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Inferring Propeller In� ow and Radiation from Near-Field
Response, Part 2: Empirical Application

R. J. Minniti and W. K. Blake†
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and

T. J. Mueller‡
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Data analysistechniques were previously developed for rotating machinery that predicted the far-� eld radiation,
inferred in� ow characteristics, and de� ned the near-� eld/far-� eld acoustic Green’s function based on measure-
ments of the pressure near � eld (Minniti, R. J., Blake, W. K., and Mueller, T. J., “Inferring Propeller In� ow and
Radiation from Near-Field Response, Part 1: Analytic Development,” AIAA Journal, Vol. 39, No. 6, 2000, pp. 1030–

1036). The techniques are applied to a free-running propeller in subsonic � ow. As a � rst case, the propeller ingesting
large-scale, mean-� ow distortions as would be present downstream of stators or inlet guide vanes was considered.
This simpli� ed case allowed qualitative analysis in the time domain and complimenting quantitative analysis in
the frequency domain. In addition, the case acted as a calibrating con� guration to map the frequency response
of the individual blades to the incoming � ow by varying the number of distortions present and the rotational
speed of the propeller. Based on the results of the � rst case, the analysis was extended to the propeller ingesting
grid-generated turbulence. Because of the complex nature of the � ow, all analysis was completed in the frequency
domain. By the use of the techniques in “Inferring Propeller In� ow and Radiation from Near-Field Response, Part
1: Analytic Development,” an estimate of the blade summation gain was used to complete the direct solution of the
aeroacoustic problem and predict the acoustic far � eld from a measurement of the ingested � ow. Additionally, the
in� ow character was inferred from the near-� eld measurements.

Nomenclature
B = blade number
c = airfoil chord
c0 = speed of sound
f = frequency in cycles
J = advance ratio, U / ns D
K = calibration function
k1 = primary reduced frequency, x c/ 2U
M = characteristicmesh size
M = freestream Mach number, U / c0

ns = rotational speed of propeller, revolutionsper second
p = unsteady pressure on airfoil
Se(k1 ) = Sears function
t = time
U = freestream velocity
u = unsteady velocity
x = blade position vector
q = density of air
U x = two-sided auto-spectral density
X = propeller shaft rate
x = circular frequency

Subscripts

i = quantities associated with individual blades
R = quantities associated with sum of ring array
1 = chordwise, scalar component of a vector
2 = normal, scalar component of a vector
3 = spanwise, scalar component of a vector
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Superscript

= quantity normalized by half chord

Introduction: Problem Statement

U NDERSTANDING the response of rotating machinery to the
ingestion of unsteady � ow in a manner that has practical ap-

plication to identi� cation and removal of speci� c noise sources is
complicated by many factors. The most signi� cant of these are the
lack of experimental methods appropriate to characterize the pro-
peller responseand the inabilityof existingmodel results to scale to
full-scaleapplication.The total propellerresponsetypicallymust be
inferred from a comparison of the measured acoustic radiation and
the calculated individual blade response. The individual blade re-
sponse is a result of local interactionwith the � ow whereas the total
response is due to global interaction of the propeller with the in-
gested � ow� eld. Effectively, the propeller geometry samples the
� ow at many circumferentiallyperiodiclocationscreatingnear-� eld
pressure responses around each sampling blade. In the near � eld of
the propeller,the � uidacts as a summing medium, suppressingsome
blade response characteristics while emphasizing others based on
the local correlation of pressure. Therefore, the total response and
ultimately the acoustic radiation of the propeller in unsteady � ow
result from a complex interaction of the � ow characteristics and
propeller geometry.

In Ref. 1, techniqueswere presented to use experimentaldata ob-
tained upstream of the propeller, at the surface of propeller blades
and in the acoustic far � eld to characterize this complex response.
The techniquestake advantageof the circumferentiallyperiodicpro-
pellergeometry and use the bladepositionsas optimalmeasurement
locations for determining the total response. Thus, interpretationof
the near-� eld pressure data was reduced to intuitive assumptions
about how the � uid summed the individual contributions of the
blades. The primary objective of the research was to characterize
unsteady thrust production. If the � uid response to thrust can be
approximated by a linear summation of individual blade response,
the sum of the blade surface pressures can be used to characterize
the total thrust response. Therefore, motivation is given for using
directmeasurementsof the pressurenear � eld to predict the acoustic
response of the propeller in unsteady � ow.
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The strategyfor using the near-� eld data was applied to a free run-
ning propelleringestingunsteady� ow. The instrumentationscheme
was chosen to give all of the data necessary to apply the method.
Additionally, the � ow� elds were designed to bring out aspects of
the acoustic response that would be clearly demonstrated by the
method. Thus, the use of large-scale, mean-� ow distortions, such
as are present downstream of stators or inlet guide vanes, were an-
alyzed � rst. These types of � ows represent validation cases for the
methods and calibrating cases for empirically describing the indi-
vidual blade responseto the incoming � ow. With such a description,
it is not necessary to rely on an analyticdevelopmentof the response
of the real blade geometry. The technique was then applied to the
propeller operating in grid-generated turbulence extending the use
of the methods.

