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Inlet/Compressor System Response to Short-Duration
Acoustic Disturbances

Anthony B. Opalski* and Miklos Sajben’
University of Cincinnati, Cincinnati, Ohio 45221-0070

Recent studies have shown that computations of unsteady high-speed inlet flows produce results that strongly de-
pend on the compressor-face boundary condition. Traditionally applied boundary conditions have no experimental
verification, which leads to uncertainty and significant risks in development programs. Experimental information
is offered that can serve as a basis for constructing realistic boundary conditions. Short-duration transients were in-
vestigated in a constant-area circular inlet attached to an operating high-speed, single-stage, axial flow compressor.
The transients were initiated by the generation of short-duration acoustic pulses within the inlet, using an exploding
wire method. Pulse duration was typically 2 ms, with a peak amplitude of 3 % of the mean inlet static pressure mea-
sured at the compressor face. Fast-response wall-mounted pressure transducers were used to detect the incident,
reflected, and transmitted pulses. Data were obtained for axial compressor-face Mach numbers from 0.15 to 0.45.
Frequency-domain analysis was used to extract dimensionless transfer functions that may be viewed as frequency-
resolved reflection and transmission coefficients. The information is appropriate for the characterization of the
compressor face for computational purposes. None of the customary boundary conditions predict the data obtained
in this study, highlighting the need to revise conventional methods of imposing outflow boundary conditions.
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Introduction

IGHLY sophisticated and extensively tested computational

fluid dynamic (CFD) codes are available to simulate the
steady/unsteady operation of inlets and compressors in airbreath-
ing propulsion devices. In contrast, the methods used to combine
these codes for predicting the unsteady behavior of a coupled inlet/
compressor system are in a significantly less advanced state, and
engineering practice typically relies on single-component CFD
codes. The work presented here addresses the problem of repre-
senting the compressor as a boundary condition when using an inlet
code for simulating a rapid inlet/compressor system transient.

Unsteady inlet flows in gas-turbine engines are of concern to
aircraft designers for several reasons. Transients occur in normal
operation, induced by changes in aircraft speed or incidence angle,
and aircraftpassage through gusts, shearlayers, temperature stratifi-
cations, or microscale turbulence.? Disturbances within the inlet of
supersonic fighter aircraft can be generated by rapid maneuvers, as
well as ingestion of combustibles from gun/missile firings. Control
system changes, including throttling and ramp angle adjustments,
introduce perturbations,some of which can be very rapid.

In all such processes, the inlet and engine dynamically influence
each other, and the correct prediction of the resultant system behav-
ior requires that this mutual interaction be considered. The difficul-
ties of performing such a time-dependent numerical analysis of a
coupledinlet/compressor system are enormous and so far have been
performed only as research projects. Engine designers working in a
developmentenvironment must utilize individual component codes
in which the adjacentcomponentsare representedvia boundary con-
ditions. Figure 1 illustrates a typical computational domain utilized
for unsteadyinlet flow computations, with the engine dynamicsrep-
resented via the compressor face boundary condition (CFBC).

In the mid-1990s the increasing sophistication of CFD meth-
ods permitted systematic queries into this issue and verified that
the choice of the CFBC does indeed have a major effect on the
solution* From a programmatic point of view, answers that de-
pend strongly on questionableinputs represent significant risks that
may mandate increased safety margins, which usually degrade the
overall performance of the system.
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Fig. 1 Conditionsimposed at the boundaries of the computational do-
main of an axisymmetric mixed-compression supersonic inlet: upper
half shows Mach contours; lower half shows computational domain.

Traditional Boundary Conditions

Until recently, the practice has been to use boundary conditions
that have been traditionally applied to steady-state operation on
the basis of simple intuitive arguments and mathematical conve-
nience. Most of these conditions assume that a selected flow vari-
able is temporally constant at the outflow boundary. The variables
that have been chosen include static pressure, axial velocity, axial
Mach number, corrected mass flow, etc. Unfortunately, no experi-
mental verification supports any of these conditions,and the quality
of representation afforded by them is open to doubt.

If the timescale of the transientis sufficiently long to permit the
assumption of quasi steadiness, then it is appropriate to use engine
performance maps to define time-dependentboundary conditions
Unfortunately, some of the changes mentioned in the preceding
section occur far too fast for a quasi-steady description to apply.
Thereis aneed to determine what conditionsexist at the compressor
face during a truly unsteady transient.

The lack of experimental data relevant to this problem is at-
tributable in part to the general difficulty of the subject. Apparently
the inlet/engine interface, falling squarely between the inlet and
compressor design groups, has never received the focused attention
of either. It was not until 1994 that a clearly defined experimental
plan of attack, centered on an impulse method of measuring acous-
tic impedance, was conceived and formulated.” New experimental
methods were invented and developed® to implement the envisioned
experiment, utilizing a coupled inlet/compressor system. The effort
was successful, and a series of papers’~!? followed that described
the results obtained with a 10-stage compressor, at inlet axial Mach
numbers up to 0.18. The experimentally detected responses were
quite different from those predicted by customary boundary condi-
tions. The findings clearly indicated that current practices concern-
ing outflow boundary conditions are in need of revision.

The present work is an extension of the research described in
Refs. 7-13. The approach taken in the current work and the manner
in which it differs from the earlier studies are described in the next
section.

