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Turbulence Ingestion Noise, Part 1: Experimental
Characterization of Grid-Generated Turbulence
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Results are presented of an experimental investigation into the aeroacoustic response characteristics of rotor
turbulence ingestion. To fully characterize the rotor response, both the ingested velocity � eld and the resulting
far-� eld sound were measured. The results are presented of a detailed velocity characterization, which was per-
formed upstream of the rotor. The velocity measurements included an evaluation of the streamwise development
of turbulence characteristics downstream of the grid, a high-resolution mapping of the spatial distribution of the
mean velocity and rms turbulence � uctuations in the rotor inlet plane, and the development of a semi-empirical,
functional representation of the three-dimensional wave number spectral density of the ingested turbulence. These
data comprise a comprehensive empirical velocity model that was developed for speci� c application to rotor tur-
bulence ingestion noise (Wojno, J. P., Mueller, T. J., and Blake, W. K., “Turbulence Ingestion Noise, Part 2: Rotor
Aeroacoustic Response to Grid-Generated Turbulence,” AIAA Journal, Vol. 40, No. 1, 2002, pp. 26–32).

Nomenclature
Oa = empirically determined constant used to de� ne

streamwise wave number model
ai ; bi ; ci = empirically determined constants used to de� ne

quadratic, cross-stream wave number model
in the i th direction

B = number of rotor blades
d = rod diameter of turbulence generation grid
E.k1/ = nondimensional,streamwise wave number spectral

density of turbulence(in the manner of von Kármán)
f = temporal frequency
G. f / = unsteady aerodynamic response function
g.r / = lateral velocity correlation function
H . f / = acoustic propagation model
J = rotor advance ratio
k = wave vector
ke = wave number of the energy containing eddies (from

isotropic turbulence theory)
k1 = streamwise wave number
k2 = wave number normal to the blade
k12 = composite wave number along rotation direction
L R = rotor blade span (de� ned from hub to tip)
M = Mach number
m = mesh spacing of turbulence generation grid
n = circumferential harmonic mode number of mean

velocity � eld
R = radial location in the rotor inlet plane
Ruu.x; t/ = nondimensional, two-point, velocity correlation

function at time t
Sab.x; f / = two-sided, temporal cross spectrum between

sensors located at a and b D a C x
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sgrid = solidity of turbulence generation grid
U .R; Á/ = measured mean � ow velocity at .R; Á/, in the rotor

inlet plane
U0.R/ = resultant mean � ow velocity (in the rotating

reference frame)
U1 = freestream mean � ow velocity
NU Á.R/ = circumferentially averaged mean � ow velocity at

radius R
u i = velocity � uctuation in the i th direction
u rms = rms turbulence � uctuation
u2 = mean-squared turbulence velocity
Vc = convection velocity
V .R; Á/ = variation of mean velocity � eld with respect to

circumferentialmean
QV .Rl ; n/ = discrete circumferentialmodes of the mean

velocity � eld
x = sensor separation vector
° .x; f / = nondimensional,cross-spectraldensity over

separation x
° 2.x; f / = coherence of signals measured over separation x
1R = radial step size of spatial velocity test grid
1r = discrete radial sensor separation increment
1µ = discrete tangential sensor separation increment
1Á = tangential step size of spatial velocity test grid
± = Kronecker delta function
´i = cosine describing the i th direction
µ = relative tangential sensor separation distance
3i = turbulence length scale in i th direction
½ = � uid density
8 pp. f / = measured far-� eld acoustic spectrum
Q8 pp. f / = estimated far-� eld acoustic spectrum
8T T . f / = rotor unsteady thrust spectrum
8uu.k/ = three-dimensional turbulent wave number spectrum
Á; Án = tangential location in the rotor inlet plane
Á.ki / = nondimensional,spectral density in the i th

direction wave number domain
Áuu. f / = temporal autospectral density of turbulence

I. Introduction

H ISTORICALLY, rotor turbulence ingestion noise (TIN) has
been studied by numerous investigators. Rather than give

an exhaustive discussion of decades of scienti� c literature, only
the highlights of particular studies, which were primary sources
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of information throughout the course of the current research, are
presented.

The current research project was a modern extension of the pio-
neeringworkofSevik.1 Sevik’s paperoutlinedananalyticprocedure
for estimating the aeroacoustic responseof a 10-bladed rotor, based
on the two-point velocity correlation function, assuming isotropic
turbulence. To support his analytic work, Sevik presented limited
experimentaldata,consistingprimarilyof thepower spectraldensity
of the unsteady thrust. Far-� eld acoustic spectra were implied from
the measured thrust data,assumingdipoleradiation.Sevik’s analytic
model successfullycaptured the broadbandportion of the response,
but failed to predict an experimentally observed narrowband com-
ponent about the blade passing frequency and higher harmonics.

In contrast to the spatial approach used by Sevik,1 Blake de� ned
a spectral analysis technique to estimate the rotor response in the
temporal frequency and spatial wave number domains.2 This ap-
proach de� ned the unsteady thrust response of the rotor in terms of
the spectral content of the ingested turbulence � eld. Once the thrust
spectrum was determined, the far-� eld acoustic propagation was
de� ned in terms of dipole radiation, in the manner of Lighthill.3;4

By the use of asymptotic expansions to de� ne the degree of corre-
lation, Blake2 demonstrated the ability to recover either the purely
broadband or narrowband portion of the response from the general
formulation.

Martinez and Weissman5 modi� ed Sevik’s correlation analysis1

to predict the narrowbandbehaviorof the propeller response.They5

assumed the rotational velocity component to be dominant, which
highly correlated the individual blade responses. This procedure
recovered the narrowband responseat the expense of the broadband
component.

Recently, Martinez extended his analytic technique to more gen-
eral functional forms of the velocity correlation function.6¡8 This
theory was developed using asymptotic analyses for rotors with
large numbers of blades (B ¸ 6). The resulting analytic solution
predicted both the narrow-band and broadband response compo-
nents. In Ref. 6, Martinez demonstrated that the analysis captured
the primary circumferential mode of Sevik’s empirical data1 very
well. However, the theory signi� cantly underpredicted the narrow-
band response at twice the blade passing frequency (BPF). In his
discussion, Martinez suggested6 that Sevik’s1 empirical response
data may be suspect.