In practical applications,the � ow ingested by rotating machinery
is typicallya combinationof both types of � ows. Therefore,because
the method is robust in both cases, it can be used as an in situ mea-
surement scheme for direct identi� cation and removal of ingested
noise sources. Note that the techniques do not describe other noise
sources such as Gutin noise, trailing-edge noise, or other forms of
noise not associated with the leading-edge reaction of the blade to
the incoming � ow. Finally, the development in Ref. 1 was appropri-
ate for propellers operating in subsonic � ow, that is, M < 0.15.

Experimental Approach
The experiment consisted of an instrumented four-blade model

propeller ingesting large-scale and small-scale nonuniform � ow-
� elds in an anechoic wind tunnel. The Anechoic Wind Tunnel at
the University of Notre Dame is described by Mueller et al.2,3 To
summarize, the facility is a 0.61 0.61 m (2 2 ft) freejet wind
tunnel capable of freestream � ow speeds of 33 m/s (108 ft/s). The
tunnel is enclosed in an anechoic chamber 9.14 m (30 ft) long by
7.35 m (24 ft) wide by 3.66 m (12 ft) high. The jet produces quiet,
laminar � ow with a mean turbulence intensity of less than 0.1%
along the centerline.Acoustic treatments on the walls, ceiling, and
� oor, coupled with muf� ers on the diffuser, create an ambient noise
at 1000 Hz of 30-dB Re 20 l Pa at 0.91 m (3 ft) from the jet center-
line for a � ow speed of 17 m/s (56 ft/s). The low-frequency cutoff
of the chamber is less than 100 Hz. The use of this facility allows
measurements to be made of the incoming � ow� eld, the near-� eld
pressure response of the propeller blades, and the far-� eld direct
radiation of the propeller operating in unsteady � ow.

A microphoneboom is mounted on the ceiling of the chamber al-
lowing automatedand repeatablepositioningof microphoneswithin
the anechoic region of the tunnel. The motion of the boom allows
multiplemeasurementsof the sound� eldalonganarc in theacoustic
� eld.Minnitiet al.4 estimated the uncertaintyin soundpressurelevel
(SPL) measurementto be 0.8 dB Re 20 l Pa. Typically, the SPL in
the chamber is measured using a B&K 1.27-cm (0.5-in.) Type-4181
or a 6.35-cm (0.25-in.) Type-4135 microphone with acoustic sen-
sitivity of approximately 87 or 43 mV/Pa, respectively.The micro-
phones are calibrated before each experiment using a B&K piston-
phone (Type 4228) and calibration barometer (Type UZ0004).

The facility has an automated traverse for making hot-wire or
hot-� lm measurementsof the � ow. Both single-wireand cross-wire
measurementsare typicaland the methodsof calibrationand assess-
ment of measurement uncertaintyhave been addressedby Scharpf5

and Minniti.6 Generally stated, the uncertainty of single-wire mea-
surements is 1% of mean-� ow valuesand 2% of turbulentlevels.
For cross-wiremeasurements,the uncertaintyis much more dif� cult
to assess analytically.However, based on end-to-endmeasurements
and the estimated bias error, the uncertainty in the turbulentcompo-
nent is given as 5% of the reported value. In addition to measure-
ments taken using the automated traverse, a hot wire was mounted
on one of the propellerblades to sample the � ow just forward of the
blade leading edge during some of the experiments.

The propellerwas a left-hand, four-bladepropeller (Model 3174)
with a diameter of 25.4 cm (10 in.). Made originally at the David
Taylor Model Basin as part of a larger study, it was selected for
the current research due to its availability and simple geometry.
The propeller has thin blade sections resembling 3% thick NACA
airfoils with chord of approximately5.1 cm (2 in.) at the 70% span.

Table 1 Location of PVDF pressure transducers
on propeller

Chordwise
Sensor Radial location location Sensor
number x3 / L 3 100% x1 / c 100% description

1–4 70 8.9 Ring, SS
5 82.5 7.3 Tip, SS
6 65 9.4 Midspan, SS
7 57.5 9.6 Hub, SS
8 82.5 7.3 Tip, PS
9 65 9.4 Midspan, PS

Fig. 1 Sensor construction.

The blades have small leading- and trailing-edge skew so that the
overall blade planform has little skew or rake. The propellerpitch is
32.1 cm (12.62 in.) at the 70% span and the expanded area ratio is
0.45. The design advance ratio of the propeller is roughly 1.2, and
the zero thrust advance ratio is 1.4.

The propeller was instrumented with small polyvinylidine � u-
oride (PVDF), unsteady-pressure transducers on each blade. As
shown in Fig. 1, the transducerswere constructedof a small section
of PVDF � lm mounted on a stiff � berglass wafer. The � lm/wafer
combination was then mounted � ush to the blade surface with soft
cure silicon to provide mechanical isolation between the blade and
sensor.The PVDF signalwas carriedby a twistedpair of wires to the
hub of the propeller, where its high impedance output was ampli-
� ed by the circuitry shown in Fig. 2. This low impedance signal was
then brought to the stationary reference frame with water-cooled,
mercury slip rings.

