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Rotor in� ow aerodynamics and noise measurements were made on three con� gurations of an 8% scale
model of the XV-15 tiltrotor in hover: 1) single isolated rotor, 2) two rotors with no fuselage, and 3)
complete tiltrotor aircraft. For the tiltrotor aircraft con� guration and for the con� guration of two rotors
without the fuselage, the mean in� ow velocity was higher at c = 270 deg compared with the rest of the
rotor disk, leading to reduced blade angle of attack and blade loading in this region. This azimuthally
varying blade loading caused an impulsive noise that radiated preferentially behind the model. For the
complete tiltrotor con� guration, the turbulence ingested by the rotors was intermittent and depended on
the instantaneous position of the fountain � ow, which shifted from side to side across the longitudinal
plane of the model. The fountain turbulence had a higher velocity scale, smaller length scale, and was
closer to isotropic than the ingested ambient turbulence. The tiltrotor con� guration radiated less harmonic
noise, but more broadband noise than the con� guration with two rotors and no fuselage. Diagonal fences
on the wings of the tiltrotor reduced the in� ow turbulence intensity in the fountain region by a factor of
about 3, and reduced the noise by 4.1 dBA behind the model. Scaling relations were derived to extrapolate
the model measurements to the full-scale XV-15.

Nomenclature
Ablade = rotor blade planform area, m2

b = number of rotor blades
C = wing chord, m
ctip = rotor blade tip chord, m
E(k) = three-dimensional energy spectrum, m3/s2

F11(k1) = one-dimensional spectrum of us, m3/s2

F22(k1) = one-dimensional spectrum of un, m3/s2

f = frequency, Hz
h = rotor disk-to-wing clearance, m
< = turbulence length scale, m
Mtip = tip Mach number
p = acoustic pressure, Pa
R = rotor radius, m
Rein = in� ow Reynolds number, 2wC /n
Re< = turbulence Reynolds number, u< /n
Retip = tip Reynolds number, Vtipctip/n
r = radial coordinate, m
r = source-observer propagation distance, m
s = wake spacing, w/ fbp, m
t = time, s
^U & = mean velocity, m /s
u = turbulence velocity scale, m /s
ub = binormal � uctuating velocity component, m /s
un = normal � uctuating velocity component, m /s
us = streamwise � uctuating velocity component, m /s
V tip = blade tip speed, VR, m /s
w = mean induced hover velocity, m /s
z = axial coordinate, positive above rotor plane, m
h = Kolmogorov microscale, m
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k = wave number, m2 1

n = kinematic viscosity, m2/s
s = solidity of each rotor, bAblade/pR2

c = azimuthal coordinate, positive in direction of
rotation, deg

V = rotor angular speed, rad/s

Subscripts
bp = blade passage
f = full scale
m = model scale
th = theoretical
z = axial direction
1 = streamwise direction

Introduction

B ECAUSE of their speed, range, fuel economy, and ef� -
cient use of vertiport area, tiltrotor aircraft are good can-

didates for short- to medium-range civil transport.1 However,
to be successfully integrated into civilian airspace, especially
near city centers, it is important to keep the tiltrotor’s noise
levels acceptable to the public.2 Before noise-reduction strat-
egies can be fully developed, tiltrotor noise sources must be
understood, modeled, and accurately predicted.

While a tiltrotor hovers, the close proximity of the two ro-
tors, main wings, and fuselage creates complex rotor – rotor
and rotor– airframe aerodynamic interactions. For example, the
wing and fuselage provide a partial ground plane that causes
the rotor downwash to � ow toward the aircraft’s longitudinal
plane of symmetry, where the opposing � ows collide, produc-
ing a highly turbulent, unsteady fountain � ow with an upward
velocity component. McVeigh3 sketched and described this
� ow, whereas George et al.4 developed a model for it based
on � ow visualization and inviscid computational � uid dynam-
ics (CFD) calculations. More sophisticated calculations of tilt-
rotor hover interference � ows have also been reported.5– 9 The
tiltrotor hover interference � ows typically cause a � gure of
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Fig. 1 Eight percent model of the XV-15 tiltrotor in hover.

merit reduction of about 3%, and a download penalty as large
as 15% of total rotor thrust.10– 12

The interaction of the rotors with each other and with the
fountain � ow causes increased loading noise that is preferen-
tially radiated behind the aircraft because of the direction of
rotation of the rotors (from wing leading edge to trailing edge
as they sweep over the main wings). Lee and Mosher13 � rst
identi� ed hover mode as a noise problem for tiltrotors. George
et al.4 reviewed tiltrotor noise mechanisms, and performed
broadband and discrete acoustic calculations of XV-15 hover
noise. The predictions were later improved upon14– 17 and com-
pared with the full-scale XV-15 hover data of Conner and
Wellman.18 Further noise calculations were presented by
Tadghighi et al.8 In general, most of the noise calculations
show good agreement with experiment in directivity and over-
all levels. However, the relatively simple fountain-� ow models
do not capture all of the physical phenomena, particularly the
turbulence characteristics and unsteadiness. Some small-scale
experiments have revealed the complexity of tiltrotor hover
interference � ows,19,20 and highlight the need for more detailed
measurements.

