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Aeroacoustic Measurement of Transient Hot Nozzle Flows

Daniel R. Kirk, Douglas O. Creviston, and Ian A. Waitz†

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

An assessment of a low-cost transient testing technique for obtaining acoustic measurements from hot, high-
speed nozzle � ows is presented. A shock tunnel was used to produce short-duration (10–20 ms) supersonic air jets
from three sizes of American Society of Mechanical Engineers conic nozzles and a mixer-ejector nozzle typical
of a high-speed civil transport (HSCT) aircraft application. A comparison between shock-tunnel transient noise
data and steady-state data is presented. The assessment establishes the uncertainty bounds on sound pressure level
measurements over the range of frequency bands, nozzle pressure and total temperature ratios, and nozzles scales
for which the facility can be used as a substitute and/or complementary mode of investigation for steady-state
hot-� ow test facilities. Using the transient facility, far-� eld narrowband spectra were obtained at directivity angles
from 65 to 145 deg, and the data were extrapolated to full-scale � ight conditions. The constraint of short test
duration is alleviated through the use of multiple runs to reduce the uncertainty associated with transient acoustic
measurements. Sound pressure level vs frequency trends with nozzle pressure ratio and directivity angle are
comparablebetween the steady-stateandtransientdatafor theconic and mixer-ejectornozzles. Conicnozzle results
demonstrated that the transient noise data replicate the steady-state data to within § 2-3 dB, and the magnitude of
effective perceived noise level values agree to within 1–3 dB depending on test condition and nozzle size. The mixer-
ejector model demonstrated agreement with the steady-state noise data of around 2–5 dB on sound pressure level
vs full-scale frequency over the range of nozzle pressure ratios and total temperature ratios relevant to the HSCT
mixer-ejector developmentprogram.Trends innoisevariationwith azimuthalangle,as measuredcircumferentially
about the inlet axis, as well as variation with mixer area ratio were also captured using transient testing.

Nomenclature
Ast = shock-tube cross-sectionalarea
A = nozzle throat area
De = nozzle exit diameter
ldn = length of driven section
ldr = length of driver section
lst = length of shock tube
Pdriven=Patm = driven/atmospheric pressure ratio
Pdriver=Pdriven = driver/driven pressure ratio
texg = exhaustion of test gas time limit
tjet = jet starting time
tnet = total available test time
tnozzle = nozzle starting time
twave = re� ected wave test time limit
ÂHe = helium mass fraction
9 = directivity angle

I. Introduction

A IRCRAFT noise is currently one of the most signi� cant envi-
ronmental concerns facing air carriers.1;2 Current projections

of future demand for air transportation predict approximately 5%
growth per year.3 Furthermore, with an anticipated populationden-
sity increase within the vicinity of airports, noise abatement is of
increasing importance in the design of aircraft engines. Conven-
tional steady-�ow combustion or electric arc-heated facilities are
currently employed as the primary means of acquiring � uid me-
chanic and acoustic data used to investigate noise suppressor noz-
zle concepts. Typical subscale nozzles cost between $10,000 and
$100,000 and require several months to design and fabricate. Such
time and � scal constraints impose practical limits on the number of
nozzle conceptsand geometries that can be investigatedand provide
motivationfor the developmentof more � exibleand ef� cient testing
techniques for the study of noise suppressornozzles.
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One concept, the shock tube, is mechanically simple, has mini-
mal operating and maintenancecosts, and can generate � ows with a
wide range of total pressures and total temperatures comparable to
steady-state facilities. Further, as a result of shock heating, the total
temperature and pressure pro� les at the nozzle inlet are uniform,
eliminating the noise associated with entropy nonuniformities that
are often present in steady-state, vitiated air facilities. The com-
promise made for mechanical simplicity and versatility is the brief
duration of useful test time. Suf� cient time must be allowed for the
nozzle � ow and free jet to reach a quasi-steady state before mea-
surements can be made. However, if this constraint is met, the short
run times become advantageous. The test nozzles are exposed to
high-temperature � ow for only a fraction of a second, thus rela-
tively inexpensivestereo-lithography(SLA) nozzles ($2000–$5000
each), can be tested at realistic � ow conditions.Conversely,nozzles
for steady-state facilities are an order of magnitude more expen-
sive because they must be robust enough to withstand pressures at
elevated temperatures for extended periods of time.

The objective of the research described in this paper is to assess
whether or not a shock-tunnel facility can be used to produce use-
ful � uid mechanic and acoustic measurements of hot supersonic
jets. It is shown, both analyticallyand experimentally, that the rele-
vant � uid dynamic structures have suf� cient time to reach a quasi-
equilibriumstate, that there is adequatetest time to resolve the sound
power spectrum levels, and therefore that useful far-� eld acoustic
measurements can be acquired on scaled nozzles. Furthermore, a
comparison between steady-state and transient shock tunnel data is
presented.

The paper continuesin Sec. II with a phenomenologicaloverview
of the operation of re� ection-type shock tubes. Section III presents
a facility overview and describes the test articles, apparatus, and
data processing. Section IV contains a discussion of the testing
methodologyand proceduresused in the experiment.Finally,Sec. V
presents the results and a comparison with steady-state noise data
for both the American Society of Mechanical Engineers (ASME)
conic and mixer-ejector nozzles.

