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Abstract
This paper describes an experimental research
programme to evaluate the potential of small blown
jets to modify the core of the tip vortex trailed from a
rotor blade.    The objective is to demonstrate that the
vorticity distribution in the core can be significantly
altered in such a way that the peak velocities are
significantly reduced and the core radius increased.
Initially, Particle Image Velocimetry (PIV) is used to
demonstrate and quantify the effectiveness of the
technique.    Subsequently, Blade Vortex Interaction
(BVI) tests are conducted to simulate main rotor
interaction by placing an instrumented blade in the
path of the convecting vortex.    By studying the
interaction with and without the jets being activated,
it is possible to assess the potential of the method to
ameliorate unwanted BVI effects.

1. Introduction
A lifting surface of finite span produces trailed
vorticity as a result of the spanwise loading
distribution on the surface.   Generally, this vorticity
rolls up into a coherent tip vortex which can retain its
structure for a considerable distance behind the lifting
surface.   If an object rapidly passes through or close
to the vortex, the object interacts with the vortex in
such a way that it is subject to unsteady fluctuating
loads.   For flight vehicles, these interactions create
additional undesirable effects such as noise emission
and structural vibration.  When the lifting surfaces of
helicopter rotor systems are involved, the
phenomenon is termed Blade-Vortex Interaction
(BVI) and occurs when the tip vortices trailed from
the rotor pass close to, or impact directly with, any of
the blades in the main rotor or tail rotor systems.  In
some flight conditions BVI can be particularly severe
and is manifest as high-frequency impulsive loads on
the rotor blades.

The importance of BVI has been recognised for many
years and has been the focus of several experimental1-4

and numerical5,6 studies.  Of these, most have
concentrated on main rotor BVI although some, have
considered the interaction of the main rotor wake with
the tail rotor7,8.

For almost as long as the helicopter has existed, there
has been an impetus to reduce the aerodynamic noise
which it produces.  Much of the early research
progressed on a trial-and-error basis because the basic
noise generation mechanisms were not fully
understood.  As understanding of main rotor
interactions developed, however, emphasis became
centred on increasing the core size and reducing the
core velocity of the tip vortex.  In essence, the approach
has been to effectively prematurely age the vortex.  In
recent years, this type of research has also been
supported by interest from the fixed wing community in
reducing the spacing between passenger aircraft to
boost throughput at airports.

Basically, there are three mechanisms which result in
vortex decay.  The first, viscous diffusion, occurs
naturally but at a rate which is too slow to prevent
rotorcraft interactions from occurring.  If, however, an
effective means could be found to accelerate this
process, significant benefits could accrue.   The second
mechanism is that of vortex bursting, or breakdown.  In
aeronautics this is, generally, identified with delta wing
type flows and is associated with the body geometry
and streamwise pressure gradients experienced by the
vortex structure.  Unfortunately, the conditions which
result in the onset of breakdown do not occur naturally
in the flow field of the helicopter tip vortex and could
not easily be artificially introduced.  The final
mechanism which promotes vortex decay is through the
amplification of natural flow instabilities such as the
Crow9 instability.   Techniques which utilise this effect
rely on introducing additional regions of discrete
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vorticity into the domain of the tip vortex to promote
the instability.

Given the above, it is not surprising that much effort
has been directed towards modification of the vortex
structure at source.  Many techniques, including
active mechanical excitation of the Crow instability,
have been used but the most promising methods so
far fall neatly into two distinct categories.  The first
involves controlling the vortex structure by geometric
definition of the blade tip profile.  Several tip profile
variants have been proposed as methods of either
enlarging the vortex core or reducing core velocities.
Others, such as the Subwing Tip10 and the Westlands
Vane Tip11 have been shown to produce multiple
cores which although resulting in multiple sub-
interactions, reduce the overall severity of the gross
interaction12.  Generally, however, successful
modification of the tip profile to reduce BVI has been
accompanied by either a rotor thrust or drag penalty.

The second method of vortex control which has
shown promise has been the use of some form of air
injection at the blade tip13.  Early studies of this type
relied on high levels of blowing to achieve any
significant levels of vortex control but more recent
studies, using discrete jets, have demonstrated that
significant changes can be made to the vortex
structure with relatively low levels of blowing.   For
example, Gowanlock et al.14, have recently shown
that selective use of discrete jets oriented in the
spanwise direction, can reduce the peak rotational
velocities in the tip vortex by as much as 50% on a
model rotor, even at blowing coefficients as low as
Cµ = 0.0033.  Similarly, Liu et al.15 computed the
benefits of blowing air at 5% of the freestream speed
from a spanwise slot positioned near the tip trailing
edge on the upper surface of a rotor blade. They
postulated that pulsed blowing from this type of slot
could be useful in reducing the higher harmonic loads
and noise during a BVI encounter.