Relatively little research has been done to control or reduce
tiltrotor hover interference � ows. Wood and Peryea21 were able
to reduce the XV-15 download penalty by as much as 3.5%,
using � ow control devices on the main wings, but similar de-
vices produced little effect in the noise experiments of Mosher
and Light.22

The purpose of the present research was to improve under-
standing of tiltrotor hover interference � ows and the rotor
noise they in� uence. Experiments were performed on an 8%
scale model of the XV-15. Two-component hot-wire anemom-
etry was used to measure mean velocities, streamwise spectra,
and one component of cross-stream spectra. Reduction of the
measurements yielded three-dimensional energy spectra of the
turbulence, along with characteristic scales of length and ve-
locity. Far-� eld acoustic measurements were also made. To
isolate the � ow and noise mechanisms, three con� gurations of
the model were investigated: 1) single isolated rotor, 2) two
rotors with no fuselage, and 3) complete tiltrotor aircraft. Scal-
ing relations were derived to extrapolate the model measure-
ments to the full-scale XV-15. Finally, the effects of diagonal
fences, a device designed to control the rotor– airframe inter-
action � ows, were investigated.

Experimental Apparatus and Procedure
Figure 1 shows the 8% scale model of the XV-15 in hover.

Two uncoupled electric motors powered rigid, � xed-pitch,
two-bladed rotors at an equivalent full-scale rotor plane alti-
tude of 5.2R. Each rotor was operated at a thrust coef� cient
of 0.0078 (compared with about 0.011 for the full scale), and
a � gure of merit of about 0.63. Rotor speeds were matched
with a stroboscope and variable transformers. For the acoustic
measurements, photo diodes and a comparator circuit were
used to trigger the data-acquisition system only when the ro-
tors were in phase.

The rotor phase was not controlled during the � ow visual-
ization or hot-wire experiments. However, some more recent
� ow visualization, seven-hole pressure probe, and hot-wire ex-
periments on the model have shown that the mean � ows being

studied were only slightly affected by rotor phase. The details
of the turbulent � ows were most likely affected by rotor phase
(especially under the rotor plane), but evidence shows that
most of the tip and wake vorticity was cascaded into the tur-
bulence of the fountain � ow, so that few discrete structures
existed above the rotor plane. If this was true, then the global
time-averaged energy input to the fountain � ow was more im-
portant then the time-resolved details of how that energy got
into the � ow.

A � ow control device, the diagonal fence, was also tested
on the model. The fences intersected the vertical plane through
the rotor centerlines at r/R = 0.85, at an angle of about 15 deg.
The fence geometry was not rigorously optimized, but � ow
visualization was used to � nd a con� guration that blocked the
transport of blade wake and tip vorticity by the mean � ow
backup between the rotor disks.

Description of the Experiment

Flow visualization was accomplished using neutrally buoy-
ant helium-� lled soap bubbles formed by a Sage Action Model
3 Bubble Generator, and 35-mm photography. The bubbles
passed through the rotor plane intact, and were illuminated by
a high-intensity xenon arc lamp.

A TSI 1240 cross� ow X wire, TSI 1052 linearizers, and TSI
1050 constant-temperature anemometers were used for the hot-
wire experiments. The equations of Champagne and Sleicher23

for linearized constant temperature operation were used. The
measurements were corrected for ambient temperature and
high-turbulence intensity.24 Ensemble averaging was accom-
plished with a 12-bit data acquisition board and Macintosh
computer, for a typical dynamic range of about 70 dB. Each
ensemble was digitized at a rate of 2000 Hz for a duration of
0.5 s (about 29 rotor revolutions). Typically, 1000 ensembles
were employed. Experimental uncertainty was estimated using
the method of Kline and McClintock25 (see Ref. 26 for details).
A HP 3582A spectrum analyzer was used for the Fourier anal-
ysis, with Hann windowing, 256 ensemble averages, and a 6-
Hz bandwidth. The dynamic range of the hot-wire spectral
analysis was improved by acquiring multiple bandpassed spec-
tra, then merging the measurements. Spectra were measured in
the time domain and converted to wave-number space using
Taylor’s frozen turbulence hypothesis

k = 2p f /^U & (1)1

The � ow visualization and hot-wire measurements were per-
formed indoors. The nearest wall was 9.3R away from the
center of the model, and the ceiling was 6.8R above the rotor
plane. On two sides of the model, the rotor downwash could
freely travel for at least 13R along the laboratory � oor. The
fourth side of the model was open to a very large two-story
loading dock. Although some room recirculation was present,
the rotors were not as close to the walls and ceiling as those
of Piziali and Felker27 (6R away from the walls, 4R away from
the ceiling).