II. Overview of the Use of Shock Tubes for Jet Testing
The fundamentalpurposeof the shock tube is to generate a reser-

voir of high temperature and high-pressure � uid that is expanded
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Fig. 1 Shock-tube notation and wave phenomena.

through a nozzle to create a hot supersonic jet. Initially, the tube
is separated into a driven section, denoted as region (1), and driver
section, denoted as region (4), by two thin primary diaphragms, as
shown in Fig. 1a. The driven section contains the test gas, air for
each test, and is typically evacuated to around one-� fth of an atmo-
sphere.The driver section is evacuatedand then � lled with a mixture
of helium and air to a pressure between 2 and 6 atm depending on
the desired shock strength.A secondarydiaphragmlocatedbetween
the driven section and the test article acts as a seal between the low-
pressure air in region (1) and ambient air of the test chamber. The
shock tube affords a great deal of � exibilitybecause the driver pres-
sure, gas composition, and the test gas pressure can be easily and
accurately regulated to yield different stagnation temperatures and
pressures behind the re� ected shock.

When the sectionof the tube between the two primarydiaphragms
is evacuated, the pressure difference causes the diaphragms to press
against knife blades and rupture. The driver gas acts like an impul-
sively started piston initiating a series of converging compression
waves. The compression fronts rapidly coalesce into a shock wave,
propagating through the driven section, accelerating, and heating
the driven gas. Concurrently, a series of diverging expansionwaves
propagate through the driver gas mixture decreasing the pressure
and accelerating the � uid in the direction of the nozzle. The state
of the gas that is traversed by the incident shock wave is denoted
by region (2) and that of the gas traversed by the expansion fan
is denoted as region (3), as depicted in Fig. 1b. The interface, or
contact surface, between regions (2) and (3) marks the boundary
between the gases that were initially separated by the diaphragm.
To � rst approximation, regions (2) and (3) can be assumed not to
mix and are separated by the contact surface,which is analogous to
the face of the piston. The test is initiated when the incident shock
wave reaches the nozzle end of the tube, re� ects from the end plate,
and creates a region of stagnant, high-pressure,high-enthalpy� uid,
denotedas region (5), which then rupturesthe secondarydiaphragm
and expands through the nozzle to the desired conditions.

On either side of the contact surface, it is essential that the speeds
of soundbetween regions(2) and (3) be identical to prevent extrane-
ous waves from the re� ected shock as it passes through the contact
surface. These waves can substantially limit the available test time.
To ensure that this does not occur, the speed of sound is matched by
choosingtheappropriatecompositionof gasesfor the driversection,
using the matching condition:
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If this condition is met, there will be no re� ected disturbance.

The shock strength can be determined using the basic shock-tube
equation, which relates the shock strength p2=p1 implicitly as a
function of the known diaphragm pressure ratio p4=p1:
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Once the shock strength is determined, all other � ow quantities can
be determined from normal shock relations, and thus the thermo-
dynamic and � uid mechanic properties of the jet are predicted. A
detailed discussion of the gas dynamic model used to design the
shock tunnel, as well as the effects of shock attenuation, freestream
acceleration, shock-boundary-layer interaction, and imperfect re-
� ections from an end plate are addressed in Refs. 4–8.

III. Facility Description, Apparatus
and Data-Processing Procedures

Section III describes the two facilities used in the assessment,
the test articles, as well as a brief overview of the acoustic data-
processing procedure.

A. Transient Test Facility Description

The shock tube used in this experimentconsists of a 7.3-m driven
section and a 8.4-m driver, both constructed from 30-cm-diam
stainless-steel pipe. A schematic of the shock tube used in this
experiment is shown in Fig. 2, with many more details of the fa-
cility contained in Refs. 7 and 8. The tube is suspended on rollers
to provide access to diaphragms and allow repositioningof the noz-
zles with respect to the microphones. The nozzles exhaust into an
8:3 9:8 3:7 m anechoic test chamber treated with a 10-cm-thick
� berglass acoustic absorber,which results in 10–20 dB reduction in
re� ected acoustic intensity for frequencies above 500 Hz. This pre-
caution is taken to avoid re� ection of the jet noiseduring the test and
to eliminate reverberations of the high-amplitude noise associated
with the initiation of jet � ow into the test chamber. The shock tun-
nel is equipped with a system that � ushes the residual helium from
the driver section after each test, ensuring that subsequent tests are
not tainted by extraneous helium. Helium introduced into the test
chamber after a test is removed via an exhaust fan.

B. Test Articles

The sizes of ASME standard axismmetric nozzles used on the
shock tube to assess facility performance are 5.1, 6.8, and 10.2 cm
exit diameter. The conic nozzle used to acquire the steady-statedata
is 14.2 cm in exit diameter.More details, schematics,and picturesof
the ASME nozzles can be found in Ref. 8. The mixer-ejectormodel
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Fig. 2 Shock-tube schematic and microphone location.

