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Surface Pressure Measurements on a
Body Subject to Vortex Wake Interaction

A. G. Brand,* H. M. McMahon,t and N. M. KomerathJ
Georgia Institute of Technology, Atlanta, Georgia

Wind-tunnel experiments were conducted to examine the interaction effects between a rotor and an idealized
airframe in forward flight. Mean and unsteady pressures were measured on the airframe suface for various flight
speeds. Strong rotor-wake interactions with the airframe create large excursions in the mean pressure distribu-
tion. Extreme fluctuations in the unsteady component of pressure are also observed. The flowfield features that
cause these effects are identified and discussed. It is essential that a comprehensive aerodynamic interaction
code account for these features if accurate predictions of mean and unsteady airloads on the fuselage are to
be obtained.
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Nomenclature
= number of blades, (2)
= blade chord
= mean pressure coefficient, (P-P^/q^
= mean pressure coefficient, (P-P<x)/(<?<»//*2)
= unsteady pressure coefficient, Pu/q00
-- thrust coefficient, T/(pirti2R4)
= vertical spacing between rotor and airframe
centerline

= mean static pressure
= unsteady component of static pressure,
relative to mean

= freestream dynamic pressure, pV^/2
= rotor radius
= rotor thrust
= tunnel freestream velocity
= axial coordinate along airframe
= axial position of airframe nose relative to

hub
= density of air
= rotor solidity, (&c)/(xR)
= angular coordinate of point on airframe
= rotor blade azimuth angle, deg
= rotor shaft angular velocity, rad/s
= advance ratio,

Introduction

HELICOPTERS in forward flight are immersed in a com-
plex flowfield. Coupled unsteady aerodynamic interac-

tions exist between the rotor/wake and airframe that have led
to problems in dynamics, performance, and handling qualities
of rotorcraft. The physical features of the flowfield responsi-
ble for these problems are difficult to model analytically be-
cause the interaction mechanisms are not completely under-
stood. This, combined with the three-dimensional unsteady
nature of the rotor wake, poses a difficult challenge to design-
ers and to those who formulate codes intended for predicting
rotorcraft behavior.

A comprehensive survey by Phillipe et al.1 discusses the cur-
rent status of rotorcraft aeromechanics. Flow over isolated
airframes is well understood, and panel methods that include
boundary-layer effects2 and separation3 have been developed.
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Treatment of isolated rotors is at much less developed stage,
especially in the forward flight regime. However, in spite of
complexities in the flow and the large computational require-
ments, several prediction codes are available for computing
the time-varying velocity field arising from a rotor and its
vortical wake.4'5

The problem of accounting for the mutual interactions be-
tween a combined rotor and airframe in forward flight has
been the subject of both analytical and experimental investiga-
tions. Johnson and Yamauchi6 have studied the interaction
problem using simplified airframe geometries. The primary
emphasis of their work was in the analytical prediction of air-
frame effects on the rotor. Clark and Maskew7 have ap-
proached the problem by combining a simple rotor model with
a detailed airframe panel code. Recent efforts of Egolf and
Lorber8 produced encouraging results in predicting the
unsteady forces generated by the rotor/wake on an airframe in
forward flight.

Experimentally, Betzina and Smith9 have carried out inves-
tigations into the steady-state mutual interaction between a
rotor-body combination. Steady-state forces and moments
were measured independently for both the rotor and airframe
for various flight conditions. It was shown that the longitudi-
nal aerodynamic characteristics of the airframe were signifi-
cantly affected by the rotor and hub. Other experimental tests
reported in Refs. 10 and 11 have measured both mean and
unsteady airframe surface pressures on a rotor/airframe in
forward flight. Large excursions in the mean surface pressure
were observed where the edge of the rotor wake impinges on
the airframe. Additionally, large amplitudes in unsteady
pressure about the mean were reported.

This paper represents a continuation of the research re-
ported in Refs. 10 and 11. It discusses some of the experimen-
tal results obtained from an investigation of the interaction
phenomena associated with a rotor/airframe in forward
flight. The research effort is part of a comprehensive ex-
perimental/theoretical program focusing on the interactions
experienced by a helicopter in forward flight. The purpose of
the experimental investigation is to gain physical insights for
modeling features of the flowfield that have a significant
effect on the rotor-wake/airframe interaction as well as to
generate an aerodynamic interaction data base. Portions of
the data base12 have already been used for comparisons with
current analytical methods.8'10'11 It is expected that the ex-
perimental results will lead to improved prediction methods,
and that the data base will ultimately provide a simple, yet
complete, case for the validation of future aerodynamic inter-
action codes.