Once installed in the propeller, the sensors were calibrated for
both phase and magnitude response relative to a B&K 6.35-cm
(0.25-in.) Type-4135 microphone. Calibration involved exposing
both transducers to a combination of white noise and swept sine
waves broadcast through a loud speaker in the anechoic chamber.
To assure accurate characterizationof PVDF response over a wide
range of frequencies, the two transducers were placed as close to
each other as possible with the speaker placed at a large distance.
Additionally,calibrationdata obtainedwhen the coherencebetween
the two sensors was less than 0.95 was rejected. The complete re-
sponse function was, therefore, obtained during a series of calibra-
tion experiments with varying levels of amplitude and frequency
content. The frequency-responsephase and magnitude found dur-
ing a typical calibration experiment is shown in Fig. 3. The sensor
calibration procedure and the results of previous experiments to
measure unsteady pressureon the surface of thin airfoils and model
propellers in unsteady � ow are described by Minniti et al.,7 Minniti
and Mueller,8 and Lynch et al.9 In Ref. 10, the uncertainty of the
transducers was estimated to be 8% of the reported value.

Strategy for Propeller Instrumentation
The four-bladepropellerinstrumentedwith sensorson each blade

is shown in Fig. 4a. In a typical experiment, the instrumented pro-
peller is placed in a distorted � ow� eld as in Figure 4b. Ideally, an
array of sensors that sampled the unsteady pressure at many points
on each propeller blade would have enabled complete characteriza-
tion of the unsteady lift. Because this was not possible, a smaller
number of sensors were arranged on the propeller such that they
produced three transducer arrays with acoustically relevant spatial
distributions. In particular, the arrays assessed the blade-to-blade
correlation of unsteady blade lift, the spanwise correlation of the
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Fig. 2 Schematic of preampli� cation circuitry installed in propeller hub.

Fig. 3 Typical PVDF transducer frequency-response function ob-
tained during calibration experiment. (Note: sensitivity scale is loga-
rithmic on left and phase scale is linear on right.)

Fig. 4a Instrumented propeller.

Fig. 4b Propeller operat-
ing in unsteady � ow.

unsteadylift, and the antisymmetryof unsteadypressurejump. Each
of these helps to characterize the global propeller response to the
unsteady � ow� eld as outlined in Ref. 1. Table 1 lists all sensor
locations, where the pressure side (PS) and suction side (SS) of the
blade are noted, respectively.

A ring of four sensors placed at a constant radial and chordwise
location on the suction face of each blade made up the � rst array.
The sensors were located at 10% of the chord and 70% of the span.
The chordwise location was selected to sample the blade response
near the leading edge, where the unsteady pressure due to the lead-
ing edge interaction would be greatest in magnitude. The radial
location was chosen to place the sensor at the location that would
best characterize the total blade response. Because the steady blade
loading is greatest at approximately 70% of the span, the unsteady

Fig. 5 Actual model propeller mounted on dynamometer in front of
cyclic � ow distortion screen.

lift was analogously anticipated to be greatest in this region due
to increased rotational velocity and local blade chord. The single
point measurement sampled the unsteady pressure at a point most
representativeof the individual blade response, and the array char-
acterized the total propeller response.Thus, summations of the four
sensor signals characterized the essential behavior of the total un-
steady force by assuming a linear relationship existed between the
single point unsteady pressure and the total unsteady blade lift.

On two of the blades, sensors were arranged in spanwise arrays.
The � rst of these included the fourth sensor from the ring array
and three other sensors, all located on the suction face of the blade.
The four sensors were centered about 65% of the span giving a
measure of the spanwise correlation of the unsteady pressure for
several separation lengths. The last array included the third sensor
from the ring array and two sensors placed on the pressure face of
the same blade. These sensors allowed for an investigation of the
antisymmetry of unsteady pressure jump as well as effects of � ow
separation. These effects were present on the suction face of the
blades under mean loading conditions.

Unsteady/Nonuniform Flow Generators
The propeller was exposed to � ows composed of both spatially

nonuniform mean � ow and turbulence. The � ow� elds fell gener-
ally into one of two categories. The � rst of these were large-scale,
steady, nonuniform � ows that were circumferentiallyperiodic. The
second class of � ows involved grid generated turbulence with dif-
ferent characteristic eddy sizes produced by varying the mesh so-
lidity and composition. The screens generated � ows that produced
speci� c levels of blade-to-blade correlation of unsteady pressure.
Blade-to-bladecorrelation of unsteady pressure enhances unsteady
thrust and side force production, the primary sources of acoustic
radiation during the experiment. Therefore, by characterizing the
types of propeller forces using the unsteady pressure arrays, esti-
mates of the expected acoustic radiation were made for comparison
to far-� eld measurements.

The cyclic devices, shown in Fig. 5, were designed such that
the propeller ingested spatially harmonic, nearly sinusoidal, varia-
tionsof themean � ow duringrotation.Therefore,shaft-rate-multiple
spectral modes characterized the � ows, making analysis of the re-
sponse more straightforward than broadband turbulence ingestion.
These cyclic devices produced large-scale � ow distortions of two,
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Fig. 6 Diagram of cyclic distortion devices used in experiments.

Fig. 7 Diagram of turbulence generating grid used in experiments.

three, and four cycles per shaft rotation. The magnitude, direction,
and spectralcharacterof the net propellerresponsewere determined
by these harmonic features. Subramanian and Mueller11 carefully
documentedthe circumferentialand radial variationof the mean and
turbulent � ows produced by these screens at several axial stations
in the � ow. The analysis of the propeller response to these � ows al-
lowed for their use as known or calibrating� ow conditions.Figure 6
shows a photograph of the instrumented propeller at its operating
location in front of the four-cycle � ow generator.

