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The reliability of unsteady inlet � ow computations may be seriously degraded by the lack of experimentally
validated compressor-face (out� ow) boundary conditions. The commonly imposed out� ow conditions require a
� ow variable to be constant (pressure, velocity, Mach number, etc.) at the out� ow boundary,but there is little if any
documented evidence to support these assumptions, nor are they likely to actually occur during a rapid transient of
a real inlet/engine system. Measurements are presented of acoustic re� ection coef� cients for anoperatingmultistage
compressor, a quantity appropriate for the characterization of the compressor face for computational purposes.
The experiment used an impulse method, in which short-duration, large-amplitude acoustic pulses (1 ms, with
a peak value of nearly 4% of the mean static pressure, respectively) were generated in a constant-area, annular
inlet. The pulse and its re� ection from the compressor face were tracked by fast-response pressure transducers.
Frequency-domain analysis of the data yields transfer functions that may be thought of as frequency-resolved
re� ection coef� cients. None of the currently availablecompressor-face boundary conditions accurately predict the
data obtained in this study, indicating that current practices concerning out� ow boundary conditions are in need
of revision.

Nomenclature
a = sound speed, m/s
d = diameter, m
f = frequency,Hz
H[ f ] = transfer function
h = annulus height, m
M = axial Mach number
p = static pressure, Pa
q = dynamic pressure, Pa
R[ f ] = magnitude of transfer function
t = time, s
x = axial location; zero at axial midpoint of � rst stage rotor,

positive in downstream direction, m
Y [ f ] = Fourier transform of input time history
Z[ f ] = Fourier transform of output time history
C = Variable inlet guide vane stagger angle, deg
n [ f ] = re� ection location, m
s [ f ] = time delay, s
u [ f ] = phase angle, rad

Subscripts

c = inlet case
0 = undisturbed value

Superscripts

0 = perturbationvalue

˜ = scaled parameter

Introduction

A N important issue in both the NASA High-SpeedResearch and
High-Speed Civil Transport (HSCT) programs is the stability
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of supersonic, mixed compression inlets. The design cruise speed
of the proposed HSCT aircraft is Mach 2.4, and at this speed mixed
compression inlets offer better pressure recovery and lower cowl
drag than external compression inlets. However, mixed compres-
sion inlets are susceptibleto an undesirabletransientprocess,called
unstart, that results in the expulsion of the terminal shock structure
from the inlet. Inlet unstart may be initiated by abrupt changes in
freestream conditions, e.g., pressure, temperature, incidence angle,
etc., engine generated disturbances, e.g., compressor surge, after-
burner transient, etc., or control surface generated vortical distur-
bances. An unstart can reduce the inlet pressure recovery and inlet
mass � ow by as much as 50%, which could initiate a compressor
stall or surge, leading to a possible engine � ameout.1 In addition,
the disgorged shock can also disturb the wing boundary layers and
cause major changes in lift and drag. An engine � ameout coupled
with high spillage drag would require large control surface de� ec-
tions to overcomethe asymmetric loadingon the aircraft.The abrupt
vehicle movements associated with an unstart are undesirable for
any aircraft and probably unacceptable for supersonic commercial
transports, i.e., HSCT.2

Because full-scale(groundor � ight) testing is enormouslyexpen-
sive, unstart prediction is generally addressed using computational
� uid dynamics (CFD).3 ¡ 10 The modeling of joint inlet/compressor
systems has been accomplished,but only at the expense of describ-
ing the compressor with one-dimensional models.3,11,12 Because
inlet/compressor studies including a high-� delity modeling of the
compressor are not currently practical, the inlet � ows are usually
computed separately,with the compressordynamics representedby
an out� ow boundary condition.