Facility Description
Results reported here were obtained from tests conducted in

the John J. Harper 2.31 m x 2.74 m (7 x 9 ft) low-speed wind
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tunnel at the Georgia Institute of Technology. The rotorcraft
test configuration consists of an idealized cylindrical airframe
(134 mm in diam.) with a hemispherical nose. It is supported
on a sting mount, as shown in Fig. 1, independent of a two-
bladed rotor that is driven by a shaft projecting down from the
wind-tunnel ceiling. The airframe is fitted with static pressure
taps to measure the mean surface pressure. A single row, made
up of 53 taps, originates at the airframe nose and terminates at
XB/R = 2.76. The angle $, locating the row around the air-
frame, is measured as shown in Fig. 2. Mean pressure meas-
urements are made by digitizing and averaging analog signals
from a pressure transducer over a period corresponding to 140
rotor revolutions.

Condenser microphones are used to measure the unsteady
component of surface pressure, relative to the mean.
Microphone ports are located in the same fashion as static
pressure taps. Analog signals from microphones are digitized,
and sorted into 6-deg intervals of rotor azimuth ^. The data
within each interval are ensemble averaged over 100 rotor rev-
olutions, and converted to Cpu using appropriate calibration
constants. The total instantaneous pressure at any microphone
port is obtained by summing the mean and unsteady compo-
nents.

A one-piece rotor was designed to be very stiff so that elastic
motions of the blade are negligible. Blades are untwisted with
constant NACA 0015 airfoil section and 86 mm chord. The
0.45 m radius R results in a solidity a of 0.12 and a measured
thrust coefficient of CT = 0.0090 at ju = 0.10. Collective and

TEST SECTION SIDE VIEW
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Fig. 1 Wind tunnel with rotor and airframe installed.
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Fig. 2 Rotor and airframe geometry.
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cyclic controls were eliminated in an effort to produce a com-
pact hub with minimum aerodynamic interference. Thus, for-
ward flight is simulated by inclining the shaft 6 deg upstream
(-6deg).

During tests, the rotor speed is kept constant at 2100 rpm,
and the test section velocity is varied to achieve the desired ad-
vance ratio. Tests have been conducted for various spacing be-
tween the rotor hub and airframe centerline; however, only
cases of H/R = Q.3 are reported here. The axial distance be-
tween the rotor hub and airframe nose has also been varied,
but this report concentrates only on the case where XN/R =
-1.0. A more thorough description of the facility and data
acquisition system is given in Ref. 12. Figure 2 illustrates the
notation used in this report.

The influence of wind-tunnel walls on the mean pressure
measurements has been estimated using methods due to
Heyson13 and Hackett et al.14 For advance ratios greater than
0.075, the wall interference effects on the airframe surface
were found to be negligible, and no corrections were applied.
No mean pressures were measured below this advance ratio.
Periodic pressure amplitudes measured on the wind-tunnel
floor were less than 5% of those measured on the airframe. It
was thus concluded that unsteady wall effects were not signifi-
cant in these tests.

Mean Surface Pressure Measurements
Airframe surface pressure distributions on helicopters in

forward flight arise from both freestream and rotor/wake ef-
fects. As an aid to understanding the overall pressure distribu-
tion, it is useful to first isolate the contribution that is due to
the freestream. This is considered in Fig. 3, which presents Cp
along the top of the airframe in the absence of the rotor. For
this test, the rotor blades were removed, but the drive shaft
and hub were kept in place. As would be expected, there is
flow acceleration over the hemispherical nose portion of the
airframe. The hub is sensed as a local blockage to the flow, as
shown by the decrease in Cp near XB/R = 1, where the hub is
located. Later figures will indicate that this hub interference
effect is substantially reduced at $= ±45 and is essentially
zero at $= ±90.

