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Experimental Characterization of the Sound Power
Radiated by Impinging Supersonic Jets

Jean Varnier¤ and Wilfrid Raguenet†

ONERA, 92322 Châtillon Cedex, France

The MARTEL test rig of Centre National d’Etudes Spatiales, located in Poitiers, France, is designed to study the
noiseof highlysupersonic hot jets under conditionsapproachingthose of a launchvehicle at liftoff. The nonanechoic
character of the site (concrete ground, large plate representing the launch pad) requires a speci� c measurement
device in order to calculate the sound power radiated by the jets. The integration process de� ned by ONERA is
discussed and is tested using a freejet noise model derived from the work of NASA, which has been extended to
the jet-plate interaction by assuming that the sound power radiated by the jet remains unchanged in this case.
First results concerning jets of various velocities seem to con� rm the preceding hypothesis and the reliability of
the method used.

Nomenclature
D = nozzle-exit diameter, m
Dx = jet diameter, m
f = frequency, Hz
h = plate-to-nozzledistance
Ix = acoustic intensity vector, W/m2

Mx = Mach number
m x = mass � ow, kg/s
Px = static pressure, bar
R = radius of measurement, m
r = constant of gas, J/kg ¢ K
s; S = sound sources
sx = elementary surface
Tx = static temperature, K
Vx = velocity, m/s
Wa = acoustic power, W
Wm = mechanical power, W
°x = ratio of gas speci� c heats
´ = acoustic ef� ciency Wa/Wm
6 = nozzle area ratio (exit area/throat area)
.6/ = integration surface

Subscripts

e = jet exhaust data
i = chamber stagnation conditions
j = fully expanded jet data
k = discrete data
x = small index

I. Introduction

T HE sound power radiated by highly supersonic hot jets inter-
acting with the ground has been studied in the context of the

launch vehicles at liftoff1;2 and of the vertical takeoff aircraft.3;4

Other studies have been carried out using subsonic or weakly su-
personiccold jets5¡7: in these studies it is shown that the interaction
of a jet with a de� ector causes a sizeable increase of the measured
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sound-pressure levels, related to the wall-pressure � uctuations in
the jet impingement area5 and to the ground-to-nozzle feedback
phenomena,6;7 which appear in some con� gurations. In contrast, in
the case of rocket engine jets impinging on de� ectors of various
shapes, a decrease of the radiated sound power is ascertained,more
particularly for short interaction distances.1 A model developed by
Sutherland and Brown3 for predicting the sound environment of
vertical takeoff and landing aircraft takes into account the wall jet
noise and the re� ected jet noise to the exclusion of other interaction
effects,which are only suggested. In fact, the full-scalenoise inves-
tigations of Harrier aircraft carried out by Soderman4 show much
lower sound-pressure level (SPL) than predicted by this method.
Note however that a “ground ampli� cation” in SPL is found near
the landing zone (13 m), but this ampli� cation is not clear farther
away (50 m), where the presumedground effect varies generallybe-
tween ¡10 and C5 dB according to the ground-to-nozzledistance.
Besides, no feedback effects are found. As indicated by Krothapalli
et al.,8 in high-temperature supersonic jets the broadband mixing
noise levels are high enough to disguise the discrete tones, which
contribution to the overall (OA) SPL is minimal. A test program
carried out by ONERA with a weakly supersonic hot jet impinging
on a largeplate has shown that the soundpower integratedin far � eld
remained more or less constant when the plate-to-nozzle distance
varied.9 This resultcanbe relatedto the studymadebyPowell,which
demonstrates the passive role of a plane rigid surface in the pres-
ence of a noise-generating� ow.10 In a recent study a semi-empirical
methodhas beendevelopedon experimentalbases for predictingthe
sound environmentof a launcherat liftoff.11;12 Based on this model,
calculations concerning theoretical jets (Koudriavtsev, V. V., per-
sonal communication,June 2000) show that the jet-plate interaction
effects are dependent on the jet exhaust parameters (see Appendix).
In particular, the strong sound power level (PWL) increase ascer-
tained with a cold jet for some interactiondistances disappearswith
very hot jets of same Mach number. Thus, this study seems able
to explain and to reconcile the contradictoryresults concerning this
topic foundin the literature.However, some uncertaintiesseem to be
partly related to the process used for estimating the radiated sound
power from the measuredSPLs. For instance,when the observations
are made using a very small number of � xed microphones,7;8 the
increases in OASPL, which are given often around 10 dB, suggest
to the reader a similar overall (OA) PWL increase, which is very
uncertain. In another study5 the sound power of the freejet cannot
be directly calculated, which gives a deceptive idea of the sound
power increase in the interaction cases (see Appendix). Generally,
it is admitted that the jet-plate interaction noise is maximum when
the plate is located in the vicinity of the jet core tip and that a very
short interaction distance causes a damping of the noise levels at
the lowest frequencies. But, in fact, as suggested by the complete
review of Rajakuperan,13 one does not � nd in the literature a study
giving precise and exhaustive results on the sound power radiated
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by an impinging jet. The purpose of the present paper is to partly
� ll this gap in the case of highly supersonichot jets similar to those
of the rocket engines.