Figure 7 shows an exampleof the turbulencegeneratinggrids that
were placed in the � ow upstream of the propeller. A total of three
grids were used during the experiments with characteristic mesh
sizes of 1.9 (0.75), 3.2 (1.25), and 7.6 cm (3.0 in.). Turbulence in-
tensity, correlation length, and spectral character of the turbulence
are all related to the characteristic mesh size of the grids. As dis-
cussed in Ref. 1, the production of unsteady force on the rotating
propeller is dependent on the length scale of the turbulence by two
separate mechanisms. The � rst involves reduction of the individual
blade lift by correlation lengths smaller than the blade span. The
second is the blade-to-bladecoupling produced by turbulent length
scales on the order of the blade spacing. This coupling enhances
unsteady force and is responsible for both tonal and broadband ele-
vation of the radiated noise near the blade rate harmonics. Scharpf
andMueller12 characterizedpropellerbroadbandradiationdue to the
grid-generated turbulence, laying the basis for the measurements.
However, in the current experiments, the combination of velocity,
pressure near-� eld, and acoustic far-� eld measurements combined
to characterize fully the propeller response.

Propeller Response to Cyclic Flow Devices
The results of exposing the propeller to the cyclic � ow devices

are presented � rst. These present canonical cases where the mean
� ow� eld can be describedby single pointmeasurementsof the � ow.
Additionally,these cases explore the extremes of unsteady� ow cor-
relation in terms of the propellergeometry. First, the mean � ow dis-
tortions have little radial phase variation and create unsteady � ow
in the rotating reference frame that is well correlatedalong the span
of the blade. Second, the mean � ows are composed of circumfer-
ential modes that can be associatedwith shaft rate harmonics in the
rotating reference frame producing speci� c levels of blade-to-blade
correlation of lift. To eliminate effects of mean blade loading and
minimize viscous effects, the data were obtained with the propeller
operating in the � ows at the zero mean thrust condition (J 1.4).

The correlation conditions that occur between blades are shown
in Figs. 8a and 8b. The four-cycle � ow produces unsteady lift that
is in phase from blade to blade for the four-blade propeller. When
this condition occurs, a signi� cant amount of unsteady thrust and
acousticradiationis anticipatedat thebladerateharmonics.Alterna-
tively, the three-cycle � ow case produces unsteady � ow that, while
being correlated from blade to blade, forces opposite blade pairs
out of phase. Thus, the individual blade contributions to unsteady
thrust are canceled, and only side forces are produced at the blade
rate frequency. The anticipated acoustic radiation at the blade rate
frequency is much lower. Thus, the two � ows create demonstration
cases for using the sum of the ring array of pressure transducers to
approximate the blade summation gain and to identify the acous-
tically relevant blade loading components. In fact, they form the
ideal cases where little variation in summation gain exists along the
span of the blades and the single location estimate is an accurate
approximation of the total summation gain.

Figure 9 shows time traces of the unsteady pressure produced
with the propeller operating at J 1.4 (3000 rpm) downstream of
the four-cycle distortion. The pressure signals are compared to the
velocitymeasurementmade by the rotatingblademountedhot wire.
In Fig. 9, an arbitrary gain has been applied to the velocity data; as

a) b)

Fig. 8 Four-blade propeller operating downstream of four- and three-
cycle distortions showing the generation of unsteady thrust and side
forces.

Fig. 9 Unsteady pressures measured on rotating propeller blades op-
erating at J = 1:4 downstream of the four-cycle distortions.
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Fig. 10 Unsteady pressures measured on rotating propeller blades op-
erating at J = 1:4 downstream of the three-cycle distortions.

Fig. 11 Coherent sum of pressures measured on the blade of the pro-
peller operating downstream of the four-cycle distortion at J = 1:4 large
blade rate thrust.

such, the units have no quantitative meaning. The unsteady pres-
sure and velocity have four distinct cycles within the shaft rotation.
Thus, the pressuredistortionsof all blades are in phase and produce
a summation gain near B2 . In addition, the velocity and pressure
measurements were made such that a phase shift between the two
measurements of approximately p is expected. The observedphase
shift is not exactly p because the unsteady lift coef� cient contains
an additional complex phase. This complex phase will be quantita-
tively examined by comparison to the phase predicted by the Sears
function (Ref. 1) for the broadband turbulence case.

Figure 10 shows a similar plot for the propeller operating at
J 1.4 (3000 rpm) downstreamof the three-cycledistortionscreen.
The signals from each of the sensors have been shifted by a quarter
shaft rotation to account for tangential location of the blades. When
the signals are shifted in Fig. 10, the presenceof the three-cycledis-
tortion produced by the screen is clearly shown. Additionally, the
shift demonstrates how the spatial � lter associated with the side-
force summation gain predicts blade rate side force. However, the
shifting obscures the importance of the relative phase between sen-
sor signals in the rotating frame. If the signals are not phase shifted,
then theopposingpairsof sensors,that is, sensors1 and3 and sensors
2 and 4, are p out of phase with each other.Thus, when summed, no
thrust is produced,which indicatesthe axial summationgain is zero.