The mean surface pressure distribution along the top of the
airframe, with the rotor blades installed and turning, is pre-
sented in Fig. 4. The curves, which correspond to four dif-
ferent advance ratios, demonstrate that the rotor/wake has a
profound effect on the airframe surface pressure distribution.
For the three lower advance ratios, the sharp rise in pressure
coefficient near XB/R = 0.5 indicates impingement of the lead-
ing edge of the rotor wake on the airframe surface. Flow
visualization experiments were conducted, and the results (re-
ported in Ref. 15) show that this sharp rise in Cp corresponds
to the point of rotor tip vortex impingement on the airframe.
Inside the wake zone, the energy added to the flow by the
rotor creates a region of increased total pressure that may
cause Cp to take on values greater than unity. This is espe-
cially true for low advance ratios where the freestream velocity
is small compared to the velocities induced by the rotor.

In these tests, the nose of the airframe extended forward of
the wake impingement zone. As a result, all advance ratios in-
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0.0 .5 1.0 1.5 2.0 2.5 3.0

Fig. 3 Isolated airframe surface pressure.
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Fig. 4 Mean airframe surface pressure at 4 advance ratios (rotor on).
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dicate freestream stagnation conditions at the air frame nose.
Flow acceleration over the hemispherical nose is also appar-
ent, but the presence of the rotor/wake causes each curve to
deviate from the rotor-off case. Thus, the presence of the
rotor affects the airframe pressure distribution both inside and
in front of the wake-impingement zone.

The sweep-back angle of the wake and the spacing between
the rotor and airframe (H/R) determine the location of the
wake-impingement zone on the airframe. The wake sweep-
back angle increases with increasing advance ratio; for con-
stant rotor-air frame spacing, the wake-impingement zone
moves rearward as advance ratio increases. At ju = 0.2, the
sweep-back angle is so large that Fig. 4 does not indicate any
sharp impingement zone on the airframe.

A decrease in pressure coefficient near XB/R = 1.0 is present
for all advance ratios in Fig. 4, and it is due to the hub inter-
ference effect. Note that, since this effect is associated with the
freestream and not with the rotor/wake, it does not move
stream wise as advance ratio increases.

The large peak in Cp, approximately two rotor radii down-
stream from the nose, is caused by impingement of the rear
edge of the rotor wake on the airframe. Since the rotor blades
are untwisted and untapered, the rotor inflow is largest at the
edges of the tip-path plane. Velocimeter measurements have
verified this feature of the flow. In addition, lack of twist or
taper tends to generate a strong tip vortex since blade loading
is shifted outboard. These features cause the rotor-wake inter-
action effects to be most pronounced near the edges of the
wake as shown in Fig. 4.

A general trend observed in Fig. 4 is the flattening of the
curves as ju, increases. This indicates that the freestream effects
on the airframe become more dominant at higher forward
speeds. The figure may be misleading, however, because it
does not necessarily imply that the interaction with the
rotor/wake diminishes with increased advance ratio. Since the
measured pressure differentials (P—P^) are normalized by
the freestream dynamic pressure #«,, it is unclear whether the
flattening trend is due to a diminished pressure differential or
to the increased freestream dynamic pressure. For example, as
jLt approaches zero, all Cp values would approach infinty, since
the measured pressure differential due to the rotor would be
normalized by a very low value of qw.

In the absence of a rotor/wake, airframe surface pressures
may be characterized as a single distribution in terms of Cp.
This distribution remains unchanged in magnitude or form,
regardless of freestream speed (for incompressible flow).
Thus, <?«, is appropriate for normalizing pressures when an
isolated airframe is studied. In the presence of a rotor/wake,
the airframe surface pressure can no longer be represented as a
single characteristic distribution that is independent of frees-
tream speed. This is a direct consequence of having two essen-
tially separate streams (freestream and wake flow) acting on a
single airframe. As a result, pressure distributions expressed in
terms of Cp lead to ambiguous interpretations of the interac-
tion strength. Thus, a new coefficient term is suggested.

Normalization of pressures with the parameter q^/f*.2 may
offer more insights for gauging the interaction strength at dif-
ferent flight speeds. The resulting coefficient Cp' does not
become exaggerated as flight speed is decreased to //, = 0. In ad-
dition, Cp' is directly related to the interaction strength (i.e.,
pressure differential measured on the airframe). This can be
shown by writing the equivalent expression Cp'=2
(P-P^/lp&R2). The rotor tip speed QR is constant through-
out testing. Thus, Cp' is directly proportional to the measured
pressure differential regardless of //, or qx.