Another closely related project was the work of Paterson and
Amiet.9 They measured the acoustic response characteristics of a
NACA-0012 airfoil subjected to grid-generatedturbulence.The ex-
perimental analysis included a characterizationof the turbulent in-
� ow, as well as measurements of the local surface pressure on the
airfoil and the far-� eld acoustic radiation.The measured turbulence
characteristicsincluded the nominal rms intensities of the axial and
normal (de� ned with respect to the airfoil) turbulence components,
nominal integral scales in both directions, the temporal autospectra
of each turbulencecomponent, and the spanwise cross spectrum of
the vertical turbulence component as a function of the nondimen-
sionalizedspanwise separationdistance.The temporal spectra were
extended to the streamwise wave number domain using Taylor’s
hypothesis.These experimental results were compared to the corre-
sponding theoretical values, generated using classical aerodynamic
and aeroacoustic analysis techniques.

Finally, the current effort was similar to the recent research of
Manoha.10 In this work, the acoustic production of a propeller in-
gestingboundary-layerturbulencewas experimentallyinvestigated.
A scaledpropellerwas mountedon the rearof an axisymmetricbody.
Detailed velocity correlation measurements were performed in all
of the spatial directions of the cylindrical, body-� xed coordinate
system. These correlation measurements were used to de� ne the
spectral content of the ingested turbulent velocity � eld. A numeri-
cal prediction model, based on the spectral techniques of Ffowcs-
Williams and Hawkings,11 was used to estimate the spectrum of
the radiated acoustics in the far � eld. These estimates were com-
pared to correspondingmeasured values. These data demonstrated
both the broadband nature of the far-� eld acoustic spectrum, as
well as a narrowband response, centered about the BPF and higher
harmonics.

Fig. 1 Functional block diagram of the comparisons between the pre-
dicted and measured responses.

Rotor TIN has been a topic of investigation at Notre Dame. The
work of Scharpf12 and Minniti et al.13 examined the aeroacous-
tic response characteristicsof a four-bladedrotor to grid-generated
turbulence. However, the velocity data in these studies were lim-
ited to the classical turbulence parameters, such as the rms tur-
bulence intensity, the Lagrangian integral scale, and the temporal
autospectrum.

The primary objective of the current research was to characterize
empirically the ingested velocity � eld. To achieve this objective, a
series of detailed velocity measurements was performed in the ro-
tor inlet plane, to de� ne both the large-scale spatial distribution of
mean and � uctuatingvelocity componentsand a representative� ne-
scale turbulencespectrum,as experiencedby a rotor blade sweeping
through the � ow� eld. Additional velocity measurements were also
made, at a series of streamwise locations, to determine the stream-
wise developmentof turbulencedownstreamof the grid. These tests
includedan experimentdesigned to evaluate the validityof Taylor’s
hypothesis at the rotor inlet plane.

Note that the motivationbehind this researchwas to better under-
standthephysicalmechanismsresponsiblefor rotorTIN. Physically,
the rotor interactionwith the temporallyand spatiallyvaryingveloc-
ity � eld establishesan unsteady pressure distribution on the blades,
which propagates away from the body to generate noise in the far
� eld. This application drove the de� nition of each of the velocity
tests, as outlined in Sec. III.

Furthermore, the detailed velocity characterizationpresented be-
low is used in Part 2 of this paper14 to estimate the broadband re-
sponse of a 10 bladed rotor to the ingested turbulence � eld. These
predictionsare compared to correspondingmeasured data to assess
the � delity of the response model. The methodology for the assess-
ment is graphically depicted in Fig. 1.

II. Theoretical Development
This research focused on the broadband aeroacoustic response

of a rotor ingesting the grid-generated turbulence � eld, and so the
velocity characteristics of interest were primarily those needed to
describe the ingested turbulence. A procedure for de� ning a semi-
empirical, three-dimensionalspectrummodel of the small-scaletur-
bulence, in terms of the measured velocity data, is presented in
Sec. II.A. However, the rotor is also acoustically responsive to cer-
tain large-scale spatial inhomogeneities in the velocity � eld.2;15 In
particular,when the circumferentialmode number of the spatial in-
homgeneityis an integralmultipleof the numberof blades, theblade
rotationgeneratespure tones at the rotorBPF and higherharmonics.
Therefore, it was necessary to determine the circumferentialmodal
composition of the mean velocity � eld in the rotor inlet plane. A
discrete method of estimating the modal content, based on a dis-
crete Fourier transform (DFT) technique, is developed in Sec. II.B.
Because of space and time constraints, only the highlights of these
analyses are presented here. Detailed derivations of the theoretical
development are presented by Wojno.15

A. Turbulence Model
The spectral density of the ingested turbulence in all three spatial

directionswas needed to estimate the rotor thrust response.15 It was
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not feasible to determine simultaneously the functional behavior of
the turbulence spectral density with respect to all three spatial di-
rections. Instead, it was assumed that the behavior in each of the
directions was independent of the others. Consequently, the three-
dimensionalturbulencespectrum was modeled as the productof the
mean-squared turbulence � uctuation, the nondimensional stream-
wise spectral density, and the nondimensional spectral densities in
each of the cross-stream spatial directions:

8uu.k/ D u2Á.k1/Á.kr /Á.kµ / (1)

Physically, Eq. (1) can be interpreted as follows. The mean-
squared turbulence � uctuation de� nes the overall energy level of
the ingested turbulence � eld u2 . The streamwise spectral density
Á.k1/ de� nes the energy distribution with respect to streamwise
scales (or, equivalently, temporal frequency). The two cross-stream
spectral densities, Á.kr / and Á.kµ /, operate on this energy density
to account for spatial correlation decay in the radial and tangential
directions, respectively. Thus, it was necessary to devise a method
to estimate empirically each of the required spectral density func-
tions.Equation(1) formedthebasisof the semi-empiricalturbulence
model that was developed to predict rotor TIN.15

Streamwise Spectral Density Function
As noted in Eq. (1), the essential energy distributionof the turbu-

lence spectrum is captured by the autospectraldensity of the turbu-
lence velocity in the streamwise direction. However, if the convec-
tion velocityis signi� cantly larger than the turbulent� uctuations,or,
equivalently, the streamwise turbulence scale is signi� cantly larger
than the correspondingcross-stream scales, convection is the dom-
inant temporal feature of the � ow� eld.16 This assumption is known
as Taylor’s hypothesis,and it can be written symbolicallyas follows:

