-
mation to guide flow-field modeling, numerical studies of vortex breakdown and control have met with only
timited success (Ref. 6). There have been two principal reasons for this. First, flow-field unsteadiness
associated with breakdown produces directional intermittency. This leads to large uncertainties in mean
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and unsteady flow meacurements ohtained with conventional pitot and hot-wire probes. Second, and perhaps
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more important, is the fact that vortex breakdown is known to be extremely sensitive to any form of intro-
duced disturbance. Probes, because of their blockage, may drastically alter the breakdown position. for
these reasons, almost complete reliance has been placed on flow-visualization techniques to determine
filow-field characteristics. But, with the advent of the laser velocimeter, there are now opportunities to
determine accurate, quantitative, flow-field velocity measurements of the vortex bursting process.

3. EXPERIMENTAL DETAILS

The experiment discussed here was conducted in the NASA Ames-Oryden Water Tunnel. A general layout
of this closed-return facility which has a 41- by 61-cm vertical test section is shown in fig. }. The
four walls are made of plexiglass, which provides excellent optical access for both flow visualization and
laser velocimetry. The tunnel is driven by a 50-hp ac motor and the volume flow rate is controlled by a
butterfly valve to produce test section flow velocities of up to 35 cm/sec. The flow quality is con-
trolled by three honeycombs in the tunnel circuit, one of which is located at the test section entry after
an effective contraction ratio of 5:1 (Fig. 1).

The test configuration which consisted of a 45" half delta planform model upstream of a 16-mesh
screen is shown in Fig. 2. The tests were conducted at a free-stream velocity of 11 cm/sec and a model
angle of attack of 15°. The purpose of the screen was to produce an adverse pressure gradient sufficient
to cause vortex breakdown in the test section ahead of the screen. To control vortex bursting, a small
blowing tube was installed at the apex of the half-delta wing through which jets, at velocities higher
than the free stream, could be pumped along the core of the tip vortex. The blowing system provided for a
maximym jet-momentum coefficient, based on wing planform area, of 0.14 at the maximum jet blowing
pressure.

In the past, air or hydrogen bubbles have been used as tracers to visualize flow patterns in water
tunnels. for steady flows, streak lines can be identified with streamline patterns. However, in more
complex flows of practical interest, the use of bubbles for flow visualization has distinct drawhacks.
First of all, their introduction acts as a fluid Tubricant which alters the apparent fluid viscosity and
therefore its turbulent structure. Second, light refraction at the gas/water interfaces will destroy
laser beam coherence and make it impossible to obtain laser velocimeter measurements in the regions where
the tracer 1s present. In the current experiment, the vortex flow field was visualized by injecting
fluorescent dyes of different colors through the vortex control tube and from a port near the apex of the
model. Horizontal and vertical laser light sheets were generated using an argon-ion laser and a series of
cylindrical lenses which produced a variable, thin sheet of laser Vight that could be focused at different
planes in the fiow field. The horizontal fluorescent sheets showed flow features in the cross-flow plane,

whereas the vertical sheets showed the streamwise flow development. Axial and radial flow visualization
scans were recorded on video tape.

Three component laser velocimeter measurements were made with the system shown in Fig. 3. This
fringe mode, forward scatter system, which utilized the 4880- and 5145- lines of an argon-ion laser, was
specifically designed to measure all three components of the vortex velocities by measuring the flow with
two different traverse configurations. The computer-controlled traverse system was configured such that
successive orthogonal scans measured the axial and tangential (swirl) components and the axial and radial
velocities, respectively. Bragg-cell frequency-shifting, which is required for probing directionally
intermittent flow fields, was incorporated in both spectral lines. Two traversing systems are shown. The
one on the opposite side of the test section from the laser holds the collecting lens and photodetectors
for forward-scatter light collection. The traversing system on the laser side of the test section sup-
ports the transmitting lenses. Mirrors fixed to this traversing system permit three-dimensional scanning
of the velocimeter's sensing volume; the other optics remain stationary. B8oth traversing systems are
driven with computer-controlled stepper motors.

Naturally occurring particles in the tunnel flow were used for 1light scattering. No additional seed-
ing was required. Single-particle signal processing was used to determine local time-dependent veloc-
ities. From these determinations, the local time-averaged velocities and velocity fluctuation levels were
calculated. Fluctuating velocity cross-correlations were also obtained by requiring co-incidence on each
pair of instantaneous velocity occurrences. On-line data acquisition and display were achieved by means
of desk-top computer analysis. Detatls are given in Ref. 7. Prudent selection of data-acquisition elec-
tronics and optical components enabled us to achieve velocity sensitivities down to 1 mm/sec, which were
adequate for the present investigation.