The model acoustic experiments were conducted outdoors
during very low wind conditions in an empty, asphalt-surfaced
parking lot to approximate a free � eld. The nearest building
was more than 35 m away from the model. The microphone
locations were arranged so that sound re� ected from the build-
ing was computed to be at least 15 dB lower than incident
sound, assuming spherical propagation and perfect re� ection.
A B&K-1/2 in. condenser microphone with a windscreen was
used with a Krohn-Hite 4-pole Butterworth bandpass � lter
(bandpass frequencies set to 0.17 and 67.0 fbp). The � lter intro-
duced negligible amplitude distortion in the measurement fre-
quency range, but there was about a 30-deg phase distortion
at fbp. Acoustic waveforms were measured using the same Mac-
intosh data acquisition computer used for the turbulence mea-
surements, and spectra were measured using the same Hewlett-
Packard spectrum analyzer. The microphone was placed on the
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Fig. 2 Sample longitudinal spectrum and interpolated broad-
band part of the spectrum, at r/R = 0.917, c = 270 deg, and z/R
= 0.083 above the rotor plane of the tiltrotor con� guration.

ground at distances of 42, 24, and 16R directly behind and
in front of the model, at angles of 7.1, 12.6, and 18.1 deg,
respectively, below the rotor plane. Unfortunately, measure-
ments could not be obtained at steeper angles because of wind
noise from the rotor downwash. With respect to far-� eld di-
rectivity lobes, observer locations directly in front of or di-
rectly behind the model were least affected by the two-bladed
model rotors compared with three blades for the full-scale XV-
15.26

Turbulence Data Reduction

Because there was relative motion between the stationary
hot-wire probe and the rotor blades, the measured turbulence
spectra contained contributions from the potential � ow� eld of
the rotors, from ambient turbulence, and from the fountain
� ow (when present). To remove the potential rotor � ow � uc-
tuations from the measurements, a narrow bandwidth analysis
was used to ensure that the broadband part of the spectra be-
tween the discrete rotor blade passing peaks were unaffected
by the peaks. Assuming that the turbulence and potential � ow-
� elds were uncorrelated, the peaks of the blade-passing fre-
quency were then removed, and the remaining broadband
spectra were smoothly interpolated.

For a stationary � ow, a model for any velocity component
is28

N

U (t) = ^U & 1 A cos(2p f t 1 f ) 1 X (t) (2)i i ni n n iO
n=1

where Xi(t) is an independent random process representing the
turbulent velocity � uctuations, de� ned so that ^X i& = 0. The
power spectral density of Ui(t) is28

N 2Ani2S ( f ) = ^U & d( f ) 1 d( f 2 f ) 1 S ( f ) (3)U i n XOi i2n=1

Thus, the procedure for removing the potential rotor � ow � uc-
tuations from the measurements is equivalent to removing the
summation terms on the right side of Eq. (3). Filtering the
mean velocity, the resulting spectrum becomes

S ( f ) = S ( f ) (4)U Xi i

which is the desired power spectral density of the turbulent
velocity � uctuations.

Assuming axisymmetric turbulence

2 2 2^u & = ^u & ¹ ^u & (5)n b s

the three-dimensional energy spectrum of the total energy was
computed from the interpolated part of the measured F11(k1)
and F22(k1)

29

k d[F (k) 1 2F (k)]11 22
E(k) = 2 (6)S D2 dk

along with the velocity and length scales

1/h
2E(k)2u = dk (7)E F G30

< = 1/k at peak of E(k) (8)

The Kolmogorov microscale was estimated from30

3 3 1/4h = (1.28<n /u ) (9)

Figure 2 shows an example of a measured one-dimensional
spectrum, F11(k1), and the interpolated broadband part of the
spectrum, nondimensionalized by u and < of Eqs. (7) and (8).

Scaling Analysis

Because the measurements were made at model scale, it was
necessary to analyze how the experimental results related to
the full-scale XV-15. When an experiment is performed at re-
duced scale, it is usually not possible to hold all of the perti-
nent dimensionless parameters constant. In these cases, one
must determine whether the distortions are important and if
corrections can be made for them.

