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Airfoil Pressure Measurements During a Blade Vortex
Interaction and a Comparison with Theory

J. Straus,* P. Renzoni,t and R. E. MayleJ
Rensselaer Polytechnic Institute, Troy, New York

A two-dimensional, airfoil-vortex interaction experiment was conducted to obtain the aerodynamic behavior
of the airfoil during a parallel interaction. The vortex was created by pitching a second airfoil placed upstream
and parallel to an instrumented test airfoil. Hot-wire anemometer measurements were taken to determine the
vortex velocity distribution. The interaction tests were conducted for a counterclockwise vortex passing above a
symmetrical airfoil at zero angle of attack. Pressure transducers located inside the test airfoil measured steady
and unsteady airfoil pressure distibutions. Time histories of the lift, drag, and moment coefficients were deter-
mined from the measured pressure distributions. These results are compared to an analytical study using an
unsteady, discrete-vortex, potential-flow theory. The comparison leads one to conclude that under certain condi-
tions the airfoil separated during the interaction.
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Introduction

I T is generally recognized that blade-vortex interactions
lead to severe impulsive aerodynamic loadings and noise

problems in rotorcraft. Figure la shows how a rotor blade can
intersect its own trailing-tip vortex under certain operating
conditions. These interactions usually occur in helicopter for-
ward flight with a powered descent and occur such that the
blade and vortex intersect at a variety of angles. Two impor-
tant interaction extremes occur when the vortex is either per-
pendicular (Fig. Ib) or parallel (Fig. Ic) to the airfoil. A per-
pendicular interaction more likely affects only a small span-
wise portion of the airfoil, whereas a parallel interaction, such
as that shown imminent in Fig. la, affects most of the airfoil.
In addition, Widnall1 and Nakamura2 found that the greatest
effect on noise occurs when the vortex is directed parallel to
the airfoil's leading edge. Therefore, it is suspected that
detailed measurements for a parallel blade-vortex interaction
are more crucial to understanding the associated airload and
noise problems.

Experiments having a streamwise directed vortex passing
perpendicular, or nearly so, to an airfoil (Fig. Ib) are rather
simple to conduct, since the vortex is easily produced by using
an angled wing tip placed upstream of the test airfoil. The situ-
ation is nominally steady, and the resulting flows are three-
dimensional and difficult to analyze theoretically. On the
other hand, experiments with parallel blade-vortex interaction
having the vortex directed across the flow (Fig. 2c) are
unsteady, difficult to conduct, but easier to analyze. This
paper describes experiments on parallel blade-vortex interac-
tions, their results, and comparisons to an inviscid theory.

There have been numerous experiments conducted on
blade-vortex interactions. However, most of the experiments
have dealt with noise measurements in helicopter rotor flight
configurations. The reader interested in this aspect of the
problem is referred to Refs. 3-12. The work described in Refs.
3-8 concerns expeiments in wind tunnels using helicopter rotor
configurations, and those described by Brotherhood9 and
Schmitz et al.10 present additional results from full-scale test-
ing. Furthermore, Refs. 3-5 examine the surface pressure vari-
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Fig. 1 Airfoil interactions with a concentrated vortex: a) rotor-
trailed vortex filament; b) perpendicular interaction; c) parallel inter-
action.

ations over an airfoil, and Refs. 5-10 deal with far field noise
measurements. A comprehensive survey of the theoretical and
experimental work on helicopter noise, including that from
blade-vortex interactions, is presented by George11 and
Schmitz and Yu.12 However, since the work discussed in these
references is more concerned with noise, the authors generally
fail to examine the fundamental fluid-mechanic problem
related to an unsteady blade-vortex interaction.