Fig. 3 Mixer-ejector model schematic.

tested at the facility is typical of a mixer-ejector nozzle that might
be used in a high-speedcivil transport (HSCT) application.An iso-
metric view of the of the mixer-ejector nozzle used in the transient
investigationis shown in Fig. 3. The chute racks tested in the model
are made of either cast aluminum or plastic SLA. The aluminum
chute rack was cast from a SLA model. The mixer-ejector model
also featuresa complimentof 13 Kulite pressuretransducerslocated
along the centerlineon both the top and bottom surfaces. The pres-
sure measurements serve to con� rm that the mixer-ejectormodel is
operating at a quasi-steady mode by comparing with the pressure
signaturesacquired from the full-size steady-statemodel. The exact
geometryof the deviceshown in Fig. 3, as well as the acousticsigna-
tures and speci� c operatingconditionsof the device are proprietary.

C. Acoustic and Fluid Mechanic Data Acquisition

Acoustic data were acquired using six Brüel & Kjær 4135 1
4 -in.

free-� eld microphones9;10 positionedon a constant radius arc 3.7 m
from the nozzle exit, as shown in Fig. 2b. The microphones were
located at directivity angles comparable to the steady-state facility:
70, 110, 120, 130, 140, and 145 deg. Four Kulite XT-190 0-100 psia
dynamic pressure transducers are � ush mounted on the wall of the
driven section of the shock tube. These four transducersare used to
measure the primarynozzlepressure,shockspeed,and test time (du-
ration of the uniform pressure region). Using this instrumentation,
the primary nozzle pressure ratio (NPR) can be determined with an
uncertaintyon the order of 0.5%. The total temperature ratio (TTR)
is determined with an uncertainty on the order of 0.5% through

measurement of the incident shock speed and use of the shock-tube
equations.More informationon the instrumentationand determina-
tion of NPR and TTR can be found in Refs. 8–11. Two computers
are used to control the operation of the facility and acquire the pres-
sure, noise, and thrust data.The controlcomputer is con� gured with
National Instrument’s LabView and the requiredcards to control the
sequence of 13 solenoid valves and 2 mass � ow controllers neces-
sary to � ll and � re the facility, as well as to acquire and save the
dynamic pressure data obtained from four wall-mounted pressure
transducers in the shock tunnel. The second computer is con� gured
with two ADTEK AD830high-speeddataacquisitionboards,which
enable it to simultaneously sample 16 channels at 12 bits, 330 Hz.

D. Steady-State Test Facility Description

The steady-state data used for comparison were obtained from
conic and mixer-ejector nozzles tested in the Boeing Low Speed
AeroacousticFacility (LSAF). LSAF combinesa large (20m long
23 m wide 10 m high) anechoictest chamberwith a 2.7 m 3.7 m
freejet wind tunnel. The steady-state acoustic data were obtained
in 1

3
octave bands over a frequency range from 200–8000 Hz,

over a range of directivity angles from 52–146 deg. Acoustic in-
strumentation includes a traversing azimuthal microphone array at
4.6 m from the jet axis with additionalfree-standingmicrophonesto
augment the array measurement. Additional information on LSAF
can be found on-line at http://www.boeing.com/assocproducts/
techsvcs/boeingtech/bts acoub.html.

E. Acoustic Data Processing

The techniquesthatwereused to reduce thedataare typicalof cur-
rent industrialpractice,and it was on thisbasis that we chose to make
the comparison between the steady and transient data. The transient
shock-tunnel acoustic data were processed using the NASA John
H. Glenn Research Center Digital Acoustic Data System (DADS)
as follows: the input was subdivided and converted into pressure
vs time records, which were then processed to obtain spectra; the
data were then processed to a 1-ft loss-less scenario taking into
account instrument corrections and atmospheric attenuation; and
then a � y-over transformationwas performed. Frequency response
characteristics and free-� eld corrections for microphone incidence
angle were also incorporated into DADS. Steady-state sound pres-
sure level (SPL) vs frequencydata were also processedusingDADS
over the same frequencyrangeas the transientdata to ensure that the
comparison presented was not in� uenced by processing scheme.

For an appropriate comparison to be made with steady-state
results, the acquired data are compared at a full-scale diameter
(101.6 cm for the conic nozzles) and over a simulated � ight path
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where the noise is � own over an observer at a distance of 496.5 m
over a range of polar angles between 60 and 160 deg. Information
beyond the range of polar angles measured is created by extrapo-
lating the last angle’s source spectrum to the new angle’s propa-
gation distance while taking into account atmospheric absorption.
For the mixer-ejectormodel, which is not axisymmetric, azimuthal
angle measurements are also made circumferentially90 and 24 deg
from the observer’s ground location. Furthermore, each set of data
is corrected to standard day ambient conditions. The extrapolation
generates SPL vs frequency data for each of the polar angles, and
the two data sets can be examined for agreement in magnitude of
SPL over the full-scale frequency range, which depends on the size
of the model nozzle. Overall sound pressure level (OASPL) and
perceived noise level (PNL) at each polar angle are also calculated
and compared to assess the directivitybehavior of the transient and
steady-state noise data.