@

@ t
D @

@x1

@ x1

@t
¼ Vc

@

@x1

Therefore, the streamwise autospectral density is related via the
local convection velocity Vc to the temporal autospectraldensity at
a given location:

Á.k1/ D Áuu. f /±.2¼ f ¡ k1Vc/ (2)

Note that thede� nitionof the localconvectionvelocityVc changes
with reference frame. In the inertial, cylindrical reference frame in
which the turbulent velocity measurements were made, the appro-
priate convection speed was simply the freestream � ow velocity
U1. However, in the rotating,blade-� xed reference frame, in which
the unsteady aerodynamic response analysis was performed,14;15

the convectionvelocity also includes the linear velocity component
associated with the rotational motion of the local blade section.
However, transformation into the streamwise wave number domain
ensures proper implementationbecausek1 is also based on the local
convection velocity, as follows:

k1 D 2¼ f=Vc (3)

Vc.R/ ´ U0.R/ D
p

U 2
1 C .ÄR/2 (4)

Taylor’s hypothesis is conveniently used in weak turbulence ap-
plications (u rms=U · 0:1). It will be shown in Sec. IV.A, that this
criterion applies to the current research.Consequently,Taylor’s hy-
pothesis was used to de� ne the streamwise spectral density in the
empirical turbulence model in terms of the measured temporal au-
tospectraldensityof the turbulentvelocity.However,additionaltests
were performedto evaluatethe � delityof this approximation.Based
on the measured cross-spectraldensity of turbulencemeasured over
streamwise speci� ed separations, the streamwise scales were em-
pirically estimated, using the analysis techniques to be presented.
These data are compared to the corresponding cross-stream scales
in Sec. IV.C to evaluate the validity of Taylor’s hypothesis.

Two-Point Velocity Correlations
To assess the spatial correlationdecay,an exponentiallydecaying

velocity correlation model was used. According to this model, the
velocity correlation over a de� ned spatial separation x at a given
time t , can be approximated as follows:

Ruu.x; t/ ´ u.x0; t/u.x1; t/=u2 ¼ exp[¡jxj=3x .t/] (5)

Because the only time-dependent parameters are the velocity
correlation function and the integral turbulence scale, a Fourier
transform can be applied to Eq. (5). This yields an equivalent
spectral equation, which relates the measured nondimensional,
cross-spectral density of turbulent velocities ° .x; f / over a given
separationx to a frequency-dependentturbulencescale3x . f /. Note
that the nondimensional,cross-spectraldensity is simply the square
root of the coherence between the turbulence velocities at the two
locations:

° .x; f / ´
p

° 2.x; f / D
µ

S01.x; f /S¤
01.x; f /

S00. f /S11. f /

¶ 1
2

¼ exp

µ
¡

jxj
3x . f /

¶

(6)

This model was directly inverted to estimate empirically the tur-
bulence scales in each direction using the measured cross-spectral
density data over speci� c separation distances.

Cross-Stream Spectral Density Functions
The nondimensional, radial and tangential spectral density func-

tions requiredforEq. (1)were obtainedbyapplyinga spatialFourier
transformation to the exponential decay prescribed by Eq. (6) into
the correspondingwave numberdomain.The resultingspectralden-
sity function,presented in generalized form, which accounts for the
correlation decay in the xi direction, is given by

Á.ki / ´ Á. f; ki / D [3i . f /=¼ ]
©
1
¯£

1 C k2
i 32

i . f /
¤ª

(7)

This theoretical form of the cross-stream turbulent spectral den-
sity function was used to de� ne the decay with respect to the radial
and tangential directions in the semi-empirical three-dimensional
turbulence spectrum model de� ned in Eq. (1). However, an esti-
mate of the turbulence integral scale in each of the cross-stream
directions was required to substitute into Eq. (7).

Spatial Turbulence Scales
Empirical estimates of the cross-stream turbulence scales were

approximated by inverting Eq. (6). When the � ow is assumed con-
vectiondominated, the streamwise wave number is equivalentto the
temporal frequency.Consequently,Taylor’s hypothesiswas used to
transform the frequency dependence of the scales to a streamwise
wave number dependence,as shown in Eq. (2). However, the empir-
ical data were necessarily discrete functions of both temporal fre-
quency and separation distance. This discrete nature limited their
validity to similar parameter step sizes. To avoid these inherent lim-
itations, continuous functions were � tted to the discrete empirical
scale estimates.

The resulting functional approximation was similar to one used
by Corcos to model pressure correlations in a turbulent bound-
ary layer.17 Corcos de� ned a frequency-dependentturbulence scale
model 3 that was inversely proportional to the streamwise wave
number,

3 ¼ Oa=k1 (8)

However, Corcos’s17 model tends toward an in� nite scale as the
temporal frequency approaches zero. Physically, this requires that
the correlation go identically to unity at the steady state, which
did not agree with the measured cross-stream data. Furthermore,
the inverse linear wave number dependence did not decay rapidly
enough with increasing wave number to match the experimental
data. Consequently, the authors de� ned an inverse quadratic wave-
number-dependentmodel for the cross-streamturbulence scales, to
better capture the measured behavior:

3.k1/ D
£
a
¡
k1 C ck1

2
¢

C b
¤¡1

(9)
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The constants (a, b, and c) were de� ned to give a best � t to the dis-
crete empirical scaleestimatesfor the speci� ed separationdistances,
in the radial and tangential directions, respectively.

In addition to the cross-stream scales, empirical estimates of the
streamwise turbulence scales were generated from measured cross-
spectral densitiesby direct inversion of Eq. (6). These data are com-
paredto the � tted radialand tangentialscalesin Sec. IV.C, to evaluate
the � delity of Taylor’s hypothesis.