Other experiments have considered in greater detail the
aerodynamics of the perpendicular blade-vortex interaction
problem. Ham13'14 studied such effects by means of an in-
strumented rotating blade interacting with a streamwise vortex
as well as with a stationary test airfoil. Neuwerth and Muller15

investigated a second type of normal interaction orientation
such that the vortex axis was parallel to the rotor axis. Mc-
Alister and Tung16 used the hydrogen bubble technique in a
water tunnel to aid in the visualization of normal incidence in-
teractions. They concluded that the presence of the vortex
caused premature stalling of the test airfoil, regardless of the
side on which the vortex passes.Wilson and Seath17 observed
that such interactions can cause a spanwise drift of the vortex
while passing over the airfoil. However, both sets of authors
show that the spanwise effects are rather local.

The effects of two-dimensional, parallel blade-vortex inter-
actions on both noise and aerodynamics have only been con-
sidered by a few experimental investigators. Surendraiah18

and Caradonna et al.19 investigated parallel blade-vortex in-
teractions for airfoils in rotor configurations. Recent investi-
gations by Ziada and Rockwell,20 Seath et al.,21 and Booth
and Yu22~25 provided flow visualization. The experiments of
Booth and Yu were conducted at a chord Reynolds number of
85,000. In addition, temporal pressure measurements wee
made around the leading edge of the airfoil during the blade-
vortex interaction. Their results showed two "lobes" of
pressure perturbations near the leading edge during the inter-
action: one on each side of the airfoil. The lift also showed
large fluctuations, and it was concluded that this was the
source of "blade slap." A more complete set of airfoil
pressure measurements during vortex interactions was pro-
vided by Seath et al.21 Their investiations included measure-
ments for parallel interactions with flows for incident
Reynolds numbers ranging from 100,000 to 200,000 and, in
general, substantiated the results of Booth and Yu.22'25 In ad-
dition, they showed that either a decrease in the interaction
distance, an increase in the vortex strength, or a decrease in
the incident velocity caused a greater interaction effect. How-
ever, since their pressure measurements were over damped by
the long tube connecting the transducer to the tap, the ac-
curacy of their results is somewhat questionable.
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SYSTEM

Fig. 2 Schematic of test section and blade-vortex interaction setup.

Shock-tube experiments have been conducted by Meier and
Timm.26'27 The two-dimensional vortices were generated by
different vortex-shedding cylinders or by an airfoil placed up-
stream in the starting flow. Both vortex trajectories and
pressure measurements made in high-speed blade-vortex inter-
actions are reported. Test Mach numbers varied from 0.2 to
0.8. Typical Reynolds numbers presented were of the order of
300,000. Interferometry measurements showed the presence of
a secondary vortex for close interactions, possibly originating
from a formed separation bubble.

The object of the present experiments was to study the fun-
damental problem of two-dimensional blade-vortex interac-
tions and compare the results with an inviscid, two-
dimensional analysis by Renzoni.28 The experiment was
similar to those of Seath et al.21 and Booth and Yu22~25 in that
a parallel, force-free vortex was produced by a second up-
stream airfoil. The main difference was that the experiments
were conducted with an airfoil model that was large enough to
facilitate future unsteady boundary-layer measurements.

Experimental Facility and Apparatus
The blade-vortex interaction experiments were conducted in

a 1.2 x 1.8 m closed-circuit wind tunnel at a mainstream veloc-
ity of 12.2 m/s. A schematic of the test configuration is shown
in Fig. 2. A NACA 0012 test airfoil with a 46-cm chord and
180-cm span was placed approximately 150 cm downstream of
a NACA 0018 vortex-generating airfoil having a 25-cm chord
and 152-cm span. When the upstream airfoil was suddenly
pitched, a single, two-dimensional cast-off vortex was gener-
ated that convected downstream, parallel to the test airfoil.
The response time of the pitching system is crucial to produc-
ing a single cast-off vortex. It is required to keep the time it
takes to complete the pitching motion less than the time it
takes the air to travel one chord of the pitching airfoil. For the
present test situation, this threshold time is about 21 ms. The
actual time required to pitch the airfoil was about 15 ms.

