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Challenges in Understanding the Vortex Dynamics
of Helicopter Rotor Wakes

J. Gordon Leishman* and Ashish Bagai®
University of Maryland, College Park, Maryland 20742

Many experimental challenges are encountered when attempting to understand the complex vortical wakes
generated by helicopter rotors. The problems are illustrated by means of several examples, including blade/vortex
interactions, vortex perturbations, wake instabilities, and vortex/surface interaction phenomena. Specific emphasis
is placed on flow visualization and quantitative measurements using laser Doppler velocimetry.

Introduction

HE flowfields of helicopter rotors comprise many significant

fluid dynamic phenomena such as strong blade tip vortices,
the possibilities of flow separation/stall on the retreating blade, and
the formation of shock waves on the advancing blade tip. Whereas
these individual phenomena are not different from those found on
fixed-wing aircraft, they are usually highly time dependent and three
dimensional and so appear in rather more complicated forms on he-
licopter rotors. All of these phenomena have important effects on
rotor performance, blade loads, aircraft vibration levels, and rotor
acoustics. The most dominant flow features, however, are the strong
vortices trailed at the tips of each blade. Unlike a fixed-wing aircraft,
these tip vortices remain close to the rotor and produce a compli-
cated induced velocity field that has a primary influence on blade
loads and rotor performance. The strength and proximity of the tip
vortices result in powerful interactions between individual vortex
filaments and also between blades and airframe surfaces. The in-
complete understanding of these problems in vortex dynamics acts,
in part, as a barrier to improved helicopter designs with better per-
formance, reduced noise, and lower vibration levels.

The complexity of a helicopter flowfield during forward flight is
shown in Fig. 1. The blade tip vortices are known to be very per-
sistent and may not significantly diffuse or dissipate for many rotor
revolutions after their creation. Note that the vortices may closely
interact with other blades over several different parts of the rotor
disk, a phenomenon known as blade/vortex interaction (BVI). The
problem of BVI is especially pronounced in low-speed descending
flight, such as approach to landing, or during maneuvering flight. It
can produce very high blade loads and can generate obtrusive noise.
The tip vortices may also interact with the airframe? or tail rotor? and
are known to be a secondary source of wake distortion that affects ro-
tor performance and blade loads.* In addition, the unsteady pressure
loads induced on the airframe> may lead to significant aerodynamic
excitation of the structure and can be an elusive source of airframe
vibrations and buffeting.? %7 Although these rotor wake and vortex
related phenomena have been the subject of much research, they are
still poorly understood because they are both difficult to measure as
well as to predict.

The objectives of this paper are to describe and summarize some
of the challenges that are encountered when experimentally inves-
tigating and measuring the dynamics of helicopter rotor wakes and
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blade tip vortices. A longer conference version of this paper is given
in Ref. 8. Particular emphasis is placed on understanding the physi-
cal features of the blade tip vortices. In many cases the problems are
very complicated, and the experimental challenges posed are rather
daunting. It will become clear, however, that, although significant
progress has been made toward an improved understanding of the
various vortex dynamic phenomena found on helicopters, they will
continue to require further study by a variety of complementary
experimental techniques. Some of the parallel computational chal-
lenges associated with helicopter rotor wakes have been described
in a recent review paper by McCroskey.’

Discussion

The vortex wake structure generated by a helicopter can take on
several significantly different forms that depend on the flight condi-
tion. In hover, the tip vortices follow nominally helical trajectories
below the rotor. However, various forms of disturbances and insta-
bilities of the vortices have been observed.!®-!! Some of the first
detailed systematic studies of the rotor wake structure during simu-
lated hovering flight are reported in Refs. 12-14. These experiments
have formed the basis for several semiempirical rotor wake models,
as well as for the validation of more fundamental free-vortex wake
approaches.

During forward flight, the rotor wake is skewed back behind the
rotor by the oncoming flow, and a series of more complex interlock-
ing epicycloidal tip vortex trajectories are produced; see, for ex-
ample, Refs. 15 and 16 and Fig. 1. The increased mutual proximity
of portions of the vortex filaments results in stronger vortex/vortex
interactions and complicated distortions. Experiments in forward
flight have shown that the rotor wake appears mostly free from
the aperiodic disturbances and instabilities often found in hover. In
high-speed forward flight, the wake is known to roll up into a pair
of merging vortex bundles,'””!® which, in the Trefftz plane, looks
very much like those generated from the tips of a low aspect ratio
wing.

Flow Visualization

Flow visualization is the primary method used to understand the
complicated vortex dynamics of helicopter rotor wakes. Techniques
have included: balsa dust,'>'?* smoke seeding,'?"?' "> cavitation, %
natural condensation, >’ hydrogen or helium bubbles,?-?° projected
smoke filaments,*3! schlieren,'''3> shadowgraphy,? 33737 and in-
terferometry.® The multitude of phenomena that have been ob-
served and studied include tip vortex formation, shock waves, acous-
tic waves, BVI, vortex/airframe surface interaction phenomena,
main rotor wake/tail rotor interactions, ground interference, mul-
tirotor flows, and the wake rollup in forward flight. Whereas mostly
used qualitatively, flow visualization can also allow spatial measure-
ments of the tip vortex locations. 119-22:34-3

Smoke Flow
Rotor experiments using smoke with light sheet visualization
have been performed by Ghee and Elliott,'” Mercker and Pengel,?
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Fig. 1 Typical flow phenomena found on a helicopter in forward flight.

Gray, ! Piziali and Trenka,® and Brand et al.,** among many oth-
ers. The principle is straightforward; a dense white smoke is en-
trained into the rotor wake and tip vortices. When illuminated with
a thin plane of light, preferably using a laser, the smoke particles
reflect the light, allowing a photograph of the flow structure to be
recorded. The illumination must be precisely strobed to the rotor
position. Also, considerable light energy must be produced over a
short time to avoid blurring of the results. Although very time con-
suming to use in forward flight, the technique can allow the spatial
locations of the tip vortices to be mapped out over the rotor disk with
precision. 1%-23

One challenge with the planar light sheet method is to success-
fully entrain smoke particles into the rotor wake and tip vortices.
Because of the complex velocity field near the rotor and in its wake,
the smoke (or seed) must often be introduced at locations that may
be surprisingly remote from the region of interest. Furthermore, on
one hand the seed particles must be large enough and in sufficient
concentration to reflect light and allow an adequate photographic ex-
posure. On the other hand, they must be small enough to accurately
follow the flow. Similar conflicting requirements also exist with par-
ticle image velocimetry (PIV)and laser Doppler velocimetry (LDV).
Because of the significant centripetal and Coriolis accelerations on
particles entrained inside vortical flows, they spiral out of the vortex
cores and become dispersed quickly throughout the wake.

Locally, the centrifugal forces produced on seed particles inside
the tip vortices create voids. This is a well-known result, with a
typical example shown in Fig. 2, which is a strobed image of a cross
section of the rotor wake in hover taken in a radial plane extending
from the rotational axis. This plane intersects the helical vortex
filaments, essentially perpendicular to their axes. The entrainment of
seed particles into the general locations of the tip vortices is apparent,
but the dark regions in the centers are almost completely depleted
of seed. As the vortex ages (top to bottom in Fig. 2), the reduced
tangential velocities allow the core region to become progressively
filled with seed. Further details of this type of flow are shown in the
inset of Fig. 2, where the seed void is particularly vivid.

The dimension of the vortex core is important because it governs
the peak swirl velocities and, therefore, the strengths of vortex in-
teractions. The seed particle void is sometimes assumed to equate
to the size of the viscous core. However, this is an incorrect and
misleading assumption. To simulate the physics of the smoke redis-
tribution process, the particle behavior can be examined numerically.
Assuming Stokes drag law and following Fuchs*' and Leishman,*
the coupled differential equations describing the motion of a seed
particle can be established. For a simple two-dimensional forced
vortex, the equations can be integrated exactly and lead to spiral
particle trajectories.*® For more general vortex velocity fields, the
integration must be performed numerically.