Approach

Small disturbances associated with the motion of a compressible
fluid may be decomposed into three components'*: entropy, vortic-
ity, and acoustic modes. If the disturbance scales are small and the
mean flow is uniform, then each of these modes is governed by an
independentequation.

This modal decompositionis also convenientexperimentally be-
cause it is relatively easy to create nearly pure entropy, vortical, or
acoustic disturbances. The compressor responses may then be de-
termined by a separate experiment for each disturbance type. The
presentresearch effort was aimed at the experimental characteriza-
tion of engine response to acoustic and entropy disturbances. The
present paper reports on the acoustic results; entropy disturbances
are the subject of another publication.!®

The technique selected for the exploration of compressor re-
sponse was the impulse method.'® This method requires that a short-
durationdisturbanceof the desired type be generatedin the inlet and
be allowed to propagate (or convect) to the compressor face. When
it arrives at the compressor, some response is generated that may

contain all three disturbancetypes. However, the entropy and vortic-
ity disturbances are always convected into the engine, and only the
acoustic response has an upstream-moving part. It is this response
that actually affects the inlet flow, and it is the focus of our interest.

The duration of the reflection process can be made sufficiently
short such that it is completed before secondary disturbances or re-
verberations from other parts of the inlet can reach the compressor
face. The impulse method, thus, makes it possible to isolate tem-
porally the basic reflection from other, nonrelevant processes. In
contrast to the impulse method, a periodic excitation would create
an overall oscillatory flow pattern whose properties would depend
on the entire inlet flow, including all geometrical details and the up-
stream boundary conditions. It would be very difficult, if not impos-
sible, to extract compressor-face characterizations from such data.

Unlike the low-speed, multistage compressor work described in
Refs. 9-13, the present work employed a single-stage engine and
the range of inlet flow conditions was extended to axial Mach num-
bers up to 0.45, which is more representative of modern engine
design practices. Additionally, the measurement of transmission
coefficients was made possible through the use of an outlet duct
extending downstream of the engine assembly.

Concept of Experiment

The realization of the project’s objectives demanded a facility
and a pulse-generationmethod that satisfied the following require-
ments: 1) a very nearly planar,downstream-movingacoustic pulse of
1-2 ms duration must be generated;?2) the acoustic pulse magnitude
must be sufficiently large to be clearly detectable over the intense
engine noise, especially at the blade passing frequency; 3) the sys-
tem must generate an entropy pulse of readily detectablemagnitude;
4) an outlet duct to allow the measurement of transmission coeffi-
cients must be included; and 5) the duct lengths and the relative
positions of the engine and the pulse generator device must be such
that the pulses of interest can be clearly isolated.

The pulse-generation requirements were met by an exploding
wire technique, in which a single wire located in the inlet (perpen-
dicular to the flow and fully spanning the diameter) is vaporized
by a short-duration current pulse. Activation of the pulse generator
creates a pair of acoustic compression waves, one traveling up-
stream toward the bellmouth and one traveling downstream toward
the compressor. Only the downstream-moving wave is needed: The
upstream-moving wave is merely a nuisance, but, fortunately, is a
manageable one.

The rapid heating of the air during the discharge also creates an
entropy disturbance simultaneously. The entropy pulse convects at
the flow speed, which is much lower than that of the acoustic pulses,
and the entropy pulse arrives at the compressor much later than the
acoustic pulse. This temporal separation permits the study of both
response types while using the same pulse-generation method.

The inlet used for this experiment is a long, constant area duct,
as shown in Fig. 2a. This duct obviously does not simulate a real
inlet, but this is not necessary because interest is focused on the
compressor-facelocation. The constantarea keeps the flow well be-
haved and leads to pulses that propagate without appreciably chang-
ing their shapes.

When a pulse reaches either end of the system, reflections are
generated that propagate through the system in the opposite direc-
tion. The processes are illustrated in the x-¢ diagram (Fig. 2b). The
diagram shows how the difference between the entropy and acoustic
wave speeds permits the isolation of the respective processes from
each other. The duct lengths and compressor/pulse generator loca-
tions that offer the cleanest separationdepend on the Mach number.
The dimensions finally chosen (and shown in Fig. 2) represent a
compromise that allows operation at all selected Mach numbers
(0.15-0.45) for tests involving acoustic disturbances.

The downstream-moving acoustic pulses are labeled as DP-1,
DP-2, etc., whereas the upstream-movingacoustic pulses are UP-1,
UP-2, etc., with numbering beginning with their order of appear-
ance. Note that after passage through the compressor, the incident
DP-1 pulse becomes the transmitted DP-2 pulse. The DP-1 — UP-2
reflection and DP-1 — DP-2 transmission are of principal interest.
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Fig. 2 Distance-time (x-¢) diagram illustrating propagation of pulses in constant-area circular inlet assembly, M¢r =0.15.
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Description of Experimental Facilities

The work was carried out in the Fluid Mechanics and Propulsion
Laboratory of the Department of Aerospace Engineering and En-
gineering Mechanics, located on the campus of the University of
Cincinnati (UC). The major elements of the test facility constructed
for the purposes of this program include the compressor (fan), the
inlet, the pulse generator, and data acquisition systems.