A Moog hydraulic system was used to pitch the airfoil about
its center of mass. A separate linear servoactuator was used
for each side of the vortex-generating airfoil. Each servoac-
tuator was equipped with a linear voltage displacement
transducer that allowed the feedback control system to relia-
bly reproduce the pitching motion. This was necessary because
the unsteady and turbulent nature of the flow requires that
many measurements at the same conditions be obtained and
the results ensemble averaged. A function generator having a
square-wave output was used to set the amplitude of the pitch
angle. A manual trigger of the function generator resulted in a
single pitch of the airfoil.

The Reynolds number of the vortex-generating airfoil for
these experiments was nominally 210,000. The NACA 0018
profile was specifically chosen so that the airfoil could operate
at this Reynolds number without separating over a large varia-
tion in incident angles of attack. The airfoil was made mostly
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of styrofoam and had a fiberglass-epoxy surface. Its lightness,
considering its size, was essential to the system's quick re-
sponse. Two 15.2-cm wide graphite sheets having ±45 and 0-
deg fiber orientation were bonded on both sides of the airfoil
between the foam and fiberglass along the span of the airfoil
to provide bending and torsinal strength. Those interested in
further details regarding the hydraulic system and the vortex-
generating airfoil construction are referred to Bergman.29

The test airfoil was constructed ot mahogany and contains a
central, removable instrumented section, as shown in Fig. 3. It
spanned the complete width of the tunnel. The NACA 0012
profile was reproduced to within 0.8 mm in the chordwise di-
rection and to within 2 mm in the spanwise direction. It was
finished with a light protective coat of polyurethane varnish.
The instrumented section had 21 pressure taps positioned
along the chord on one side of the airfoil and three taps on the
other side. More taps were located near the leading edge,
where the largest pressure gradients were expected. Detailed
pressure measurements on both sides of the airfoil were ob-
tained by inverting the airfoil in the tunnel. Table 1 contains
the pressure tap locations.

The 24 taps were connected through two miniature, air-
driven Scanivalves to two high-resolution pressure transdu-
cers. The differential pressure transducers (Kulite XCS-093-
5D) were equipped with a temperature-compensation circuit
and separate output signal amplifiers having a gain of about
10,000. The airfoil pressure measurements were referenced to
the static pressure of the incident flow. This was accomplished
by attaching the reference tap on each transducer to two small
tanks inside the airfoil that were sufficiently large to maintain
a nearly constant pressure during the interaction time. These
tanks were in turn connected to the static tap of the incident
flow Pitot-static probe. To minimize the response time of the
pressure measurement system and increase the signal-to-noise
ratio, all of the pressure measurement apparatus and electron-
ics were placed in the airfoil. The time response of the system
was about 0.5 ms.

Velocity measurements in both the mainstream and bound-
ary layer of the test airfoil were made using a TSI hot-wire
probe and anemometer system. Velocity profiles were ob-
tained using a traverse mechanism attached to the upper tun-
nel wall. To measure the unsteady component of the flow
caused by the vortex, the anemometer's output was biased us-
ing the steady mean flow voltage and then amplified.

Since the flow was unsteady and turbulent, all measure-
ments were ensemble-averaged to provide the corresponding
time-varying mean value. This was accomplished by using a
Nicolet digital oscilloscope triggered by the motion of the
vortex-generating airfoil and simply summing the data ac-
quired from pitching the airfoil many times. An ensemble av-
erage of 10-20 data sequences was sufficient to provide an ac-

Table 1 Pressure tap locations
Tap no.