In Ref. 42, the seed particle density distribution has been com-
puted for different particle diameters using an assumed velocity
profile and a tip vortex strength typical of a Mach-scaled model
helicopter rotor. This gives a good quantifiable measure of the ex-
pected particle void. Calculations show that a higher overall seed
particle density is obtained in a region just outside the core where

Fig. 2 Flow visualization image of a plane through the wake of a two-
bladed rotor in hover where the tip vortices are rendered visible by
smoke. Inset: detail of a rotor tip vortex; note the smoke voids in the
center of the vortices.

particles reach a state of radial force equilibrium. The radial position
and magnitude of this density peak is strongly dependent on particle
size and mass, as well as on the tip vortex circulation. With typical
smoke particles, the size of the void can be several times the size
of the actual viscous core. However, if the net circulation about the
vortex remains nominally constant, then the size of the seed void be-
comes closely proportional to the peak tangential velocities. Under
some circumstances, therefore, the seed void is proportional (but
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not equal) to the viscous core size and can be used as an indicator
for viscous diffusion effects.

Another form of smoke visualization is to eject smoke seed from
the blade tip directly into the tip vortices. Smoke entrained this way
renders the vortices visible as three-dimensional tubular trails with
central voids. Such methods have been previously used primarily on
model rotors to visualize the tip vortex geometries in hover!?:'> and
forward flight.?> The approach is prone to the same difficulties as
planar light sheet visualization. Also, the relatively larger seed par-
ticles used with this technique, such as obtained by burning a glycol
mixture, rapidly diffuse out from the vortex cores with increasing
wake age, making the individual vortices much less identifiable in
the far wake. For detailed quantitative measurements, such as us-
ing LDV, the ejection of seed particles out of the blade tip must
be approached with caution to avoid the introduction of artificial
velocities or turbulence into the vortex core.

Whereas the application of smoke visualization techniques has
had good success when applied to subscale models, experiments
on full-scale rotors are more rare. However, the method has been
successfully used to visualize part of the wake of a tandem rotor
helicopter.*** In Ref. 46 measurements of the vertical and hori-
zontal locations of the tip vortices were made at the longitudinal
centerline of a coaxial rotor. Note that for a coaxial rotor, the vorti-
cal wake from the upper rotor is ingested by the lower rotor thereby
creating locations with powerful BVIs. Once again, however, a lim-
itation of smoke flow is that after the wake from the upper rotor has
been ingested by the lower rotor, the smoke particles are quickly
dispersed, and the positions of the tip vortices are harder to discern.
Nevertheless, such wake data, albeit limited, are very valuable for
the purposes of validating free-vortex predictions of rotor wakes.*’

Density Gradient Methods

Strobed shadowgraphy and schlieren have been used very suc-
cessfully to visualize and understand the vortex dynamics of rotor
wakes. Because the refractive index of air is directly proportional
to its density, planes with density variations in the flowfield cause
incident light rays normal to these planes to be refracted. The angu-
lar deflection of the light rays is a measure of the first derivative of
density with respect to distance, i.e., a schlieren effect. If the refrac-
tive index also varies in the plane, then this will produce diverging
or converging light rays, and if cast onto a projection screen, will
result in a shadowgram.

A fundamental requirement for the successful application of den-
sity gradient methods such as schlieren or shadowgraphy is that the
flow contain significant regions with density inhomogeneities. Un-
fortunately, this is not always the case with helicopter rotors, unless
the rotor tip speeds are close to full scale and the rotor operates at rel-
atively high thrust levels. Early work with shadowgraphy on an air-
craft propeller was conducted by Hilton.*® This work concentrated
on the sound pressure waves generated at the blade tip at near sonic
tip speeds, but the blade tip vortices were also visible. Tangler!!
has used strobed schlieren with great success to observe the tip vor-
tices and acoustic wave phenomena generated by subscale rotors.
Parthasarthy et al.,> Norman and Light,>* Leishman and Bagai,*
Bagai and Leishman, and Lorber et al.>> have used strobed shad-
owgraphy to help understand tip vortex formation, BVIs, and rotor
wake/airframe interaction phenomena. By taking advantage of ax-
ial symmetry in hover, the tip vortex displacements can be obtained
as a function of rotor position.3+* Equivalent information can be
obtained for the position of the longitudinal wake boundary in for-
ward flight.3® However, a challenge with the technique is the need
to take simultaneous shadowgraph images from two separate direc-
tions to define the precise three-dimensional spatial locations of the
tip vortex cores.

Figure 3 shows a strobed shadowgraph, where the rotor blade has
trailed a typical curved tip vortex filament. This image was captured
using a modified wide-field-of-view shadowgraph system incorpo-
rating a beam splitter arrangement® that allows on-axis viewing
and that maximizes the efficiency of the retroreflective projection
screen.”! The angle of view at the extreme right of the image is al-
most parallel to the vortex axis, where a dark circular nucleus can be
seen in the center of the vortex. This nucleus is surrounded by a very
bright and almost circular ring or halo. It will be seen that similar

Fig. 3 Shadowgraph of a rotor tip vortex detailing the core region.

dark and bright regions are also observed for parts of the vortex that
are trailed at an angle to the direction of the light rays; however, the
contrast is weaker here because of a shorter light path through the
density variation. Outside this region, the various striations indicate
significant bands of turbulence and flow entrainment surrounding
the vortex core.

It is possible to extract some additional information about the
vortex structure from schlieren or shadowgraph images. The di-
mensions of the dark nucleus seen in the shadowgraphic image can,
under justifiable assumptions, be related to the flow density and tan-
gential velocity.33+3:32 Bagai and Leishman>? have shown that such
schlieren and shadowgraphic effects obtained with tip vortices can
be computed analytically. If an algebraic form of the velocity field
is assumed along with isentropic flow, this can be used to find the
first two density derivatives. Therefore, one can obtain an exact so-
lution for the schlieren effect or the shadowgraphic contrast and so
determine its relationship to the velocity field. Generally, it is found
that the dimensions of the peak brightness (halo) or minimum (dark
nucleus) in the contrast profile do not equate to the peak peripheral
velocity (or viscous core radius) of the vortex.

Natural Condensation

Natural condensation of water vapor inside vortices also produces
clear evidence of rotor wakes.?”-33:3 The results often appear similar
to smoke visualization, with characteristic tubular vortex trails with
large voids being formed. However, in this case the physics of forma-
tion are quite different because the visibility is rendered by thermo-
dynamic means and the two-phase nature of the fluid.**%> Whereas
condensation flow visualization has been achieved in the environs
of a wind-tunnel (unpublished photographs from model tests per-
formed in the 20 x 20 ft tunnel at Boeing Helicopters, Philadelphia,
Pennsylvania, in 1974), it is usually only outdoors that the correct
combination of atmospheric conditions exists, that is, when the air
temperature and dew-point spread is small. These conditions tend to
exist in the early morning or just before sunset. Even then, however,
a challenge is to have the right lighting conditions and background
contrast to give a good photographic exposure.

A good example of vortex condensation trails generated by a he-
licopter rotor is shown in Fig. 4. These trails were visible for nearly
two complete rotor revolutions, which gives some idea as to the per-
sistence of rotor blade vortices, in general. Note that the vapor trails
acquire a tubular rather than a solid cylindrical structure. This is
because both centripetal accelerations on the vapor particles and the
thermodynamic behavior of the fluid manifest as voids similar to the
effect on smoke particles. Therefore, for reasons similar to smoke
visualization, the resulting void in the vapor trail cannot be equated
to the viscous core radius. Other vortex dynamic phenomena that
were visually observed during the flight shown in Fig. 4 included
main rotor/tail rotor wake interactions and rotor wake/airframe
interactions.

It appears that natural condensation has not yet been used as a
tool to obtain quantitative measurements of the tip vortex locations.
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Fig. 4 Natural condensation inside the tip vortices generated by a hov-
ering helicopter.