Table 1 lists characteristic scales of length, velocity, and
time, along with dimensionless numbers for the model and
full-scale XV-15.31 The scaling relations given in Table 1 were
used to extrapolate the model measurements to the full-scale,
based on the governing equations and the characteristic scales
of the � ow.32 As shown by Polak and George,32 most of the
fountain-� ow turbulence is produced by the blade wake, and
then transported by the mean � ow backup between the rotor
disks, so that this turbulence was assumed to have length and
velocity scales proportional to R and w, respectively. To esti-
mate the acoustic far-� eld pressure scaling, linearized aero-
dynamics and Farassat’s formulation 1A33 for loading noise
produced by unsteady force effects were used

2 2 2
p s R 1 2 M Vb rf f f tip,m tip, fm m

= S D S D S D S D S D S Dp s b R r 1 2 M Vm m f m f tip, f tip,m

wR fm
3 (10)S D S DR wf m

Because it was assumed that u } w, and < } R, Eq. (10) applies
equally well for noise caused by azimuthally varying blade
loadings or interactions between the rotor and the fountain-
� ow turbulence.

None of the dimensionless parameters listed in Table 1 for
the model and full-scale XV-15 match perfectly. For example,
Mtip was much lower on the model, but this had little effect on
the subsonic fountain � ow, and could be approximately ac-
counted for in the acoustic experiments as shown in Eq. (10).
Also, Retip was smaller on the model. To help eliminate any
laminar-� ow acoustic sources, a 0.06-mm-diam nylon mono-
� lament was cemented along the 5% chord line of the outer
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Table 1 Scaling analysis

Quantity
Full-scale

XV-15
Cornell
model

Characteristic scales
b 3 2
R, m 3.81 0.305
ctip, m 0.152 0.019
C, m 1.60 0.13
w, m /s 17 6.88
Vtip, m /s 230 110
fbp, Hz 29 115

Dimensionless parameters
Mtip 0.67 0.32
Retip 2.3 3 106 1.4 3 105

Rein 3.6 3 106 1.2 3 105

s /R 0.154 0.196
s 0.103 0.074

Scaling factors
<f/<m 12.5
uf/um 2.47
pf/pm Eq. (10)

Fig. 4 Mean velocity vectors at c = 270 deg, z /R = 0.083 above
the rotor plane.

Fig. 3 Helium bubble � ow visualization from the tiltrotor con-
� guration.

third of the rotor blades during the acoustic experiments. The
lower Retip on the model probably caused the tip vortices gen-
erated by the model rotors to have a larger nondimensional
core size, which could not be corrected. Finally, Rein being
smaller than full scale was not expected to affect the already
turbulent mean � ows or large-scale turbulence structures,
which are a dominant characteristic of the fountain � ow. The
most signi� cant consequence of the model Rein being too low
was a relatively coarse turbulence structure30: h/< } (Rein)

23/4.
However, the high wave-number turbulence is not important
to the most annoying noise radiation, and this nearly isotropic
part of the spectrum could easily be corrected by extending
the Kolmogorov range to the full-scale microscale, 1/h f.

The wake vortex spacing was modeled reasonably well in
the experiment. Matching s/R was important because the foun-
tain � ow is believed to be strongly in� uenced by this addi-
tional vorticity. With a semispan model, Swanson and Light20

showed that remnants of the tip vortices seem to be transported
by the fountain-� ow backup between the rotor disk and the
image plane. Similar results were found recently from the pres-
ent model during experiments to evaluate semispan tiltrotor
models. In those tests, the tip vortices were rapidly diffused
above the rotor disk, ceased to follow repeatable paths, and
their energy was cascaded into the turbulence of the fountain
� ow.34 Thus, correctly simulating the turbulence energy injec-
tion rate by the tip vortices was more important than scaling
the exact size or structure of the vortices.

Experimental Results and Discussion
The important results from the � ow and noise measurements

are described in the following sections, and comparisons are
made with other experiments wherever possible. The effects
of the diagonal fence are also described.

Flow Visualization

Figure 3 shows sample � ow visualization from the tiltrotor
con� guration of the model. The camera was positioned at the
rotor plane altitude, and helium bubbles were injected into the
� ow at the base of the fountain � ow. Although symmetric in
Fig. 3, the fountain � ow randomly shifted from side to side
across the longitudinal plane of symmetry of the model, and
so it was often asymmetrically ingested by one rotor or the
other. The time scale of this motion was on the order of sec-
onds. This shifting of the fountain is a characteristic feature of
this � ow, and is important for interpreting the turbulence mea-
surements described next. Further � ow visualization studies
were presented by Coffen et al.19 and Polak and George.32

Hot-Wire Measurements

Figure 4 presents mean velocity vectors at c = 270 deg,
z /R = 0.083 above the rotor plane, for 1) a single isolated rotor,
2) two rotors with no fuselage, and 3) complete tiltrotor con-
� guration (see Fig. 2 for coordinate system). At most stations,
the mean velocity component perpendicular to the page was
zero (no mean azimuthal component); the exception was be-
tween the rotors of the tiltrotor con� guration, where there was
a mean � ow toward the tail of the model caused by the direc-
tion of rotation of the rotors.