Until quite recently, the most common practice has been to set a
selected variable constant at the out� ow boundary of the inlet. The
variable may be chosen as axial velocity,3 axial Mach number,4,5

static pressure,3 ¡ 5 or corrected mass � ow.8 Chung and Cole5 pro-
posed a uniform Mach number at the compressor face while allow-
ing a radial variation in static pressure, which is updated based on
the upstream conditions.All of these boundary conditionswere se-
lected on the basis of intuitive arguments and/or mathematical con-
venience.Most of theseboundaryconditionsare straightforwardex-
tensionsof practicesthat arevalidfor and work well with steadyinlet
� ows.
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A literature search into unsteady supersonic inlet and/or com-
pressor behavior could locate no experimental justi� cation for the
currently implemented compressor-face boundary conditions in an
unsteady situation. There has been much work on unstart,13,14 con-
trol system-induced transients,15 ¡ 17 dynamic inlet distortion,18 ¡ 20

hammershock,21,22 and inlet buzz.23 These references are samples
from a large number of publications.However, there are no data that
can be used to validate the currentlycustomaryboundaryconditions
or formulate new ones.

Disturbances

In the present work, disturbances are characterized following
Kovasznay,24 who has shown that disturbances associated with the
turbulent motion of a compressible � uid may be decomposed into
three modes of � uctuations:vorticity, acoustic, and entropy modes.
If the disturbancescales are suf� ciently small and the mean � ow is
uniform, then each of these modes is governed by an independent
equation. The acoustic mode is described by a wave equation. The
other two are convected with the � ow, while subject to molecular
diffusion. For the short-duration events considered here, diffusion
is negligible, and convection is the primary mechanism. If the am-
plitudes are large, then the modes interact to a degree that increases
with the disturbanceamplitudes, and the decompositionmay not be
unique.

It is relatively easy to create nearly pure acoustic, vortical, or en-
tropydisturbancesexperimentally.It is expectedthat it will bepossi-
ble to establish a correspondencebetween experiment and theory if
both avenuesofwork are focusedon such single-modedisturbances.

Acoustic (pressure) disturbances were selected on the basis that
they are the easiestto generateandare readilydetectedwith pressure
transducers. In addition, acoustic disturbances propagate at speeds
very different from the mean � ow velocity and are easily differenti-
ated from vorticityand entropydisturbances,both of which convect
at the � ow speed.

Various types of acoustic disturbances were considered:
periodic,20,25,26 step changes, and short-durationpulses. For experi-
mental convenienceand clarity of data interpretation,the type even-
tually chosen was a solitary pulse approximatinga delta function: a
momentary change in pressure with as short a duration as possible.
The re� ection generated by the pulse will depend entirely on the
processes occurring at the compressor.

Analytical and Computational Studies of the Acoustic
Re� ection Process

Kaji and Okazaki,27,28 were the � rst to analytically investigate
the propagationof planar sound waves through a cascade, using the

Fig. 1 Inlet duct and compressor rig, all dimensions in centimeters.

semiactuator disk theory and the acceleration potential method.
Their results show that the stagger angle of the cascade has the
greatest impact on the amplitude of the re� ection, whereas the axial
Mach number and solidity were shown to be secondary in nature.
The effect of blade loading was also investigated and found to be
negligible.

In-depth studies of the re� ection process were published by
Paynter,29,30 who computed the response of two-dimensional cas-
cadesto acousticdisturbancesarrivingfromupstreamanddeveloped
an analytical re� ection model. His results show that the amplitude
of the re� ected pulse stronglydepends on the cascade stagger angle
and the axial Mach number. Paynter also found that the in� uence of
the incident pulse strength, blade loading, and solidity were minor.

These analytical and computational results illustrate the clear
need for boundaryconditionsthat havebeen experimentallydemon-
strated to be acceptable representations of compressor dynamics
during transient processes. This paper documents the experimen-
tal determination of the short-time response of a compressor to
short-duration, planar pressure pulses arriving to the compressor
from upstream. The data are suitable for the formulation and val-
idation of compressor-face boundary conditions for unsteady inlet
� ow computations. It is believed that this is the � rst published data
set focused on the dynamic characteristics of a compressor-face.
Extensive details of the project may be found in Refs. 31–35.