1
2
\L
3
4
5
6
7
8
9

2L
10

x/c
0

0.003
Reference

0.01
0.02
0.03
0.045
0.06
0.08
0.10

0.10 Lower
0.13

Tap no.
11
12
13
14
15
16
17
18
19
20
3L
21

x/c
0.17
0.20
0.25
0.30
0.40
0.50
0.60
0.70

Reference
0.90

0.90 Lower
0.97

curate time-varying mean value. These data were stored on
bubble memory in the scope and eventually transferred to a
microcomputer for further analysis. A schematic of the com-
plete experimental system is shown in Fig. 4. The reader in-
terested in further details regarding the apparatus and proce-
dure is referred to Straus.30

Theory
Although details of the theoretical work will not be pre-

sented, a brief description is warranted. A generalized, two-
dimensional, potential-flow theory for the interaction of dis-
crete force-free vortices with a Joukowski airfoil in unsteady
motion was developed.28 The analysis allows for the airfoil to
move either steadily or unsteadily through a fluid imbedded
with vortices and allows for a freely convected wake. The solu-
tion is obtained through the well-known methods of confor-
mal mapping and the Joukowski transformation. A calcula-
tion is made step by step in time and the motion of the vortices
relative to the airfoil computed. At every time step, the vorti-
city that is shed into the wake is represented by a newly formed
discrete vortex near the trailing edge. Its strength is deter-
mined both its position and the Kutta condition. The pressure
at any point in the flow is determined by the unsteady Ber-
noulli equation. The forces and moments on the airfoil at any
time step are calculated from either a numerical integration of
the pressure distribution over the airfoil or the unsteady Bla-
sius theorem. Although the theory is particularly suitable for
arbitrary transient problems, it can also be applied to periodic
motions.

Results of this discrete-vortex analysis were compared to the
linear theories of Theodorsen,31 Sears,32 and Fung.33 Figure 5
presents the comparison between the lift obtained using the
discrete-vortex method and Theodorsen for a flat plate plung-
ing sinusoidally at a reduced frequency of unity and at an am-
plitude of 29/o of chord. The comparison is shown for the third
period of oscillation where 40 time steps per period were used.

VORTEX GENERATING SYSTEM

Fig. 3 Instrumented central portion of test airfoil. Fig. 4 Blade-vortex experimental system schematic.
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Fig. 5 Circulatory lift coefficient comparison, hQ/c1 = 0.02.
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Fig. 6 Measured and calculated velocity distributions in castoff
vortex.

The calculation required 30 s of cpu time on an IBM 3081 D,
which is typical. As seen, a good agreement is obtained in both
phase and amplitude even after only three cycles. Similar
results are found in the comparisons with Sears' and Fung's
work as long as the amplitudes remain small (see Ref. 28).

The comparisons with the present experimental results were
somewhat more difficult to obtain and actually involved a
two-step process. Since the vortex-generating airfoil was only
slightly more than three chords upstream, the effect of it on
the flow and the form of the "castoff wake" had to be deter-
mined. This was done by using the result of the discrete-vortex
method for the upstream airfoil with an experimentally deter-
mined pitch schedule. Once the lift on the pitched airfoil
became nearly constant, but before the wake of vortices
reached the position of the test airfoil, the upstream airfoil
was replaced by the bound vortex. The calculation was then
continued using a finite cluster of force-free, discrete vortices
to represent the castoff vortex and a bound vortex at the posi-
tion of the vortex-generating airfoil. An 11.5% Joukowski air-
foil was also used to represent the NACA 0012 test airfoil.
Past studies have shown this to be quite acceptable. Those
who are interested in the details of these calculations and pro-
cedure are referred to Ref. 28.

Results
To assess the character and strength of the castoff vortex,

unsteady velocity measurements were made at a position 25

0.00
4 6

PITCH ANGLE (DEGREES)

Fig. 7 Castoff vortex strength dependence on the final pitch angle of
the vortex-generating airfoil.