B. Large-Scale Circumferential Modes of the Mean Velocity Field
To compute the tangential modes of the mean velocity � eld at

a given radial location, the velocity data must be known over a
series of tangential locations, separated by a constant angular step
size, over the entire circumference of the circle prescribed by the
given radius. Based on these data, the tangential variation of the
spatial mean velocity � eld, V .R; Á/, was de� ned with respect to
the circumferentialmean velocity at that radius:

V .R; Á/ D U .R; Á/ ¡ NU Á .R/ (10)

The circumferentialvelocityvariationsdatawere measuredovera
regularannulargrid in the rotor inletplane,as describedin Sec. IV.B.
These data were used to estimate the discrete circumferentialmodes
of the mean velocity � eld, using a discrete spatial Fourier transfor-
mation to the circumferentialdomain:

QV .Rl ; n/ D 1

2¼

.NÁ =2/ ¡ 1X

l D 0

V .Rl ; Án/ exp.inÁn/1Á (11)

Note that a spatial Hanning window was used to minimize spectral
leakage while processing the empirical data presented in Sec. IV.B,
but these terms were removed from Eq. (11) for clarity.

III. De� nition of Experiment
A. Facility

The experiments were performed in the Anechoic Wind Tunnel
(AWT) facility at the Hessert Center for Aerospace Research at
Notre Dame. This facility is a 61-cm (24-in.) square, freejet, indraft
wind tunnel, enclosed in an anechoic chamber. The tunnel has a
nominal mean velocity range of 5–33 m/s (17–109 ft/s) and a nom-
inal freestream turbulence intensity at the jet centerlineof 0.08% at
the inlet exit and 0.2% at the rotor test location. The low-frequency
cutoff of the anechoic chamber is approximately 100 Hz. A motor-
ized rotatingboom is suspendedabove the center of the test section,
from which microphones can be suspended to measure the far-� eld
acoustic radiation.The currentcon� gurationallows accurate acous-
tic measurements over an arc of approximately 90 deg, centered at
the midplane of the test section. Additional information about the
AWT facility is given by Mueller et al.18

B. Apparatus
A cylindrical traverse was designed for the cross-stream veloc-

ity testing in the propeller inlet plane. This traverse consisted of a
Phytron ZSS 42.500 stepper motor, mounted on an aerodynamic
stand. It was mounted along the tunnel centerline, on a pair of rails,
which enabled continuousvariation of the streamwise test location.
The stand was designed so that the steppermotor drive axis was co-
incident with the axis of rotation of the dynamometer. The traverse
was used to sweep a pair of single-sensor, hot-wire probes tangen-
tially through the propeller plane, enabling the sensors to sample
spatially the incoming velocity � eld. To ensure statistical signi� -
cance, the empirical data were ensemble averaged. The turbulence
data were then spatiallyaveraged,to approximate the integratingef-
fect of propeller operation. The resulting statistical data were used
to de� ne a representivemodel of the turbulent in� ow, as seen by the
rotating propeller.

The hot-wiresensorswereoperatedbya TSI IFA100anemometer,
in constant temperature mode. The probes were mounted on radial
armatures (Fig. 2), which were attached to the drive axis of the
traverse.The mounting armaturespermitted continuousvariationof
the probe separationvector in the propeller plane, in both the radial
and/or tangential directions. This system was used to measure the
cross spectrum between the � uctuating velocity components from

Fig. 2 Hot-wire mounting armature on cylindrical traverse.

Fig. 3 Wind-tunnel test con� guration shown as con� gured for velocity
testing.

each sensor, for a given sensor separation,at a series of points in the
cross-streamplane.

The tunnel test con� guration for the velocity experiments is
shown in Fig. 3. As shown in Fig. 3, the turbulence generation
grids were mounted upstream of the open test section, in a box at-
tached to the end of the tunnel inlet.The box was designedso that the
grids couldbe changedwithout alteringthe test con� guration.Three
different rectangular grids were used, each with a different mesh
spacing, m D 1:905; 3:175, and 7.62 cm (0.75, 1.25, and 3.0 in.),
and rod diameter, d D 0:3175; 0:635, and 1.27 cm (0.125, 0.25, and
0.5 in.), respectively.The resultinggrid solidities(sgrid D 0:26; 0:34,
and 0.33) were nominally equal to those of the grids used by Sevik1

(sSevik D 0:27 and 0.34).

C. Test Conditions
When de� ning the speci� c test conditions for the experiments

performed in this research project, there were two primary consid-
erations, listed in order of importance: consistency with previous
rotor/turbulence ingestion experiments performed at Notre Dame
and dynamic similitude with the experimental work of Sevik.1

As noted earlier, a great deal of experimental work has been
performed at Notre Dame concerning the TIN from a four-bladed
rotor.12;13 The majority of these data were collected at a freestream
� ow speed of 12.7 m/s (41.9 ft/s). One of the primary objectives
of this research project was to perform a detailed empirical assess-
ment of the ingested velocity � eld, which was only speci� c to the
turbulencegenerationgrid, not the rotor. Because such information
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would enhance the utility of the existing empirical response data
for the four-bladed rotor at the same speed, a mean � ow velocity
of 12.7 m/s was selected for the current research. Furthermore, the
previous tests of Minniti et al.13 were taken with the rotor located
approximately 61 cm (24 in.) downstream of the grids (measured
with respect to the root leading edge of the rotor blades and the
trailing edge of the aftmost set of dowels comprising the grids).
Because the streamwise location was arbitrary, as long as it was
suf� ciently far downstreamfor turbulenceto develop, and the AWT
test section is fairly short 1.22 m (48 in.), a streamwise rotor location
61 cm (24 in.) downstream of the grids was selected for the current
experiments.

A secondary motivation for this research was to investigate pos-
sible de� ciencies in Sevik’s1 empirical thrust spectrum. The recent
theoretical work of Martinez6¡8 suggested that the relative ampli-
tude of the second harmonic of the thrust spectrum should be much
lower than that shown in Sevik’s published empirical data.1 How-
ever, to make validcomparisonsbetweenthe two experiments,it was
necessary to achievegeometric and dynamic similarity, to the great-
est extent possible. Geometric similarity was guaranteed because
Sevik’s rotor was used in the experiments.To achieve complete dy-
namic similitude between the two experiments, the following � ow
parametershad to be matched: the solidityof the turbulencegenerat-
ing grids, the freestreamMach number, the propeller advance ratio,
the Reynold’s number (based on propeller diameter), the relative
amplitudeof the velocitydisturbanceas compared to the freestream
� ow rate, and the scales of the resulting grid-generated turbulence,
relative to the propeller geometry.