Yet this might be an area that may prove fruitful in understanding
some of the more complex dynamics of the rotor wake that are diffi-
cult to simulate in tests with subscale rotors. Examples may include
studying the rotor wake dynamics under maneuvering flight condi-
tions, which are known to be difficult to predict despite their im-
portance in determining the handling qualities of the helicopter,® or
understanding the complex problems associated with main rotor/tail
rotor/empennage interactions. %

Periodicity of Rotor Wakes

Because the flow properties at a point vary with blade position
even in hover, quantitative measurements of the velocity field must
be properly phase resolved. In most cases this also requires that the
flow be periodic at the rotor frequency. Unfortunately, this behav-
ior cannot always be guaranteed, and under certain conditions the
spatial locations of the tip vortices may vary quite significantly in
an aperiodic manner. If this occurs to any significant degree, mea-
surement statistics that require periodicity will become biased. In
fixed-wing terminology, this phenomenon is referred to as vortex
wandering or meandering. Wandering can be defined as a random
movement of the vortex core transverse to its axis about a mean
position. For a fixed-measurement location, the phenomenon es-
sentially averages the flowfield properties at that point. Significant
wandering, therefore, can obscure important details of the flow and
can provide misleading results.>’

For helicopter rotors, wandering can be viewed as the aperiodic
deviations of the tip vortex locations with respect to a reference
blade azimuth position.>® Under ideal circumstances, the curved tip
vortices generated by each blade follow smooth curved helical or
epicyclical paths, and their spatial locations relative to the rotor are
periodic at the rotor rotational frequency. Therefore, measurements
of the tip vortex flow properties made with a fixed hot-wire probe or
with LDV can, at least in theory, be conducted if the measurements
are properly phase resolved with respect to blade position. As in the
case of wandering, however, if any aperiodicity of the rotor wake
occurs above some acceptable amplitude threshold, then the flow
velocity measurements may be substantially in error.

For rotors the available evidence suggests that wake aperiodicity
is a characteristic that is, in part, related to the nature of the rotor op-
erating state. For example, measurements of the tip vortex locations
in hover that are reconstructed on the basis of a series of still images
of the wake at different rotor positions (wake ages) may take the ap-
pearance of significant scatter or two possible geometries. Such a be-
havior can be traced to aperiodic flow effects and has been observed
in several experiments including those in Refs. 36, 49, and 58. Yet
most of the available experimental evidence with rotors shows that
aperiodicity is pronounced only at older wake ages (older than one
complete rotor revolution ), at low thrust coefficients (where the slip-
stream convection velocities are low and the tip vortices remain close
to the rotor plane), or after the first blade passage. At a minimum,
appropriate allowance can be made when quoting the measurement
uncertainties *®® and when comparing with computations. However,
from an experimental perspective, the challenge is to understand
whether aperiodicity is always an inherent physical characteristic

a) Regular state

—

b) Chaotic state

Fig. 5 Bistable vortex wake system obtained with a two-bladed pro-
peller operating under static thrust conditions.

of rotor wakes or if contributions also arise from small external flow
disturbances or flow recirculation in the test facility.

More dramatic examples of wake aperiodicity have also been
observed with rotors, particularly with highly loaded rotors such as
tilt rotors or aircraft propellers.® Figure 5 shows an example of this,
where the wake of a two-bladed propeller was rendered visible by
means of shadowgraphy. In this case, the vortex wake was found to
alternate between two quasistable flow states and with a very slow
but regular period of about 0.025 per revolution. In one quasistable
state, the tip vortices formed a series of reasonably regular helical
trajectories. In the other state, there was considerably more chaos
and pairing of the vortex filaments in the far wake. This type of result
reinforces the need to make careful flow visualization experiments
to confirm the physical nature of any rotor flow before embarking
on a program of quantitative measurements.

Descending flight is included among other rotor operating condi-
tions that produce mostly aperiodic wakes. In axial flight, the flow
through a rotor is characterized by three basic working states as
determined by the relationship of the average rotor-induced veloc-
ity to the axial velocity of the rotor.®” Both the normal working
state and the windmill brake states are normally smooth and exhibit
almost completely periodic flows. Between these states, such as dur-
ing mild rates of descent, the rotor can operate in a more complex
regime known as the vortex ring state. Here, the rotor can expe-
rience highly unsteady flow and large amounts of blade flapping.
These flow states appear to have been first visualized by Lock et
al.%' and were later confirmed by Drees and Hendal.®

Figure 6 shows strobed shadowgraphs of the vortex wake recorded
for arotor in axial flight at various descent velocities.> For low rates
of descent, the tip vortex filaments remained closer to the plane of
the rotor than for the hover case, but were also convected radially
outward away from the rotor. At slightly higher descent rates, the tip
vortices remained almost in the plane of the rotor, and considerable
aperiodicity was apparent. This can be seen in the shadowgraphs
by the considerable distortion to the tip vortices and by the lack of
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a) Vortex ring state

b) Approaching windmill brake state

Fig. 6 Sample shadowgraphs of rotor wake under axial descent con-
ditions; external flow from bottom to top of page.

any distinct slipstream boundary. This is consistent with the flight
conditions known to cause the vortex-ring state.® By increasing the
descent velocity further, the wake was observed to develop a more
definite slipstream boundary that expanded downstream of (above)
the rotor, as is typical of the windmill brake state. When in this
state, the tip vortex structure was found to return to a more regular
periodic and helical structure.

Vortex Perturbations

Several types of vortex perturbations and instabilities have been
observed in rotor wakes, and some of these can be seen in the de-
scending flight images shown earlier. One common type of pertur-
bation is of the smooth sinuous wave type observed by Sullivan'®
and analyzed theoretically by Widnall®® and Gupta and Loewy.*
An example is shown in Fig. 7a. These wave types of perturba-
tions are usually neutrally stable, but become quite pronounced in
amplitude at older wake ages. Based on various experimental ob-
servations, the onset of these disturbances seems to be affected by
the number of blades, rotor thrust, and operating conditions. '+
Again, because this phenomenon results in an aperiodic behavior of
the wake, albeit locally, it causes considerable challenges if quan-
titative measurements of the tip vortex properties are an objective.
Forward flight experiments with helicopter rotors in wind tunnels
have shown that the tip vortices in the rotor wake appear much more
periodic, ¥ suggesting that this kind of testing may be a better option
for baseline measurements of the tip vortex properties.

Another type of perturbation sometimes found in rotor wakes
is referred to as the short-wave corkscrew or helical type, with an
example shown in Fig. 7b. Here, the vortex filament tightly twists
around on itself forming a very pronounced helix. These pertur-
bations appear to be quite common in the wakes of highly loaded
propellers or tilt rotors** rather than helicopter rotors, but they have

b) Helical or corkscrew type

Fig. 7 Typical types of tip vortex perturbations observed in the wake
of a rotor.

Fig. 8 Formation of a helical type of tip vortex perturbation after the
first blade passage followed by vortex bursting.

been observed in both. In some cases, the disturbance travels quickly
down the vortex filament. In other cases, it is damped out, and the
vortex returns to its regular (undistorted) form. Depending on the
sign of the helical pitch, the disturbance may cause the vortex to
become unstable, and it may breakdown or burst. An example of
this latter phenomenon is shown in Fig. 8, where the vortex bursting
originates from the formation of a helical disturbance downstream
of the blade. Further details on the known parameters that affect
vortex bursting are summarized by Hall.%
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Fig. 9 Shadowgraphs showing perpendicular blade/vortex interactions at various blade azimuth angles over the front of the rotor disk in low-speed

forward flight.