Compressor

The compressor (Fig. 3) is a propulsion simulator engine manu-
factured by Tech Development, Inc., of Dayton, Ohio (TDI Model
457). 1t is a single-stage, tip-turbine driven axial flow compressor
with a constant rotor tip diameter of 13.97 cm (5.50 in.). A nose
cone attached to the rotor provides the transition from circular to
annular cross section. A stationary blade row and a stator tail cone
complete the assembly. The engine housingis designed to mate with
the inlet facility. An annular plenum chamber with 33 integral guide
vane nozzles is used to distribute drive air to an array of 40 turbine
blades attached to a shroud surrounding the rotor blade tips. High-
pressure, filtered air, heated to eliminate blade icing, is supplied
from an external source to the plenum chamber. The turbine drive
air passes through the stator blade row and mixes with the core fan
airflow. The combined exhaust stream discharges to the atmosphere
after passing through the outlet duct segment.

The engine speed and, hence, inlet Mach number are controlled
by varying the stagnation pressure to the turbine inlet. Speed could
be set and held within 200 rpm using a dedicated proportional-
integral-derivative controller, corresponding to Mach number
control with a tolerance of £0.002.

Table1 TDI-457 engine geometry information (measured)

Rotor Stator Turbine

Location Inlet Outlet Inlet Outlet Inlet Outlet

Blade radii, Hub 245  3.49 3.62 3.81 732 732

Parameter

cm Mean 472 524 5.62 572 745 7.45
Tip 6.99 6.99 7.62 7.62 7.58 7.58
Blade angles, Hub 37 0 —-37 12 —45 45
deg Mean 44 28 -31 12 —45 45
Tip 52 41 —-22 12 —45 45
Blade chords, Hub 263 —— 213 —— 1.78 ——
cm Mean 2.68 —— 213 —— 1.78 ——
Tip 272 —— 213 —— 1.78 ——
Axial chords, Hub 263 —— 210 —— 1.78 ——
cm Mean 2.55 —— 210 —— 1.78 ——
Tip 2.00 —— 2.10 —— 1.78 ——

The nominal design point of the installed engine is at a total
pressureratio of 1.25 at a corrected speed of 35,400 rpm, with a fan
inlet airflow of 2.34 kg/s (5.17 Ibm/s). This corresponds to a mass-
flow-averaged compressor-face axial Mach number of 0.45. The
turbine drive airflow at the design point is 0.50 kg/s (1.10 Ibm/s) at
an inlet stagnation pressure and temperature of 2.41 MPa (350 psia)
and 345 K (160°F), respectively. The total combined outflow is
2.84 kgls.

The rotor has 16 blades with inlet and outlet hub-to-tip radius
ratios of 0.35 and 0.50, respectively. The blades have a moderate
twist, and the solidity and staggerangle at the mean diameterare 1.45
and 18 deg, respectively.The statorhas 21 blades with a tip diameter
of 15.24 cm (6.00 in.), with inlet and outlet hub-to-tip radius ratios
0f 0.475 and 0.50. The stator diameter is larger than that of the rotor
to accommodate the turbine exhaust. A transitional contour of the
outer wall directly downstream of the stator reduces the outlet duct
diameter to that of the inlet duct and also accommodates smooth
mixing of the turbine discharge air with the fan core airflow. Details
of the engine design are summarized in Table 1.

The UC Fluid Mechanics and Propulsion Laboratory is equipped
with an air supply system capable of delivering pressure, temper-
ature, and humidity controlled turbine drive air. The system has
sufficient capacity to allow continuous engine operation.

Inlet Duct

Figure 2a shows the compressor mated with the 13.97-cm-diam
constant-areainlet/outlet assembly. The lengths of the inlet and ex-
haust duct segments are 3.84 m (151.0 in.) and 1.94 m (76.3 in.),
respectively. The air enters the inlet through a filtered bellmouth
screen installed to prevent the entry of environmentally generated
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flow nonuniformitiesinto the system. Two wall-mounted boundary-
layer trip rings force transition to turbulent flow over the complete
inlet Mach number range. The trips are identical: Both have 1 mm
heightand 1 mm width. They are located 10 and 40 cm downstream
of the end of the bellmouth, respectively.

Pulse Generator

Located near the midpoint of the inlet is a pulse generator whose
operation is based on the explosion of a single, very thin, high
resistivity wire oriented normal to the flow direction (spanning the
duct diameter from top to bottom). The explosion is initiated by a
rapid current discharge through the wire from a high-voltage (up
to 5 kV) dc energy storage capacitor (9.9 «F). When the current
carrying capacity of the wire is exceeded, joule heating quickly
raises the wire temperature until vaporization occurs.

The principal components of the pulse generating system include
a simple resistance-capacitance (RC) charging circuit connecting
the capacitor to the dc power supply and an isolated high-voltage
dischargerelay connectingthe capacitorto the test wire. The overall
design was based on the need to generate a temperature disturbance
(entropy pulse) with a peak temperature increase equal to 10% of
the absolute temperature of the gas. The energy input required for
this purpose was quite sufficient for the simultaneous generation of
acoustic pulses with the desired magnitude (3% of the mean static
pressure). The strength of the pulses depended on the initial energy
stored in the capacitor, E = 1/2C V2, that is, on the initial capacitor
voltage level. Energy inputs up to 125 J are possible, but the tests
presented here all used 79.2 J (obtained at V =4 kV).