The present study also examines the potential to
modify the tip vortex structure by air injection in the
region of the blade tip.   In this case, however, the air
is injected both horizontally and vertically behind the
tip trailing edge in an attempt to expand the vortex
core during the roll-up phase.    To examine the
effectiveness of the technique, the vortex structure is
interrogated using Particle Image Velocimetry (PIV)
and it is shown that, not only is the core expanded,
the peak rotational velocities are also reduced.    The
results from a second series of tests, where the vortex
undergoes a parallel interaction with a stationary

blade, are then presented.    These results demonstrate
that the severity of the interaction is reduced by the tip
blowing.

2. Methods
The experiments were conducted in the Glasgow
University 1.15m x 0.85m low speed wind tunnel. This
is a closed return facility with a working section length
of 1.8m and is capable of speeds up to 33m/s.   The
interaction vortex was produced using a single bladed
rotor placed in the settling chamber of the wind
tunnel16.  The tip vortex system produced by this rotor
has been shown, via hot-wire anemometry and PIV,  to
exhibit the same characteristic features as a helicopter
main rotor17 and so provided the basis for interaction
studies.   The design of the vortex generator has been
previously detailed by Copland1 6  but will, for
convenience, be summarised here. The vortex generator
is essentially a rotor of radius 0.75m that has a single
rectangular planform blade of chord 0.1m with a
NACA 0015 cross section. During rotation, the blade
pitch is varied using a spring-loaded pitch link running
on a cylindrical cam configured such that the blade
pitch varies in four equivalent (90o) phases of azimuth.
The first phase sets the blade at zero incidence while
the blade is pointing into the settling chamber (45o

azimuthal travel on either side of the wind tunnel centre
line). In the next two phases of motion, the blade is
pitched from zero to 10o, before traversing the working
section at a constant 10o incidence. In the final 90o

phase, the spring loaded pitch link forces the blade to
overcome its aerodynamic and inertial loads and follow
the cam as it returns to zero degrees.

The rotor assembly is mounted on a vertical rotating
shaft that is supported by bearings which are installed
in an external framework above and below the wind
tunnel contraction. Also located on this framework is a
DC electric motor that is used to drive the rig. During
operation the rotational speed is monitored by an
optical sensor located on the main shaft.    The rotor
assembly is shown in Fig. 1. Where it may be observed
that, during operation, the rotor shaft is enclosed by
aerodynamic fairings.

The air required for the tip injection system is supplied
from the laboratory compressed air supply and is piped
to a rotating valve mechanism at the top of the rotor
shaft.   An air pipe then leads from this valve through
the hollow rotor shaft and out to the blade itself as
shown in Fig. 2.
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Fig. 1.   Vortex Generator in Settling Chamber

Fig. 2.  Air supply pipe entering blade

The particular blade used in this study was specially
constructed to include internal ducting to carry the air
to the tip jets.   The tip jet arrangement consisted of a
cylindrical extension tube of diameter 6.5mm and
length 8mm that protruded from the tip trailing edge.
The air jets emanated from four holes of diameter
0.79mm spaced at 90 degree intervals around the
tube.   The tip extension is shown in Fig. 3.

Measurements of the convecting tip vortex were
made using a particle image velocimetry (PIV)
system based on a Spectra-Physics Nd:Yag laser. By
operating the laser in a double-pulsed mode, two
images of the flow field can be obtained with very
small time separation (35µs). A standard cross-
correlation and sub-pixel peak detection routine can
then be used to determine the mean velocity at

various locations in the region of interest. The flow was
seeded with 1-2µm oil smoke particles distributed
throughout the flow. The laser light was passed through
an optical arrangement which converted the beam into a
laser sheet which was passed through the working
section and illuminated the flow seeding. The particle
displacements could then be recorded using a Kodak
Megaplus ES 1.0 camera of 1k x 1k resolution.
Further details of the PIV system used in this study are
presented in Ref. 18.