STREAMWISE DISTANCE, x/c

Fig. 8 Measured steady-state pressure distributions.

cm upstream of the test airfoil's leading-edge location, but
without the airfoil in place. By taking measurements at dif-
ferent distances across the flow, the velocity component of the
mean flow caused by the vortex imbedded in the flow could be
determined. The distribution of this velocity component at
midspan and for a downward 7.8-deg pitch of the upstream
airfoil is shown in Fig 6. In addition, the velocity distribution
from the discrete-vortex analysis and a correlation by
Srinivasan et al.34 are shown. The horizontal axis represents
the difference between the measured and freestream tunnel
velocity nondimensionalized with the freestream velocity. The
ordinate is the height relative to the trailing edge of the gener-
ating airfoil nondimensionalized with the airfoil's chord.
Clearly, the suddenly pitched airfoil produced a tightly rolled-
up vortex sheet that agrees very well with theory. The discrep-
ancy is attributed to an incomplete diffusion of the ' dolled-
up" vortex sheet, which actually forms the castoff vortex.
Particularly important to modeling an actual blade-vortex in-
teraction, however, is the result that the vortex "core" is
about one-tenth of a chord in diameter. This is characteristic
of that found in actual helicopter blade-vortex interactions.
Velocity profiles measured one chord to each side of the
midspan plane indicated that the vortex was two-dimensional
within the central instrumented portion of the test airfoil. In
Fig. 7, a comparison is made between the measured castoff
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vortex circulation for different pitch angles to that predicted
by the discrete-vortex method. Again, the result is excellent.

Steady-state pressure measurements for the test airfoil
without the vortex-generating airfoil in place are shown in Fig.
8. The results are plotted as Cp against a dimensionless chord-
wise distance and compared to those obtained by NACA.
With the exception of a few points, the present data agree
well. The discrepancies are attributed to the small differences
in the airfoil's contour.

The Cp time histories for 10, 25, 50, and 70% chord loca-
tions on both sides of the airfoil are shown in Figs. 9 and 10.
In these figures, the abscissa is a dimensionless time starting
when the upstream airfoil was pitched. The position of the test
airfoil in this coordinate is indicated in the figures as falling
roughly between Ut/c=3 and 4. These results correspond to
an interaction where a vortex with a counterclockwise circula-
tion of T/Uc= -0.15 passed one-quarter chord above the test
airfoil. The results are also compared to the discrete-vortex in-
teraction theory. The agreement between the data and the
theory is quite good over most of the airfoil. In the leading-
edge region the model overestimates the pressures during the
interaction but still maintains a similar behavior.

-.75

-.5 -

-.25 -

Fig. 9 Measurements of pressure-time history for upper surface and
comparisons with theory, T/Uc= -0.15.

-.75 -

CpL --25 -

The entire pressure-field-time history for the upper and
lower surfaces of the test airfoil is shown in Fig. 11. The t = Q
plane shows the initial steady-state pressure distribution over
the airfoil. The increase in lift as a result of the vortex interac-
tion is clearly evident as the pressure on the upper surface de-
creases, whereas the pressure is seen to increase on the lower
surface. The strongest effects of the interaction are confined
to the leading-edge region as was already observed by other in-
vestigators.21'22"25

Integration of the measured pressure-time-history results

Fig. 11 Temporal pressure distribution on airfoil, T/Uc- -0.15.

.04

CM 0

Linear (Sears)

Data (Straus)

Fig. 10 Measurements of pressure-time history for lower surface and
comparisons with theory, T/Uc= -0.15.