The wire mounting assembly comprises two conducting bars in-
layed horizontally into an insulating plate, each centered directly
above and below the inlet duct. Each bar has a screw arrangement
to connect 15.24-cm- (6.00-in.-) long wires across the duct span
and external connections to the RC discharge circuit are provided.
A spacer plate is affixed to the top of the mounting plate to seal the
assembly to the inlet duct. The upstream inlet section can be moved
to allow the removal of the entire unit for wire replacement.

The wire filaments used in the experiment were 25.4-pum-
(0.001-in.-) diam carbon fiber coated with a 25.4-um-thick layer
of silicon carbide (50%Si/50%C). Manufactured by Textron Sys-
tems under the trade name SCS-9, the filament is a nonmetallic
ceramic-matrix composite (mainly used for composite material re-
inforcement). Testing has shown this wire type to outperform other
heating element types, including Ni/Cr alloys. The advantages in-
clude higher resistivity (11.1 k€/m), lower thermal inertia (neces-
sary for rapid heating), a higher melting temperature (2400°C), and
a more uniform composition (repeatability of pulses).

Additionally, the carbon fiber provides stiffness and a high ten-
sile strength (3.45 GPa) necessary to withstand the dynamic loads
imposed by the inlet airflow. The carbon cores of the wires typically
remained in place following a test. Although the explosion process
introduces fine-grain solid mass into the flow (due to the incom-
plete vaporization of all of the silicon carbide coating), the quantity
is negligible in comparison to the air mass flow.

The experimentsreportedin this paperused the downstreammov-
ing incident pulse (DP-1) to study the processes occurring at the
compressor face. This pulse is a compression wave with an ap-
proximately 2.0-ms duration and a typical magnitude near 3% of
the mean static pressure measured at the compressor face. The
pulse-generation process also results in higher frequency oscilla-
tions, occurring at a reduced amplitude level and decaying quite
rapidly. Some of these are thought to be associated with transverse
modes present at higher frequencies (above 3 kHz). As will be dis-
cussed later, these higher frequency contributionscould be removed
through filtering during data processing and did not degrade the
experiment.

Instrumentation and Data Acquisition

Steady-State Data

The inlet assembly was instrumented with 50 static pressure taps
to determine the characteristics of the mean flow. The compressor

was instrumented with pressure, temperature, and speed sensors
to monitor overall performance. Barometric pressure and ambient
temperature were recorded throughout each test. All steady-state
parameters of the inlet and the engine were recorded at a 2-kHz
datarate usinga 16-bitdataacquisitionboard (National Instruments
AT-MIO-16X).

Dynamic Data

A total of four fast-response Entran pressure transducers (Model
EPI-080, 34.5-kPa range, 120-kHz natural frequency, £1% full-
scale accuracy) were flush mounted on the walls of the inlet duct,
both upstream and downstream of the compressor. The transducers
were located at the nine axial stations indicated on Fig. 2. The az-
imuthallocationof all transducers was 45 deg clockwise, referenced
from 0 deg located at top dead center (looking downstream). A 12-
bit, I-MHz throughputdata acquisitionboard (National Instruments
AT-MIO-16E-1) was used to acquire the high-speed pressure data.
All dynamic data were digitized at 125 kHz per channel.

All signals were amplified and fed from the facility through an
instrumentation trench to an adjacent control room. National In-
struments LabVIEW software (version 4.0), running on a Pentium-
based personal computer, was used to acquire all data, control the
experiment, and perform most of the data analysis.

Test Procedure

Becausethe pulse-generationtechniqueis a one-shotevent, instal-
lation of the wire was performed before each run. Following engine
speed-up to operating conditions,a continuityfesistance check was
performed to verify the wire was still intact. The charging circuit
was then activated, and the capacitor was charged to the specified
voltage level. Approximately 2 s before discharging the capacitor,
steady flow parameters in the inlet and engine were recorded to
determine the initial steady-state conditions. The high-speed data
system was also activated for a short time, to provide an accurate
reading of the undisturbed wall static pressures at each transducer
location.

The dischargerelay was then activated and data acquisition was
simultaneously triggered off the relay energization signal, which
was strong enough to induce a spike in all transducerreadings. The
presence of the spikes ensured that the wire explosion (occurring
typically 1-2 ms after triggering) could be easily identified in all
recordedsignals. Following data collection for approximately 80 ms
(until the dynamic processes had subsided), the steady flow param-
eters of the inlet and engine were again recorded, along with data
from the high-speed transducers. The steady-state conditions and
the undisturbed static pressures for the high-response transducers
presented here represent the average of readings taken before and
after the transient. A data acquisition portion of a run generally
required only 90 s for completion.