Figures11 and 12 show the resultsof summing the unsteadypres-
sure data from Figs. 9 and 10 in the time domain. This summation
was de� ned in Ref. 1 as

p0
R (t )

B

j 1

p j (t ) (1)

In the preceding � gures (i.e., Figs. 9 and 10), the unsteady pressure
� uctuated between 150 and 150 Pa. However, in Figure 11 the

Fig. 12 Coherent sum of pressures measured on the blade of the pro-
peller operating downstream of the three-cycle distortion at J = 1:4
showing little blade rate thrust.

Fig. 13 Spectral decompositionof unsteadypressures measured on the
blades of the propeller operating at J = 1:4 downstream of the four-cycle
distortion showing increased force at blade rate harmonics.

Fig. 14 Spectral decomposition of unsteady pressures measured on
the blades of the propeller operating at J = 1:4 downstream of the three-
cycle distortion showing increased force at the blade rate harmonics and
a net loss at the distortion harmonics.

summed signal downstream of the four-cycle distortion � uctuates
between 600 and 600 Pa. This indicates the amplitudeof the four-
cycle response was ampli� ed by a factor of B, indicating the mean-
squarevalue increasedby B2 . In contrast,Fig. 12 shows the summa-
tionnearlyeliminatedany� uctuationassociatedwith the three-cycle
mode. All that remains of the signal is a small one-cycle � uctuation
that resulted from asymmetry in one of the cyclic screen distortion
sections.

Figures 13 and 14 contain the summed signals in the frequency
domain. In Figs. 13 and 14, the incoherently averaged pressure
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spectrum of the array is compared to the spectrum of the coher-
ent sum of the array signals. Figure 13 shows the ampli� cation
produced by summing the individual contributions downstream of
the four-cycledistortion.At the harmonicsof the blade passage fre-
quency (BPF), which is coincident with the four-cycle distortion
mode, the ampli� cation is large. Other modes associated with har-
monics of the shaft rate are signi� cantly attenuatedby the summing
process. Alternatively, Fig. 14 shows the result downstream of the
three-cycle device. For this case, the thrust summation reduced the
levels at the distortion mode of three times the shaft rate. In fact,
although this mode dominated the spectrum of the individualblade,
the sum is dominated by the mode associated with blade passage.
This result re� ects the known feature that, while the propeller en-
counters a three-cycledistortion, the distortion/blade mismatch will
not produceunsteady thrust. Therefore, in both cases, the only radi-
ation above the broadband expected is at the blade rate harmonics.

Figures 15 and 16 show the results of using the spatial � ltering
de� nition of the side-force summation gain on the time data. This
spatial � lter was de� ned in Ref. 1 as

p1
R (t )

B

j 1

p j (t )e
[i(h j X t )] (2)

where the blade indices h j are chosen to produce real and imagi-
nary components of the sum corresponding to the horizontal and
vertical components of force, respectively. In the four-cycle case,
the spatial � ltering has destructively summed the individual blade
signals, indicatingno productionof side forces.However, in Fig. 16,
the three-cycle case has produced signi� cant � uctuations with four
cycles per revolution. The real and imaginary signals are roughly

Fig. 15 Indexed sum of pressures measured on the blades of the pro-
peller operatingat J = 1:4 downstream of the four-cycle distortion show-
ing no production of unsteady side force.

Fig. 16 Indexed sum of pressures measured on the blades of the pro-
peller operating at J = 1:4 downstream of the three-cycle distortion
showing production of unsteady side force.

Fig. 17 Comparison of measured acoustic spectrum for the propeller
operating at J = 1:4 downstream of the four-cycle distortion and the
unsteady thrust dipole radiation predicted using two-dimensional strip
theory approximation.

Fig. 18 Comparison of measured acoustic spectrum for the propeller
operating at J = 1:4 downstream of the three cycle distortion and the
unsteady side force dipole radiation predicted using two-dimensional
strip theory approximation.

equal in magnitude, indicating a split of the side-force energy be-
tween the horizontal and vertical directions. This example shows
how the transfer from the rotating frame to the stationary frame al-
ters individual blade response at the distortion frequency,originally
one shaft rate away from the BPF, into a propeller side force at the
BPF.

Figures 17 and 18 show the SPL for the two cases. In Fig. 17,
the radiation for the four-cycle case shows larger peaks at the BPF
and harmonics. In Fig. 18, the three-cycle SPL spectrum shows
smaller peaks at the BPF and harmonics with no peak at the origi-
nal distortion frequency of three times the shaft rate. In each case,
a prediction of the blade rate radiation has been made using the
measured mean � ow variation and the two-dimensional strip the-
ory outlined in Ref. 1. For this case, the strip theory integration is
greatly simpli� ed because the unsteady � ow is correlated along the
entire span of the propeller blades. For the four-cycle � ow case, the
radiation results from an unsteady thrust dipole oriented axially in
the � ow. For the three-cyclecase, the radiation is due to a side-force
dipole oriented normal to the � ow direction. For both cases, good
agreement between the predicted peak level based on strip theory
integration of lift and the measured peak is observed.