IV. Transient Test Time Limitations
and Experimental Conditions

The principal constraint associated with using a shock tube
for jet noise measurements is the short duration of the test time.
Section IV.A contains a discussion of the limitations on test time
and a comparison of analytical estimates to the values achieved
with the transient facility. In Sec. IV.B the results of a statistical
analysis are presented to determine the amount of test time needed
to produce noise measurements with a given level of con� dence. It
will be shown that, in general, multiple runs of the shock tube are
required.

A. Determination of Useful Test Times and Comparison
with Analytical Prediction

The time-distance history of the wave system within the shock
tube is illustrated in Fig. 4. The duration of the steady � ow through
the nozzle is limited by either exhaustion of the test gas or the
subsequent arrival of a re� ected wave at the nozzle.

Time t1 represents the duration of the test being limited by a
re� ection from the contact surface. As was discussed in Sec. II, this
is eliminated by matching the speeds of sound in the gases to allow
the re� ected shock to pass undisturbed through the interface. Time
twave represents the duration of the test being limited by a secondary
expansion (either the arrival of the re� ected head of the primary
expansion or the arrival of a weak secondary expansion generated
if the re� ected shock overtakes the tail primary expansion fan).
The maximum test duration for a given geometry and temperature
ratio occurs when the re� ected shock simultaneously intersects the
re� ected head and tail of the expansion fan.

Achievable test times were predicted using methods described in
Ref. 7. Table 1 presents a summary of the analyticallypredicted test

Fig. 4 Time-distance history of the wave system in a shock tube.

Table 1 ASME nozzle analytically predicted test times (ms)

De NPR TTR twave texg tnozzle tjet tnet tact

5.1 1.51 1.82 25.9 568 2.1 1.5 22.3 20
5.1 2.48 2.43 23.6 259 1.9 1.4 20.3 17
5.1 3.43 2.91 20.4 138 1.7 1.2 17.5 15
6.8 2.48 2.43 23.6 127 2.4 1.8 19.4 17
6.8 3.43 2.91 20.4 71 2.2 1.6 16.7 14
10.2 1.51 1.82 20.4 131 4.1 2.9 18.9 15
10.2 2.48 2.43 23.6 64 3.8 2.8 17.1 14
10.2 3.43 2.91 20.4 31 3.4 2.4 14.6 11

time tnet and realized test time tact for eight combinationsof ASME
nozzle size and jet condition.

Providedthe tailoringconditionismet, the test time will be limited
by the shorter of two time constraints: 1) the arrival of a re� ected
wave disturbance or 2) the exhaustion of the available test gas.

The wave impingement time at the nozzle twave is a function of
geometry ldn=lst and TTR. The time to exhaust the test gas texg is a
functionof TTR and the size of drivensectionandnozzle throatarea.
From each of these two time constraints, it is necessary to subtract
the sum of the nozzle starting and jet development time to arrive
at the net test time tnet. The nozzle starting time tnozzle is the time it
takes to have started � ow through the nozzle and is conservatively
estimated as three nozzle � ow-through times, varying with TTR.
The jet starting time tjet is the time required for the turbulent jet to
reach a quasi-steady state, which is a function of exit diameter, jet
velocity, and potential core length. For each of the tests presented
in Table 1, the net test time is not limited by the exhaustion of the
test gas, but rather by a re� ected wave disturbance.

Net test time decreases from approximately 23 to 15 ms with in-
creasing nozzle scale and TTR and is not in� uenced by NPR. The
last column of Table 1 shows the actual test time that was realized
for the given test conditions.Useful test times are seen to be in con-
sistent agreement with the analytically predicted values, with the
actual values being slightly lower because of incident and re� ected
shock attenuationcaused by viscous effects. A similar analysis was
performedfor the mixer-ejectornozzleusing the pressuresignatures
from the Kulite pressure transducers to ascertain tact . The compari-
son between the net predicted test time and the actual realized test
time were in similar agreement as summarized for the ASME noz-
zles in Table 1, with typically 12–15 ms available for low NPR
and TTR tests and 9–12 ms available for high NPR and TTR tests.
The exact operating conditions of the mixer-ejector model cannot
be given here, although the NPR and TTR range is similar to that
shown in Table 1.

B. Test Time Requirements for Statistical Con� dence

The short duration of the net test time for the shock tube makes it
important to understandhow much total test time will be required to
produce results that are in good agreementwith steady-statefacility
data. It will be shown that shock tubes are most useful for simulat-
ing jet noise in relatively high-frequency bands since less time is
required to accurately resolve the SPL in the relatively broader (in
terms of Hz) 1

3 -octave bands.
To analytically predict the required test duration given a desired

SPL con� dence level, jet noise can be modeled as a chi-square ran-
dom variableand statisticallyanalyzedusing the methodsdescribed
by Hardin in Ref. 12. The analysis illustrates the principal trade be-
tween resolution and measurement uncertainty. As the bandwidth
of the measured noise spectrum is reduced, the uncertainty in the
estimate of the sound amplitude in each band increases. Figure 4
provides the results of the statistical analysis for a series of 12-ms
test runs at 90% con� dence from the 6.8 and 10.2-cm exit diameter
nozzles at full-scale dB vs frequency. If multiple runs can be av-
eraged together to increase effective test time, convergence around
the steady-state data within the boundaries shown in Fig. 5 is ex-
pected. The convergence can be limited however, if systematic and
run-to-runerrors become signi� cant. The � gure shows that in order
to obtain measurementsof full-scale frequenciesgreater than 2 kHz