Results

Time Mean Flow

Measurements of velocity profiles were made in the inlet duct
to characterize the uniformity of the inlet flow, using a translating
five-arm total pressure rake. Results at three axial locations (corre-
sponding to positions near the inlet bellmouth, pulse generator,and
compressor face) for M =0.30 are shown in Fig. 4. The calcu-
lated displacementthicknessescorrespondingto these locations are
8*=0.7,3.3, and 5.8 mm, respectively. Blockage values (=25§*/d)
calculated from these data at the pulse generator and compressor
face yield blockages of 4.8 and 8.3%, respectively. The relatively
thick boundary layer near the entrance is a consequence of the first
boundary-layer transition ring located at x = —373.55 cm (11 cm
upstream of the first traverse location). The blockage is relatively
large at the compressorface, due to the large length/diameterratio of
the inlet duct. However, no appreciablediffusion of the wave profile
was observed, nor did the profile nonuniformity have a significant
effect on the acoustic wave speed.

Similar profiles (not shown) were seen at M =0.15 and 0.45,
which is expected because the effect of velocity on the thickness of
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Fig. 5 Axial static pressure distributions in the inlet assembly.

the turbulentboundary layer is relatively weak (thicknessis approx-
imately proportional to the —% power of the edge velocity).

Figure 5 shows the resulting static pressure distributions in the
facility over the completerange of inlet flow conditions.The profiles
upstream of the compressor clearly show the influence of the engine
nose cone on the static pressure profile near the compressor face.
The location of the nominal compressor face (xcr =—6.21 cm)
was chosen to avoid this nose cone effect. The profiles down-
stream of the compressor were generated from data collected at
only two axial stations, so the resulting shapes (straight lines)
shown are only approximations of the true axial static pressure
distributions.

The compressor-face Mach numbers presented here were deter-
mined in the following manner. To account for the slight pressure
drop across the bellmouth screen, a single pitot probe (immersed
by 2.54 cm, well into the core flow) recorded total pressure at
x=-362.59 cm. In combination with eight static wall pressure
readings measured at the same axial location (equally spaced around
the ductperimeterand manifoldedtogetherfora singleaverageread-
ing), the entrance core flow conditions where found. By the use of
the Fanno flow relations with atmospheric temperature as total tem-
perature, and an average static pressure reading at the compressor
face (again from eight equally spaced perimeter taps manifolded
together at x =—6.21 cm), the total pressure drop and, hence, a
compressor face Mach number, could be found.

Time-Dependent Data

After a careful study of the power spectra of all signals, a cutoff
frequency of 2.75 kHz was chosen for low-pass filtering of the high-
speed data. This process effectively removed nearly all compressor
and flow noise, while retaining the processes associated with the
pulses. The data processing method is described hereafter for the
case of Mcr=0.15.

The overall structure of the wave patterns observed is illustrated
in Fig. 6, in terms of typical time histories of wall static pressures
at nine locations in the inlet. Each trace is an average measurement
resulting from five runs with transducers located at each position.
Figure 6 is similarin structureto the x-¢ diagramshownin Fig. 2, but
the vertical distances among the individual traces are not accurately
proportional to the respective distances. The time traces of Fig. 6
correspond to data taken along vertical lines in Fig. 2, at the axial
stations 1-9. Figure 2 shows that pulses moving in opposite direc-
tions may be superimposed,but that the occurrenceof such events is
limited to small regions of the x-¢ diagram by the appropriatechoice
of duct lengths and transducer locations. Figure 6g illustrates a su-
perposition of DP-1 and UP-2 pulses, showing that the signal is
then complex and the structures of the contributing pulses are not
readily identifiable. As expected, the duct ends behave like constant
pressure terminations and generate reflections of opposite signs.

Incident Pulse (DP-1)

Figure 7 shows five filtered DP-1 signals taken from five dif-
ferent runs, with the same transducer (station 3, see Fig. 2 for
transducerlocations) and for the same engine conditions. The close
overlap demonstrates the high degree of repeatability of the pulse-
generation process. The pulse-generation process was repeatable
for a given Mach number, but the peak pressure slightly decreased
with increasing Mach number. This was of no concern, because the
wave/engine interaction process was demonstratedto be closely lin-
ear, and the response characteristics do not appreciably depend on
the pulse magnitude.

Figure 8 shows filtered DP-1 pulses from six different stations
located between the pulse generator and compressor (stations 2-7).
The time record of the pressure perturbation at station 2 is left un-
changed, but the others have been shifted backward in time and the
UP-2 pulse overlaps edited (removed) from the traces. The removal
starts at the instant the leading edge of the UP-2 pulse arrives at the
giventransducerlocation, as noted by the verticallines in Fig. 8. The
time shift for the trace obtained at the ith location was calculated as
follows:

i — X2 Xi — X3

X,
A= = acr(1+ Mcp) ()

thatis, the magnitude of the shift is equal to the time of propagation
from station 2 to station i. The wave speed was calculated from
time-mean measurements of M and a at the compressor face, inde-
pendently of the high-speed data. As illustrated in Fig. 5, the static
pressure and, hence, the static temperature change throughout the
duct,and the speed of soundis not truly constant. However, analyses
utilizing a variable speed of sound results in a maximum time shift
deviation within 1.5% of the value used here, and so no apprecia-
ble error is introduced by assuming that the wave speed is constant
along the upstream duct section between the pulse generator and
compressor.

Figure 8 allows two important conclusions. First, the pulse shape
remains accurately constantand is not attenuated or diffused during
propagation from station 2 to station 7. Second, the speed of propa-
gation can be computed accurately from the mean flow properties.