Blade/Vortex Interactions

The interactions of tip vortices with rotor blades can occur at many
different locations and orientations over the rotor disk. BVIis known
to produce locally high airloads and can be a significant source of
obtrusive noise, particularly if it occurs on the advancing side of the
rotor disk, where the blade and vortex axes can be nearly parallel to
each other. The other type of BVI occurs when the blade and vortex
axes are almost perpendicular. Whereas the former tends to produce
the largest unsteady airloads and high-frequency noise generation,
the latter tends to result in more highly three-dimensional airloads
and broadband noise. In addition, BVIs are liable to occur on mul-
tirotor configurations comprising two or more overlapping rotors
such as tandems or coaxial systems. For such helicopters, the wake
from one rotor may be partially or completely ingested by the other
rotor, enhancing the possibility of BVIL.

Figure 9 shows a sequence of shadowgraph images that detail the
blades encountering a perpendicular type of BVI over the leading
edge of the rotor disk during low-speed forward flight. It can be seen
that as the older wake vortices move downstream (to the left) they
move up and over the top of the following blades. A wavelike distur-
bance is produced on the older vortices as following blades pass un-
derneath. After the blade passes, the tip vortex usually returns to its
original undisturbed shape. This suggests that the orientations of the
vortex filaments to each other produce weak interactions compared
to that found in the hover state, where vortex pairing and suscep-
tibility to aperiodicity tends to be more evident. For progressively
greater wake ages, the wake was convected farther downstream and
downward through the tip-path plane, and the blade intersected and
cut the vortex filament. In some cases it has been noted that per-
pendicular BVI leads to the development of a helical type of vortex
instability and/or vortex bursting and, therefore, an increase in the
effective diffusion rate of the tip vortex.

Despite its importance to helicopter noise and vibration, clear ex-
perimental studies of the parallel BVI problem are very rare. Good,
albeit idealized, quantitative measurements of BVIs and collisions
are described in Refs. 66-68. Contributions to visualizing the prob-
lem have been achieved with the use of smoke?? and strobed
shadowgraphy.®” However, much further work needs to be done to

visualize and to measure its effects to fully understand the parallel
BVI problem, especially with elastic rotors. The complexity of this
problem cannot be underestimated, and the further understanding
of BVI poses many challenges to the experimentalist.

Vortex/Surface Interaction Phenomena

In practice, the problem of understanding the vortical wake struc-
ture generated by the helicopter rotor is rather more complicated
because of the effects of the airframe. Studies of simplified vortex/
surface interactions - 7* have revealed much insight into the physics,
and many of the results are directly applicable to an improved un-
derstanding of the real problems found on rotorcraft. Interactional
problems are significant for helicopters and tilt rotors alike, and these
vary in location and intensity as a function of flight condition. The
interactions range from almost benign glancing type interactions
with the airframe or empennage surfaces to direct impingement and
associated large-scale reorganization of the flow structure. How-
ever, even though the encounter may vary in terms of its severity, in
almost all cases the vortices induce large unsteady airloads on the
airframe surface.””'~7® This can be a source of significant airframe
vibrations and buffeting problems. In addition, the airframe or em-
pennage surfaces can alter the tip vortex trajectories,”*** which can
lead to a change in the induced velocity field and can influence the
distribution of loads over the rotor disk.*

Figure 10 shows a shadowgraph visualization of the tip vortices at
the rear the rotor wake in low-speed forward flight. The freestream
is from right to left. The airframe in this case was a simple body
of revolution that had a constant circular cross section in the re-
gion where the vortex/surface interactions occured.>3* The results
showed both large-scale and local deformations to the rotor wake.
At alocal level, it was found that as the vortex filaments came close
to the body surface they began to convect downstream more quickly
under the influence of the surface, and the tip vortices traveled par-
allel to the airframe surface. This resulted in the formation of a loop
or hairpin vortex structure over the airframe. Although a complex
problem in vortex dynamics, these vortex/surface interactions seem
to have been fairly successfully modeled by numerical means.”:7
The main impact of an improved understanding of rotor/airframe
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Fig. 10 Shadowgraph showing the interaction of the rotor tip vortices
with the tailboom of a helicopter fuselage in low-speed forward flight.

b) Side view of process

Fig. 11 Shadowgraph of rotor tip vortex/body interaction.

interactions is toward successfully predicting the effects on rotor
blade airloads and performance as a result of the distortion to the
rotor wake structure.

From an experimental perspective, it is extremely challenging
to study vortex/surface interaction problems in a wind tunnel be-
cause lack of optical access limits multiple viewing directions.?
Figure 11 shows shadowgraphs that document the tip vortices in
the wake of a hovering rotor as they interact with a circular body.>
The horizontal image in Fig. 11a is the shadow of the support, and
this is outside of the immediate flowfield. As described before, as
the vortex approaches the top of the body a loop or hairpin type of
deformation is formed. Images viewed along the longitudinal axis
of the body showed the vortex filament to be stretched around the
circular contour of the body. As the wake was convected farther

Fig. 12 Shadowgraph of tip vortex formation on a rectangular blade
tip.

and the vortex filament became significantly strained, two ends of
the vortex filament, one on each side of the body, could be seen to
quickly diffuse. This process was particularly vivid when recorded
on video. A schematic detailing the full dynamics of the vortex/body
interaction process is shown in Ref. 59.

Tip Vortex Formation

The rollup of the tip vortex defines the initial conditions for the
subsequent behavior of the rotor wake and also defines the condi-
tions for BVI. Tip vortex formation is a complex problem involving
high velocities with shear, flow separation, pressure equalization,
and turbulence production. Because rotor blades have very large-
pressure differences concentrated over the tip regions, the resulting
tip vortices are intense with high-swirl velocities and small-viscous
cores. The effect of the tip shape is known to affect the strength
and location of the tip vortex trailed into the wake.??*” For some
tips, multiple vortices may be produced, although one of these is
usually stronger and tends to dominate the flow. Depending on the
sign of the other vortex, it may roll up into the primary vortex or
may convect through the wake with the primary vortex as a parallel
pair.

On rectangular or mildly tapered blade tips, the vortex is known
to form immediately at the blade tip, e.g., Fig. 12. This strobed shad-
owgraph shows the entire tip region to be enveloped in a turbulent
vortical flow, but immediately behind the blade the vorticity rolls up
into a single vortex. Depending on the angle of view, these types of
images sometimes show other density gradients near the tip, such as
turbulence and acoustic waves.*® The tip vortex location and over-
all flow structure behind the blade is, however, difficult to predict
with existing models. Based on classical Betz-type centroid of vor-
ticity approaches,” as used in some rotor analyses, the predicted
vortex release locations always tend to appear radially much farther
inward toward the hub than is observed in practice. Recent work
by Rule and Bliss”’ has reinforced the complexity of the problem.
Modern finite difference methods® have achieved greater success
in predicting the point of origination, but numerical diffusion tends
to produce significant errors in the subsequent vortex behavior. A
challenge in the future is to fully correlate numerical predictions
with experimental measurements of the tip vortex structure and its
location behind the blade.

Velocity Field

Proper quantification of the tip vortex strength, viscous core ra-
dius, and induced velocity field and how these properties change as
the vortex ages pose considerable challenges to the experimentalist.
The accurate determination of these properties has important con-
sequences in terms of predicting many rotor problems, including
phenomena such as BVIand vortex/surface interactions. The vortex
core size is approximately inversely proportional to the peak tan-
gential (swirl) velocities in the vortex, and so the intensity of these
interactional phenomena is, in part, related to an understanding and
prediction of viscous diffusion, turbulence production, and dissipa-
tion. Most engineering models used for rotor loads, performance,
and acoustics tend to have simple empirical or semiempirical rep-
resentations of these important physical effects based mostly on
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experimental data from fixed-wing experiments. However, because
of the close blade/vortex proximities and powerful mutual interac-
tions between rotor tip vortices, there is little reason to expect that
the evolutionary trends of helicopter vortices can be simply extrap-
olated from fixed-wing studies.