Concept of the Experiment
The experiment was carried out in a facility consisting of a

constant-area annular inlet with a General Electric T58 helicopter
engine (Fig. 1). A pulsegeneratoris locatednear the midpoint of the
inlet.Activationof thegeneratorcreatesa pairof acousticpulses,one
propagating upstream and one propagating downstream. The pro-
cessesare shownin the x ¡ t diagramofFig. 2. The downstreammov-
ing pulses are labeled as D1, D2, etc., whereas the upstreammoving
pulses are U1, U2, etc., in the order of appearance. Upon reaching
the ends of the inlet, re� ections are generated that traverse the inlet
in the opposite directions. The D1 ! U2 re� ection is of principal
interest. The diagram shows that the pulses are of � nite duration,
which has a signi� cant impact on the data interpretationprocess.

The constant-area duct obviously does not simulate a real inlet,
but this is not necessary because the interest is focused solely on
the out� ow boundary. The constant area keeps the mean � ow well
behaved and leads to pulses that propagate without changing their
structure or speed. These properties are critical for a simple but
accurate interpretationof the data.

Attention is focused on the re� ection process occurring at the
compressor face. If the incident and re� ected pulses to and from the
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Fig. 2 Dynamicprocesses initiated by the bump collapse, x– t diagram.

compressor are suf� ciently short to be separable from re� ections
generated at the bellmouth, then their respective structures can be
determined accurately. Once the pressure– time histories for both
the incident and re� ected pulses are available, the re� ection process
can be characterizedby appropriate methods.

Experimental Facilities
The compressor facility (Fig. 1) is a General Electric T58-3 heli-

copter engine,with the power turbineremoved.The engine has been
modi� ed for cold operation in that the combustor and fuel injection
systems have been removed and replaced with a plenum chamber
that supplies the turbine with high-pressure air from an external
source. Because the enthalpy of the air supplied to the turbine is
much less than that in a normally operating engine, the maximum
attainable speed is 20,000 rpm (76% of design, 26,300 rpm) with
a correspondingcompressor-face axial Mach number of 0.18. Tur-
bine air� ow rates of 7 kg/s (15 lbm/s) are typicalat 20,000 rpm. The
engine speed is controlledby varying the stagnationpressure to the
turbine inlet. Speed could be set and held within §50 rpm using a
dedicated proportional integral derivative controller.

The compressor has 10 stages and a design pressure ratio of 8.2.
The compressorexhausts to the atmosphere throughan ori� ce plate
sized to achieve the desiredcompressorpressureratio (in most cases
slightly below the operating line), which varied up to 2.7 in these
experiments.

The compressor has a variable inlet guide vane (VIGV) row and
the second throughfourth stagesalso havevariablestatorvanes.The
four variable vane rows are gang controlled with a linear actuator
that can be moved independently of the other engine parameters.
There are 38 uncamberedVIGVs, whose stagger angle C is variable
from 31.7 to ¡ 5.3 deg (0 deg corresponds to wide open). Solidity
(chord/spacing ratio) at the mean diameter of the VIGV is 1.2.

The � rst stage rotor has 30 blades,with a tip diameterof 0.247 m,
and the mean-diameter solidity and stagger angle are 1.16 and

52 deg, respectively. The front rotor bearing is supported by four
struts, located just upstream of the VIGVs. The struts have stream-
lined shapes, with a streamwise length of 0.07 m, and represent a
9.2% blockage of the annulus area. The axial centerlineof the � rst-
stage rotor was selected as the origin for the x axis, with positive
values in the direction of the � ow, i.e., into the engine. Angular
position is speci� ed by the polar angle h , where h =0 deg at the
12 o’clock position and is positive clockwise when looking down-
stream.

The bladecon� gurationdata for the T58 compressoris considered
proprietaryinformationby the GeneralElectricCompany (GE), and
the detailed speci� cations for the compressor blade rows cannot be
included.