Figure 5 presents the same data as Fig. 4 except in terms of
Cp'. It is seen that the pressure differentials attributed to the
freestream (i.e., stagnation at the nose, acceleration over the
hemispherical nose, and the hub interference) all become
larger as /x increases. More importantly, Fig. 5 shows that the
rotor effects do not diminish with ^ as rapidly as suggested in
Fig. 4. Indeed, during the course of experiments, it has been
observed that the rotor effects at certain airframe locations
can actually increase with /*.

In order to present a large amount of data efficiently, sur-
face plots indicating the mean pressure distribution around the

AIRFRAME SURFACE PRESSURE DISTRIBUTION
E/R=0.3 XN/R=-1.0 ji=0.075

Fig. 6 Variation of mean surface pressure around airframe at low /*

AIRFRAME SURFACE PRESSURE DISTRIBUTION
H/R=0.3

Fig. 7 Variation of mean surface pressure around airframe at high /*
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AIRFRAME SURFACE PRESSURE DISTRIBUTION
H/R= 3

Fig. 5 Mean airframe surface pressure at 4 advance ratios, expressed
in terms of modified pressure coefficient.

Fig. 8 Variation of mean surface pressure around airframe at low /*,
expressed in terms of modified pressure coefficient.
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AIRFRAME SURFACE PRESSURE DISTRIBUTION
H/R=.3 XN/R=-1.0

Fig. 9 Variation of mean surface pressure around airframe at high
/*, expressed in terms of modified pressure coefficient.

airframe have been constructed. Since the airframe is basically
a circular cylinder, its pressure distribution can be projected
over a flat surface by imagining the cylinder (with its measured
pressure distribution) as unrolled. These results are shown in
Figs. 6-9. The grid spacing is less dense over the rear third of
the plots, corresponding to a wider spacing between static
pressure taps on that portion of the airframe.

Figures 6 and 7 indicate surface pressure distributions, in
terms of Cp, at two different advance ratios. The same data
expressed in terms of Cp' are shown in Figs. 8 and 9, respec-
tively. These figures indicate that the effect of the rotor/wake
remains important at the higher advance ratio. However, the
overall interaction with the airframe is strongest at the lower
advance ratio of Figs. 6 and 8. At low advance ratios, the
rotor/wake tends to wrap itself around the airframe as it is
swept rearward. At higher advance ratios the wake, and the
high energy contained in its tip vortices, is swept back so
sharply that it has little opportunity to interact with the air-
frame.

Figure 6 indicates that the largest excursions in pressure are
experienced along the top of the airframe. Based on results at
a larger rotor/air frame spacing, the interaction becomes
stronger as H/R is reduced. Thus, some of the largest rotor-on
excursions in airframe surface pressure are expected near
$ = 0, which is closest to the rotor. The large positive values of
pressure occurring on the top of the airframe appear to be
caused by rotor-wake flow stagnation on the surface. The
lowest values of airframe surface pressure are the suction
peaks observed at $= ±90. These are caused by the rotor-
wake flow as it accelerates around the sides of the cylindrical
airframe.

Along the bottom of the airframe ($= 180), the excursions
from the rotor-off pressure distribution are minimal. At high
/x, the sharply swept-back wake does not descend low enough
to have a significant effect on the lower portions of the air-
frame. It is also possible that the airframe itself tends to shield
the underside from the effects of the rotor/wake. Although
flow separation is possible, tuft studies on the airframe under-
side revealed none at the advance ratios tested. Note, finally,
that in Fig. 9 the hub interference becomes negligible at
$= ±90.

Periodic Surface Pressures
Condenser microphones placed at various ports in the air-

frame are used to measure the unsteady component of surface
pressure. The output signals, expressed in terms of Q?", allow
comparisons to be made with the mean surface pressure. The
microphone data, taken as a function of the rotor azimuth an-
gle ^ indicate that the flow unsteadiness is periodic over one
rotor revolution, and, since a two-bladed rotor was tested, the
data generally repeat each 180 deg. This blade-to-blade
repeatability becomes poor in certain instances when a tip
vortex is very close to the measuring microphone. Possibly this
is due to small differences between the blades and slight shifts
in the resulting tip vortex trajectories.
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Fig. 10 Periodic surface pressure at 4 airframe locations.
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Fig. 11 Effects of blade passage on periodic pressure.