Fig. 12 Temporal variation in lift, moment, and drag coefficients,= -0.15.
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Fig. 13 Measurements of pressure-time history for upper surface
and comparison with theory, r/£7c = 0.16.
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Fig. 14 Measurements of pressure-time history for lower suface and
comparison with theory, r/£/c = 0.16.

such as those shown in Fig. 11 provides the lift, moment, and
drag information during a blade-vortex interaction. These
results are shown in Fig. 12, where the lift, moment, and drag
coefficients, respectively, are plotted against time and com-
pared to theory. The trend of the results is not unexpected. In-
itially, the lift increases and the moment (positive clockwise
about the leading edge) decreases as the vortex interacts to
produce an incident flow at a higher angle of attack. The be-
havior then reverses as the vortex leaves the trailing edge. The
discrete-vortex method compares very well with the ex-
perimental lift. As the vortex goes by, the trailing edges both
show the same behavior. The linear result of Sears, however,
shows a distinctly different behavior in the trailing edge. This
is also seen in the temporal variation of the moment coeffi-
cient. In this case, however, neither theory agrees as well as the
lift comparison. Again, the largest discrepancy is in the
trailing-edge region. The theory and data compare well for the

CL 0

a = 0.0

r/uc = o.i6
(y/c)o = 0.19 I

Discrete Vor tex
Method

CM o -

-.04 -

----- Linear (Sears)

-O- -O Data (Straus)

Fig. 15 Temporal variation of the lift and moment coefficients,

drag coefficient, although too few pressure taps are perhaps
available to determine an accurate experimental result.

The results for an interaction where a vortex with a clock-
wise circulation of T/Uc = 0.16 passed about one-fifth of a
chord above the airfoil is shown in Figs. 13-15. Figures 13 and
14 show the temporal pressure variations at several chordwise
locations. In this case, the agreement between the data and
theory is good only up to the leading edge, after which they
agree only at the aft chordwise positions. The discrepancy in
the pressures is seen dramatically in the temporal lift and mo-
ment variations shown in Fig. 15. As the vortex approaches
the leading edge, the data follow both theories closely. Past
the leading edge, however, when the vortex is over the aft por-
tion of the airfoil, the data diverge from theory until both the
lift and moment suddenly level off.

The failure of both theories to predict the observed behavior
for the clockwise vortex interaction raises a number of con-
cerns, particularly since it is the situation that an advancing
helicopter blade would encounter on a powered descent. The
observed discrepancy appears to be a result of flow separation
over the suction side of the airfoil, which neither theory pres-
ently takes into account. This point is supported by the sudden
leveling off of the lift and moment. Also, for the clockwise ro-
tating vortex, the interaction retards the flow on the upper sur-
face. A careful examination of the results from the experi-
ments for both the clockwise and counterclockwise vortex
indicates that the region of favorable pressure gradient near
the leading edge decreases for the clockwise vortex interac-
tions and increases for the other. Considering that the chord-
wise Reynolds number of the flow is about 375,000 for the
present results, separation on the airfoil is quite possible. It
should be pointed out, however, that boundary-layer measure-
ments in steady flow, both with and without a small trip wire
attached near the leading edge of the test airfoil, showed that a
turbulent boundary layer existed over the airfoil, even without
the trip. Therefore, if separation occurs, it either occurs very
early on the leading edge as a laminar separation or further aft
as a turbulent separation. Of course, more detailed measure-
ments of the flow are required before a more definitive state-
ment can be made.
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Conclusions
The present experiments indicate that the pressure on an air-

foil during its interaction with a vortex can be predicted only
sometimes by inviscid theories. It appears that the situations
where an inviscid theory is adequate are either when the vortex
passes far away from the airfoil or when the direction of the
vortex is such as to accelerate the flow on the facing airfoil
surface. Although not fully confirmed, it also appears that a
blade-vortex interaction, which tends to retard the flow on the
facing airfoil surface (the case with the clockwise vortex in the
present experiment), can produce a large separation from
which the airfoil does not recover until the vortex is well past
the trailing edge. If this is true, then a proper viscid-inviscid
model is required for any blade-vortex interaction theory.
Such models are currently available (see, for example, Wu et
al.35 and Srinivasan36) but are quite involved for use in
present-day design systems. An alternative and simpler ap-
proach in this regard has recently been taken by Renzoni and
Mayle.37 Their method uses incremental force and moment
coefficients obtained from both theory and experiments which
can be used by the designer.
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