Figure 1 shows the compressor rig mated with a constant-area
annular inlet duct. The length of the constant-area duct segment is
180 cm (71 in.), and the hub/casing diameters of the annulus are
13.7/25.8 cm (5.38/10.17 in.). The air enters through a screened
bellmouth intended to remove steady or unsteady distortions that
might originate from the environment. The hub contains a mech-
anism capable of generating individual acoustic pulses. The pulse
generator design is based on a novel concept, whose design and
performance are described in Refs. 31–33. Only a brief description
is included here.

As shown in Fig. 2, the downstream moving wave (D1 pulse) is
used to study the re� ectionprocess.The D1 pulse is a 1-ms-duration
expansion wave with typical magnitude of 4% of the mean static
pressure,generated with a high degree of repeatability.The pulse is
followed by several cycles of ringing at 1.5 kHz at a much smaller
amplitude. Because the pulse is generated by the radial movement
of the boundary, there are also radial modes present at about 3 kHz.
The radial modes were shown to decay, and the pulse arriving at the
compressor face is nearly planar.

The D1 pulse shape remains essentially constant during propa-
gation; hence, the pulse is a � xed spatial pattern translating down-
stream without signi� cant attenuation or diffusion (this is to be
expected due to the short distances involved). In addition, the pulse
speedis accuratelyequal to a0 + u0 of soundas seen in the laboratory
frame of reference.These pulse characteristicswere found apply to
all runs, which greatly simpli� ed the interpretationof the data.

Results: Time Mean Flow
The axial static pressure distribution in the inlet was measured

with 65 wall taps on the inlet case spanningfrom downstreamof the
bellmouth to just upstream of the VIGVs. The taps were connected
to a scanivalvemultiport transducerwith the output recordedwith a
personal computer-controlled,16-bit, data acquisition board (reso-
lution approximately equal to 2 Pa). The axial pressure distribution
in the inlet was shown to be nearly linear, except for minor depres-
sions in the vicinity of the inlet struts and compressor front frame
struts, as a result of the localized reduction in the annulus cross-
sectional area. The linear pressure distribution is representative of
a well-behaved turbulent � ow in the inlet.

There were additional taps located about the case perimeter just
downstreamof thebellmouth,over thepulsegenerator,andupstream
of the VIGVs. The deviations observed at each axial station were
on the order of 1% of q0.

The uniformityof the inlet � ow just downstreamof the bellmouth
was determined with a translating pitot probe rake. Velocity pro-
� les taken at four circumferentialpositions (relative circumferential
spacing is 90 deg) were found to be circumferentially and radially
uniform, except for the small hub and case boundary layers.

The static pressureand the velocitypro� le measurementsindicate
that the � ow in the inlet is axisymmetric. Further details may be
found in Ref. 31.

Results: Dynamic Data
Scaling

The wave propagationprocessesare dominatedby inviscidmech-
anisms and can be scaled by choosing the appropriate normaliza-
tion scheme. The required nondimensional variables are obtained
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Fig. 3 Temporal evolution of static pressure in the inlet for M0 = 0.17; vertical arrows indicate direction of propagation.

by nondimensionalizingthe Euler equations. The results presented
in this format can then be used for larger applications, e.g., HSCT
inlet con� guration, with a diameter at the compressor face in ex-
cess of 1 m. In addition, the scaled equations account for the small
temperature differences between runs, which produce even smaller
variations in the speed of sound.Therefore, the results are presented
in terms of the followingnondimensionalizedvariables (denotedby
the tilde):

x̃ = x / dc (1)

ũ = u0 /a0 ´ M (2)

t̃ = a0t /dc (3)
where dc is the diameter of the case.

Instrumentation and Preliminary Data Reduction

Six fast-response pressure transducers (Entran model EPI-080,
34.5-kPa range, 120-kHz natural frequency) were � ush mounted
in the inlet, on both the casing and the hub. The transducers were
located at four axial stations between the pulse generator and the
compressor,as indicatedin Fig. 3 (stations1–4). The circumferential
locationof all transducerswas 36 deg clockwise from top dead cen-
ter. A 12-bit, 1-MHz throughput data acquisition board (resolution
approximately equal to 17 Pa) was used to acquire the high-speed
data. All dynamic data were digitized at 100 kHz per channel, then
were reducedby the respectivetransducersensitivities,and were � l-
tered with a low-pass digital � lter with pass and cutoff frequencies
of 1.5 and 2.0 kHz, respectively, to remove the compressor noise
(typically, 7–9 kHz).
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Data Reduction: Signal Extraction

A sample data set was selected to illustrate the signal extraction
procedure.This data set is representativeof any numberof runs with
the engine operating near the operating line. The corrected speed,
overallpressure ratio, VIGV setting C , and inlet Mach number were
18,750 rpm, 2.45, 24.8 deg, and 0.17, respectively.