Propeller Response to Turbulence Ingestion
Although time-domain analysis for the cyclic � ow cases demon-

strated the effect of blade summation gain, its use in the case of
general turbulence was impractical. Therefore, data from the pro-
peller ingesting turbulence downstream of the 7.6-cm (3.0-in.) grid
were treated only in the spectral domain. The treatment addressed
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the pressure response of the individual blades as well as the com-
plete solutionof the direct aeroacousticproblem.First, the use of the
two-dimensional,inviscidSears function1 on the lightly loadedpro-
peller blade (J 1.2) was tested by comparison of experimentally
obtained velocity and pressure data. Second, based on the results of
the preceding section, the empirical pressure response was mapped
using data from the cyclic � ow cases. Finally, from the velocity
measurementsand the empiricallymeasured blade summation gain,
the direct aeroacousticproblem was solved for the loaded propeller
(J 1.2) and compared to the measured acoustic radiation.

In Ref. 1, a general relationship between a sinusoidal gust and
the resulting unsteadypressure response on a thin airfoil was given.
The resulting expression,

D p(x1, x ) 2 q u2( x )U 1 x1 1 x1 Se( x c/ 2U ) (3)

allowed analysis of the pressure response dependent on the chord-
wise extent of the unsteady � ow structure. The primary focus was
to express the relationshipbetween the unsteady � ow and the blade
lift response.Therefore,this expressionwas integratedalong theair-
foil chord to give a statement of lift per unit span. However, Grace
et al.13,14 showed how this expression could be used in an inverse
process to describe the unsteady� ow from an empirical measure of
the unsteady pressure response.The mathematical statement of this
inversion is straightforwardand can be written by arranging Eq. (3)
as

u2( x )
D p(x1 , x )

2 q U 1 x1 1 x1 Se( x c/ 2U )
(4)

The application of this expression to experimental data has proven
to be more complicated than the simple statement might indicate.

Most of theexperimentaleffortsto dateattemptingto characterize
the unsteadyresponseof a propellerbladeor wing havebeendone at
the model scale.At this scale,measurementof the unsteadypressure
jump is dif� cult, and it is typicalthat thepressureis measuredonlyon
a singlesideof theblade.Therefore,an instantaneousmeasureof the
pressure jump is not available. The pressure jump is antisymmetric
for the � at plate, but it is asymmetric for any real airfoil geometry
of practical interest. In spite of this, if the airfoil is assumed thin,
the � at plate antisymmetry can be used so that the single-sided
measurement can be treated to infer the unsteady velocity. Thus,
Eq. (4) becomes

u2( x )
p(x1, x )

q U 1 x1 1 x1 Se( x c /2U )
(5)

In Ref. 8, the authors explored the unsteady pressure distribution
as measured on a thin airfoil that closely approximated a � at plate.
The results were somewhat unsatisfying to the Sears treatment. It
was found that the unsteady pressure distribution was not antisym-
metric even for the simple airfoil geometry.Additionally, the values
for unsteady pressure aft of the midchord did not correlate to the
Sears prediction.In that case, further investigationby Lynch et al.15

showed that the unsteady pressure distribution was very dependent
on viscous effects produced by leading-edgegeometry.

The results of these and other experimental efforts by
Commerfordand Karta,16 Fujita and Kovasnay,17 and Fleeter et al.18

showed the response of the blade would not be modeled well by
Eq. (5) for the general case. In particular from the previous exper-
iments, unsteady pressures measured on the pressure and suction
faces of the loaded blade were expected to show response differ-
ences. In Fig. 19, the unsteady pressure spectra measured at the
same radial and chordwise location on opposite sides of different
blades are shown for the propeller operating at J 1.2 (3000 rpm)
downstream of the 7.6-cm grid. The two pressure spectra are com-
pared to a pressure measurement made on the pressure face of the
blade with the propeller operating in clean � ow. The spectra show
the effect of turbulence ingestion on the measured pressure and the
anticipateddiscrepancybetweenpressureand suctionfaces with the
suction face levels elevated well above the pressure face levels.

Fig. 19 Broadband pressures measured on the blade faces for the pro-
peller operating at J = 1:2 downstream of the 7.6-cm (3-in.) turbulence
grid and clean � ow.

All three spectra show a large resonance from approximately
twice to three times the blade rate frequency. Additional measure-
ments with an accelerometer placed in the hub of the propeller
showed a vibrationmode in this frequency range, and the resonance
observed in the pressuredata was attributed to vibrationcontamina-
tion of the signals. Based on the accelerometerdata, it was possible
to suppress some of the vibration noise over parts of the sensor
measurement range for the turbulent � ow case. However, for the
frequencies at or near the vibration mode, it was not possible to
suppress the corrupting vibration noise completely. Therefore, in
further presentation of the data, this range will be omitted because
the results show effects other than the pressure responseof the blade
to the incoming turbulence.