4, TEST RESULTS

4,1 Laser Vapor Screen

In the absence of jet blowing, vortex breakdown was clearly visible ahead of the mesh screen. Large-
scale, unsteady motions associfated with directional intermittency throughout the vortex core were appar-
ent. These motions were associated with time-dependent axial changes in vortex breakdown position.

Closer visual inspection showed that the breakdown was of a spiral type, which is the form most commonly
observed in the flow over delta wings at high angle of attack. At breakdown, the dye filament marking the
spiral axis decelerated to form an abrupt kink. But the filaments did not spread out initially. Instead,
they took the form of a spiral that persisted for several turns before breaking up into large-scale




turbulent-1ike flow. These time-dependent spiraling occurrences appeared to move randomly in the cross-
flow plane and along the vortex axis.

The effects of jet blowing can be divided into stabilizing and destabilizing regimes that are depen-
dent on the jet excess velocity relative to the free stream. At low blowing rates, the time-dependent
spiraling movement along the axis is suppressed, although breakdown still occurs and cross-flow visualiza-
tion shows that there is still signficant large-scale turbulent-like mixing and movement of the vortex
core prior to breakdown. As the jet intensity is increased, the flow in both the longitudinal and cross-
flow planes is continually stabilized until at an optimum jet momentum coefficient of 0.05, for these
experiments, bursting is completely suppressed and vortex trajectory meandering is stabilized. Further
increases in jet velocity tend to increase lateral growth and motion. There is, then, a general increase
in flow-field large-scale unsteadiness although vortex bursting continues to be suppressed. Examples of
cross-flow, laser-light-sheet-fluorescence flow visualization are shown in Fig. 4.

4.2 Flow-Field Measurements

Based on the visual observations, three axial stations were chosen for extensive mean and unsteady
flow documentation. These stations covered the initial and developing jet interaction, and the spiraling
and breakdown regions. Tunnel centerline velocity measurements were also made with the model removed to
determine the flow-field adverse pressure gradient caused by the screen. These results, shown in Fig. &,
provide a necessary boundary condition for any future flow-field computations.

The mean axial and tangential velocity profiles measured three and four chords from the model apex
are shown in Figs. 6 and 7. The "no blowing" axial velocity profiles show that there is a progressive
decrease in vortex core momentum as breakdown approaches. Comparisons of the no-blowing axial profiles
at x/c = 3.0 and 4.0 show not only a general deceleration of the mean flow as the time-dependent break-
down region is approached, but also a much wider spanwise deficit at the x/c = 4.0 station because of
accentuated meandering of the vortex spiral. Clearly, axial blowing along the core can overcome and
reverse this momentum deficit for a substantial distance downstream. This effect is shown in more detail
over the entire jet-blowing pressure range in Fig. 8.

The swirl profiles show that initially each vortex has an outer free vortex form with an inner vis-
cous core. The swirl number of 0.3, based on the ratio of the measured maximum local tangential and free-
stream velocities is indicative of "moderate" vortex strength. The principal feature of each set of tan-
gential velocity profiles is the progressive downstream decrease in the maximum induced velocity and mean
gradient across the core. A comparison of these tangential and axial velocity profiles shows that the
momentum addition due to blowing enhances the core of the swirling flow in such a way that deceleration of

both axial and tangential velocity components is alleviated near the axis. As a result, vortex strength
is increased and breakdown is delayed. Radial velocity profiles, Fig. 9, show that there are also signif-
icant increases due to core meandering assoctated with vortex breakdown. It is also an indication of
increased time-dependent flow angularity in the cross-flow plane.

Detailed analysis of the test results shows that there is an optimum blowing rate for vortex stabili-
zation and control. Consider first the comparison of the tangential velocity profiles shown in Fig. 10.
Clearly, the highest jet-blowing pressure degrades the vortex, reducing both the maximum induced tangen-
tial velocity and the mean gradient across the viscous core. Comparisons of this type have been used to
determine the increases in maximum tangential velocity and vorticty induced by jet blowing. Figure 11
shows the effect of jet blowing on the measured maximum induced tangential velocity normalized by the
value observed without blowing. The effect is clearly significant, especially at the x/c = 4.0 station.
An indication of the vorticity induced by jet blowing is given in Fig. 12, where it can be seen that
vorticity levels of up to three times the baseline value can be achieved at the optimum jet-velocity
ratio. At higher blowing pressures, significant reductions occur, and even detrimental results are appar-
ent at the highest blowing rates. Calculated vorticity decay rates shown in Fig. 13 confirm the favorable
effects of moderate axial blowing, which can double the extent of axial vortex preservation. figure 14
shows that, with optimum blowing, the axial vorticity transport can be increased by almost an order of
magnitude.