932 KIRK, CREVISTON, AND WAITZ

Table 2 Summary of acquired data for ASME nozzles

Low Mid High

Test type De NPR TTR Time NPR TTR Time NPR TTR Time

Steady-state 14.2 1.51 1.82 1 s 2.48 2.43 1 s 3.43 2.91 1 s
Transient 10.2 1.51 1.81 80 ms 2.45 2.43 80 ms 3.45 2.96 50 ms
Transient 6.8 N/A N/A N/A 2.50 2.44 65 ms 3.51 2.93 50 ms
Transient 5.1 1.53 1.82 75 ms 2.57 2.45 60 ms 3.48 2.93 50 ms

Fig. 5 D dB resolution vs frequency for 90% con� dence for 6.8- and
10.2-cm nozzles.

Fig. 6 As-measured acoustic data, NPR = 1.51, TTR = 1.82, 5.1-cm
nozzle.

(30 kHz, 6.8 cm diam), which are within 1 dB at 90% con� dence,
only one 12 ms test is needed.To resolve the spectrawithin 1 dB at
90%con� denceforfrequenciesgreaterthan500Hz (7.4kHz, 6.8cm
diameter), 72 ms of total test time (6-, 12-ms runs) is needed. More
test time is needed as nozzle exit diameter increases to achieve the
same level of con� dence within a certain dB tolerance at a given
full-scale frequency.

V. Results and Discussion
A summary of the data used in the comparison between tran-

sient and steady-state jet noise is presented in Table 2 for the
ASME conic nozzles. Three conditions, which are referred to as
low (NPR 1.51; TTR 1.82), mid (NPR 2.48; TTR 2:43),
and high (NPR 3.43;TTR 2.91) for convenience,were acquired
with three ASME nozzle sizes in the transient investigationand with
one nozzle size in the steady-stateexperiment.Table 2 also presents
the nozzle pressure ratios and total temperature ratios achieved in
the transient tests and the correspondingmultiple run total test time.

The NPR and TTR of the transient tests were typically within 1%
of the steady-statetargetvalues (which is within the data acquisition
“drift” tolerances typically set by steady-state facilities), and the
standard deviation of NPR with each run set (multiple runs at the
same condition) was on the order of 0.05.

A sample of 18 ms of far-� eld acoustic data acquired from the
5.1-cm nozzle at the low condition is presented in Fig. 6. The plot
shows SPL vs frequency for each of the six microphones, corre-
sponding to directivity angles from 70 to 145 deg, located on a

Fig. 7 Use of multiple runs to decrease the uncertainty of transient
acoustic data.

constant radius arc 3.7 m from the nozzle exit. The data, which is
acquired in narrowband,can then be extrapolatedto any nozzle size,
distance from the observer, or ambient condition, as was discussed
in Sec. III.E. Figure 6 was plotted against 1

3 -octave frequencies for
clarity. The plot shows several of the distinguishing characteristics
typical of circular jet noise measured at constant radius. It can be
seen that the aft directivityangles peak at a lower frequencyand roll
off faster in the high-frequency regime. Facility repeatability on a
run-to-run and day-to-day basis was ascertained by examining the
extrapolated data. Using the extrapolated data ensures changes in
ambient conditions and associated atmospheric phenomena within
the test chamber from test to test are properlytaken into account.For
each of the tests presented in Table 2, the run-to-run repeatability
was found to be better than 0.5 dB for the conicASME nozzles.On a
seriesof tests on the same nozzle and set condition, the repeatability
over the course of a six-weekperiod was around1 dB. Repeatability
of the acoustic results from the mixer-ejector model was found to
be around 1 dB on a test-to-test and day-to-day basis.

A. Use of Multiple Runs to Reduce Uncertainty of Transient
Acoustic Measurements

Acousticdata from a seriesof runs at the same jet conditionswere
statisticallyanalyzed to determineif data from multiple shots can be
used to reduced the uncertainty associated with the measurements.
Analysis of multiple runs generallyshows a convergenceanalogous
to the analyticalpredictiondescribed in Sec. IV.B, with two to three
shock tube shots typically required before convergenceis achieved.
Further convergenceis limited by systematic errors. Figure 7 shows
a comparisonof the120-degdirectivityanglefromthe5.1-cmnozzle
at the low condition with 90% con� dence intervals shown for the
12 and 48 ms of data as shaded bands. The plot is typical of each of
the runs presented in Table 2 in that all angles and test conditions
behaved in accordance with the analytically predicted con� dence
levels. The mixer-ejectordata behaved in a similar fashion with the
systematic errors associated with testing the device and a run-to-
run repeatability of 1 dB, in general, 2–3 shock-tube shots were
required for convergence.Once again it is important to note that the
convergencebands are applied in dB for 1

3 -octave frequencies.