Figures 3a–3d show the reduced and � ltered data segments at the
four axial stationsbetween the bump and the compressor.In consid-
ering thesepressurehistories, it is helpful to consult the x – t diagram
of Fig. 2. The time traces in Fig. 3 correspond to data taken along
vertical lines in Fig. 2 at the axial stations 1–4. Figure 2 shows that
pulses moving in opposite directions are superimposed in certain
regions of the x – t diagram. When a given transducer is simultane-
ously exposed to two pulses, the signal becomes complex, and the
structures of the contributingpulses are not readily recognizable.

The U2 re� ection of the D1 pulse from the compressor face is
evident in Figs. 3b and 3c (stations 2 and 3). In Fig. 3d (station 4),
the re� ected and incidentpulses (D1 and U2) overlap between t̃ = 2
and 6.

Figure 3 shows the pressure– time signal measured at stations 1
and 4. The signal at station 1 is dominated by the incident pulse
(D1) whereas the signal at station 4 contains the incident pulse
and re� ection (U2) superimposed.Because the D1 pulse propagates
downstreamat a known speed (u0 + a0 ) without changingshape, the
re� ected pulse can be determined by subtracting the (suitably time
shifted) D1 pulse from the measured total signal (superimposedD1
and U2 pulses). The signal at station 3 was unchanged,and the time
shift for the trace measured at station 1 is given as

( D t̃)1 ! 3 =
x̃3 ¡ x̃1

a0 + u0
=

x̃3 ¡ x̃1

a0(1 + M0)
(4a)

The same procedure can be applied to the signal at station 4 using
a time shift of

( D t̃)1 ! 4 =
x̃4 ¡ x̃1

a0 + u0
=

x̃4 ¡ x̃1

a0(1 + M0)
(4b)

i.e., the magnitude of the shift is equal to the planar wave propa-
gation time from station 1 to station 3 or 4. The wave speed was
calculated independently of the high-speed data from time-mean
measurements of M0 and T0.

Figure 4 shows the U2 pulses extracted from the superimposed
signals at stations 3 and 4 from the transducerson the hub and case
at each station by using this method. The waveforms shown in Fig. 4
were edited by replacing the unwanted portions of each signal, i.e.,
re� ections from the bellmouth with zeros.

Fig. 4 Edited D1 and U2 pulses.

Re� ection Characteristics

Figure 4 shows that the re� ection U2 is predominantly an ex-
pansion wave, just as its stimulus, D1. However, U2 has a much
lower peak amplitude (for this example, 36% of the D1 pulse peak
amplitude) but has a duration that is 2.25 longer than the main ex-
pansion part of the incident disturbance. This is a strong indication
that the downstream moving pulse generates signi� cant re� ections
from not only the � rst stage, but also from successiveblade rows as
it propagates through the compressor.

The compressor rotor and stator vanes on the T58 compressor
are not swept and have only a moderate twist; therefore, no major
radial variationswere expected in the re� ection. Figure 4 shows the
re� ections measured at the hub and case at stations 3 and 4, and
indeed the signals (at each station) are nearly identical.

Characterizing the re� ection with simple amplitude coef� cients
was found to be inadequate because the re� ection has markedly
different shape and durationas compared to the incidentpulse. This
problem was resolved by adapting a frequency-domain method to
provide a complete description of the re� ection process.