The present study of the acoustic effects of highly supersonichot
jets impinging on a large plate was conducted in the MARTEL test
rig of Centre National d’Etudes Spatiales (CNES). This test rig re-
producesin a simpli� ed manner the environmentof a launchvehicle
at liftoff. In a � rst step we describe the research conductedto de� ne
the operational procedure for calculating the sound power radiated
by a jet interactingwith a normal plate. This procedure is discussed
according to the criteria of the International Standards concerning
the PWL calculation methods14¡16 and is numerically tested in or-
der to estimate the calculationbiases. The freejet noise model used
derives from the NASA’s work2;17 and has been extended to the
jet-plate interaction case by ONERA.18 Then, experimental results
concerning jets which velocity varies between 1200 and 1800 m/s
in the presence of a normal plate at various interaction distances
are presented. The consistency of these results seems to con� rm
the reliability of the proposed PWL integration method. It appears
that the sound power radiated in the case where there is a jet-plate
interaction remains practicallyconstant and very close to that of the
freejet. This result, which does not seem to be precisely mentioned
in the literature, con� rms the � ndings of a study made previously9

and the basic hypothesis of the jet-plate interaction model, which
is the apparent conservationof the sound power. This hypothesis is
implicit in earlier prediction methods concerning de� ected or im-
pinging jets.2;3 In contrast, other studies indicate a decrease1 or a
small increase11 in the sound power radiated by impinging rocket
engine jets.

II. Experimental Context
In the framework of the research and technology program sup-

ported by CNES, ONERA participatedin designingand developing
the MARTEL test rig located in Centre d’Etudes Aérodynamiques
et Thermiques of Poitiers. This facility includes a nozzle vertically
suspended 3 m over the ground and supplied with an air–hydrogen
combustion. The convergent–divergent nozzle in question has an
exit diameter D of 6 cm. A metal nozzle body of 4D in diameter
and more than 30D in height represents the wall of a launch vehicle
(Fig. 1). The velocity of the fully expanded jet can reach 1800 m/s
in practice. Four jets called I, II, III, and IV0 of different veloci-
ties have been tested. The aerodynamic data of Table 1 come from
measurementsor computationand have an uncertaintyof about5%.
The Mach number of the jets is similar to those of common solid-
propellant rocket engines (Me ¼ 3). The ground-to-nozzledistance

Fig. 1 MARTEL test rig: dome-shaped arrangement of the micro-
phones and sound power integration method. S = resulting source, Ik =
sound intensity vector, and sk = elementary surface.

Table 1 Aerodynamic characteristics of the jets
(air ++ hydrogen combustion)

Symbol Jet I Jet II Jet III Jet IV0 Unit

Pi 30 30 30 30 bar
Ti 2060 1700 1400 1080 K
°i 1.260 1.278 1.295 1.320 ——
r 325 316 309 302 J/kg ¢ K
6 6 6 6 6 ——
me 1.115 1.260 1.435 1.480 kg/s
De 6 6 6 6 cm
Pe 0.610 0.580 0.550 0.465 Pa
Ve 1910 1700 1480 1290 m/s
Te 875 675 500 370 K
Me 3.10 3.15 3.21 3.27 ——
D j 4.90 4.85 4.80 4.60 cm
Pj 1.013 1.013 1.013 1.013 bar
V j 1800 1600 1400 1200 m/s
T j 950 755 580 460 K
M j 2.81 2.82 2.83 2.77 ——