As noted earlier, the solidities of the turbulence generation grids
used in this study were nominally equivalent to those used by
Sevik.1 Furthermore, the selected freestream velocity of 12.7 m/s
(41.9 ft/s) corresponded to a freestream Mach number of approxi-
mately 0.01, which was effectively the same as the Mach number
achieved in Sevik’s experiments (M ¼ 0:03). In addition, the rota-
tion rate was de� ned so that the rotor operatedat a range of advance
ratios (1:1 · J · 1:3), which included that used as in Sevik’s ex-
periment (JSevik D 1:22). Consequently, the � rst three assumptions
listed earlier were satis� ed. Because Sevik’s experiment was per-
formed in a water tunnel and the current research was performed in
air, it was not physically possible to match the Reynold’s number.
However, this issue was examined by Scharpf, who found that the
Reynold’s number dependence of the � ow through the rotor was
weak, so that the � ow characteristics in air re� ected the behavior
in water, as long as there was no cavitation in the water � ow.12 In
addition, the rotor was located more than 20 mesh distances down-
stream of the grids in Sevik’s experiments.1 Such a large separation
between the grid and the rotor was not physically possible in the
AWT. However, it will be shown in Sec. IV.A that the nominal
rms turbulence intensity measured for the given test conditions at
the selected rotor streamwise location behind the two larger grids
was the same order of magnitude as that measured by Sevik1 at his
test location (¼3%). Thus, the turbulence intensity assumption was
also satis� ed. The � nal similarity assumptiondeals with the relative
scales of the ingested turbulence. However, the experimental data
presented by Sevik1 does not include turbulence scales. Given the
lack of detailed turbulence scale data, the authors assume that sat-
isfaction of the other similarity assumptions provided a suf� cient
degree of dynamic similarity between the current experiment and
the previous work of Sevik to support valid comparisons between
the correspondingresults.

The rotor inlet plane was de� ned to be approximately 61 cm
(24 in.) downstream of the grids, which corresponded to the mid-
point of the test section. All of the data were taken at a mean
freestreamvelocityof 12:7 m/s (41:9 ft/s), which was the � ow speed
at which the majority of the previous aeroacoustic response data
were taken.12;13;19

To ensure statistical signi� cance, all of the measured data were
ensemble averaged over a large number of ensembles, each consist-
ing of 2048 samples, collected at a 4-kHz sampling rate. To avoid
aliasing high-frequency energy, the data were low-pass � ltered at
2 kHz. According to Bendat and Piersol,20 the required number of
data ensembles for suf� cient accuracy was smaller for the single-

point velocity measurements, such as the mean and rms � uctuation,
than the two-point velocity cross spectra used to de� ne the turbu-
lence spatial characteristics.The uncertainties in the measured data
were estimated using the error propagation technique of Kline and
McClintock (see Ref. 21), as shown in detail by Wojno.15 Uncer-
tainties of §2 and §7% were achieved for the mean and turbulent
velocity components, respectively, using 225 data ensembles. In
contrast, 625 ensembles were required to provide a nondimensional
cross-spectraldensity resolutionof 4%. Below this correlation� oor,
the measured cross-spectral data must be considered statistically
insigni� cant. The corresponding uncertainty for a 95% statistical
con� dence level in the measured turbulencecross spectra was §8%
of the measured value.

IV. Velocity Characterization
To characterizeempirically the ingestedvelocity � eld, a series of

detailed velocity measurements were performed. These tests were
performed for all three grids, at a nominal mean � ow velocity of
12.7 m/s (41.9 ft/s). Because of space limitations,only the results of
the initial turbulence measurements and the streamwise evolution
of isotropic turbulence are presented here for all three grids. De-
tailed characterizationof the 7.62-cm grid only, are presented in the
remaining sections,because it generated the strongestdisturbances.
However, similar results were obtained behind the smaller grids.

A. Initial Velocity Measurements
The � rst set of experiments were a series of initial velocity tests

to measure the rms turbulence intensities upstream of the rotor test
location. For these experiments, the sensor was positioned at an ar-
bitrary cross-stream location, approximately 50 cm (20 in.) down-
streamof each grid.The autospectrumof the turbulence� uctuations
were measured behind each grid. The nominal rms turbulence in-
tensities behind each grid were computed based on the autospectra.
These data are presented in Table 1.

B. Spatial Velocity Distribution
The grid of locationsat which velocitymeasurements were taken

is shown graphicallyin Fig. 4. The rotor inlet planewas divided into

Table 1 Nominal rms turbulence levels
measured 50 cm (20 in.) downstream of grid

at U ¼ 12:7 m/s (41.9 ft/s)

Mesh size RMS turbulence RMS turbulence
cm (in.) velocity, m/s (ft/s) intensity, %

1:905 .0:75/ 0:37 .1:22/ 2:9
3:175 .1:25/ 0:53 .1:75/ 4:1
7:620 .3:00/ 0:79 .2:60/ 6:2

Fig. 4 Spatial velocity distribution test grid.
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Fig.5 Meanvelocity structures in rotor inlet plate61 cm (24 in.)behind
downstream of 7.62-cm (3.0-in.) grid.

a cylindrical test grid, such that ¡75 · Á · 255 deg, 1Á D 5 deg,
3:175 · R · 10:795 cm (4.25 in.), and 1R D 0:635 cm (0.25 in.).

Mean Velocity Contours
A contourplot of the mean velocitydistributionis shown in Fig. 5

for the 7.62-cm (3.0-in.) grid. To highlight the spatial correlation
with the grid geometry, these data were superimposedon the cross-
stream locations of the adjacent upstream rods comprising the grid,
indicated in gray. These data clearly demonstrate that the spatial
velocity gradients were highly correlated to the relative position of
the rods upstream.However, the reader is cautioned against extract-
ingexactvelocityvaluesat any locationfrom theseplots,becausethe
plotted data were interpolatedonto a regular Cartesian grid from the
actual measurements that were taken in the cylindrical grid shown
in Fig. 4.

Circumferential Modes of Mean Velocity Field
As noted earlier, the rotor responds aeroacoustically to circum-

ferential modes of the ingested mean velocity � eld that are inte-
gral multiples of the blade number.2 The mean velocity contours
indicated that the mean velocity � eld downstream of each of the
grids contained some circumferentially varying components. Con-
sequently, the mean velocity distribution was decomposed into its
circumferential components.The decompositionwas implemented
using a spatial DFT.