There have been several experiments conducted to quantify the
overall magnitude and distribution of the induced velocity field in-
side the wake generated by helicopter rotors. Various experimental
techniques used include multihole pressure probes,'®:7® HWA,” %
and LDV.®!32 Whereas global measurements are useful, obtaining
flow details inside the tip vortices is much more difficult. Details
of the rotor tip vortex structure have been attempted using hot-
wire anemometry (HWA),%273 LDV23!:87792 and, to a more limited
extent, PIV.°! An advantage of LDV (or PIV) is that it is non-
intrusive, so unlike a probe it will not disturb the flow and alter
the evolutionary physics of the vortex. Also, whereas the turbulent
structure of tip vortices has been examined for fixed-wings using
LDV,” there is a dearth of corresponding measurements for rotating
wings.

In recent work by Leishman et al.,® Han et al.,”> McAlister
etal.,® and McAlister,”” temporal phase-resolved measurements
have been made using three-component LDV to determine the tan-
gential and axial velocity fields, as well as turbulence structure
surrounding convecting rotor tip vortices. Such measurements are
difficult and time consuming partly because of the unsteady periodic
nature of the problem that requires the measurements to be per-
formed in a fully phase-resolved sense. In addition, as already men-
tioned, the high rotational velocities found in rotor tip vortices make
the entrainment of seed particles relatively difficult. Nevertheless,
LDV offers one of the best available techniques of quantifying de-
tailed evolutionary trends of the tip vortices generated by rotors.

Typical results from Ref. 88 are shown in Fig. 13 for several
wake ages (¢), where the phase-resolved tangential component of
velocity has been nondimensionalized by the rotor tip speed and
the distance from the rotational axis is nondimensionalized by the
rotor radius R. In this experiment, it was found possible to track
the tip vortex for about two rotor revolutions. For increasing ¢, the
tip vortex was convected downward below the rotor and radially
inward, so that the velocity signatures move to the left of the graph
shown in Fig. 13. Note that the results presented in Fig. 13 show that
tangential velocity signatures are significantly asymmetric and the
larger velocities are biased toward the slipstream (inner) side of the
rotor wake. This is because the vortices lie at the edge of a jetlike
boundary, and so they convect in a nonuniform flow. One further
cause of the asymmetry is the curved helical nature of the tip vortex
that produces a self-induced effect.

The results shown in Fig. 13 are significant in that, in addition
to viscous diffusion, they also show that the measurements made
just after the first blade passage (¢ =360deg for the one-bladed
rotor and ¢ = 180 deg for the two-bladed rotor) indicate an apparent
increase in peak tangential velocity and decrease in core diameter.
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Fig. 13 Phase-resolved tangential velocities in the tip vortex as mea-
sured at different wake ages after generation.

To understand why, it is significant to note that the blade passage
produces two important effects. First, there is an increase in the
axial settling rate of the wake in hover because of the downwash
produced by the blade. Second, there is an additional increment
to the axial settling because of the introduction of another turn in
the vortex spiral. In the latter case, the older tip vortices lie below
and radially inward of this new turn in the vortex spiral, so that
they are subjected to an axial increment in slipstream velocity. This
effect is more pronounced for the vortices at the first blade passage,
although the effects have also been noted in Ref. 36 for the second
and third blade passages. Therefore, these steep velocity gradients
associated with a blade passage produce three-dimensional vortex
stretching, thereby inducing vorticity intensification.* It is likely
that a similar phenomenon occurs during forward flight. Although
poorly documented, some encouraging progress on this problem
using LDV is reported by Berenger et al.??

Vortex Core Size

Physically, the average core size of the tip vortex generated by
helicopter rotors has been measured to be of the order of the blade
thickness, which is typically 10-15% of mean blade chord. On a
multibladed rotor, the tip vortices generated by each individual blade
interact with each other, and substantial modifications to the growth
of the tip vortices may occur. This behavior will be a complex func-
tion of each individual rotor and its operating state. A simple quan-
titative estimate of the growth in core radius with time can be based
on the Lamb® result for laminar flows, which shows that without
external velocity gradients the core radius varies with the square-
root of age.’®*?” In practice, the actual diffusion of vortices is known
to be much quicker because of turbulence generation. These effects
can be incorporated into a model growth equation using an average
turbulent viscosity coefficient (see Ref. 97 or 98). This coefficient
is not known a priori and must be estimated from vortex core struc-
ture measurements. In addition, because it is known that the vortex
is already in some stage of decay immediately after its formation,*®
the growth curve can be originated at a virtual time.

The measured growth of the vortex core with wake age (¢) for
hovering one- and two-bladed rotors® is shown in Fig. 14. The re-
sults are presented as a fraction of the blade chord c. Note that the
initial core growth is rapid, and seems to follow a Lamb-like log-
arithmic result. Although vortex core growth measurements from
rotors are rare, the logarithmic trend shown appears consistent with
the work of Sullivan!® and Thomson et al.'® In these latter cases,
the core was estimated from the size of the particle void. Whereas
this does not give the correct quantitative size of the viscous core,
an analysis of the seed particle dynamics shows that the void growth
trends mimic the actual core growth. What is apparent from these
results, however, is that there is a fairly rapid but asymptotic-like
growth in the core, at least up to the first blade passage. It is ac-
knowledged that these trends may well be different for full-scale
rotors, which will have blade and vortex Reynolds numbers that are
at least one order of magnitude greater than for the data presented
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here. In addition, on multibladed rotors the presence of other tip vor-
tices and the closeness of following blades to the tip vortex trailed
from a previous blade mean that the viscous diffusion process may
be extremely complicated. Such issues are currently poorly under-
stood and pose many challenges to the experimentalist to obtain
measurements at full-scale blade and vortex Reynolds numbers.

Turbulence in the Tip Vortex

The rate of development of the vortex turbulent structure will alter
diffusive and dissipative features of the vortex.!*! This, in turn, will
affect the intensity of problems, such as B VI, and also the physics of
the vortex flow after BVI, i.e., whether the vortex remains coherent,
develops waves or instabilities, or bursts. Whereas the turbulence
structure of a tip vortex has been measured for fixed wings,’” %3
there is a dearth of corresponding measurements for rotating wings,
especially using LDV. This is partly because of the need to acquire
very large numbers of statistically valid samples to allow satisfactory
phase averaging. In addition, there is a need to ensure flow periodic-
ity to avoid biasing the statistics. It can be expected that the tip vortex
initially exhibits a laminar behavior. This will be accompanied by a
maximum in kinetic energy, and thereafter the vortex progressively
becomes turbulent. The timescales over which this degeneration to
turbulence occurs are related to the vortex Reynolds number, among
other factors. The vortex is known to become enveloped by a mix-
ing layer that transfers the turbulent kinetic energy contained in
the vortex core into smaller eddies downstream. In these smaller
eddies, the turbulent kinetic energy is ultimately dissipated by
viscosity. 102

In Ref. 92, the tangential, radial, and axial turbulence compo-
nents were measured inside a rotor tip vortex using LDV. At early
wake ages, distinct double peaks were observed in all three turbu-
lence components inside the vortex core radius. This confirms that
turbulence is generated mostly by shear just inside the core. The
turbulence is then diffused radially outward. The radial component
of turbulence was measured to be the most dominant. Within the as-
sumptions of incompressible quasisteady flow and by comparisons
of orders of magnitude, the equation for turbulence production can
be derived. The resultant sign changes in the production equation
can be deduced from the signs of both Reynolds’ shear stress and
the gradient of mean velocity inside the tip vortex. Because the
tip vortex has a substantial tangential velocity gradient at the core
boundary, it must produce most of the turbulence inside the vor-
tex core. Substantial amounts of turbulent kinetic energy (TKE) are
also produced near the edge of the viscous region just outside the
core region. Although LDV statistics are hard to acquire inside the
vortex core because of seeding difficulties, the TKE production has
been found to quickly decrease with increasing wake age. This con-
firms that the mean velocity field creates significant turbulence at
the earliest wake age, and diffusive action follows rather quickly
within half a rotor revolution. Clearly, however, further work must
be undertaken to more fully understand the turbulent diffusive and
dissipative behavior of the blade tip vortices.