Comparing the isolated rotor with the two rotors with no
fuselage reveals an interesting phenomenon. The presence of
the second rotor without the aircraft fuselage substantially
changed the � ow� eld near c = 270 deg. Although the mag-
nitudes of the velocity vectors were about the same, their an-
gles were different because of the different boundary condi-
tions: the single rotor induced in� ow from a symmetric and
essentially in� nite volume of � uid, whereas the available in-
� ow volume for the two rotors without the fuselage was only
semi-in� nite for each rotor, and asymmetric. However, at c =
90 deg, the � ow� elds of both the two rotors without the fu-
selage and the tiltrotor con� guration were the same as the iso-
lated rotor. For nonoverlapping rotors, simple momentum the-
ory predicts that there should be no rotor– rotor interaction.35

However, experimental measurements of this con� guration are
con� icting: Dingeldein36 found a 15% power reduction (lower
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Fig. 5 Normalized mean in� ow velocity at c = 270 deg, z /R =
0.083 above the rotor plane.

Table 2 Angle-of-attack changes
at c = 270 deg

r/R

Two rotors, no
fuselage,

deg

Tiltrotor
con� guration,

deg

1.00 20.82 20.33
0.96 20.77 20.66
0.92 20.41 20.41
0.83 20.43 20.34

Fig. 6 Normalized turbulence spectra at c = 270 deg, z /R = 0.083
above the rotor plane: Ä , r/R = 0.333; ¶ , r/R = 0.500; l, r/R =
0.583; n, r/R = 0.667; c, r/R = 0.750; n , r/R = 0.833; 1 , r/R = 0.917;
3 , r/R = 0.958; L, r/R = 1.000; N, r/R = 1.083; and C, r/R = 1.292.

induced velocities), Sweet37 found no signi� cant difference,
whereas Stepniewski and Keys38 measured higher induced ve-
locities.

Figure 5 plots the normalized in� ow velocity component,
^Uz&/w, for the same three cases shown in Fig. 4, at c = 270
deg, z /R = 0.083 above the rotor plane. Smooth curves were
drawn through the data points. The largest difference among
the three cases occurred for r/R > 1.0: the tiltrotor con� gura-
tion had positive ^Uz& from the fountain � ow, the two rotors
with no aircraft had negative ^Uz&, and the isolated rotor had
^Uz& nearly zero. Particularly in the acoustically important tip
region, the in� ow for the tiltrotor and two rotors without the
fuselage was higher than the isolated rotor, so that blade angle
of attack and blade loading were reduced. The magnitude of
this rotor – rotor aerodynamic interaction was estimated from
the measurements at z/R = 0.083, c = 270 deg, and predicted
in� ow velocities in the plane of the isolated rotor itself,

. A hover prediction code using Prandtl’s vortex theory39^U &z z=0

was used to estimate . This code contains empirical^U &z z=0

models for the effects of Reynolds number, Mach number, and
blade element stall. To test the code, the measurements of
Leishman et al.40 were used. The overall thrust and the in� ow
velocity distribution in the rotor plane predicted by the code
were in good agreement with the experimental data.26

Table 2 shows that, on the average, the rotor blades of both
the tiltrotor and two rotors without the fuselage experienced a
decreased effective angle of attack at c = 270 deg. Because
the changes in angle of attack were small, the effect on overall
rotor thrust was probably small (not measured). However, if
the angle-of-attack changes occurred over a short azimuthal
extent, the effect on harmonic noise would be substantial. Such
a rotor noise source would be preferentially radiated behind
the model, because of the direction of rotation of the rotors
(from wing leading edge to trailing edge, as they sweep over
the main wings), and Doppler ampli� cation. In a large-scale
experiment, Felker and Light10 found a 1.6% reduction in rotor
thrust when comparing their rotor plus image plane with their
rotor alone, suggesting a reduced blade loading near the image
plane. Also, Mosher and Light22 found an increase of about
3 – 5 dB when comparing their rotor plus image plane case with
their rotor alone. The noise increase was not simply a sound
intensity increase caused by hemispherical vs spherical spread-
ing. Instead, the image plane changed the in� ow to the rotor,
creating a disturbance that radiated as an impulse in the wave-
form. Moving the rotor 0.16R farther away from the image
plane did reduce noise by about 2 dB. If the image planes in
both Felker and Light’s and Mosher and Light’s experiments
correctly simulated the aerodynamic presence of the second
rotor, then both of these large-scale results are consistent with
the present experiment, and they are important because they

prove that there can be a rotor– rotor interaction in hover, even
between two rotors without the fuselage.