To compute the tangential modes of the velocity � eld at a given
radial location, the velocity data must be known at a series of tan-
gential locations, separatedby a constant angular step size, over the
entire circumference of the circle prescribed by the given radius.
However, because of mechanical interference between the base of
the cylindrical traverse and the armature to which the probes were
attached, the experimental data were not collected over the full cir-
cumference.Instead, the data were collected over a tangential range
of approximately 330 deg (see Fig. 4) because no measurements
could be taken over an arc of approximately30 deg, centered at the
base of the traverse.The missingdata were � lled in with values from
measuredlocationsin theupperhalfof the rotorplane,whichwere at
the same relativepositionwith respect to the adjacentupstreamrods
comprising the grid. The nominal error from the approximationsto
the actual velocity data was evaluated by applying the procedure
to points adjacent to the missing region, for which measured data
were available. Comparisons between the correspondingmeasured
data and the approximation at these locations was less than 1% of
the measured value. This error was less than the uncertainty in the
measurements themselves, as noted in Sec. III. Consequently, the
data approximation techniquewas deemed suf� ciently accurate for
this application.

Once the mean velocity data was de� ned over the entire regular
annulargrid, the mean velocitydistributionwas decomposedinto its

Fig. 6 Circumferential mean velocity harmonics 61 cm (24 in.) down-
stream of 7.62-cm (3.0-in.) grid.

Fig. 7 Equivalence of turbulence spectra in rotating and inertial ref-
erence frames 61 cm (24 in.) downstream of 7.62-cm (3.0-in.) grid.

circumferentialcomponents,using the analysisproceduresoutlined
in Sec. II.B. The resultsof this analysisare presentedin Fig. 6 for the
7.62-cm(3.0-in.) grid. These data indicated that the � ow behind the
7.62-cm (3.0-in.) grid included a strong modal component at n D 4,
butonly a weak componentat n D 10. Consequently,the four-bladed
rotor would be expected to generate strong blade passage tones,
due to to the circumferentially varying mean velocity � eld. This
behavior was con� rmed when the four-bladed rotor response was
measured behind this grid.15 In contrast, the measured acousticdata
for the 10-bladed rotor exhibited no strong blade passage tones.
Consequently, the apparent modal content indicated for n D 10 was
deemed insigni� cant.

C. Turbulence Characterization
Velocity Measurement Reference Frame

Because the cylindrical traverse could not be simultaneously
mounted in the AWT with the dynamometer, the velocity mea-
surements had to be performed in an inertial cylindrical reference
frame, without the rotor operating in the � ow. However, in previous
work with the four-bladed rotor, Minniti et al. determined that the
streamwise turbulence spectrum, or, equivalently, the temporal tur-
bulence spectrum, is identical in the wave number domain, as long
as the appropriate local convection velocity is used.13 Furthermore,
Minniti et al. con� rmed that either the rotating or inertial spectra
could be used to predict the broadband response of a four-bladed
rotor. However, the direct turbulence comparisons that Minniti per-
formedwere not published.Only comparisonsbetween the resulting
acoustic predictions and the associated measured sound data were
presented explicitly. Consequently, Fig. 7 shows a comparison be-
tween the turbulence spectrum measured using a rotating sensor
behind the 7.62-cm (3-in.) grid (R. J. Minnitti III, private communi-
cation) and thatmeasuredin this research.WhenTaylor’s hypothesis
was used, the inertial data were converted to an equivalentspectrum
in the rotating frame, based on the increased convection velocity in
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the rotatingreferenceframe,as shown in Eq. (4). These data con� rm
the equivalenceof the turbulence spectra in the rotating and inertial
reference frames. In addition,because the rotor was operatingat ad-
vance ratios close to unity, the accelerationeffects of the rotor were
deemed to be nominal. Thus, the velocity data presented here were
taken in the inertial reference frame, without the rotor operating in
the � ow.

Semi-Empirical Spectral Density Model
As shown in Eq.(1), the directional dependence of the modeled

spectral density function was assumed to be separable. This model
allowed each spatial direction to be analyzed independently of the
others.

Streamwise Behavior
The spatially averaged, nondimensional, temporal autospectrum

of the turbulent velocity � uctuations measured by each sensor
captured the essential behavior of the two-dimensional turbulent
wave number spectrum with respect to the temporal frequency.Be-
cause the cross-stream direction was arbitrary, this behavior logi-
cally extends to the temporal domain and both cross-streamdimen-
sions. However, given Taylor’s hypothesis, the temporal frequency
and streamwise wave number were equivalent parameters. Conse-
quently, the empirical, temporal autospectrum behind the grid was
used to de� ne the streamwise energy content of the semi-empirical,
functional three-dimensionalturbulence spectral density.As shown
in Eq. (1), the streamwise spectral density was nondimensionalized
with respect to the mean-squaredturbulence� uctuation.The nondi-
mensional streamwise spectral density behind the 7.62-cm (3.0-in.)
grid is presented in Fig. 8.

For historicalperspective,the measured streamwise spectral den-
sity behind the 7.62 cm (3.0 in.) grid was also nondimensionalized
in the manner of von Kármán.22 These data are plotted, along with
von Kármán’s published data, against the nondimensional stream-
wise wave number in Fig. 9. For consistency with von Kármán’s

Fig. 8 Streamwise dependence of turbulence spectral density 61 cm
(24 in.) downstream of 7.62-cm (3.0-in.) grid.

Fig. 9 Streamwise turbulence spectrum: comparison to historical data
61 cm (24 in.) downstream of 7.62-cm (3.0-in.) grid.

analysis, the streamwise wave number was nondimensionalized
with respect to the wave number of the energy-containing eddies
ke from isotropic � ow theory. This parameter was de� ned as shown
in Eq. (12) [Eq. (3–158) in Ref. 15]. A reference line indicating the
expected isotropic decay rate, [k1=ke]¡.5=3/ , has also been drawn,
displaced from the data for clarity:

ke ¼ 1:5.urms/
2=¼ E.0/ (12)

The nondimensional empirical autospectrum measured behind
the 7.62-cm (3.0-in.) grid agreed very well with von Kármán’s pub-
lisheddata.22 Furthermore,both spectraapproachthe isotropictrend
at high wave numbers.