Fig. 2 Sound power integration principle using an enveloping surface
over the ground.

is equivalent to 50D, which is assumed suf� cient for freejet con-
ditions. (There are no free-� eld conditions because of the acoustic
re� ections off the ground.) A large metal disk, the radius of which is
20D, can be interposed in the jet stream to represent the launchpad
at varied launch vehicle altitudes. The central piece of this disk can
be open to represent a � ue entry. The test hall is partially open (no
wall under the nozzle plane). Walls over the nozzle plane, pillars,
and ceiling are covered by � berglass plates. For practical reasons,
it was not possible to install an acoustical treatment on the concrete
ground:thus, the soundpower radiatedby the jet must bedetermined
in a nonanechoic environment.

III. Sound Power Calculation Method
The sound power radiated by a jet is generally calculated from

SPL measurements made in the far � eld. In this case, the sound
sources are considered to be concentrated at the nozzle exit (“re-
sulting source”). The sound power is integrated on a spherical or
hemispherical measurement surface centered at the nozzle, assum-
ing that the sound intensityvectorsare perpendicularto this surface.
In the presence of a re� ecting plane perpendicular to the jet axis, it
is logical to take the resulting source S on this plane between the
source region and its image (Fig. 2). Note that S is also the center
of the wall jet, when existing. In the ideal case the integration sur-
face (6/ is centered at S. But generally, S is off-centered, and the
direction of the sound intensity vectors must be taken into account,
more particularly when the radius R cannot be very large because
of the constraints of the site. In Fig. 1 the dome-shaped arc of sen-
sors generates a hemispherical surface of revolution surrounding
the noise region. This integration surface is divided into elementary
surfaces sk . The resulting source S is taken as origin of the sound
intensity vectors Ik , the modulus of which is given by the measured
SPLs. The calculation of the sound power radiated through a given
elementary surface takes into account the normal component of the
correspondingsound intensity vector.
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In fact, this method found independently by the authors appears
to be a particularcase ofmore generalmethodsrecommendedby the
InternationalOrganization for Standardization.These methods, di-
vided into three grades of accuracy,14¡16 concern the determination
of the PWL of noise sources from SPL measurements made on an
envelopingsurface. In the precisionmethod16 a hemisphericalmea-
surement surface is recommended.The criteria of accuracyconcern
the numberof microphones,the calculationrepetitiveness,the back-
ground noise level and the reverberatednoise level. Of course, it is
necessary to estimate here the uncertaintycausedby the experimen-
tal conditions and by the calculation process.

As shown in Fig. 1, the basic measurement device adopted by
ONERA consists of a circle arc of nine microphonesof 70D radius
centered on the ground. In fact, there are three additional micro-
phones in the vicinity of the nozzle body and two symmetry wit-
nesses located in the nozzle plane at different directions, knowing
that the revolution symmetry of the sound � eld is a basis condition
for the exactness of the PWL integration. The microphones ( 1

4 -in.;
Brüel and Kjaer) are used perpendicular to the measurement plane
and without protectiongrid.5 ExperimentalSPL values are obtained
with an integration time of 4 s. This duration appears suf� cient for
having at the same point an uncertainty of the measured OASPL of
§1 dB for several tests made with the same jet. (The differencesbe-
tween the witness microphones are also within §1 dB in OASPL.)
Thus, the PWL integration result on the entire arc of measurement
remains practically constant, knowing that a test is validated if the
error on the target chamber stagnation conditions (Pi , Ti / is less
than 5%.

The main criterion of a calculation method is the repetitiveness
of the PWL integration, in terms of standard deviation. Figure 3
shows results of two tests made with jet III after one week. The
standard deviation in third octave levels is here clearly within 1 dB,
the shift in low frequenciesbeing rather caused by the change of the
plate-to-nozzledistance h.

The background noise in the test rig only concerns the lowest
frequencies ( f · 1000 Hz) because of the combustion noise trans-
mitted by the nozzle body. However, the recorded SPL decreases
quickly with the distance from the metal wall. Therefore, a small
part of the integration surface is concerned, and the phenomenon
cannot have an appreciable in� uence on the PWL integrationresult.