B. Transient vs Steady-State Comparison Methodology

The comparisonbetween transientand steady-statedata are made
as SPL vs full-scale 1

3 -octavefrequencyto accountfor differencesin
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Table 3 ASME nozzle performance comparison between transient and steady-state facilities

Nozzle, NPR & Full-scale frequency
cm TTR range, Hz Comparison with steady-state assessment: SPL vs full-scale frequency

5.1 Low 250–4000 2 dB on all directivity angles
5.1 Mid 250–4000 2 dB on 4 of 6 angles, 3–4 dB on 120- and 130-deg angles
5.1 High 250–4000 2 dB on 5 of 6 angles, 3 dB on 130-deg angle
6.8 Mid 300–5300 2–3 dB on all directivity angles
6.8 High 300–5300 2 dB on 5 of 6 angles, 3 dB on 110-deg angle
10.2 Low 500–6000 2–3 dB on 3 of 6 angles, 3–5 dB on 110-, 120-, and 130-deg angles
10.2 Mid 500–6000 2–3 dB on all directivity angles
10.2 High 500–6000 2–3 dB on all directivity angles

Fig. 8 Extrapolated data comparison,NPR = 1.51, TTR = 1.82, 5.1-cm
nozzle (transient) vs 14.2-cm nozzle (steady state).

Fig. 9 Extrapolated OASPL data comparison, NPR = 1.51, TTR =
1.82, 5.1-cm nozzle (transient) vs 14.2-cm nozzle (steady state).

nozzle size, distance to microphones, atmospheric attenuation, and
ambient conditionsbetween the two test facilities.Additionally, the
steady-state data were only available in 1

3
-octave frequency bands.

To ascertain how the jet noise generated from a transient shock-
tube facility compares to steady-state noise data, a series of com-
parisons over the operating range shown in Table 2 were performed
on the ASME and mixer-ejector model. Figure 8 shows a compar-
ison of noise data from the 5.1-cm-diam nozzle (transient) and the
14.5-cm-diamnozzle (steady-state) at four directivityangles for the
low condition,NPR 1.51; TTR 1.82. Once again both data sets
were brought to a full-scale diameter of 101.6 cm, simulating the
noise at 496.5 m from an observer when the source is directly over-
head. The transient data consist of three shock-tunnel shots at the
same condition combined back to back to give a total of 48 ms
of test time. The four angles compared in the � gure, one forward
and three aft, are at 70, 100, 130 and 145 deg with a full-scale fre-
quency range of comparison between 250–4000 Hz. The transient
data exhibit agreement within 1–2 dB in magnitude over the entire
frequency range. Directivity trends with position are also seen to
be in agreement for all six angles. Note that the 120- and 140-deg
angles have been omitted from this plot for clarity; however, these
two angles also exhibit the same agreement with the steady-state
noise data.

Fig. 10 Extrapolated data comparison, NPR = 2.48, TTR = 2.43, 10.2-
cm nozzle (transient) vs 14.2-cm nozzle (steady state).

Fig. 11 Extrapolated OASPL data comparison, 6.8-cm and 10.2-cm
nozzles (transient) vs 14.2-cm nozzle (steady state).

The correspondingstatic� y-overdata for the5.1-cmnozzleshow-
ing OASPL vs directivity angle are presented in Fig. 9 for test times
of 12 and 48 ms. The � gure shows a convergence of the transient
data to the steady-state data as more test time is added. OASPL
measurements from the 48 ms of transient data agree to within
1 dB in magnitude and show a comparable behavior with direc-
tivity angle with a peak in OASPL at around 120 deg. Con� dence
bands, derived from the time-series analysis described in Sec. IV.B
and as shown in Fig. 7, for 12 and 48 ms of test time have been
shown in Fig. 9. These con� dence bands have also been processed
throughDADS, as described in Sec. III.E, for proper representation
in Fig. 9. The transient data are seen to lie within the con� dence
interval.

C. ASME Nozzle Noise Comparison

Another comparison between the steady-state and transient data
is provided in Fig. 10 for the largest conic nozzle tested in the
transient facility, 10.2-cm exit diameter. The � gure shows a com-
parison of transient and steady-state SPL vs frequency at the mid-
condition NPR 2.48 and TTR 2.43. The transient data contain
a total of 52 ms of data from four shock-tube � rings at the same
jet conditions. The addition of more transient data did not show
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a signi� cant improvement in convergence to the steady-state noise
signature.The agreementbetweenthe transientandsteady-statedata
is around 2 dB in magnitude between a full-scale frequency range
of 500–6300 Hz. For frequencies lower than 500 Hz, limitations
on jet development time become important. This possibility was
taken into account when the full-scale low-frequency limit was set
to 500 Hz for the 10.2-cm nozzle in Sec. III.D. The upper limit on
the full-scale frequency is set by microphone frequency response.