At ju = 0.15, the four frontmost microphone ports lie ahead
of the wake impingement zone. Studying the signals from
these ports allows the pressure effects of the tip vortices to be
examined as they sweep back and descend toward the air-
frame. In Fig. 10, the periodic pressure along the top of the
airframe is shown at these four consecutive ports, along with a
schematic of the port locations relative to the airframe nose. It
is evident that the pressure fluctuations can be quite large
compared to the mean pressure excursions of earlier figures. A
large contribution to flow unsteadiness occurs when the rotor
blades pass above the microphones. This effect is examined in
Fig. 11 for which a hovering state was achieved. In this figure,
the effect of the tip vortices on the microphones is minimized,
since there is no freestream to sweep them near the micro-
phones. For purposes of comparison, the pressure disturbance
due to the rotor has been normalized using the same free-
stream dynamic pressure that is used in Fig. 10.

A strong positive pressure peak is shown in Fig. 11, near
^ = 180 deg denoting arrival of the blade leading edge over the
microphone port. Since a two-bladed rotor is used, a similar
signal occurs 180 deg later at ̂  = 0 = 360 deg. The strong posi-
tive peak is followed by a second peak of smaller magnitude,
denoting passage of the blade trailing edge over the
microphone port. The amount of blade rotation between pas-
sage of the leading and trailing edges depends on the chord
width and the radial location of the microphone. For the
microphone at XB/R = Q.2S, 15.2 deg of azimuthal travel are
required for the entire chord to pass over the microphone. At
microphone locations closer to the hub, more rotation is re-
quired, roughly 23 deg for the microphone at XB/R = Q.53.
The blade-passage signal is representative of the chordwise
variations in the pressure field that rotates with the blade.

The hover signals in Fig. 11 are seen to be relatively flat
away from the blade-passage-effect azimuth angles, indicating
that the remaining wake structure (exclusive of the tip vor-
tices) has a less significant effect on the unsteady surface
pressure. The largest signal amplitudes in hover occur at the
microphone labeled =ti= 1 in the figure. This is expected, since
the 6-deg forward shaft tilt means that the rotor blades are
closest to the microphones near the front of the airframe.
Also, the aerodynamic effects of the untwisted/untapered ro-
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Fig. 12 Effects of tip vortex proximity on periodic pressure.
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Fig. 13 Maximum peak-to-peak fluctuations in periodic pressure at
lOW jLt.

tating blade are strongest near the tip, and weakest at the hub.
Thus, the strongest signals are expected from the first
microphone, and the weakest from the fourth since it is closest
to the hub. Figure 10 indicates that the blade-passage pressure
pulse at ^ = 0 deg (or ^=180 deg) is also present in forward
flight. Thus, the significant differences between Figs. 10 and
11 are attributed to the effect of tip vortices as they convect
past the microphones during forward flight.

In the previous section, Fig.4 indicated wake impingement
near XB/R = 0.65 at \i = 0.15. This means that the tip vortices
impinge on the airframe downstream of the fourth micro-
phone. Their effect, as they pass above the microphones, is
observed in Fig. 11 as a measurable dip inpressure at certain
values of ̂ . In an attempt to isolate the tip vortex effect from
the blade-passage pressure pulse, the hover data are subtracted
from the /x = 0.15 forward flight data. However, since the aer-
odynamic environment of the rotor in hover is greatly dif-
ferent from that in forward flight, this is only a crude approxi-
mation. Nevertheless, results shown in Fig. 12 give a
measurable indication of the effect of tip vortex proximity on
the microphone signal. In this figure, vortex proximity is in-
dicated by the dip in Cpu at blade azimuth angles noted with
arrows. Flow visualization indicates that these dips in Cpu cor-
respond to the tip vortex core at its point of closest approach
to the measuring microphone.

Clearly, the effect of blade passage is not completely
eliminated by simple subtraction of the hover data. This pres-
ents some difficulty in analyzing signals from the third
microphone because, in this case, the arrival of the blade-
pressure pulse coincides with the dip in Cpu caused by the tip
vortex. This fact obscures the signature of the tip vortex at the
third microphone.

Data taken at lower advance ratios reveal a much more pro-
nounced dip in Cpu as vortices approach the microphones and
verify the observations made at \L = 0.15. As the vortices move
downstream and finally impinge on the airframe, a large nega-
tive peak in the unsteady surface pressure amplitude occurs.
These fluctuations become more pronounced (relative to the
mean) at lower advance ratios as shown by comparing Figs. 13
and 14. In these figures, the flow unsteadiness along the top of
the airframe is presented for two advance ratios. The curves
with circular and triangular symbols represent the peak posi-
tive and negative unsteady pressures (superimposed over the
mean surface pressure), and indicate the magnitude of flow
unsteadiness.