Concluding Remarks

The examples discussed illustrate some of the complex problems
in forming a more complete understanding of the vortex dynamics of
helicopter rotor wakes. Although the deeper understanding of these
problems poses many challenges to the experimentalist, consider-
able progress has been made in many areas over the past decade.
Problems such as tip vortex formation, B VI, and rotor/airframe in-
terference are better understood, and recent systematic experimental
measurements have provided significant amounts of data that will
help validate numerical predictions of the various phenomena. The
fruits of some of this research are already fostering new ideas for
rotor design, particularly using active control, that will have an im-
pact on new helicopter designs well into the next century. However,
one of the biggest challenges still remaining in rotor analysis is to
reveal more completely the intricate structure of the blade tip vor-
tices. This research may result in new ideas for tip vortex control
and the alleviation of several of the complex problems involving
vortex dynamics that hinder the development of quieter helicopters
with better performance and lower vibrations.

Acknowledgments

Some of the work reported in this paper was supported by the U.S.
Army Research Office under the Rotorcraft Centers of Excellence
Program during the period 1988-1995. Thomas Doligalski was the
Technical Monitor. Other support has been provided by the Minta
Martin Fund for Aeronautical Research, NASA Ames Research
Center, and Boeing Helicopters. The contributions of Nai-pei Bi,
Erwin Moedersheim, Mark Daghir, Alan Coyne and Andrew Baker
to the results reported in this paper are much appreciated. Figure 4
is by courtesy of Rotary Wing Aircraft Test Directorate, U.S. Naval
Air Warfare Center, Patuxent River, Maryland. A short videotape
documenting many of the vortex dynamic phenomena discussed in
this paper is available from the authors on request.

References

ISchmitz, F. H., and Yu, Y. H., “Helicopter Impulsive Noise: Theoretical
and Computational Status,” Journal of Sound and Vibration, Vol. 109, No.
3, 1986, pp. 361-422.

2Sheridan, P., and Smith, R., “Interactional Aerodynamics— A New Chal-
lenge to Helicopter Technology,” 35th Annual Forum of the American He-
licopter Society, May 1979.

3Ellin, A. D. S., “An In-Flight Investigation of Westland Lynx AH
Mk-5 Main Rotor/Tail Rotor Interactions,” 19th European Rotorcraft Fo-
rum, Como, Italy, Sept. 1993.

4Crouse, G. L., and Leishman, J. G., “Aerodynamic Interactional Effects
on Rotor Loads and Performance,” 48th Annual Forum of the American
Helicopter Society, Washington, DC, May 1992.

SLeishman, J. G., and Bi, N.-P., “Aerodynamic Interactions Between a
Rotor and a Fuselage in Forward Flight,” Journal of the American Helicopter
Society, Vol. 35, No. 3, 1990, pp. 22-31.

6Torok, M. S., and Ream, D. T., “Investigation of Empennage Airloads
Induced by a Helicopter Main Rotor Wake,” 49th Annual Forum of the
American Helicopter Society, St. Louis, MO, May 1993.

"Moedersheim, E., and Leishman, J. G., “Investigation of Aerodynamic
Interactions Between a Rotor and a T-Tail Empennage,” Journal of the Amer-
ican Helicopter Society, Vol. 43, No. 1, 1998, pp. 37-46.

8Leishman, J. G., and Bagai, A., “Challenges in Understanding the Vortex
Dynamics of Helicopter Rotor Wakes,” ATAA Paper 96-1957, June 1996.

9McCroskey, W. J., “Vortex Wakes of Rotorcraft,” ATAA Paper 95-0530,
Jan. 1995.

10Syllivan, J. P., “An Experimental Investigation of Vortex Rings and Heli-
copter Rotor Wakes Using a Laser Doppler Velocimeter,” Aerophysics Lab.,
TR 183, MIT DSR 80038, Massachusetts Inst. of Technology, Cambridge,
MA, June 1973.

llTangler, J.L.,“Schlieren and Noise Studies of Rotors in Forward Flight,”
33rd Annual Forum of the American Helicopter Society, Washington, DC,
May 1977.

2Taylor, M. K., “A Balsa-Dust Technique for Air-Flow Visualization and
Its Application to Flow Through Model Helicopter Rotors in Static Thrust,”
NACA TN 2220, Nov. 1950.

3Gray, R. B., “An Aerodynamic Analysis of a Single Bladed Rotor in
Hovering and Low Speed Forward Flight as Determined from Smoke Stud-
ies of the Vorticity Distribution in the Wake,” Rept. 356, Princeton Univ.,
Princeton, NJ, Sept. 1956.

4L andgrebe, A.J., “The Wake Geometry of a Hovering Rotor and Its In-
fluence on Rotor Performance,” Journal of the American Helicopter Society,
Vol. 17, No. 4, 1972, pp. 2-15.

I5Landgrebe, A.J., and Bellinger, E. D., “An Investigation of the Quan-
titative Applicability of Model Helicopter Rotor Wake Patterns Obtained
from a Water Tunnel,” United Aircraft Research Labs., K910917-23, East
Hartford, CT, Dec. 1971.

16T arin, A. V., “Vortex Wake Behind a Helicopter,” Aviatsiya I Kosmon-
avtika,No. 3, 1973, pp. 32, 33; also National Technical Information Service
Translation ADA005479, 1974.

7Heyson, H. H., and Katzoff, S., “Induced Velocities Near a Lifting Rotor
with Non-Uniform Disk Loading,” NACA TR 1319, 1957.

181 eishman, J. G., and Bi, N.-P., “Measurements of a Rotor Flowfield and
the Effects on a Body in Forward Flight,” Vertica, Vol. 14, No. 3, 1990, pp.
401-415.

9Ghee, T. A., and Elliott, J. W., “The Wake of a Small-Scale Rotor
Model in Forward Flight Using Flow Visualization,” Journal of the American
Helicopter Society, Vol. 40, No. 3, 1995, pp. 52-65.

DDingeldein, R. C., “Wind-Tunnel Studies of the Performance of Multi-
rotor Configurations,” NACA TN 3236, Aug. 1954.

21 Mueller, R. H. G., “Special Vortices at a Helicopter Rotor Blade,” Jour-
nal of the American Helicopter Society, Vol. 35, No. 3, 1990, pp. 16-22.

2Mueller, R. H. G., “Winglets on Rotor Blades in Forward Flight—A
Theoretical and Experimental Investigation,” Vertica, Vol. 14, No. 1, 1990,
pp. 31-46.



LEISHMAN AND BAGAI 1139

BMercker, E., and Pengel, K., “Flow Visualization of Helicopter Blade
Tip Vortices,” 18th European Rotorcraft Forum, Avignon, France, Sept.
1992.

24Werlé, H., and Armand, C., “Measures et Visualisation Instationnaires
sur les Rotor,” ONERA TP 777, France, 1969.

ZLorber, P. F., Stauter, R. C., Hass, R. I, Torok, M. S., and Kohlhepp,
F. W., “Techniques for Comprehensive Measurement of Model Helicopter
Rotor Aerodynamics,” 50th Forum of the American Helicopter Society,
Washington, DC, May 1994.

261 ehman, A. F,, “Some Cavitation Observation Techniques for Water
Tunnels,” American Society of Mechanical Engineers Symposium on Cav-
itation Research Facilities and Techniques, May 1964.

27Felker, F. F., Maisel, M. D., and Betzina, M. D., “Full-Scale Tilt-Rotor
Hover Performance,” Journal of the American Helicopter Society, Vol. 31,
No. 2, 1986, pp. 10-18.

28Lehman, A. F., “Model Studies of Helicopter Rotor Patterns,” 24th
Annual Forum of the American Helicopter Society, Washington, DC, May
1968.

29Vinckiner, A., Stangl, R., Zerle, L., and Wagner, S., “Helium Bubble Vi-
sualization of the Tip Vortex,” 20th European Rotorcraft Forum, Amsterdam,
The Netherlands, Oct. 1994.

30Steinhoff, J. S., “A Simple Efficient Method for Flow Measurement and
Visualization,” Flow Visualization III, edited by W. J. Yang, Hemisphere,
New York, 1985, pp. 19-24.