Full-scaleextrapolateddata for all threeconditionson the10.2-cm
and 6.8-cm nozzle are shown in Fig. 11. The high condition con-
tains 46 and 54 ms of test time, and the midcondition contains 61
and 64 ms of test time for the 10.2- and 6.8-cm nozzles, respectively.
The low conditionwas investigatedfor the 10.2-cm nozzle and con-
tains 52 ms of transient data. The � gure demonstrates that the tran-
sient data taken on 10.2- and 6.8-cm nozzles replicates the direc-
tivity pattern of the steady-state data at the high and midconditions
with peaks at 130 and 140 deg, respectively. In contrast to the 5.1-
cm nozzle, the 10.2-cm nozzle deviates by approximately 3– 4 dB
on the low conditionat the110-and120-degdirectivityangles,while
the other angles show better agreement. The overall appearance of
the OASPL vs directivityangleplot exhibits the same general shape
and peak noise at around 120 deg. The achievedNPR of 1.52 for the
10.2-cm nozzle at the low condition was also slightly higher than
the desired values of 1.51.

Although only a few plots comparing transient with steady-state
data were presented in the preceding section, the results are repre-
sentative of all of the conditions and nozzles scales tested. Table 3
presentsa summaryof the test conditionsdescribedin Table 2 andan
assessment of the agreement between the transient and steady-state
noise data.

Each of the ASME nozzles transient tests exhibited the same
overall trends in magnitude and directivity as the steady-state data.
The 5.1-cm nozzle exhibited better than 2 dB agreement on each
conditionexceptfor the120-and130-degangleson themid andhigh
cases, which deviated by around 3 dB. The 6.8-cm nozzle agreed
to within 2 dB on the mid and high cases and to within 3 dB
on the 110-deg angle on the high case. Finally, the 10.2-cm nozzle
agreed to within 2 dB on the mid and high cases and had the
worst agreementof any conic nozzle at the low condition,deviating
by 3–5 dB at 110, 120, and 130 deg. All transient tests showed
agreement with the steady-state data trends to with OASPL and
PNL vs directivity angle.

An additional metric used to quantify the performance of the
steady-state and transient data is the effective perceived noise level

Table 4 ASME nozzle EPNL summary (dB)

Steady Transient Transient Transient
NPR 14.2 cm 10.2 cm 6.8 cm 5.1 cm

1.51 89.1 92.5 N/A 88.6
2.48 111.1 112.9 113.8 112.4
3.43 118.3 119.6 118.9 118.8

Table 5 Mixer-ejector performance comparison between transient
and steady-state facilities

NPR & Azimuthal Comparison with steady-state assessment
TTR MAR angle, deg 250–4000-Hz full-scale frequency range

Low Low 90 2–4 dB on 100, 110, 120, 130 deg, 3–5 dB on 70 deg
Low High 90 2–5 dB on 100, 110, 120, 130 deg, 3–5 dB on 70 deg
Mid Low 90 2–4 dB on 120, 130 deg, 3–5 dB on 70, 100, 110 deg
Mid Mid 90 4–5 dB on 120, 130 deg, 4–6 dB on 70, 100, 110 deg
Mid High 90 2–3 dB on 120, 130 deg, 3–5 dB on 70, 100, 110 deg
High Low 90 1–2 dB on 70, 100, 110, 120 deg, 2–3 dB on 130 deg
High High 90 1–2 dB on all directivity angles
Low Low 24 2–5 dB on 100, 110, 120 deg, 3–5 dB on 70, 130 deg
Low High 24 2–4 dB on 100, 110, 130 deg, 3–4 dB on 70, 120 deg
Mid Low 24 3–4 dB on 120, 130 deg, 3–5 dB on 70, 100, 110 deg
Mid Mid 24 3–5 dB on 120, 130 deg, 4–6 dB on 70, 100, 110 deg
Mid High 24 2–3 dB on 120, 130 deg, 3–5 dB on 70, 100, 110 deg
High Mid 24 1–2 dB on 70, 100, 110 deg, 2–3 dB on 120, 130 deg
High High 24 1–2 dB on 70, 100, 110, 120 deg, 2–3 dB on 130 deg

(EPNL), which is an internationally recognized unit for describ-
ing the noise of aircraft operation. To ensure proper comparison,
the EPNL values for both the steady-state and transient tests were
computed using DADS over the same full-scale frequency range.
Table 4 summarizes this parameter for the conditions and ASME
nozzle scales investigated.

Transient nozzle-to-nozzle tests agreed within approximately
1 dB ENPL for the mid and high cases. Each of the nozzles ex-
hibited a higher value of EPNL, by about 1–2 dB, than the steady-
state data at the midcondition. Once again the 5.1-cm nozzle dis-
played the best agreement, with EPNL matched to within 0.5 dB
for the low and high conditions and approximately 1 dB for the
midcondition.