Present results indicate that the largest amplitudes in
unsteady pressure coincide with the largest excursions in the
mean pressure data. Previous figures showed that the mean
pressure excursions were largest along the top of the airframe
at ($ = 0), and much smaller underneath at $= 180. A similar
trend is observed for the amplitudes in unsteady pressure as il-
lustrated in Fig. 15, which shows the variation in unsteady
pressure signals around the airframe. For this test, four
microphones were spaced at 90-deg intervals in $ as shown.
The stream wise location XB/R =0.62 and the advance ratio
fi = 0.15 are representative of a case in which all of the micro-
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Fig. 14 Maximum peak-to-peak fluctuations in periodic pressure at
high IJL.
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Fig. 15 Variation of periodic pressure signals around airframe.

phones lie ahead of the wake-impingement zone. At $ = 0, the
effect of nearby (overhead) tip vortices is noted by a sudden
dip in pressure near ¥ = 45 and 225 deg. Only a small signature
resembling blade passage is measured at ^ = 0 and 180 deg
since the microphones are positioned close to the hub. The sig-
nals on the sides of the airframe ($ = 90 and $ = 270) are much
smoother with lower amplitudes as well, and the effect of
blade passage is not measurable. The increased vertical dis-
tance between these microphones and the rotor/wake is
responsible for the reduced signature; the microphone orienta-
tion, which remains flush with the surface, may also play a
role in this.

Large unsteady pressure amplitudes have been measured on
the sides of the airframe at points that lie within the rotor
wake. In such cases, tip vortices that drape themselves over the
airframe continue to produce strong unsteady effects away
from $ = 0. In Fig. 15, neither blade passage nor tip vortex ef-
fect is measurable beneath the airframe ($= 180). However,
data taken for different test conditions have shown measur-
able levels of unsteady pressure along $=180. This occurs at
low advance ratios when the vortical wake structure extends
below the airframe sides and persists in disrupting the
flowfield.
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Conclusions
Several prominent flowfield features involving rotor-

wake/airframe interactions in forward flight have been identi-
fied. A strong localized pressure disturbance, proportional to
qM9 is associated with the flow around the rotor hub. Al-
though the effect of a mast between the airframe and rotor
was not examined, it appears that modeling of the rotor hub
interference will be necessary for predicting airframe surface
pressures accurately. This is more important when the
rotor-air frame spacing is small.

The rotor/wake has a profound effect on the airframe sur-
face pressure distribution. Energy added to the flow by rotor
action accounts for large increases in total pressure inside the
rotor wake. As a result, Cp may take on values in excess of
unity at points on the airframe that lie within the wake im-
pingement zone. This increased total pressure must be ac-
counted for if accurate surface pressures, and hence, airframe
forces are to be computed.

Airframe surface pressures expressed in terms of Cp' show
that the overall rotor/wake interaction is reduced as ^ in-
creases. For fixed /*, the largest excursions in mean pressure
occur along the top of the airframe, at the edges of the wake-
impingement zone. As /* is increased, the pressure distur-
bances along the top of the airframe are reduced somewhat.
Overall, the larger wake sweep-back angle at high //, means
that a smaller portion of the airframe is exposed to wake
impingement and the associated vortex interaction.

In addition to predicting the mean flow behavior, a compre-
hensive code must also account for the unsteady nature of the
flow. The airframe exhibits pressure fluctuations at the blade-
passing frequency that can be several times larger than the
mean pressure excursions. These fluctuations are caused by
both the rotor blades and the rotor wake. Along the top of the
airframe, a pair of positive pressure pulses occur each time a
blade passes overhead. This blade-passage effect is largest at
portions of the airframe that lie underneath the outboard
blade radii.

Vortex impingement on the airframe is also responsible for
large pressure fluctuations. Along the front of the airframe, a
nearby tip vortex may be detected as a local minimum in the
pressure signature. Subsequent vortex impingement on the air-
frame results in a negative peak in pressure whose magnitude
may also be several times larger than the mean pressure excur-
sion at that point.
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