When the observed asymmetry and the vibration contamination
were kept in mind, an inversion of the pressure data was attempted
using Eq. (5) in a form appropriate to application to spectral data,

U u k1

U p x1 , k1

q 2U 2 1 x1 1 x1 Se k1

2
(6)

Thus, an analytical solution of the inverse aerodynamic problem is
established relying on the assumptions of a simple geometry, no
distortion of the inviscid mean � ow by the blade, and no blade-
to-blade cascade effects. For the propeller blade, these assumptions
will not always hold.Therefore,Eq. (4) can be rewritten to resemble
a transfer function between pressure and velocity as

U p x1 , k1

U u k1

q 2U 2 1 x1

1 x1

Se k1

2
(7)

where the terms found by Sears make up the transfer function. In
this form, any of a number of analytical or numerical treatments of
aerodynamic admittance can be used to form the transfer function
between unsteady pressure and velocity. Alternatively, the function
can be estimated empirically by exposing the propeller to known
distortions at speci� c frequencies and measuring the response.

Figure 20 shows the results of the inversion based upon the Sears
function for the data shown in Fig. 19. The inferred velocity spectra
are plotted against a velocity spectrum measured using the hot-
wire anemometer mounted on the rotating blade. Mounting the
anemometer on the blade allowed measurement of the turbulent
� eld in the rotating reference frame. However, comparison of mea-
surements made in the two frames showed the spectral form of the
turbulence to be invariant when the relative velocity and Taylor’s
hypothesis were used to estimate the convective wavelength of the
turbulencefrom the measured frequency. In Fig. 20, the wave num-
ber of the turbulence has been normalized by the mesh size of the
turbulent grid and the velocity spectra have been normalized by the
square of the freestreamvelocity.The inversion indicates that using
the Sears response is adequate for characterizingthe PS responseof
the blade. Over much of the measurement range, the assumed Sears
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Fig. 20 Comparison of velocity spectrum of grid turbulence measured
using hot wire in rotating frame and inferred spectra based on un-
steady pressure measured on the blade faces and the sears aerodynamic
response function.

Fig. 21 Comparisonbetween the Sears aerodynamicresponse function
(i.e., zero value) and the response functions measured empirically on
each of the blade faces.

responsehas recoveredthe correctunsteadyvelocityspectrum.Near
the largevibrationmode identi� ed earlier, lessagreementis obtained
between the measured and inferred spectra (likely due to vibration
effects at these frequencies).

The SS spectrum level was observed earlier to be much higher
than the PS. Therefore, the velocity spectrumestimated by the Sears
function has appropriately high values. To address this issue, the
aerodynamic admittance for the unsteady pressure on the suction
face was estimated empirically using the cyclic � ow devices. Thus,
the empirically de� ned response could be used in Eq. (7) to repeat
the inversion process for the suction face. The calibrated response
was calculated by modifying Eq. (7) to be

K x1 , k1

2 U p x1 , k1

U u k1

1 q 2U 2 1 x1

1 x1

Se k1

2

(8)

Under this de� nition, if the Sears analysis is appropriate for char-
acterizing the blade response, the empirically de� ned value of
K (x1 , k1 ) would be unity. Variations from unity could then be used
to correct empirically the inversion attempted using the � at plate
analysis. Therefore, by operating the propeller behind the four-
cycle screen and varying the shaft speed of the propeller for a given
advance ratio, the unsteady pressure response to the known � ow
condition was mapped for a range of frequencies. In Fig. 21, the
measured blade responsesfor both sides of the blade are compared.
Consistent with the earlier presented data, the PS response is well
characterizedby the Sears development.However, the SS response
is much higher, indicating that the simple � at-plate analysis is not

Fig. 22 Comparison of velocity spectrum of grid turbulence measured
using hot wire in rotating frame and inferred spectra based on unsteady
pressure.

Fig. 23 Relative phase measured between the unsteady pressure and
the incoming turbulence compared the phase of the Sears response
function.

an appropriate model. Figure 22 shows the results of the inversion
based on the empirical response for the suction face pressure.Much
better agreement is seen between the inferredand measured spectra
relative to the data shown in Fig. 20.

The developments given by Sears and other researchers predict
a frequency-dependentvariation in phase between the incident ve-
locity gust and the blade response that is almost linear at reduced
frequencies above unity. Figure 23 shows a comparison between
the experimentally measured phase between velocity and pressure
and that given by the Sears function. The data in Fig. 23 are from
the suction face of one of the blades. However, the measurement
for both faces was nearly identical except for a p phase shift. This
showed that, whereas the distribution of the pressure response to
gusting seems to be greatly affected by loading and separation, the
unsteady phase is not.

In Ref. 1, the low-frequencyradiation of a free running propeller
ingesting unsteady � ow was related to unsteady thrust by

U P (r, x ) G PT (r, x ) 2 U T ( x ) (9)

Furthermore, when it is assumed that the thrust could be related to
the loadingon a single propellerblade by use of a blade-summation
gain function, the radiated noise was related to the unsteady blade
lift by

U P (r, x ) G PT (r, x ) 2 b 0( x ) 2( g ( c ))2 U L ( x ) (10)

In practical applications, the complex Green’s function given by
G PT (r, x ) may be very dif� cult to describe. However, for the sim-
pler case presented here, this function is well described by the
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free-� eld dipole Green’s function relating far-� eld radiation to any
near-� eld unsteady force term. This function is given as

U P (r, x ) G PT (r, x ) 2 U T ( x )
x ei k0 r

4 p r c0
cos h

2

U T ( x ) (11)

where k0 x /c0 is the acoustic wave number and h is the observa-
tion angle measured from the propeller axis of rotation.