Cross-Stream Behavior
The functional dependence of the three-dimensionalwave num-

ber spectral density on each of the cross-stream directions (radial
or tangential) was determined independently of each other and the
streamwise direction. The cross-streamdependence was de� ned in
terms of the theoreticalone-dimensionalwave number spectralden-
sity function given in Eq. (7). Consequently, the spectral density
functions in the cross-streamdirectionswere directly dependent on
the associated turbulence scales [as shown in Eq. (7)]. However,
the scales of the inhomogeneousturbulence� eld downstreamof the
grids were actually functions of both position and frequency. An
example of the spatial and frequency dependence of the resulting
turbulencescale is presented in Fig. 10, which was determined for a
� xed tangentialprobe separationof µ D 4 deg [which corresponded
to an arc length ds D 0:53 cm (0.21 in.) at the radial probe location
R D 7:62 cm (3.0 in.)].

These data suggest potential anisotropy of the grid turbulence.
For example, the tangential scale exhibitedspatial structures,which
gave rise to a local banding of the contours, as indicated by the
region between the horizontal black lines superimposed in Fig. 10.
Similar results were obtained for the radial turbulence scales, al-
though the radial scales at a given temporal frequency were larger
(approximately twice as large), and exhibited less spatial structure
than the corresponding tangential scales.

However, the overall objective of the analysis was to de� ne a
scaled, near-isotropic turbulence model, which was representative
of the turbulence characteristics that a blade rotating through the
inhomogeneous � ow would experience. This model was devel-
oped in terms of frequency-dependentturbulence scales [as shown
in Eq. (9)], based on circumferentially averaged cross-spectral
data, for a number of probe separations. When plotted together,
these data de� ned a general decay trend of the cross-stream turbu-
lence scales with streamwise wave number. The streamwise wave
number dependence of the resulting functional representations of
the nondimensional radial and tangential turbulence scales is pre-
sented, in nondimensionalform, in Fig. 11 for the 7.62-cm (3.0-in.)
grid. The corresponding empirical coef� cients are presented
in Table 2.

Fig. 10 Spatial and frequency dependence of tangential turbulence
scales 61 cm (24 in.) downstream of 7.62-cm (3.0-in.) grid, probe
separation (r, µ) = (0.0,4 deg).
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Table 2 Empirical constants for turbulence
scale functions [as de� ned in Eq. (9)] 61 cm
(24 in.) downstream of 7.62-cm (3.0-in.) grid

Empirical constants

Direction, i ai bi , m¡1 ci , m

Tangential 1.08 3.51 0.0487
Radial 0.9 0.86 0.0487

Fig. 11 Streamwise dependence of empirical turbulence scale func-
tions 61 cm (24 in.) downstream of 7.62-cm (3.0-in.) grid.

The estimated tangentialand radialscalesarepresentedin Fig. 11.
These data indicate that both scales were of a comparable or-
der at high wave numbers (or, equivalently, frequency). Further-
more, at the lowest frequencies, the tangential scales were some-
what lower than the corresponding radial scales. However, note
that these data were based on the assumed exponential correlation
decay presented in Eq. (6), which is primarily valid in the high-
frequencylimit.Thus, overall,thesedatasupportthe near isotropyof
grid-generated turbulence, which has been documented by numer-
ous previous investigators.22;23

Finally, the low-frequency asymptote of the radial turbulence
scale, 3R , was »0:3 mesh spacings, or 2.3 cm (0.9 in.). Be-
cause the span of the 10-bladed rotor, L R , was 7.62 cm (3.0 in.),
3R=L R ¼ 0:3 < 1. This relativescalingpermitteda simpli� cationof
the radial integration, which was required to estimate the unsteady
thrust response of the rotor, as shown in part 2 of the TIN research,
presented by the authors.14

Evaluation of Taylor’s Hypothesis
The historical criterion for the validityof Taylor’s hypothesis is a

maximumrelativevelocitydisturbanceof approximately10%of the
mean � ow rate. This was clearly satis� ed by the � ow behind each of
thegrids,as indicatedby themeasuredturbulenceintensitieslistedin
Table 1. However, the validityof this assumptionwas also examined
in terms of the relativemagnitudeof the measured turbulencescales
in each spatial direction. Discrete values of the streamwise scales
were generated, based on the measured cross-spectraldensities, as
de� ned in Eq. (6).

To estimate the streamwise turbulence scales, a series of three
velocity cross-spectral measurements were made, with incremen-
tal streamwise sensor separationdistances.The initialmeasurement
was made for nominally zero streamwiseseparation.To avoidcatas-
trophic failures due to probe collisions, the sensors were separated
in the cross-stream plane by approximately 2.5 mm (0.1 in.). To
account for the necessary correlation decay due to even minimal
spearations, the zero separation measurement de� ned the baseline
correlation level for these tests. Afterwards, the cross-spectralmea-
surement was repeated twice, with one sensor at the same stream-
wise location and the other sensor moved 5 cm (2 in.) downstream
from the previous test position. These data were used to quantify
the correlationdecay in the streamwise direction, assuming the fol-
lowing exponential decay model.

As noted earlier, semi-empirical functional models of the radial
and tangential turbulence scales were generated based on the dis-

Fig. 12 Veri� cation of Taylor’s hypothesis 61 cm (24 in.) downstream
of 7.62-cm (3.0-in.) grid.

crete empirical data. This was necessary because of the need for a
continuousde� nitionof the cross- streamspectraldensityfunctions,
to evaluate Eq. (1) for arbitrary wave number step sizes. A similar
analysiswas used on the measured streamwise cross-spectraldensi-
ties in the Taylor’s hypothesis tests. However, the correlationdecay
in the baseline level, due to the initial sensor displacement in the
zero separationcon� guration,had to be taken into account.This was
donebynormalizingthe nondimensionalcross-spectraldensityover
the de� ned separation, ° .x; f /, with respect to the baseline value,
°0. f /. The resulting ratio was assumed to decay exponentiallywith
streamwise separation as follows:

° .x; f /=°0. f / ¼ exp[¡jxj=3x . f /] (13)

This equation was inverted to obtain discrete estimates of the
streamwise turbulencescales, based on the measured cross-spectral
densities. The resulting empirical turbulence scale estimates for the
7.62-cm (3.0-in.) grid in all three spatial directions are presented
as functions of temporal frequency in Fig. 12. Note that the cross-
stream scale values are based on the continuous functional approx-
imation to the discrete measured data. These data demonstrate that
the streamwise turbulence scales are orders of magnitude larger
than the correspondingcross-streamscales.This result con� rms the
convection dominance of the � ow� eld. Consequently, the relative
magnitude of the spatial turbulence scales indicates that Taylor’s
hypothesis is a physically justi� able assumption.