3'Mueller, R. H. G., “Tip Vortex Development and Structure at BVI for
a Hovering Rotor with Swept Back Tip Shapes Using the Flow Visualiza-
tion Gun Technique,” 20th European Rotorcraft Forum, Amsterdam, The
Netherlands, Oct. 1994.

32Walters, R. E., and Skujins, O., “A Schlieren Technique Applied to Ro-
tor Wake Studies,” American Helicopter Society Mid-East Regional Sym-
posium, Essington, PA, Oct. 1986.

33Parthasarthy, S. P, Cho, Y. I, and Black, L. H., “Wide-Field Shadow-
graph Flow Visualization of Tip Vortices Generated by a Helicopter Rotor,”
ATAA Paper 85-1557, Jan. 1985.

34Norman, T. R., and Light, J. S., “Rotor Tip Vortex Geometry Mea-
surements Using the Wide-Field Shadowgraph Technique,” Journal of the
American Helicopter Society, Vol. 32, No. 2, 1987, pp. 40-50.

3Leishman, J. G., and Bagai, A., “Rotor Wake Visualization in Low
Speed Forward Flight,” ATAA Paper 91-3232, June 1991.

36Bagai, A., and Leishman, J. G., “A Study of Rotor Wake Developments
and Wake/Body Interactions in Hover Using Wide-Field Shadowgraphy,”
Journal of the American Helicopter Society, Vol. 37, No. 4, 1992, pp. 48-57.

37Swanson, A. A., “Application of the Shadowgraph Flow Visualization
Technique to a Full-Scale Helicopter Rotor in Hover and Forward Flight,”
ATAA Paper 93-3411, 1993.

38Yu, Y. H., and Kittleson, J. K., “Reconstruction of a Three-Dimensional
Transonic Rotor Flow Field from Holographic Interferogram Data,” Inter-
national Conf. on Rotorcraft Basic Research, Triangle Park, NC, Feb. 1985.

39Piziali, R., and Trenka, A., “An Experimental Study of Blade Tip Vor-
tices,” Rept. AC-2647-S-1, Cornell Aeronautical Lab., Buffalo, NY, 1970.

40Brand, A. G., Komerath, N. M., and McMahon, H. M., “Results from a
Laser Sheet Visualization of a Periodic Rotor Wake,” ATAA Paper 88-0192,
Jan. 1988.

41 Fuchs, N. A., The Mechanics of Aerosols, Pergamon, Oxford, England,
UK, 1964, Chap. 3.

42Leishman, J. G., “Seed Particle Dynamics in Tip Vortex Flows,” Journal
of Aircraft, Vol. 33, No. 4, 1996, pp. 823-825.

#Kriebel, A. R., “Particle Trajectories in a Gas Centrifuge,” Journal of

Basic Engineering , Vol. 83, No. 3, 1961, pp. 333-340.

44 Spencer, R. H., “Application of Vortex Visualization Test Techniques
to Rotor Noise Research,” 25th Annual Forum of the American Helicopter
Society, Washington, DC, May 1969.

43Sternfeld, H., and Schairer, J. O., “Study of Rotor Blade Tip Vortex
Geometry for Noise and Airfoil Applications,” Boeing Helicopters, D8-
2464-1A, Philadelphia, PA, Dec. 1969.

46 Akimov, A. 1., Butov, V. P, Bourtsev, B. N., and Selemenev, S. V.,
“Flight Investigation of Coaxial Rotor Tip Vortex Structure,” 50th Annual
Forum of the American Helicopter Society, Washington, DC, May 1994.

4TBagai, A., and Leishman, J. G., “Free-Wake Analysis of Tandem, Tilt-
Rotor and Coaxial Rotor Configurations,” Journal of the American Heli-
copter Society, Vol. 41, No. 3, 1996, pp. 196-207.

48Hilton, W. F., “The Photography of Airscrew Sound Waves,” Philo-
sophical Transactions of the Royal Society of London, Series A, Vol. 169,
March 1939.

4OLight, J. S., “Tip Vortex Geometry of a Hovering Helicopter Rotor in
Ground Effect,” 45th Annual Forum of the American Helicopter Society,
Boston, MA, 1989.

50Bagai, A., and Leishman, J. G., “Improved Wide-Field Shadowgraph
Set-Up for Rotor Wake Visualization,” Journal of the American Helicopter
Society, Vol. 37, No. 3, 1992, pp. 86-92.

S!Winburn, S., Baker, A., and Leishman, J. G., “Angular Response Proper-
ties of Retroreflective Screen Materials Used in Wide-Field Shadowgraphy,”
Experiments in Fluids, Vol. 20, 1996, pp. 227-229.

2Bagai, A., and Leishman, J. G., “Flow Visualization of Compressible
Vortex Structures Using Density Gradient Techniques,” Experiments in Flu-
ids, Vol. 15, 1993, pp. 431-442.

BMcVeigh, M. A., Liu, J., and O’Toole, S. J., “V-22 Osprey Aerody-
namic Development— A Progress Review,” Aeronautical Journal, Vol. 101,
No. 1006, 1997, pp. 231-244.

S Campbell, J. F., and Chambers, J. R., “Patterns in the Sky—Natural
Visualization of Aircraft Flow Fields,” NASA SP-514, 1994.

S5Campbell, J. F, Chambers, J. R., and Rumsey, C. L., “Observation of
Airplane Flow Fields by Natural Condensation Effects,” AIAA Paper 88-
0191, Jan. 1988.

56 Tischler, M. B., Driscoll, J. T., Cauffman, M. G., and Freedman, C. J.,
“Study of Bearingless Main Rotor Dynamics from Frequency Response
Wind Tunnel Test Data,” American Helicopter Society Aeromechanics Spe-
cialists” Conf., San Francisco, CA, Jan. 1994.

STDevenport, W. J., Rife, M. C., Liapis, S. 1., and Follin, G.J., “The Struc-
ture and Development of a Wing-Tip Vortex,” Journal of Fluid Mechanics,
Vol. 312, 1996, pp. 67-106.

81 eishman, J. G., “Measurements of the Aperiodic Wake of a Hovering
Rotor,” Experiments in Fluids (to be published).

9Moedersheim, E., Daghir, M., and Leishman, J. G., “Flow Visualiza-
tion of Rotor Wakes Using Shadowgraph and Schlieren Techniques,” 20th
European Rotorcraft Forum, Paper 31, Amsterdam, The Netherlands, Oct.
1994.

0Gessow, A., and Meyers, G. C., Aerodynamics of the Helicopter,
Macmillan, New York, 1952, p. 127.

61T ock, C. N. H., Bateman, H., and Townend, H., “An Extension of the
Vortex Theory of Airscrews with Applications to Airscrews of Small Pitch
and Including Experimental Results,” Repts. and Memoranda 1014, Aero-
nautical Research Committee, London, 1925.

©Drees, J. M., and Hendal, W. P,, “The Field of Flow though a Heli-
copter Rotor Obtained from Wind Tunnel Smoke Tests,” National Luchten
Luchtvaart Lab., Rept. V-1205, Amsterdam, 1950.

6 Widnall, S. E., “The Stability of a Helical Vortex Filament,” Journal of
Fluid Mechanics, Vol. 54, No. 4, 1972.

% Gupta, B. P, and Loewy, R. G., “Theoretical Analysis of the Hydrody-
namic Stability of Multiple Interdigitated Helical Vortices,” AIAA Journal,
Vol. 12, No. 10, 1974, pp. 1381-1387.

65Hall, J. L., “An Introduction to Vortex Breakdown and Vortex Core
Bursting,” National Aeronautical Establishment of Canada, NAE-AN-28,
NRC 24336, March 1985.

% Horner, M. H., Stewart, J. N., Galbraith, R. A. M., Grant, I., and Coton,
F. N., “An Examination of Vortex Deformation During Blade Vortex Inter-
action Using Particle Image Velocimetry,” 19th International Council of the
Aeronautical Sciences Meeting, Anaheim, CA, June 1994.