Frequency-Domain Analysis

Frequency-domain analysis is commonly used in acoustics to
determinethe complex re� ectionor transmissioncoef� cients and/or
the acoustic impedancesof variousmaterials.36 Details can be found
innumeroustextbooksandarticlesandwill notbe includedhere.The
requisiteproceduresare alsodetailedin Ref. 37.The impulsemethod
has been used to � nd the response characteristicsof many types of
duct terminations such as: pipe muf� ers,38 duct-nozzle systems,39

and duct-ori� ce plate systems.40

The method assumes that the input and output functions are lin-
early related,which is a very reasonableassumption for the acoustic
disturbancesconsideredin this work. Given the time historiesof the
incident and re� ected pulses, the transfer functions can be readily
calculatedwith commercial data analysis software (National Instru-
ments LabVIEW software was used).

Given the time histories of the incident and re� ected pulses, a
transfer function (H[ f ]) can be readily calculated as

H[ f ] = Z[ f ]/ Y [ f ] (5)

where Z[ f ] is the Fourier transform of the re� ected pulse signal
U2(t ) and Y [ f ] is the Fourier transform of the incident pulse time
history D1(t ). The transfer function is a complex function that can
be represented as

H [ f ] = j H[ f ]j e ¡ i u [ f ] (6)

where j H[ f ]j is the absolutevalueand u [ f ] is the phaseangle (both
are functions of frequency).

In the context of this application, the transfer function is a
frequency-resolvedre� ection coef� cient that describes the ratio of
the re� ected to incident amplitudes and the phase shift occurring in
the re� ection. The absolute value of H[ f ] (amplitude ratio) will be
denoted R[ f ].

The frequency can be scaled in a manner analogous to that used
for the primitive variables to yield

f̃ = f dc / a0 (7)

A frequencyof 1000Hz correspondsto a nondimensionalfrequency
of 0.7586, assuming a standard, sea-level temperature of 288.14 K.

Power Spectral Densities of D1 and U2

Before evaluating the transfer function, the power spectral den-
sities (PSD) of the D1 and U2 pulses were computed to determine
the bandwidth of interest. The power spectra are normalized with
respect to the maximum value contained in the incident pulse spec-
trum. For the D1 pulse, the bulk of the energy is contained below
a scaled frequency of 0.75 (1000 Hz), whereas the majority of en-
ergy in the U2 pulse is contained in scaled frequencies below 0.30
(400 Hz). At a scaled frequency of 0.75, the PSD of the � ow noise
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is equal to the PSD of the U2 pulse, i.e., the energy content in the
re� ected pulse is negligible. Therefore, transfer functions will be
presented for scaled frequencies up to 0.75.

Phase Angle Conversion into a Re� ection Location

The dependenceof the phase angle on frequency is not easily re-
lated to a physical quantity. However, u [ f̃ ] divided by 2p f has the
units of seconds and corresponds to a time delay ( s [ f̃ ]) (Ref. 41).
In our application,the time delay is equivalent to the D1 pulse prop-
agation time from station 1 to the compressor plus the propagation
time of the U2 re� ection from the compressor to station 3 or 4.
Assuming that M0 and a0 are constant through the compressor (an
appropriate � rst-order approximation) and have the same values as
in the inlet, then the axial re� ection plane (n [ f̃ ]) within the engine
can be evaluated as

n [ f̃ ] = 1
2

s [ f̃ ]a0 1 ¡ M2
0 + x1(1 ¡ M0) + xi (1 + M0) (8)

where xi is the axial location, i.e., station 3 or 4, of the transducer
used to de� ne the re� ection. The scaled axial re� ection plane is
de� ned as

˜n [ f̃ ] = n [ f̃ ]/dc (9)

Fig. 5a Amplitude ratio R, for C = 19.8 deg.

Fig. 5b Re� ection location Ä», for C = 19.8 deg.

Where a positive ˜n [ f̃ ] describes a re� ection downstream of the
reference re� ection plane, i.e., from the compressor interior.