Some insight into the unsteady features of vortex breakdown can be determined from the fluctuating
flow measurements. The axial velocity disturbance levels, measured along the core, Fig. 15, show that,
although some flow reversal is still present at the lower velocities, jet blowing produces a dramatic
improvement in vortex stability followed by some slight degradation at high jet velocities. Oramatic
disturbance-level reductions across the entire vortex core can be achieved with optimum jet blowing
(Fig. 16). Since local unsteadiness levels above 30% indicate points in the flow at which instantaneous
flow reversal occurs, we can see that, without jet blowing, there is a significant region of directionally
intermittent flow. This region is completely removed with blowing. There is a significant stabilization
of the flow fidld as vortex breakdown no longer occurs and local ratios of the dynamic loadings are
reduced by factors of up to 20. Tangential centerline turbulent-like mixing-length scales have alsc been
calculated using the local disturbance levels and mean flow gradients. These results, Fig. 17, show that,
without blowing, the mixing-length scales, which are related to vortex movement in the cross-flow plane,
are about equal to the extent of the local time-averaged viscous core. Optimum blowing reduces these
scales by almost a factor of three, although the detrimental effects of excess jet blowing are more
clearly evident. Centerline axial mixing-length scales based on measured axial velocity fluctuation
levels and mean axial velocity gradient are significantly larger. They indicate that, without jet blow-
ing, the extent of the breakdown region is comparable to that of the model chord length.



Turbulence modeling of these flows will also require an understanding of the mixing mechanisms
between a free jet issuing into a surrounding swirling flow field. Figure 18 compares the free-jet veloc-
ity profile with that measured within the vortex. It is apparent, from the differences in spreading rate,
that there are significant changes in the entrainment and mixing mechanisms in the two cases. Apparently
there is some centrifugal-force stabilization of the large-scale mixing and entrainment mechanisms. The
effect of swirl is to restrict the jet entrainment and confine its influence along the core. This con-
finement improves jet effectiveness in providing an effective sink which preserves vortex coherence, life-
time, and stability. Additiona) insight into the turbulent-like nature of the vortex flow fields, with
and without jet blowing, can be deduced from Figs. 19 and 20, which show the correlation between the
large-scale axial and tangential fluctuations. Comparisons of the results at the x/c = 3.0 and 4.0
stations clearly show the spanwise increase in vortex meandering as breakdown occurs in the zero jet-flow
velocity case. This wandering generates an extensive region of high levels of apparent shear stress that
can be significantly confined and stabilized with blowing.

5. CONCLUDING REMARKS

The results of this simple experiment show that vortex breakdown can be controliled, and eliminated,
by relatively small amounts of jet blowing along the vortex axis. For this particular experiment, an
optimum value of jet-momentum coefficient for vortex control has been identified. This optimum value of
0.05 corresponds to a jet excess momentum equal to the vortex-core-momentum deficit without blowing. In
restrospect, it is not too surprising that the most efficient jet-blowing pressure minimized the axial
mean-veloCity gradients across the vortex. In simplistic terms, this means that the jet gave the wing
vortex an initial "push," which moved it with the local mean velocity; therefore, in the Lagrangian frame
it was "unaware" of convection. Consequently, minimal energy was extracted from the vortex by mean-axial-
velocity gradients.

Of course, optimum blowing conditions may well be different in other, more practical situations.
However, this optimization criterion may still hold and the experimental approach investigated here could
well prove effective if it is applied to leading-edge-extension (LEX) vortex control of twin-tail fighter
aircraft. Successful application could lead to significant reductions in time-dependent dynamic loading
and flow angularity associated with vortex breakdown. Vortex control could greatly alleviate structural
fatigue and improve control-surface effectiveness and response.

Finally, this work clearly demonstrates how water tunnels can be used in conjunction with advanced

optical techniques to provide nonintrusive, detailed, flow-field measurements of complex fluid flows with
a minimum of expense.
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