Fig. 3.   Tip jet arrangement

The vortex generator produces a curved, three-
dimensional vortex that convects through the wind
tunnel working section.   A NACA 0015 blade of chord
152.4mm and overall span 944mm was placed in the
path of the convecting vortex during the second phase
of the work in order to study the interaction of the
vortex with the blade.   The blade, which was set at
zero incidence, was instrumented at 78.5% span with a
chordal array of 30 miniature Kulite pressure
transducers mounted around the surface of the blade.
The transducers were connected to surface orifices of
1mm diameter. Pressure data for each transducer were
recorded using a BE256 data logger at 20 kHz sampling
rate.   For each case, sixteen phase locked blocks of
2018 samples per transducer were collected.   The data
presented in this paper represent the average of the
sixteen cases.   As shown in Fig. 4, the blade was
mounted horizontally from a support structure located
on the side wall of the wind tunnel working section that
allowed the blade to be raised and lowered.   The blade
extended into the working section such that the
transducer array was located at 225mm from the tunnel
centreline (Fig. 5).   Previous hot-wire measurements17

have shown this location is well outside the turbulent
wake of the vortex generator support shaft.



58.4

Fig. 4.   Blade support structure

Fig. 5.   Schematic of test set-up

For all tests the freestream velocity was fixed at
20m/s and the rotational speed of the vortex generator
was 540 RPM. These settings had been previously
identified by Doolan et al.19 to provide a clear, well
defined tip vortex structure in the working section
which is parallel to the blade leading edge at the
measurement location.  Based on these conditions, the
nominal interacting blade Reynolds number was
2x105.

3. Flowfield Measurements
The first series of tests involved examining the effect
of the tip jets on the cross sectional structure of the tip
vortex.   To do this, PIV measurements were made in
the working section of the wind tunnel for the
baseline case of no blowing and with blowing on.  No
direct measurements of the blowing coefficient were
made for the rotating blade but measurements on a
stationary wing showed a similar effect on the tip
vortex to that discussed below, with a momentum
blowing coefficient of around cµ = 0.004.

Fig. 6a.  Vortex velocity distribution (no blowing)

Fig. 6b.  Vortex velocity distribution (blowing on)

A cross-sectional view of the tip vortex velocity field
for the baseline case is presented in Fig. 6a.   In this
figure the mean flow velocity has been removed to
allow the structure of the vortical flowfield to be more
clearly displayed.   As may be expected, given the
manner in which the vortex was generated, the
flowfield is not entirely symmetrical but, nevertheless,
the tip vortex clearly dominates the image.    A similar
general pattern is evident in Fig 6b where the flowfield
corresponding to the blowing case is presented.   This
time, the number of velocity vectors plotted is higher
although the flowfield apparently exhibits the same
basic features as before.  In fact, the peak velocity in
this case is 7.2m/s compared with 9.61m/s in the
baseline case and this peak velocity is located further
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from the centre of the vortex indicating that the
vortex core diameter may also have increased.

Further information on the effect of the blowing on
the vortex core may be obtained when the vorticity
levels are compared.   Figure 7 shows the distribution
of vorticity in the vortex core in the baseline case
compared with that in the blowing case.   It is
immediately obvious, from this figure, that the peak
vorticity levels in the vortex core are consistent with
the trend in tangential velocity and have been greatly
reduced as a result of blowing.

Fig. 7a.  Vortex vorticity field (no blowing)

Fig. 7b.  Vortex vorticity field (blowing on)

4. BVI Experiments
During the blade vortex interaction experiments, the
blade was initially located 20mm below the anticipated
location of the vortex core and then moved upwards in
10mm steps towards and through the core position.
During interaction, the pressures were measured at 30
chordal locations and these pressures were then
integrated to give the normal force coefficient, Cn.

Figure 8a shows the variation of normal force 20mm
below the nominal core location for the baseline
condition and with the blowing switched on.   This
figure illustrates the typical Cn behaviour during the
interaction.   Initially, the blade experiences an upwash
as the vortex approaches its leading edge.  This upwash
produces a gradual rise in Cn.  When the vortex passes
over the leading edge and moves past the quarter chord,
the Cn drops dramatically as the the leading edge
becomes exposed to downwash and the trailing edge to
upwash.  Subsequently, as the vortex passes over the
remainder of the chord and further downstream, the Cn
gradually recovers to its pre-interaction level.

For the blade positioned at 20mm below the nominal
core location, the two Cn curves are very similar with
the only significant differences apparent prior to the
interaction. These differences are most likely due to
wander in the vertical position of the vortex produced
by the generator.  It is, however, interesting that the
magnitude of the gradient of the Cn response during
interaction is slightly greater when the blowing is on.

Fig. 8a.  Normal force coefficient response during BVI
for blade 20mm below nominal core location

As the blade is moved closer to the vortex in Fig. 8b
(10mm below), the severity of the interaction increases.
The magnitude of this increase is, however, noticeably
reduced by the blowing.    In particular, the drop in Cn
as the vortex passes over the leading edge region is
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short-lived in comparison to the non-blowing case.
There is also a slight reduction in the gradient of the
Cn drop during the interaction.