D. Mixer-Ejector Nozzle Noise Comparison

This section compares transient shock-tube noise data to steady-
state data from a mixer-ejectortype nozzle,which was also acquired
in Boeing’s LSAF. The mixer-ejectornozzle is not an axisymmetric
nozzle, and so variations in azimuthal angle were also investigated.
Additionally, variation with mixer-area ratio or MAR (ratio of exit
to primary throat area) were also investigated at a high, mid, and
low condition,with the low being the smallest area ratio. Two chute
racks,a cast aluminumand a plasticstereo-lithographyversion,were
studied to ascertainwhether the cheaperand more rapidlyfabricated
SLA chute rack could be used as a less-expensivesubstituteand still
provide acoustic results that are in good agreement with the tran-
sient cast aluminum chute rack data. Because the exact geometry of
the model and the acoustic results are proprietary, no plots similar
to those shown in Figs. 5–11 can be shown. Comparisons, using the
methodology outlined in Sec. V.B, were completed over a range of
jet conditions somewhat similar to those shown in Table 2. In gen-
eral, transient and steady-state data agree to within 2–5 dB on SPL
vs full-scale frequency for all conditions using the cast aluminum
chute rack. Table 5 summarizes the results of the mixer-ejector in-
vestigation over a full-scale frequency range of 250–4000 Hz.

The SLA chute rack was evaluatedover a subsetof the cases sum-
marized in Table 4. In general the SLA chute rack was also within

3–5 dB of the steady-statedata. The SLA chute rack acousticdata
agreed with the cast aluminum chute rack data (both data sets ac-
quired using transient testing) to within 1–2 dB for all conditions
investigated.

For the mixer-ejector nozzle EPNL values were typically 2–4
EPNdB higher for the transient data as compared to the steady-
state noise data. The trends in EPNL values between the low, mid,
and high NPR condition showed agreement to about 1–2 EPNdB
between the transient and steady-statedata. Transient EPNL values
were also in agreementwith trendsin MAR andazimuthalangleseen
in the steady-state noise data. Mixer ejectors are complicated � uid
mechanicaldevices that arevery sensitiveto small changesin geom-
etry and operating condition. Differences in throat area, Reynolds
number, lobe trailing-edgethicknessand separationeffectsmay play
a role in the differences seen between the transient and steady-state
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noisedata.Speci� c conclusionsfrom themixer-ejectorinvestigation
include the following:

1) The SLA chute rack was robust enough to withstand even the
highest nozzle pressures and demonstratedagreement with the cast
aluminum chute rack to within 1–2 dB.

2) The transient data tend to drop off faster than the steady-state
data at aft directivity angles, but on the whole are higher by about
2–3 dB than the steady-state noise data.

3) Variation with MAR was typically found to be on the order of
2 dB, whereas the steady-state data show variation of around 1 dB
between the three cases studied.

4) Transient and steady-state data peaked at nearly the same
directivity angle for all cases tested.

5) Variationin azimuthalangle for the transientdata was in agree-
ment with steady-state trends.

6) The use of multiple runs was found to reduce the uncertainty
associated with making transient acoustic measurements with con-
vergence being achieved after 2–3 shock-tube shots.

7) Run-to-run repeatabilitywas on the order of 1 dB on a test-to-
test basis.

VI. Conclusions
A transient testing technique for the study of jet noise was

investigated and assessed. A shock tube was used to generate a
high-pressure and high-temperature air jet on which acoustic mea-
surements were made on scaled nozzles. The short duration of the
shock-tubeexperimentswas statisticallyanalyzedto determinehow
much test time is needed to produce results comparable to those of
steady-state facilities. Transient tests were conductedon three sizes
of ASME nozzles and a mixer-ejector typical of HSCT application
and compared to results obtained from steady-state experiments at
three NPR and TTR conditions. Full-scale SPL vs frequency plots
demonstrated that the transient results exhibited agreement in mag-
nitude and directivity trends with the steady-state data.

Speci� c conclusions from this investigation include the follow-
ing:

1) A shock-tube transient testing facility can serve as a valuable
tool for conducting jet noise research, with the cost of performing
high-temperaturejet noise experimentsbeing reducedby more than
an order of magnitude.

2) The use of multiple shock-tubeshots at the same conditionwas
shown to producean acoustic signature that is comparable to that of
steady-statefacilitiesfor both nozzle types.Run-to-runrepeatability
on the conditionswas found to be within 1% on NPR and TTR and
within 0.5dB onSPL vs frequencyfor the ASME nozzlesand1.0 dB
for the mixer-ejectornozzle.

3) The shock tunnelwas shown to be an ef� cient facilityforgener-
ating andacquiringnoisedata that are in agreementwith steady-state
data takenon comparablysizednozzles.For the ASME nozzlesfour
out of eight conditionstested in this paper agreed to within 2 dB of
the steady state, and the remaining conditions showed deviation of
3–4 dB at one or two directivity angles. The mixer-ejector transient

and steady-state data agree to within 2–5 dB on SPL vs full-scale
frequency for all conditions tested.

4) The plastic stereo-lithographychute rack was shown to repli-
cate the results of the cast aluminum variant to within 1–2 dB for
all transient tests conducted.

The shock tunnel was shown to be an ef� cient facility for gen-
erating and acquiring noise data that are in agreement with steady-
state data taken on comparatively sized nozzles. Parametric testing
can therefore be performed more economically and faster than in
steady-state facilities,making transient shock-tunneltesting a valu-
able tool to serve as a complimentary mode of investigation for jet
noise research.
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