Figure 9 shows filtered DP-1 pulses from two runs and two axial
stations (2 and 7). For each run, the transducers were placed at four
equally spaced azimuthal positions to check on pulse axisymmetry
near the pulse generator and compressor face. The dual peak in
the data at station 7 is created by the superposition of pulses DP-1
and UP-2 (cf. Fig. 2). Figure 9 allows the conclusion that both the
incident and the reflected pulses are axisymmetric to a high degree,
at least near the compressor face.
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Fig. 6 Temporal evolution of static pressure in the inlet assembly at M ¢y = 0.15; vertical arrows indicate direction of propagation of the disturbances.

Reflected Pulse (UP-2)

The superpositionof five UP-2 pulsesis shown in Fig. 10. By the
use of the trace at station 2 again as a reference, traces from stations
3-6 were shifted to later times by the following intervals:

Xs

2 — X Xy — X;

B acp(1 — Mcr)

(A1), 2

—Uu

The DP-3 pulses are of no interest in this context and were edited
from the signals by replacing them with zeros. The average of the
traces in Figs. 8 and 10 were used to characterize the DP-1 — UP-2
reflection. To compare the response to the incident pulse directly in

the time domain, the average UP-2 pulse was shifted backward in
time by
X2 — XRRP ARRP — X2

- (3)
acr(1 — Mcr) acr(1+ Mcr)

At =

where the reference reflection plane (RRP) is chosen as the tip of
the engine nose cone (that is, x =0). This time shift corresponds
to the downstream propagation of DP-1 from station 2 to the RRP
and the upstream propagationof UP-2 from the RRP back to station
2.This procedureresultsin Fig. 11, whichalsoincludesdata at Mach
numbers of 0.30 and 0.45, processed in the same manner. Both the
incident and reflected pulses were normalized by the peak value of
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Fig. 11 Averages of DP-1 — UP-2 reflections.

the respective DP-1 pulses. The shifting of the incidentfeflection
pulse pairs to earlier times with increasingMach number is the result
of the faster wave propagation speeds at higher Mach numbers.

Figure 11 shows that the beginning of the (shifted) reflection and
the incident pulses coincide in time. From this we can conclude that
1) the reflected pulse propagates at the wave speed appropriate for
an upstreammoving planar wave and 2) the RRP was an appropriate
choice in defining the regionresponsiblefor initiating the reflection.

A notable feature of the reflected pulse is that it is composed of
a positive and a subsequent negative part, the result being reminis-
cent of a single period of a strongly damped sine wave. Because
the incident pulse has a simple, unipolar shape with no change of
sign, the more complex structure of the reflection requires some
explanation.

Reference 17 treats the reflection of planar acoustic waves in-
teracting with a local area change in otherwise constant-area duct
flows. It is shown that an area reduction produces reflections of
the same sign, and an area increase leads to reflections of opposite
sign, with an attenuation dependenton the upstream Mach number.
The streamwise distribution of the cross-sectional areas in the en-
gine investigated here may be characterized as an 11.48-cm-long
area reduction (the nose cone plus the rotor and stator), followed
by an 8.52-cm-long area increase (the tail cone). The reflections of
Fig. 11 do indeed display an initially positive disturbance, followed
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by a negative one after a time delay. The delay closely equals the
time needed for a wave to propagate from the RRP to the beginning
of the divergent section and then back to the RRP, as expected on
the basis of the proposed explanation.

The durationof the reflection is approximately the same as that of
the incident pulse for all Mach numbers and contains contributions
from the disturbance interacting with both area changes, as well as
the rotor and stator rows. The contributions of the rotor and stator
blades to the reflection are both expected to be positive.!” The shape
of the UP-2 pulse suggests that the overall reflection is strongly
affected by the area changes.

Transmitted Pulse (DP-2)

In areflection processthe incident and reflected pulses both prop-
agate in the upstream mean flow. In a transmission process, the
incident pulse propagates in the upstream mean flow, but the trans-
mitted pulse moves in the downstream flow. This difference in mean
flow properties has a significant influence on the characteristics of
the transmitted pulse.!” The differences between the upstream and
downstream mean flows also raised a number of questions concern-
ing the appropriate normalization of the transmitted pulse. Consid-
eration of these issuesled to the conclusionthat the most meaningful
normalizationis obtained by referencingall disturbancesto the peak
value of the incident wave (DP-1).

A secondissue was the determinationof the temporal relationship
between the incidentand transmitted pulses. The wave moving from
station 7 to station 8 passes through, and is modified by, the engine.
The wave motion is no longer a simple propagation in a constant-
area duct, and a simple expression analogous to Eq. (3) cannot be
used to account for the propagation times. The issue was resolved
by shifting the trace of the transmitted wave back in time by the
amount required to line up its leading edge with that of the incident
wave. This time delay was obtained from the unsteady data, without
any recourse to the mean flow properties.

Figure 12 shows the average DP-2 traces recorded from five runs
at two stations in the exhaust duct, located downstream of the com-
pressor. The bands surrounding the average line correspond to the
maximum/minimum data point scatter, again showing the excel-
lent repeatability achieved by the pulse generation process and the
consistent operating characteristics of the engine.