67Seath, D. D., Kim, J. M., and Wilson, D. R., “An Investigation of the
Parallel Blade-Vortex Interaction in a Low Speed Wind-Tunnel,” ATAA
Paper 87-1344, June 1987.

68 Kitaplioglu, C., and Caradonna, F. X., “Aerodynamics and Acoustics of
Blade Vortex Interaction Using an Independently Generated Vortex,” Amer-
ican Helicopter Society Aeromechanics Specialists Conf., San Francisco,
CA, Jan. 1994.

% Saffman, P. G., and Baker, G. R., “Vortex Interactions,” Annual Review
of Fluid Mechanics, Vol. 11, 1979, pp. 95-122.

Lim, T. T., “An Experimental Study of a Vortex Ring Interacting with
an Inclined Wall,” Experiments in Fluids, Vol. 7, 1989, pp. 453-463.

"I Crouse, G. L., Leishman, J. G., and Bi, N.-P, “Theoretical and Experi-
mental Study of Unsteady Rotor/Body Aerodynamic Interactions,” Journal
of the American Helicopter Society, Vol. 37, No. 1, 1992, pp. 55-65.

72Brand, A. G., McMahon, H. M., and Komerath, N. M., “Surface Pres-
sure Measurements on a Body Subject to Vortex-Wake Interaction,” AIAA
Journal, Vol. 27, No. 5, 1989, pp. 569-574.

BConlisk, T. A., and Affes, H., “A Model for Rotor Tip Vortex-Airframe
Interaction, Part 1: Theory,” AIAA Journal, Vol. 31, No. 12, 1993, pp. 2263-
2273.

74Conlisk, T. A., Affes, H., Kim, J. M., and Komerath, N. M., “A Model
for Rotor Tip Vortex- Airframe Interaction, Part 2: Comparison with Exper-
iment,” AIAA Journal, Vol. 31, No. 12, 1993, pp. 2263-2273.

75Smith, D.,and Sigl, D., “Helicopter Rotor Tip Shapes for Reduced Blade
Vortex Interaction—an Experimental Investigation,” ATAA Paper 95-0192,
Jan. 1995.

T6Betz, A., “Behavior of Vortex Systems,” NASA TM 713, June 1932.

7IRule, J. A., and Bliss, D. B., “Prediction of Viscous Trailing Vortex
Structure from Basic Loading Parameters,” AIAA Journal, Vol. 36, No. 2,
1998, pp. 208-218.

78Boatwright, D. W., “Measurements of Velocity Components in the Wake
of a Full-Scale Helicopter in Hover,” U.S. Army Aviation Mobility Research
and Development Lab., TR 72-33, Fort Eustis, VA, 1972.



1140 LEISHMAN AND BAGAI

79 Caradonna, F. X., and Tung, C., “Experimental and Analytical Studies
of a Model Helicopter Rotor in Hover,” 7th European Rotorcraft Forum,
Garmisch-Partenkirchen, Germany, Sept. 1981.

80Cheeseman, 1. C., and Haddow, C., “An Experimental Investigation of
the Downwash Beneath a Lifting Rotor at Low Advance Ratios,” Vertica,
Vol. 13, No. 4, 1989, pp. 421-445.

81Biggers, J. C., Chu, S., and Orloff, K. L., “Laser Velocimeter Measure-
ments of Rotor Blade Loads and Tip Vortex Rollup,” 31st Annual Forum of
the American Helicopter Society, Washington, DC, May 1975.

82 Berenger, T., Favier, D., Maresca, C., and Berton, E., “Experimental and
Numerical Investigation of Rotor Aerodynamics in Forward Flight,” ATAA
Paper 96-0676, Jan. 1996.

83Tung, C., Pucci, S. L., Caradonna, F. X., and Morse, H. A., “The Struc-
ture of Trailing Vortices Generated by Model Rotor Blades,” Vertica, Vol. 7,
Vol. 1, 1983, pp. 33-43.

84Corsiglia, V. R., Schwind, R. G., and Chiglier, N. A., “Rapid Scanning,
Three-Dimensional Hot Wire Anemometer Surveys of Wing-Tip Vortices,”
NASA CR-2180, 1973.

85Cutler, A. D., and Bradshaw, P., “A Crossed Hot-Wire Technique for
Complex Turbulent Flows,” Experiments in Fluids, Vol. 12, 1991, pp. 17-22.

86Cook, C. V., “The Structure of the Rotor Blade Tip Vortex,” Aerody-
namics of Rotary Wings, AGARD CP-111, Paper 3, Sept. 1972.

87Seelhorst, U., Beesten, B., and Butefisch, K. A., “Flowfield Investigation
of a Rotating Helicopter Rotor Blade by Three-Component Laser Doppler
Velocimetry,” Proceedings of the 75th AGARD Fluid Dynamic Panel Sym-
posium (Berlin, Germany), 1994.

881 eishman, J. G., Baker, A., and Coyne, A., “Measurements of Rotor
Tip Vortices Using Three-Component Laser Doppler Velocimetry,” Journal
of the American Helicopter Society, Vol. 41, No. 4, 1996, pp. 342-353.

89McAlister, K. W., Schuler, C. A., Branum, L., and Wu, J. C., “3-D Wake
Measurements Near a Hovering Rotor for Determining Profile and Induced
Drag,” NASA TP 3577, Aug. 1995.

OMcAlister, K. W., “Measurements in the Near Wake of a Hovering

Rotor,” ATAA Paper 96-1958, June 1996.

91Seelhorst, U., Raffel, M., Willert, C., Vollmers, K. A., Butefische, K.
A., and Kompenhans, J., “Comparison of Vortical Structures of a Helicopter
Rotor Model Measured by LDV and PIV,” 22nd European Rotorcraft Forum,
Brighton, England, UK, Sept. 1996.

9“2Han, Y., Leishman, J. G., and Coyne, A., “Measurements of the Velocity
and Turbulence Structure of a Rotor Tip Vortex,” AIAA Journal, Vol. 35, No.
3, 1997, pp. 477-485.

9 Takahashi, R. K., and McAlister, K. W., “Preliminary Study of a Wing-
Tip Vortex Using Laser Velocimetry,” NASA TM 88343, Jan. 1987.

%Batchelor, G. K., “Axial Flow in Trailing Line Vortices,” Journal of
Fluid Mechanics, Vol. 20, No. 4, 1964, pp. 645-658.

9%Lamb, H., Hydrodynamics, 6th ed., Cambridge Univ. Press, Cam-
bridge, England, UK, 1932, pp. 592, 593, 668, 669.

96Chigier, N. A., and Corsiglia, V. R., “Tip Vortices— Velocity Distribu-
tions,” 27th Annual Forum of the American Helicopter Society, Washington,
DC, May 1971.

970gawa, A., Vortex Flow, Fine Particle Science and Technology Series,
CRC Press, Boca Raton, FL, 1993, Chap. 12.

9%Dosanjh, D. S., Gasparek, E. P., and Eskinazi, S., “Decay of Viscous
Trailing Vortex,” Aeronautical Quarterly, 1962, pp. 167-188.

9 Squire, H. B., “The Growth of a Vortex in Turbulent Flow,” Aeronautical
Quarterly, Vol. 16, Aug. 1965, pp. 302-306.

100Thomson, T. L., Komerath, N. M., and Gray, R. B., “Visualization and
Measurement of the Tip Vortex Core of a Rotor Blade in Hover,” Journal of
Aircraft, Vol. 25, Vol. 2, 1988, pp. 1113-1121.

101 George, W. K., “Governing Equations, Experiments and the Experi-
mentalist,” Experimental Thermal Fluid Science, Vol. 3, 1990, pp. 557-566.

102 Tennekes, H., and Lumley, J. L., A First Course in Turbulence, MIT
Press, Cambridge, MA, 1972, Chap. 1.

S. Fleeter
Associate Editor