Fig. 8b.  Normal force coefficient response during
BVI for blade 10mm below nominal core location

A further 10mm increase in blade height again
produces a similar effect (Fig. 8c) with both the
magnitude and gradient of the Cn response during
interaction being reduced.  This blade position
corresponds to the nominal vortex core location.

Fig. 8c.  Normal force coefficient response during
BVI for blade at the nominal core location

Figure 8d, with the blade located 10mm above the
nominal vortex core location, exhibits the most severe
Cn response of all the blade positions for both the
baseline and the blowing case.  Interestingly,
however, there is little difference in this case between
the baseline and the blowing cases either in terms of
the magnitude of the Cn response or its gradient.

Fig. 8d.  Normal force coefficient response during BVI
for blade 10mm above nominal core location

Finally, the Cn responses for the blade positioned
20mm above the nominal vortex core are presented in
Fig 8e.   In a similar manner to the 20mm below case,
the major differences in the two curves occur during the
early stages of the interaction.

Fig. 8e.  Normal force coefficient response during BVI
for blade 10mm above nominal core location

The severity of a blade vortex interaction may be
characterised both in terms of the magnitude of the
response and rate of change of the loading during the
interaction.   For the data presented in Fig. 8, the
magnitude of the response has been determined by
evaluating the absolute difference, ∆Cn, between the
maximum and minimum Cn values in each case.  The
variation of this ∆Cn parameter with blade position is
presented in Fig. 9 for both the baseline and blowing
cases.
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Fig. 9.  Variation of peak Cn response with blade
position

In general terms, the ∆C n associated with the
interaction is reduced by the tip blowing.   This is
particularly true when the blade is positioned at or
slightly below the nominal vortex core location.   At
these locations the magnitude of the reduction
produced by the blowing is of the order of 15%.   In
contrast, however, the magnitude of the peak
interaction, which as indicated earlier occurs when
the blade is positioned 10mm above the nominal core
location, appears to be unaffected by the blowing.   It
should be noted that this location is approximately
one core radius from the nominal vortex centre.

Fig. 10.  Variation in interaction gradient with blade
position

The variation in the peak rate of change of Cn with
respect to non-dimensional time, for the range of
interaction cases, is presented in Fig. 10.
Interestingly, for the baseline case, the highest rate of
change is experienced when the blade is located at the

nominal core location.   In fact, the curve is almost
symmetric about this location.  This behaviour is
entirely consistent with that expected on the basis of
simple vortex theory.  The same cannot be said for the
blowing case where the highest rate of change occurs
when the blade is 10mm above the nominal core
location and the curve exhibits no symmetry
whatsoever. This may suggest that, despite positioning
the air jets at 90 degree intervals around the tip
extension, their effect on the vortex structure is not
symmetric.   In fact, given the asymmetry of the
original baseline vortex, as indicated by the PIV
images, this is not entirely surprising.   Importantly,
however, the effect produced by the tip blowing is to
reduce the Cn gradient in most cases.  In this respect,
the result obtained when the blade was located 20mm
below the nominal core location is somewhat
anomalous but is inevitably associated with the manner
in which the flowfield is distorted by the tip blowing.

It should be noted that the vortex core location was
observed to wander by up to two core diameters
between tests.   The fact that the results presented here
for each of the cases are an average of sixteen
individual tests will, to some extent, remove the
influence of the wander.   Nevertheless, it cannot be
assumed that the results are entirely free from this
effect and it is also debatable whether the averaged
results are entirely representative of the true interaction.
Generally, however, it appears that the use of tip air jets
may have the potential to ameliorate BVI.  The present
data indicate that changes can be made to the BVI
response with relatively low levels of mass injection.
Further work is required to establish the sensitivity of
this effect to parameters such as jet diameter and
velocity and also how the effect changes as the blowing
coefficients are altered.   In addition, the effect of tip
blowing on the rotor torque and thrust needs to be
investigated although, in the present case, there
appeared to be no effect on the rotor torque produced
by the blowing.

5. Conclusions
A series of experiments have been conducted in a low
speed wind tunnel to assess the potential effect of tip air
jets on blade-vortex interaction.

It has been shown that the severity of the interaction, in
terms of both the magnitude of the response and the
rate of change of loading, can be influenced by a
relatively small amount of blowing.  Generally, the
effect of the tip blowing is beneficial in that it acts to
reduce the severity of the interaction.