Figure 6 shows nondimensional turbulence spectra, E(k)/
u2<, at several radial stations for the three con� gurations at c
= 270 deg, z/R = 0.083 above the rotor plane. The spectra
were found from the measurements using Eq. (6), and trun-
cated at k = 1/h. For the isolated rotor, the spectra at all radial
stations collapsed well for k< < 200, and exhibited Kolmogorov
inertial subrange scaling: E(k) } (k< )25/3. Not surprisingly, the
spectra diverged at the small scales because Re< varied from 3.3
3 103 at r/R = 1.083 to about 104 at r/R < 0.5, and h/< }
(Re<)23/4. Similar results were found for the two rotors with no
fuselage, where Re< ranged from 5.5 3 103 at r/R = 1.292 to
2.4 3 104 at r/R = 0.958. The scatter among the spectra for
different radial stations was largest for the tiltrotor con� guration,
even though Re< varied the least for this case: 104 at r/R = 1.292
to 2.1 3 104 at r/R = 0.750. Also, the decay of energy with
wave number for the tiltrotor was less than predicted by the
Kolmogorov spectrum model: (k< )21.29 vs (k< )21.67.

For the two stations located between the rotors of the tiltro-
tor con� guration, r/R = 1.083 and r /R = 1.292, there were
broadband peaks in the spectra at about k< = 20, corresponding
to length scales in the � ow of about 5 mm. This length is
about ctip/4, a reasonable estimate for the tip vortex cores. Con-
sidering the present � ow visualization experiments, and the tip
vortex trajectory measurements of Swanson and Light20 and
Polak et al.34 described previously, this increased turbulence
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Fig. 8 Normalized turbulence velocity scales at c = 270 deg,
z /R = 0.083 above the rotor plane.

Fig. 7 Experimental and theoretical normalized transverse spec-
tra at c = 270 deg, z /R = 0.083 above the rotor plane of the
tiltrotor con� guration.

energy near k< = 20 was most likely caused by remnants of
tip vortex cores convected by the mean � ow backup between
the rotors. This in� ow of energy into the turbulence at a second
length scale probably explains the slower decay of energy with
wave number than that predicted by the Kolmogorov spectrum
model.

The differences in the large scales of the turbulence spectra
for the tiltrotor con� guration were most likely caused by dif-
ferent in� ow conditions over the rotor disk. Vortex stretching
and tilting by the mean � ow can change the frequency distri-
bution and intensity of the turbulence, as discussed by Simon-
ich et al.41 Away from the fountain � ow (near the rotor hub),
� uid was induced into the rotor from a large distance away,
and the � ow underwent a large contraction. The strain rate
associated with the � ow contraction caused vortex stretching
in the streamwise direction, and ampli� ed velocity � uctuations
in the n and b directions perpendicular to the streamwise di-
rection. Thus, initially isotropic ambient turbulence was dis-
torted by the potential rotor in� ow, and became anisotropic by
the time it arrived at the rotor disk, with increased energy in
the cross-stream directions at the large scales. Support for this
explanation is given in Fig. 7, which shows measured F22(k1)/
u2< for the tiltrotor con� guration, compared with a theoretical
relation for F22(k1) deduced from the measured F11(k1)

42:

dF (k )11 1
F (k ) = F (k ) 2 k 2 (11)22th 1 11 1 1F GYdk1

Equation (11) is valid for isotropic, homogeneous turbulence,
so that differences between the measured and theoretical F22

(k1) indicate that the turbulence is anisotropic and/or nonho-
mogeneous. Van Atta and Chen29 used the same procedure to

detect isotropic turbulence. At r /R = 0.333, Fig. 7 shows that
the experimental F22(k1) had signi� cantly more energy than
one would expect from Eq. (11) for k1< < 40. However, at
higher wave numbers, the turbulence was closer to isotropic
and homogeneous, judging by the better agreement between
the measured F22(k1) and Eq. (11).

On the other hand, for regions of the � ow� eld in the foun-
tain � ow, the � uid followed a shorter path from the rotor wake
back around through the rotor again, and did not experience
the large � ow contraction, so that one would assume this tur-
bulence may be closer to isotropic. Figure 7 also shows the
measured F22(k1)/u

2< at r/R = 1.000 for the tiltrotor con� gu-
ration compared with Eq. (11). This time, the agreement be-
tween experiment and Eq. (11) is better at all wave numbers,
indicating that this turbulence is indeed closer to isotropic.

For the stations in the range 0.5 # r/R # 0.9, there was a
gradual shift between nonfountain and fountain turbulence.
More precisely, because of the time averaging used to generate
the data shown in Fig. 6, the spectra in this intermediate region
re� ect the fraction of time that the fountain � ow was present.
Because of the shifting of the fountain � ow across the longi-
tudinal plane, described previously in the Flow Visualization
section, a given blade element encounters either ambient tur-
bulence, or the statistically very different fountain-� ow tur-
bulence, depending on the instantaneous position of the foun-
tain.