The trace at station 9 was aligned with that of station 8, an average
taken, and the resulting average DP-2 pulse was then shifted back
in time to align it with the average DP-1 pulse at station 2. The
result is displayed in Fig. 13 for M- =0.15, 0.30, and 0.45. To
eliminate the overlapping of the various Mach number cases, each
pair of traces was shifted forward in time by 1 ms, in addition to the
earlier manipulations.
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Fig. 12 Comparison of average transmitted (DP-2) profiles from five
runs at two locations; bands represent minimum/maximum data point
range, Mcr =0.15.
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Fig. 13 Averages of DP-1 — DP-2 transmissions.

It is immediately apparent that the shapes of the DP-2 pulses are
nearlyidenticalto theincident DP-1 pulses, differingonly by a slight
peakamplitudereduction.In other words, the pulses passthroughthe
engine with only a minor attenuation. This attenuationis diminished
with increasing Mach number. Although these waves have no direct
effect on the inlet flow, they are capable of producing additional
reflections from later blade rows in multistage compressors and,
thus, are of long-term interest.

Frequency Domain Analysis

The response of the engine to incident acoustic disturbances can
be best characterized by the use of frequency-domain methods,
specifically transfer functions. Given the time histories of the in-
cident, reflected, and transmitted pressure disturbances, frequency-
response functions (transfer functions) can be obtained as the ratio
of the Fourier transforms of the output (reflected or transmitted) and
input (incident) pressure histories:

HIf1 = ZIf1/YLf] = | HLf1le ] )

H|[ f]and ¢[ f] are the amplitude gain and phase angle, respectively,
of the complex transfer function representation.

This methodology is applicable if the relationship between the
input and output functions is linear. This has been demonstrated to
be the case for the small-amplitude acoustic disturbances consid-
ered here. The method takes advantage of all of the information
contained in the experimental data. A single experimental run is
sufficient to obtain response information as a continuous function
of frequency. Importantly, the availability of a transfer function al-
lows the prediction of the engineresponseto any arbitrary incoming
acoustic disturbance. The method is highly developed, widely used
in the acoustic characterizationof duct components, and its details
are available from numerous sources.!® The codes required to cal-
culate the transfer functions were readily available as part of the
LabVIEW software package used in the data reduction.'®

The (time-shifted and averaged) time histories of the pressure
disturbances determined earlier served as inputs into the LabVIEW
software. Because the code uses fast Fourier transforms (FFTs), the
data sets were edited by adding trailing zeros to produce equally
sized records with 2048 entries, correspondingto 16.4 ms of data.

Reflection

Figure 14 shows the amplitude gain of the average DP-1 — UP-2
reflection process for all Mach numbers tested. The data indicate
an increasing reflection at all frequencies as the flow speed is in-
creased, which was also evident from the time-domain data shown
in Fig. 11. Depending on Mach number, the peak reflection occurs
in the range 400-750 Hz, corresponding roughly to the inverse of
the pulse duration.
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Fig. 15 Transfer function phase angle of DP-1— UP-2 reflection.

Figure 15 shows the phase angles of the transfer function as a
function of frequency. This plot depends on the choice of the RRP
location because the distance between the transducer and the RRP
defines the overall time delay T between the incident wave and
the time-shifted reflection, as described by Eq. (3). In a frequency
representation, the time delays affect the phase angle plot. This can
be easily seen by considering that

¢/2nr =1)T or ¢=Qnrr)f (5)
Knowing the upstream/downstream propagation speeds, the infor-
mation given is sufficient to construct a phase angle plot for any
combination of the transducer/RRP locations.

Transmission

Figure 16 shows the gain of the transmission transfer functions,
computed for the DP-1 — DP-2 transmission. The gains show a
rising trend with Mach number and a declining trend with frequency.
Itisinterestingthat gainsabove unity were found at low frequencies.

The phase angles for the transmissionare identically zero because
we used the actual measured time delay to shift the transmitted wave
back in time, forcing it to begin simultaneously with the incident
wave. The formal evaluation of the phase angles confirmed this
expectation, making an illustration unnecessary.
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Fig. 16 Transfer function gain of DP-1 — DP-2 transmission.
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Fig. 17 Reconstruction of UP-2 and DP-2, M¢r =0.30.

Prediction of Response to Arbitrary Incident Pulses

In possessionof the transfer functions, it is possible to predict the
responseof the engineto arbitrary incidentacousticpulses, provided
the pulse amplitudeis in the linearrange and its frequency content is
within the bandwidth of the transfer function. Detailed explanations
are left to any one of numerous available references!®; the result-
ing reflection or transmissionis given by a procedure symbolically
defined by the following formula:

z2(t) = FFT {H[ fI"FFT[y (1)1} (6)

A fully satisfactory demonstration of this capability would require
another set of data, obtained with an incident pulse different from
the one used to determine the transfer function. Such a demon-
stration has been successfully accomplished by Freund in a similar
experiment.'? Because of the inlet length and device positions cho-
sen, no such alternate data set is readily available from the current
effort. However, a limited demonstrationis possible reconstructing
the UP-2 and DP-2 pulses from DP-1, using the transfer functions
illustrated in Figs. 14-16. If the method works, then the operations
designated in Eq. (6) should reconstruct the measured data.