The reverberation times recorded in the hall vary between 0.1
and 0.2 s according to the frequency.Thus, the sound reverberation
effects in the presence of a jet cannot be ignored but are dif� cult to
evaluate because of the half-open character of the site. However, it
is obvious that the reverberated noise level cannot be higher than
the smallest measured SPL, which occurs near the nozzle body
in freejet case (h D 50D in Fig. 4). By assuming that this SPL is
equal to the reverberatednoise level,we obtain by differenceat each
measurement point the minimum SPL caused by the direct sound
� eld and � nally the minimum value of the sound power radiated by
the jet (minimum PWL). On the other hand, the maximum value of
the radiated sound power (maximum PWL) is given by the direct
integration of the measured SPLs. In Table 2 the calculations are
made for jet III in octave band levels, knowing that the minimum
SPL doesnotoccuralwaysat the sameplace.The differencebetween
the maximum and the minimum values of the sound power level

Fig. 3 Jet of 1400 m/s: integrated PWLs in third-octave bands for two
nearby plate-to-nozzle distances.

Table 2 Jet III: calculation of the PWL uncertainty
caused by the reverberated noise for h = 50 D

f , Maximum PWL, Minimum PWL, Difference,
kHz dB dB dB

0.5 146.4 144.6 1.8
1 151.1 150.3 0.8
2 152.0 151.0 1.0
4 151.8 150.5 1.3
8 151.4 150.5 0.9
16 149.2 148.4 0.8
31.5 145.3 144.3 1.0
All 158.7 157.7 1.0

Fig. 4 Jet of 1400 m/s: OASPLs recorded on the measurement arc for
several plate-to-nozzle distances. Angle 0 deg corresponds to the jet axis
in the upstream direction.

gives the uncertainty range caused by the reverberatednoise, which
remains close to 1 dB in each frequencyband except the lowest one.
In OAPWL the uncertainty range found is equal to 0.8 dB for jets
I and II, 1 dB for jet III, and 1.3 dB for jet IV0. Thus, the OAPWL
can be estimated by taking maximum OAPWL minus 0.5 dB. In the
presence of the plate, the in� uence of the reverberatednoise seems
to beunchanged,as suggestedby the soundpower integrationresults
(see Sec. V).

Following the preceding study, the degree of accuracy related to
the experimental conditions is at least the one of an engineering
method15 (1.5 dB in OAPWL). The strong point of the method is
the repetitivenessof the integrationresults for given test conditions.

IV. Numerical Simulation
Before installing the measurement apparatus and operating the

rig, ONERA conducted numerical simulations designed to test the
theoretical accuracy that could be expected from the PWL calcu-
lation method considered for both a freejet and with an interposed
plate. The purpose of the simulations was to estimate the biases
caused by the calculation hypotheses shown in Fig. 1 and to the
relative proximity of the sound source region and of the integration
surface. (The optimum radius of the measurement arc taking into
account constraints related to the site is R D 70D.)

The freejet noise model used is a semi-empirical model derived
from the work of NASA,2;17 which has been adapted to the sim-
ulation of the near sound � eld of the rocket engine jets tested by
ONERA.19 In the original model the main parameter is the jet core
length, which is calculated from the jet exhaust Mach number. In
fact, the supersonic length of the � ow and the sound power peak
location on the jet axis seem to be more precise references to relate
the aerodynamic � eld and the acoustic � eld. For a jet of 1200 m/s
tested in the MARTEL test rig, soundpower peak and supersonictip
are located respectively at around 10–12D and 25–30D from the
nozzle.19 The sound power peak locationgiven by the model used is
in agreement with the experimentaldata. The correspondingsource
region extent is smaller than 40D and therefore smaller than the
ground-to-nozzledistance.

The model was extended to the simulation of a semi-anechoic
environment (presence of a re� ecting plane) and of jet-normal
plate interaction, assuming that the overall acoustic power remains
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unchanged in all cases. This assumption is based on experimen-
tal data obtained in an anechoic wind tunnel with a weakly super-
sonic hot jet impinging on obstacles of various shapes.9 The main
characteristics of this heated air jet were De D 6 cm, Pe D 1:8 bar,
Te D 875 K, me D 1:125 kg/s, M j D 1:4, and V j D 780 m/s.