Parametric Study

This experiment has four parameters that can be independently
varied: incident pulse strength, compressor pressure ratio, Mach
number M0 , and variable vane geometry, i.e., the stagger angle of
the VIGVs and stages 1–3 variable stators. The variable geometry
will be representedby the stagger angle of the VIGVs. Note that the
variable geometry is gang controlled, and an increase in the stagger
angle of the VIGVs is accompanied by an increase in the stagger
angles for all three variable stators.

For brevity, the results discussed in the following sections (see
Figs. 5–8) are presented in terms of the amplitude ratio (R[ f̃ ]) and
scaled re� ection location (˜n [ f̃ ]). All of the curves shown represent
the mean computed from the four transfer functions available in
each run (one pair at each station 3 and 4). Because the overall
repeatability in the frequency domain was found to be satisfactory,
one run will be used to represent the various conditions.

Effect of Pulse Amplitude

A study was conducted to determine the effect of the incident
pulse strength on the re� ection, with the amplitude of D1 varying

Fig. 6a Amplitude ratio R, for C = 24.8 deg.

Fig. 6b Re� ection location Ä», for C = 24.8 deg.



412 FREUND AND SAJBEN

Fig. 7a Amplitude ratio R, for M0 = 0.16.

Fig. 7b Re� ection location Ä», for M0 = 0.16.

from 3.3 to 4.5% of p0. The strength of the incident pulse was
shown not to affect the transfer function to an appreciable degree.
The variations are of the same magnitude as the repeatabilityof the
tests.

The experimentalresultsagreewith a computationalanalysisper-
formed by Paynter.30 Paynter varied the incidentdisturbanceampli-
tude from 1 to 10% of p0 and reported no sizable in� uence on the
ratio of the re� ected to incident peak amplitudes.The experimental
results and Paynter’s computational results indicate that the re� ec-
tion process is linear for the range of incident pulse amplitudes
considered in this work.

Effect of Compressor Pressure Ratio

In a second series of tests, the overall compressor pressure ratio
was varied from 1.28 to 2.04. The transfer functions were nearly
identical for all compressor pressure ratios, at any given rotational
speed. This result is not surprising because the reported pressure
ratios resulted in a stage pressure ratio (assuming the same pres-
sure per stage for all stages) between 1.025 and 1.074 (a 5%
difference).

For all of the runs reported in the following sections, the com-
pressor was loaded to perform slightly below the operating line, a
selection based solely on the need to conserve the turbine supply
air.

Fig. 8a Amplitude ratio R, for M0 = 0.17.

Fig. 8b Re� ection location Ä», for M0 = 0.17.

Effect of Mach Number

In the third series of tests, C was held constant at settingsof 15.0,
19.8, 24.8, 29.9, and 31.7 deg, while the Mach number (controlled
through the compressor speed) was parametrically varied. Figures
5a and 6a show the amplitude ratios for selected C settings of 19.8
and 24.8 deg, respectively. In Figs. 5a and 6a, data are given para-
metrically for several constant values of Mach numbers.

For all of the data presentedin Figs. 5a and 6a, the amplituderatio
vs the scaledfrequencyexhibitsthecharacteristicof a low-pass� lter.
This is consistent with the observation that all U2 re� ections were
shown to be considerably longer in duration than the D1 incident
pulses.

Using the amplitude ratio at a scaled frequencyof 0, i.e., dc com-
ponent as a crude measure of the strength of the re� ection, permits
the followingobservation:small increases in the Mach number gen-
erally result in small increases the strength of the re� ection.

The phase information for the transfer functions used to create
Figs. 5 and 6 was converted into a time delay, which was then
converted into an axial re� ection, via Eq. (8). The results are shown
in Figs. 5b and 6b, which are companion plots for Figs. 5a and 6a.

All of the scaled re� ection location curves show that the equiv-
alent re� ection location occurs within the compressor, for scaled
frequencies below 0.6 (approximately equal to 800 Hz, where the
majority of the energy is contained).
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Fig. 9 Comparisonof constantparameterandnonre� ecting boundary
conditions to data.