0.008

0.009

0.01

0.011

0.012

0.013

0.014

0.015

0.016

0.017

-20 -10 0 10 20

Blade Positionabc 

∆Cn/∆(Vt/c)

Blowing off
Blowing on

0.006

0.008

0.01

0.012

0.014

0.016

-30 -20 -10 0 10 20 30

Blade Positionabc

∆Cn

Blowing off
Blowing on



58.8

Acknowledgements
The authors wish to express their thanks to the
following individuals who have in some way
contributed to the present work: Dr. Con Doolan, Mr.
R. Gilmour, Mr. B. Montgomery, Mr. S. Lawson,
Mr. R. Cannon and Mr. R. Henderson.

References
1. Padakannaya R. ‘Experimental study of rotor

unsteady airloads due to blade vortex
interaction’, NASA CR - 1909, November,
1971.

2. Caradonna, F.X., Laub, G.H. and Tung, C. ‘An
experimental study of rotor-vortex interaction",
NASA TM-86005, November, 1984.

3. Horner M.B., Saliveros E., Galbraith R.A.McD.,
‘An experimental investigation of the oblique
blade-vortex interaction", 17th European
Rotorcraft Forum, Berlin, Germany, Sept. 1991.

4. Horner, M.B., Stewart, J.N., Galbraith,
R.A.McD., Grant, I., Coton, F.N., ‘An
examination of vortex deformation during blade-
vortex interaction utilising particle image
velocimetry’, AIAA Journal, Vol. 34, No. 6,
1996

5. Panaras, A., ‘Numerical modelling of the
Vortex- Airfoil Interaction’, AIAA Journal, Vol.
25, No. 1, January, 1987.

6. Coton F.N., De la Iglesia F., Galbraith
R.A.McD., Horner M.B., ‘A three-dimensional
model of low speed blade-vortex interaction’,
20th European Rotorcraft Forum, Amsterdam,
The Netherlands, Oct 1994.

7. Ellin A.D.S., ‘An in-flight investigation of Lynx
AH Mk5 main rotor/tail rotor interactions’, 19th
European Rotorcraft Forum, Cernobbio, Italy,
Sept. 1993.

8. Doolan, C.J., Coton, F.N., Galbraith, R.A.McD.,
‘Surface pressure measurements of the
orthogonal vortex interaction’, AIAA Journal,
Vol. 39, No. 1, 2001, pp 88-95

9. Crow, S.C., ‘Stability theory for a pair of
trailing vortices’, AIAA Journal, Vol. 8, Dec.
1970, pp. 2172-2179

10. Tangler, JL., ‘Experimental investigation of the
subwing tip and its vortex structure’, NASA
CR-3058, 1978

11. Brocklehurst A., Pike A.C., ‘Reduction of B.V.I.
noise using a Vane tip’, A.H.S. Aeromechanics
Specialists Conf., San Francisco, Jan. 1994.

12. Masson, C.A., Green, R.B., Galbraith, R.A.McD.,
Coton, F.N., ‘An experimental investigation of a
loaded blade interacting with single and twin
vortices’, American Helicopter Society Technical
Specialists Meeting for Rotorcraft Acoustics and
Aerodynamics, Williamsburg, October 1997

13. Wu, J.M., Vakilli, A., Chen, Z.L., ‘Investigation
of the effects of discrete wingtip jets’, 21st AIAA
Applied Sciences Conference, AIAA paper no.
83-0546, Reno, Jan 1983

14. Gowanlock, D.K. and Matthewson, C.S., ‘Control
of rotor tip vortices’, 37th AIAA Applied Sciences
Conference, AIAA paper No. 99-0012, Reno, Jan
1999

15. Liu, Z., Sankar, L.N., Hassan, A.A., ‘Alteration of
the tip vortex structure of a hovering rotor by
blowing’, 37t h  AIAA Applied Sciences
Conference, AIAA paper No. 99-0906, Reno, Jan
1999

16. Copland, C., ‘Methods of generating vortices in
wind tunnels’, Ph.D. thesis, Department of
Aerospace Engineering, University of Glasgow,
1997.

17. Doolan, C., Coton, F., and Galbraith, R.,
‘Measurement of three-dimensional vortices using
a hot wire anemometer’, 30th AIAA Fluid
Dynamics Conference, Norfolk, Virginia, May-
June 1999, AIAA paper 99-3810.

18. Green, R.B., Doolan, C.J., Cannon, R.M.,
‘Measurements of the orthogonal blade vortex
interaction using a PIV technique’, Experiments in
Fluids, Vol. 29, 2000, pp. 369–379

19. Doolan, C., Coton, F., and Galbraith, R., "Three-
dimensional vortex interactions with a stationary
blade,'' The Aeronautical Journal , Vol. 103, No.
1030, December 1999, pp. 579–587


	Session Subjects: 
	Back to Authors Index: 
	Back to Index: 