The sound power radiated by the jet was integrated on a sphere
of radius 100D. In the case of the jet impinging on a large plate, the
difference ascertainedwith the free jet OAPWL stayed in the range
§1 dB except for a very short interactiondistance(PWL loss of 2 dB
for h D 6D). Therefore, the obstacle is considered in the model as a
simple de� ector, and the source regionextent(freejet lengthover the
plate pluswall jet radius) is assumedconstant.The wall jet is divided
intoelementaryjets,whichsourcess of the samenatureas the free jet
sourcesS radiatein a half-space(Fig. 5). The directivityof the sound
sources of the impingement area has been empirically modi� ed in
order to improve the simulationof the SPLs recorded in the vicinity
of the nozzle body, which are stronger than expected.18 The Russian
model described in the Appendix considers as dominant the sound
sources of the impingement region and neglects the other sources
of the wall jet.

In the particularcase of the MARTEL test rig, there are in fact two
re� ecting planes: the ground and the plate. In practice, the ground
is replaced by a symmetric arc of virtual sensors (Fig. 6). The SPL
calculatedfor a virtual sensorthat is notmaskedby the plate is added
to the direct-� eld SPL calculated for the correspondingreal sensor.
The computation also takes into account the acoustic re� ections off
the plate, as well as the effects of the wall jet sources.

Fig. 5 Acoustic model of jet-plate interaction. The total sound power
of sources s on a given circumference C is equal to the sound power of
the corresponding freejet source S.

Fig. 6 SPL calculation principle taking into account the re� ecting
ground in the presence of the plate. (Here the ground is taken verti-
cal by convenience.)

Fig. 7 Computed integration biases of the sound power in character-
istic frequency bands.

The main advantage of simulation over experimental investiga-
tion is that known data can be compared exactly: for instance, the
OASPLs computed at the reference points (sensor positions) are in-
tegrated to give the radiated overall sound power, using the method
summarized in Fig. 1. This result can be compared to the sound
power introduced in the computer code as input data, which allows
one to check simultaneously the procedures of the jet noise model
and the integration method accuracy. The same calculation can be
made in octave bands or third-octavebands in order to estimate the
in� uence of the space distribution of the sound sources: the high
frequencies are indeed emitted preferentially in the neighborhood
of the nozzle, and the lowest frequencies correspond to the maxi-
mum extent of the source region. This is why we give in Fig. 7 the
calculation results in OAPWL as well as at the limits of the sound
power spectrum (third-octave bands 400 Hz and 40 kHz), where
the probable error of sound power integration is highest because of
the relative proximity of the integration surface when the acoustic
sources are off-centered.

The calculation is made for a 1400-m/s jet similar to jet III of
Table 1, but the jet velocityhas here a minor in� uence. In a � rst step
the SPLs are calculated at the reference points given in Fig. 1 for
plate-to-nozzledistances between 9D and 50D (ground). Then, the
PWL resulting from integration of these computed SPLs is com-
pared to the PWL allocated to the sound sources of the model in
the frequency band (reference 0 dB in Fig. 7). We can make the
following remarks:

1) The positions of the re� ecting plane and of the sound source
region according to the frequency have a minor in� uence on the
results.

2) For all con� gurations except one, there is an uncertainty of
0.2 dB on simulation of the OAPWL.

3) For all con� gurations except over f D 20 kHz and h D 30D,
there is an uncertainty of 0.5 dB on simulation of the third-octave
band PWLs.

The word “uncertainty”designateshere a calculationbias, which
is known and can be possibly corrected.

Thus, it is established that the procedure used allows us to accu-
rately calculate on the chosen integration surface the sound power
that is emitted by a theoretical cluster of acoustic sources.

The jet noise model can be tested by comparing the measured
and the computed SPLs at the measurement points. Figure 8 shows
computation-measurement differencesin octave bands in a jet-plate
interaction case. (If the broken line runs through a microphone, the
difference is equal to 0 dB at this point.). The OAPWL of the model
has been adjusted in freejet con� guration (h D 50D) to obtain at
least in this case the same integration result with calculated and
measured SPLs. The simulation of Fig. 8 and the other ones for
various jet-plate interaction distances show that the jet noise model
is accurate enough to consider as valid in reality the theoretical
integration biases, which appear to be negligible.