Effect of Variable Geometry C
Figures 7 and 8 show the amplitude ratios and re� ection location

for constant Mach numbers of 0.16 and 0.17.
Figures 7a and 8a show that increasing C results in higher ampli-

tude ratios at low frequencies,where the majority of the U2 energy
is contained. This was expected because increasing the stagger an-
gle of the variable geometry increases the total blade area projected
onto a plane normal to the axis, i.e., the pulse “sees” more surface
it can re� ect from.

Figures 7b and 8b show the depth of the re� ection increases with
decreasing C , at least for corrected frequencies below 0.30 (400
Hz). This appears reasonablebecause lower C values re� ect less of
the D1 pulse in the front stages of the compressor, resulting in a
larger part transmitted to the interior stages of the compressor, thus
producing stronger re� ections at larger ˜n [ f̃ ] values.

Comparison of Results with Current Compressor-Face
Boundary Conditions

Figure 9 compares the re� ection shown in Fig. 4 (station 4, on
the case) to those predicted by the constant velocity and the con-
stant pressure boundary conditions, which appear to be the most
commonly employed. It is clear that these conditions invariably
predict a re� ection that has the same duration and the same magni-
tude as the incidentpulse.The constantpressureboundarycondition
predicts a re� ection whose sign is opposite to that of the incident
pulse, i.e., a compressionpulse in the present situation.Clearly, the
constant pressure condition does not predict even the sign of the
re� ection correctly.The constantvelocity conditionpredicts a same
sign re� ection (an expansion pulse in our case), but the predicted
magnitude differs substantially from the experimental � ndings.

In terms of the frequency-resolvedre� ection coef� cient, the con-
stant velocity boundary condition implies a gain of one and a phase
angleof zero, i.e., the re� ection occurs at the axial positionat which
it is imposed, for all frequencies. The constant pressure condition
impliesa gain of negativeunitywith a phaseangleof zero, for all fre-
quencies.Figures 5–8 show that neither is a realistic approximation
of the data.

Implementation of Frequency-Domain Boundary
Conditions in Time-Domain Codes

The present work is con� ned to the presentationof experimental
information. The spectral format used to present the data is both
convenient and complete, but cannot be readily incorporated into
computationalcodes that are basedon time-domainrepresentations.
If the information offered here is to be employed for practical use,

thenanappropriatenumericalformulationmust be incorporatedinto
CFD codes.

The implementationof time-domainboundaryconditionsthat are
practical equivalents of frequency-domain (impedance) boundary
conditions have been recently studied in computational aeroacous-
tics by Ozyoruk and Long42,43 and Tam and Auriault.44 Using an
approach similar in nature, it is believed that the data generated in
this study could be implemented as an out� ow boundary condition
in a CFD code.

Conclusions
Measurements were made of a transient process in which an

acoustic expansionpulse propagates to and is re� ected from an op-
erating axial, multistage compressor. The wave propagation occurs
in a constant-area, annular inlet. The incident pulse is free of vor-
ticity and entropy variations. It is also nearly planar, has a duration
of approximately 1 ms, and has a peak amplitude of approximately
4% of the mean static pressure.

The re� ections were found to be expansionpulses also, with am-
plitudes much less and durations much longer than those of the
incidentpulse. The long duration is probably caused by the incident
pulse penetrating the � rst three or four stages and creating partial
re� ections from each.

Frequency-domainanalysiswas used to characterizethe resultsin
termsof transferfunctions.This approachprovidesa fairlycomplete
description of the re� ection process.

The principal factors affecting the transfer functions were found
to be the VIGV setting, i.e., stagger angle, and the axial Mach num-
ber in theduct.The amplitudeof the re� ectionwas shownto increase
both with increasingMach number and with increasingVIGV stag-
ger angle. The transfer function was not signi� cantly affected by
changing the incident pulse strength or by varying the compressor
overall pressure ratio (loading).

Re� ections predicted by two currently customary compressor-
face boundary conditions (constant pressure and constant velocity)
were compared to a measured re� ection. The predictions differed
sharply from the experimental data, indicating that a review and
revision of current practices in specifying out� ow conditions for
unsteady inlet � ow computations is warranted.
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