Figures 8 and 9 plot the normalized velocity and length
scales of the in� ow turbulence computed from Eqs. (7) and
(8). Results for the diagonal fences are also shown, which will
be discussed in a later section. For the isolated rotor and two
rotors with no fuselage, the turbulence over most of the rotor
disk was characterized by relatively small velocity scales: u /w
’ 0.04, and large length scales: </R ’ 1.6. Similar results
were found for r /R < 0.5 of the tiltrotor con� guration. These
measurements corresponded to ambient room turbulence in-
gestion. However, in the fountain � ow of the tiltrotor con� g-
uration, the turbulence was characterized by larger velocity
scales and smaller length scales. In particular, </R in the foun-
tain-� ow region roughly matched h /R = 0.39, so that the foun-
tain turbulence seemed to take its length scale from the rotor
disk-to-wing clearance. In the intermediate region of the tiltro-
tor con� guration, approximately 0.5 # r/R # 0.9, the fountain-
� ow intermittency was evident because the plots of u /w and
< /R re� ect the fraction of time that the fountain � ow was
present.

Acoustic Measurements

Acoustic experiments were conducted on the same three
con� gurations discussed previously. Using the approximate
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Fig. 9 Normalized turbulence length scales at c = 270 deg, z /R
= 0.083 above the rotor plane.

Fig. 10 Equivalent full-scale acoustic waveforms directly behind
the aircraft, r = 218 m, 18.1 deg below the rotor plane.

Fig. 11 Equivalent full-scale acoustic spectra directly behind the
aircraft, r = 218 m, 18.1 deg below the rotor plane.

scaling relation of Eq. (10), all data reported in this section
have been extrapolated to the full-scale XV-15, at r = 218 m,
to match the data of Conner and Wellman.18

Sample acoustic waveforms measured directly behind the
model, 18.1 deg below the rotor plane, are shown in Fig. 10.
As expected, the lowest amplitudes were found for the isolated
rotor. Adding a second rotor increased the constant loading,
Gutin noise amplitude,43 but also added an impulsive part to
the acoustic waveform. This impulsive part was much larger
behind the model, and was more severe for larger angles below
the rotor plane, suggesting that it was caused by a change in
blade loading in the region between the rotors. This change in

blade loading was not caused by a ground-based fountain � ow,
because the measured turbulence length scales were much
smaller than the rotor plane altitude above the ground (0.5R
to 1.5R vs 5.2R). Tuft � ow visualization also con� rmed that
there was no ground-based fountain � ow between the rotors.
Instead, the change in blade loading was caused by the rotor
– rotor interaction near c = 270 deg, as shown in Figs. 4 and
5. This rotor– rotor interaction had not been previously rec-
ognized as an acoustic source.

For the tiltrotor con� guration, an impulsive part was also
found in the waveforms. Once again, it was much larger be-
hind the model, and was more severe for larger angles below
the rotor plane, just as that found on the full-scale XV-15.18 It
should be emphasized that the mean and turbulent � ow� elds
depicted in Figs. 4, 5, and 6 were the result of many ensemble
averages, and any instantaneous realization of the � ow could
have been signi� cantly different, as suggested by the unsteady
acoustic waveforms of Fig. 10. The impulsive part of the
waveforms seemed to vary on the order of a few seconds:
sometimes it was mostly a positive pressure peak, other times
it was mostly a negative pressure peak, and sometimes it was
completely absent. Mosher and Light22 also reported amplitude
variations in the impulsive part of the acoustic waveforms
measured behind their semispan tiltrotor model, and so did
George et al.4 on the XV-15. The impulsive part of the wave-
forms was probably caused by a superposition of rotor– rotor
interactions (similar to those for the two rotors without the
fuselage), rotor– fountain � ow interactions, and possibly dis-
crete interactions between the rotor blades and vortex � laments
convected above the rotor plane by the fountain � ow. Also,
the observed unsteadiness in the acoustic waveforms was prob-
ably caused by the unsteadiness of the fountain � ow itself.

Equivalent full-scale acoustic spectra for the same three
cases are shown in Fig. 11. These plots further demonstrate
that adding a second rotor in close proximity to an isolated
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Fig. 12 Effect of diagonal fences on equivalent full-scale acoustic
spectra directly behind the aircraft, r = 218 m, 18.1 deg below
the rotor plane.

rotor increases the harmonic noise behind the rotors signi� -
cantly. After A-weighting, the second rotor without the aircraft
increased the noise radiation to 91.2 equivalent full-scale dBA,
compared with 82.3 dBA for the isolated rotor. Signi� cantly,
at the same angle and distance in front of the two rotors with
no fuselage, the sound pressure level was only 87.7 dBA. The
extra 3.5 dBA behind the two rotors without the fuselage was
a result of the impulsive acoustic source caused by the rotor
– rotor interaction. Because of the direction of the blade mo-
tion, this source was preferentially radiated behind the rotors.