In conclusion, the proposed PWL integration method does not
introduce appreciableerrors, which con� rms the qualitativeassess-
ment given in Sec. III.
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Fig. 8 Computation-measurementdifferences in octave-bandSPLs for
jet I of 1800 m/s. The plate-to-nozzle distance is equal to 24 D.

Fig. 9 Integrated OAPWLs of the four jets according to the plate-to-
nozzle distance.

V. Experimental Results
The experiments made with the jets of Table 1 interacting with

the full plate of radius 20D are summarized in Fig. 9. The integrated
OAPWLs (reference10¡12 W) are deduced from the SPLs recorded
with the microphones located on the measurement arc between 5
and 85 deg in steps of 10 deg (Fig. 1). It can be seen in Fig. 9
that the integrationprocess gives very regular results for all jets and
plate-to-nozzle distances and that the sound power radiated by a
given jet remains within 1 dB.

However, we can note some anomalies. Thus, the OAPWLs of
jets I and II are reversed for h D 50D (freejet). The slight OAPWL
increasenoted at the medium interactiondistances (20–25D) might
be perhaps related to the interaction noise but does not seem to
be very signi� cant, knowing that the jet core length is in all cases
smaller than 10D. Because of these experimental uncertainties,we
have chosen to estimate the sound power of each jet from the av-
eraged OAPWL value taking into account all con� gurations from
h D 12D to 50D (Table 3). On the other hand, the mechanicalpower
of each jet is calculated from the aerodynamic data of Table 1.
The acoustic ef� ciency ´ is given by the ratio of the sound power
Wa to the mechanical power Wm. It can be seen that the four jets,
which have the same Mach number, also have the same acoustic
ef� ciency.

In fact, we have shown in Sec. III that the bias in OAPWL as a
result of the reverberatednoise can be reasonablyestimated at about
0.5 dB. Therefore, the real acoustic ef� ciency of the jets is probably
closer to 0.5%, a value that is usually admitted for the rocket engine
jets.17

Table 3 Air–hydrogen jets: determination
of acoustic ef� ciency

Data Jet I Jet II Jet III Jet IV0

OAPWL, dB 160.2 159.9 159.4 158.1
Wa, kW 10.5 9.8 8.7 6.5
Wm, kW 1890 1720 1500 1140
´, % 0.55 0.57 0.58 0.57

Fig. 10 Jet of 1400 m/s: third-octave band PWLs integrated for several
plate-to-nozzle distances.

Fig. 11 Jet of 1400 m/s: third-octave band PWLs integrated in the
presence of the full plate and of the 1 D open plate for a plate-to-nozzle
distance of 9 D.

Only jet III has been testedat h D 9D, with an integratedOAPWL
of 157.7dB: this result shows that the soundpower reductioncaused
by the plate (damping at low frequencies) has a major in� uence
despite the expected sound power increase from the proximity of
the jet core tip. For larger interaction distances we know that the
calculated OAPWL remains within 1 dB. In octave or third-octave
bands (Fig. 10) the calculated PWLs remain in a range of 2 dB,
except at the lowest frequencies, where a larger noise reduction
is observed for a short interaction distance. These results seem to
con� rm the minor role played here by the interaction noise and by
other experimental factors.

Otherwise, the directivity patterns in three con� gurations of the
re� ecting plane shown in Fig. 4 indicate that the variation of the
OASPL measuredupstreamfrom the plate can reach 10 dB or more,
as often indicated in the literature.5;7;8 It is a bit surprising to know
that the integrated sound power remains practically unchanged for
these curves, which demonstrates the weakness of a sound power
estimation directly deduced from some SPL measurements.