Because Taylor’s hypothesis was assessed to be valid, the fre-
quencydependenceof the streamwise scales was transformedinto a
streamwisewave numberdependence,as shown in Eq. (2). This was
done to obtaina continuousfunctionalapproximationto the discrete
empirical scale data, in the manner developed in Sec. II.A. Rather
than the inverse quadratic wave number dependence demonstrated
by the cross-streamscales, however, the inverse linear model devel-
oped by Corcos17 provided a better � t to the empirical streamwise
scale data. The value of the empirical coef� cient in Eq. (8) that best
� t the measured data for the 7.62-cm (3.0-in.) grid was Oa D 1

90
.

Veri� cation of Separability
The fundamental assumption used to develop the functional rep-

resentation of the three-dimensionalwave number spectral density
in the rotor coordinate system was the assumed separability of the
spectral density function [see Eq. (1)]. This assumption simpli� ed
the mathematically complex problem of generating a multidimen-
sional surface to describe the behavior of the spectral density func-
tion in all three spatial dimensions, that is, streamwise, radial, and
tangential, to determine three independent functions that de� ne the
behavior of the turbulence in each direction.

As long as Taylor’s assumption is valid, the separation of the
streamwise behavior from the cross-stream directions was justi� -
able on physical grounds. It was shown in the preceding section
that Taylor’s hypothesiswas reasonable,based on the relative mag-
nitude of the streamwise and cross-stream scales. In contrast, the
separationof the radial and tangentialdependencein the rotor plane
was incorporated for analytical convenience. To verify the cross-
stream directional separability, two-sensor spectral measurements
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Fig. 13 Veri� cation of directional separability 61 cm (24 in.) down-
stream of 7.62-cm (3.0-in.) grid; probe separation x ´ (r, µ) = (0.2 in.
4 deg).

Fig. 14 Streamwise evolution of isotropy.

were made for three different separation vectors d at 19 tangential
locations in the rotor plane. The separation vectors were de� ned
as the vector sum of component separations in both the radial and
tangential directions.

x D r Oer C Rµ Oeµ (14)

The temporal cross spectrum between the sensors and the au-
tospectrum measured by each sensor was recorded for each of the
de� ned separation vectors, at each tangential location. These tests
were repeated for the corresponding component separations in the
radial and tangential directions only. These data were used to esti-
mate the turbulence scales along their respective directions, x, Oer ,
and Oeµ . The component scales were combined to generate a theoret-
ical composite scale, assuming a separable,exponentiallydecaying
correlationfunction.The estimatedcompositescaleswere compared
to the correspondingmeasured data to assess the validityof the sep-
arability assumption. An example of the measured and composite
turbulence scale comparisons is presented in Fig. 13 for r D 0:2 in.
(5.08 mm) and µ D 4 deg.

These data agreed very well, out to a frequencyof approximately
350 Hz. At this frequency,the measured nondimensionalturbulence
scale levelsoff at 0.03,whereas the theoreticalcompositevaluecon-
tinues decaying to approximately 0.02 at a frequency of 500 Hz.
However, the data beyond500 and 350 Hz were not statisticallysig-
ni� cant because they corresponded to measured coherence levels
below the minimum resolution of 4%. When these data were disre-
garded,Fig. 13 demonstratedexcellentagreementbetween the mea-
sured and composite turbulence scales. Therefore, these data verify
that the assumed directional separability of the three-dimensional
turbulent spectral density would successfully capture the relevant
� ow physics.

Streamwise Evolution of Isotropy
Finally, the separabilityof the turbulencemodel implied a sort of

scaled isotropy, where the streamwise spectral density of the turbu-
lencede� ned the total energydensity of the three-dimensionalspec-
tral density function, which was modi� ed by the scale-dependent

cross-stream spectral density functions (see Sec. II.A). Conse-
quently,a seriesofmeasurementsweremade to determinethedegree
of isotropy that existed behind the grid. In particular, the rms turbu-
lence � uctuation was measured using two single-normal hot-wire
sensors, which were aligned perpendicular to each other, such that
both probe axes were parallel with the streamwise direction. The
ratio of the relative turbulence components measured by each sen-
sor provided an estimate of the degree of isotropy. The results of
these tests are presented in Fig. 14 for all of the grids. Because
this ratio was nominally unity, particularly at the farthest distance
downstream of the grids (which was the de� ned rotor inlet plane),
the scaled isotropy model was deemed to be valid.

V. Conclusions
In this research, a detailed empirical characterization of the in-

gested grid-generateddisturbance� eld was performed. This veloc-
ity � eld consisted of a spatiotemporally varying turbulence � eld
superimposed on an inhomogeneousmean velocity distribution.A
three-dimensionalsemi-empirical,separable, turbulencemodel was
de� ned in terms of spatially averaged, measured turbulence char-
acteristics. This separable model was de� ned using the measured
streamwisespectraldensity(or, equivalently,the temporalautospec-
tral density) of the turbulenceand the nondimensional,cross-stream
spectral density functions,which were de� ned in terms of empirical
cross-stream turbulence scales. Continuous models for the turbu-
lence scales in each spatial direction were de� ned as functions of
streamwise wave number (or, equivalently, temporal frequency), in
the manner of Corcos,17 using empirically determined constants.
The validity of Taylor’s hypothesis was veri� ed by the relative
amplitudes of these empirical scales, which demonstrated that the
streamwise correlation scales were two orders of magnitude larger
than the corresponding cross-stream scales. Finally, the measured
mean velocity distribution in the rotor inlet plane was shown to
exhibit acoustically relevant circumferentialmodes.
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