For the tiltrotor con� guration, the presence of the wing and
fuselage reduced the harmonic noise compared with the two
rotors without the fuselage, but increased the broadband noise
substantially. The reduced harmonic loading noise was ex-
pected, considering the smaller angle-of-attack changes at c =
270 deg, shown previously in Table 2. Also, the higher broad-
band noise for the tiltrotor con� guration was expected because
of the higher turbulence velocity scales and smaller turbulence
length scales in the fountain � ow, shown in Figs. 8 and 9. At
the same angle and distance in front of the tiltrotor case, the
measured sound pressure level was 87.5 dBA; about the same
as the 87.7 dBA in front of the two rotors without the aircraft.
Finally, before A-weighting, the overall sound pressure level
for the tiltrotor was 99.2 dB directly behind the aircraft, which
compares well with the full-scale data of Conner and Well-
man,18 who measured 96.9 dB at the same r and 12.6 deg
below the rotor plane.

Effects of Diagonal Fences

The inset of Fig. 12 shows diagonal fences mounted on the
model wings, which were designed to block the transport of
blade wake and tip vorticity by the mean � ow backup between
the rotor disks, and reduce the radiated broadband noise. The
in� ow turbulence intensity, u /^U &, in the tip region was re-
duced by a factor of about 3 by the diagonal fences. Also, the
turbulence had a larger length scale, and smaller velocity scale,
similar to the isolated rotor and two rotors without the aircraft,
shown previously in Figs. 8 and 9. The fences were believed
to be successful because � ow visualization showed that the tip
vortices were trapped on the hub side of the fences, and could
not be recirculated by the mean � ow.

Consistent with the reduced turbulence levels, broadband
noise was also reduced by the diagonal fences, as shown in
the acoustic spectra of Fig. 12, which were extrapolated to the
full-scale from the model measurements using Eq. (10). The
diagonal fences caused an equivalent full-scale noise reduction
of about 4.1 dBA behind the aircraft. At the same angle and
distance in front of the model with diagonal fences, the sound
pressure level was 86.3 dBA; about the same as the 87.5 dBA

of the tiltrotor con� guration at the same observer location. Be-
cause most of the rotor noise from turbulence interactions in
the fountain � ow is propagated behind the model, reducing the
extent of these interactions would not be expected to reduce
acoustic emissions much in front of the model. The diagonal
fences removed the well-known directionality of hovering tilt-
rotors, i.e., the radiated noise was the same behind the model
as it was in front of the model.

Conclusions
Rotor in� ow aerodynamics and acoustic measurements were

made on three con� gurations of an 8% scale model of the XV-
15 tiltrotor in hover: 1) single isolated rotor, 2) two rotors with
no fuselage, and 3) complete tiltrotor con� guration. Scaling
relations were given to extrapolate the model measurements to
the full-scale aircraft. The principal conclusions of this re-
search were as follows.

1) The impulsive noise of the tiltrotor con� guration was
caused by a superposition of rotor – rotor interactions, rotor–

fountain-� ow interactions, and possibly the discrete interac-
tions between the rotor blades and vortex � laments convected
above the rotor plane by the fountain � ow. The observed un-
steadiness in the acoustic waveforms was caused by the un-
steadiness of the fountain � ow itself.

2) The rotor– rotor interaction caused higher mean in� ow
velocity, and reduced blade loading at c = 270 deg for the
tiltrotor and two rotors without the fuselage. This azimuthally
varying blade loading increased harmonic loading noise behind
the model. The two rotors without the fuselage radiated more
harmonic loading noise than the tiltrotor con� guration, consis-
tent with the in� ow measurements that showed that the tiltrotor
had smaller mean angle-of-attack changes at c = 270 deg. This
rotor– rotor interaction had not been previously recognized as
an acoustic source.

3) The tiltrotor con� guration radiated more broadband noise
than two rotors with no fuselage. This acoustic result was con-
sistent with the hot-wire experiments, which showed that the
tiltrotor con� guration had higher turbulence intensities at c =
270 deg.

4) The fountain turbulence had a higher velocity scale,
smaller length scale, and was closer to isotropic than the in-
gested ambient turbulence. The fountain turbulence seemed to
obtain its length scale from the rotor disk-to-wing clearance.
Because of the constant positional shifting of the fountain � ow,
the in� ow into the rotors was intermittent, alternating between
ambient turbulence ingestion and fountain-� ow turbulence in-
gestion. In the fountain � ow, there was an in� ow of energy
into the turbulence at a second length scale that seemed to
match the tip vortex core size (ctip/4), and most likely explains
the slower decay of energy with wave number than predicted
by the Kolmogorov spectrum model: (k<)2 1.29 vs (k<)21.67.

5) Diagonal fences reduced the turbulence intensity in the
fountain region by a factor of about 3, and reduced noise by
4.1 dBA behind the model. The fences were believed to be
successful because the tip vortices were trapped on the hub
side of the fences, and could not be recirculated by the mean
� ow. The diagonal fences removed the well-known acoustic
directionality of hovering tiltrotors, because the radiated noise
was the same behind the model as it was in front of the model.
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