Figure 17 illustrates this reconstruction utilizing data recorded
by the transducer at station 2 during a single run at M = 0.30.
In the first attempt, the unfiltered DP-1 pulse was used in Eq. (6).
The main features of the responses are reproduced quite well, even
though higher frequency contributions are seen to produce minor
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Fig. 18 Comparison of UP-2 with traditional boundary conditions at
Mcr=045.

deviations in the resultant pulse structures. In a second attempt, the
filtered DP-1 pulse was utilized (which, as shown earlier, was nearly
identical to the average pulse used to generate the transfer function
in the first place). The resulting reconstructionis extremely accurate
becauseit overlaysboth the measured UP-2 and DP-2 pulses to such
a degree as to make them indistinguishable.

Figure 18 compares an experimentally determinedreflected pulse
with those predicted by the commonly employed constant pressure
and velocity boundary conditions. The constant velocity condition
produces a reflected pulse that is identical with the incident one,
whereas the constant pressure condition produces a reflection that
simply changesthe sign of the incidentpulse. These procedurescor-
rectly predict the duration of the reflected pulse (approximately the
same as that of the incident one), but the magnitudes and shapes of
the predictions are not even approximately correct. Clearly, neither
of the two conventional boundary conditions provides a realistic
simulation of the reflection process occurring at the compressor
face.

Comments

The experimental data generated in this effort apply to a spe-
cific engine at various operating conditions and indicate that the
response characteristics depend on the operating condition. Earlier
experimental and analytical work has shown that the geometry of
the engine is also an important variable. The transfer functions are,
thus, engine specific, and each particulardesign project must use the
transfer functions applicable to the engine intended for the system.

Because experimental determinationis too costly for generaluse,
methods will be required for the calculation of the required response
characteristics (transfer functions). The developmentof such meth-
ods are still in their infancy; for example, the reflection coefficient
given by the theory of Ref. 17 corresponds to the low-frequency
limit of the transfer function, which should be adequate for slowly
varying disturbances. Significant additional effort will be required
to develop them to a mature level thatallows their use in all practical
flow situations.

Engine manufacturers are in the best position to develop the re-
quired methodologiesbecause they are in possessionof the required
expertise and specific engine-relatedinformation. Providing bound-
ary conditioninformation to airframe manufacturers,along with the
traditionally supplied operating parameters of the engine, would
allow a significant improvement in the propulsion system design
process. The data offered in the present paper representappropriate
benchmark information for testing such future methodologies and
codes.

The transfer function method described in the present paperis ca-
pable of handlingall frequenciesthat are likely to be of interest from

an inlet dynamics point of view. However, it relies on a frequency-
domain formulation,and its use requires an adaptation to the typical
time-domain codes used in propulsion systems design. Analogous
work hasbeen publishedin the contextof acousticlinersby Ozyoruk
and Long!® and by Tam and Auriault,?® who developed methods for
using frequency-domaininformation to formulate a wall boundary
conditionin a time-domain code. The present problem involves an
outflow boundary condition. An appropriate extension of Ref. 19 is
believed possible, but it represents a significant challenge and has
not been attempted as part of this work.

Summary

The proper representation of a compressor as a boundary condi-
tion in an unsteady inlet code requires that the acoustic response
of the compressor to incident acoustic disturbances be properly
modeled. This requires the knowledge of the acoustic reflection
coefficient of the compressor while in operation. The measurement
of this quantity is best accomplished by the impulse method that
requires the exploration of transients induced by the arrival of a
short-durationacoustic disturbance (pulse) to the compressor face.

Detailed measurements were made of such transients using a
single-stageaxial flow compressor, for axial Mach numbersranging
from 0.15 to 0.45. The compressor was mated to a constant-area,
circular inlet, in which the (compressive) pulses were initiated by
the explosion of a thin wire. The incident acoustic pulse is highly
axisymmetric, has a duration of 2 ms, and has a peak amplitude
of approximately 3% of the mean static pressure measured at the
compressor face. The pulse is free of variations of entropy and/or
vorticity.

The measurements included the determination of both reflected
and transmitted waves. The shape of the reflected pulse is similar to
a single period of a strongly damped sine wave, with an amplitude
much less thanthatoftheincidentpulse. The transmitted waves were
foundto be very similar to the incident pulses, showing only a minor
attenuation in peak amplitude. The peak amplitudes of both the
reflection and transmission were shown to increase with increasing
Mach number, and the durations of both responses were found to be
close to that of the incidentdisturbance.

Frequency-domainanalysis was used to characterizethe compres-
sor face processesin terms of transfer functions, which offer a fairly
complete description of the response characteristics. The principal
factor affecting the transfer functions was the axial Mach number.
No significant dependence was found on incident pulse strength,
indicating that the system respondsin a linear fashion. The transfer
functionrepresentationspermit the predictionof reflected and trans-
mitted waves induced by arbitrary incident acoustic disturbances.
A limited demonstration of this predictive capability was provided
by reconstructing the reflected and transmitted waves from a given
incidentwave, using the experimentally obtained transfer functions.

Anexperimentallydeterminedreflection was comparedto predic-
tions obtainedusing two currently customary CFBCs (constantpres-
sure and constant velocity). The predictions are very poor, demon-
strating that current practices intended to represent compressor face
behaviorduring rapid transients need to be revised. The experimen-
tal data and processing methodology offered in this paper provide
a sound basis for the development of more accurate CFBCs for
incorporationinto unsteady inlet codes.
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