To test the methods ability to characterize the unsteady thrust, a
numerical analysis of the propeller response was completed using
the techniques of Ref. 1. In particular, the unsteady blade loading
was estimated by use of the spanwise strip-theoryalgorithmfor tur-
bulent loading outline based on the measured velocity spectrum,
the spanwise integral length scale, and the Sears lift response. This
estimate of unsteadyblade loadingwas then coupledwith the blade-
summation-gain function estimated by use of the blade-pressure-
summation technique. From this estimate of unsteady thrust, the
acoustic radiation of the propeller was predicted for the loaded pro-
peller operating at J 1.2 (3000 rpm) downstream of the 7.6-cm
(3.0-in.) grid in accordance with Eq. (9).

The estimated blade-summation gain is shown in Fig. 24. Over
most of the frequency range, it is approximately the zero coherence
value B. However, for small ranges near and to the right of the
blade rate harmonics, some increased summation gain is observed
in accordance with Martinez.19 21 Note that the summation gain
at twice the BPF is much smaller than that near the BPF and is
dominated by a blade passage tone. The results are likely due to
remnants of the grid geometry pattern in the mean � ow� eld that
were found using the hot-wire anemometer.

Based on the measured summation gain, the unsteady thrust was
estimated from the blade lift and, assuming dipole radiation, the

Fig. 24 Array gain measured by the coherent sum of unsteady pres-
sures measured on the blades of propeller operating at J = 1:2 down-
stream of the 7.6-cm (3-in.) turbulence grid showing force enhancement
near the blade rate harmonics with shift to higher frequency.

Fig. 25 Radiated noise measured at off-axis location for the propeller
operating at J = 1:2 downstream of the 7.6-cm (3-in.) turbulence grid
compared to noise of grid.

Fig. 26 Comparison between measured radiated signature and pre-
dicted noise from two-dimensional strip theory analysis of propeller
operating at J = 1:2 downstream of the 7.6-cm (3-in.) turbulence grid
for incoherent gain.

Fig. 27 Comparison between measured radiated signature and pre-
dicted noise using two-dimensional strip theory analysis of propeller
operating at J = 1:2 downstream of the 7.6-cm (3-in.) turbulence grid
for measured array gain.

Fig. 28 Measured phase between pressure near and far � elds com-
pared to a direct dipole phase model.

SPL spectrum was predicted for a single point in the acoustic � eld
using the unsteady thrust as a dipole source. The computation was
then compared to an experimental measurement obtained using a
B&K microphone, shown in Fig. 25. Figures 26 and 27 show the
comparison between the measured spectrum and predictions made
with the measured blade-summation gain and the zero-coherence-
summation gain B. Both computations are in approximate agree-
ment with the experimental data. However, the prediction using
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the zero-coherencevalue consistently underpredictedthe measured
value. The prediction based on the measured blade summation
showed better agreement, although the value was high for some
frequencies.

Finally, assumingthe acousticpressurein the far � eld was a prop-
agatingwave, the relativephasebetween the unsteady thrust and the
acousticradiationwas estimated. In thecurrentexperimentalcon� g-
uration, no means of directlymeasuring the unsteady thrust existed.
Therefore, the unsteady thrust was approximated using the sum of
the ring array output. Figure 28 shows a comparison between the
predicted and measured relative phase between the summed pres-
sureand the acousticmeasurement.Excellentagreementis observed
over most of the frequencyrange except in the region of vibrationas
identi� ed earlier. This further con� rms the use of the ring array sum
to approximatethe blade-summationgain and characterizeunsteady
thrust.

Conclusions
Interpreting the near-� eld pressure response of rotating machin-

ery is convenient for use in identifying and quantifying sources of
acoustic noise. The techniquesdevelopedin Ref. 1 and here are pri-
marily oriented toward the analysisof the blade responseassociated
with leading-edge interaction with ingested unsteady � ow. For this
problem, the near-� eld pressure response was related to both the
incoming � ow� eld and the radiated acoustic � eld. Thus, character-
istics of the � ow were associated with particular sources, such as
unsteady thrust or side force, and used to predict the radiated signa-
ture. The agreementbetween the measured and predictedsignatures
indicates that the physics governing the propagation from near to
far � eld are well understood.However,empiricalcharacterizationof
the near-� eld response in a manner relevant to relating the unsteady
� ow quantities to the radiated � eld is still necessary.

In the current experimental effort, � ow� elds composed primar-
ily of large-scale,mean-� ow distortionswith axisymmetricpatterns
were used to demonstratetheuse of the blade-summationtechnique.
In these cases, by varying the rotational speed of the propeller, the
individual blade response was mapped over a range of frequency
giving an empirical measure of the relation between velocity and
pressure. The unsteady thrust, side force, and the resulting acoustic
radiation based on the summation gain showed excellentagreement
with a measurement of the acoustic radiation. Extending the results
to the general case, the methods were applied to the propeller in-
gestinggrid-generated,small-scaleturbulence.In this case, the indi-
vidual blade responsewas interpretedusing the classical thin airfoil
techniquesas well as using the empirical de� nitions obtained in the
cyclic � ow cases. Again, the total response was predicted using the
empirical summation gain and compared favorably to the measured
acoustic radiation.
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