Other tests have been carried out with an open plate simulat-
ing a � ue entry on a launchpad. The circular aperture of the plate
has a diameter of 1D (Fig. 11) or 2D (Fig. 12) according to the
plate-to-nozzledistance and the assumed spreading of the � ow. To
calculate the PWL in the open-plate con� gurations, we have used
the same resulting source as in the full-plate case. The accuracy of
the integration method is probably similar. We can note the damp-
ing of the SPLs at low frequencies in the presence of the full plate
and the local peak that appears at 1600 Hz with the open plates.
In fact, the same peak appears in the freejet case (Fig. 10), which
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Fig. 12 Jet of 1400 m/s: third-octave band PWLs integrated in the
presence of the full plate and of the 2 D open plate for a plate-to-nozzle
distance of 24 D.

Fig. 13 Jet of 1200 m/s: compared SPL contours in dB (referenced
to 2 £ £ 10¡ 5 Pa) with the full plate (left) and the 2 D open plate (right) for
a jet-plate interaction distanceof 24 D. N = nozzle body.Thenozzle exit is
located at (0, 0).

shows that the main part of the � ow crosses the aperture. There are
no impinging tones from the edge around the aperture (the PWL
change concerns a wide band of frequencies), but a small increase
of the OAPWL is noted.

Similar tests have been made with the heated air jet of Mach
number 1.4: in contrast, a small loss in OAPWL was noted in the
presence of the open plate. It is dif� cult to conclude, but we can
remark that the OAPWL changes stay in both cases within §1 dB.
Thus, a small circular aperture centeredon the jet axis does not give
a signi� cant variation of the sound power radiated by the jet.

Of course, the SPLs measured upstream from the plate and more
particularly near to the nozzle body representing a launcher are re-
duced in the presence of an aperture, but this effect disappearsvery
quickly when the interaction distance increases: for h D 24D mea-
surementsmadeclose to theplateand the jet axisusinga microphone
array show that the SPL contours are practically identical with or
without the aperture 2D (Fig. 13).

VI. Conclusions
Tests have been carried out by ONERA in the MARTEL test rig

of CNES with highly supersonic hot jets, in con� gurations repro-
ducing more or less those of a launcher at liftoff. The nonanechoic
character of the test rig raised the problem of the calculation of the
sound power radiated by the jet. A method using a hemispherical
surface of measurement over the re� ecting ground has been de-
signed, assuming that the sound power is concentrated in one point
located on the ground or on the interposed plate. This method was
successfully tested by numerical simulation, using a NASA’s free-
jet noise model extended to the case of jet-plate interaction. The
model is based on the hypothesis of the sound power conservation,
deduced from tests made earlier in an anechoic site with a weakly
supersonic heated air jet. The sound � eld is correctly reproduced,
and the sound power calculation biases might be neglected. Other

analyses show that the uncertaintyrange related to the experimental
conditions can be estimated at about 1 dB in OAPWL.

This estimation seems to be con� rmed by the coherence and the
repetitivenessof the results obtained with jets of various velocities.
In the range of the tested plate-to-nozzle distances, the integrated
OAPWL remains within 1 dB for a given jet. The same observa-
tion can be made with an open plate which small circular aperture
represents a � ue entry.

Finally, the apparent conservationof the sound power of the free-
jet in impingementcases is here con� rmed for highlysupersonichot
jets. This observation,which is in agreementwith more or less simi-
lar hypothesesor resultsfound in the literatureconcerningthe rocket
engine jets, appears very interesting in the context of predicting the
sound environmentof launch vehicles at liftoff.

Appendix: Some Considerations Concerning
the Jet-Normal Plate Interaction Noise

Koudriavtsev et al. Model
The model of impingingjet developedby TSNIIMASH (Korolev,

Russia) is a semi-empiricalmodel, where three distinct noise gener-
ation regions are taken into account: undisturbed jet over the plate,
strong interaction region, and the plate as a re� ector of jet acoustic
radiation:11;12 Acoustic radiation from jet, spreading along normal
plate, is neglected because of very quick decay of this wall radial
jet. The contributions of each region are calculated independently,
from equations which coef� cients have been empirically adjusted.

The acoustic ef� ciencies that are given in Fig. A1 according to
the plate-to-nozzledistancehave been calculatedon the basis of this
model for three theoretical jets of Mach number 3.0, which are per-
fectly expandedat the exhaust (Koudriavtsev,personal communica-
tion, June 2000). The nozzle exit D is equal to 6 cm. The main char-
acteristicsof these jets are as follows: for jet 1, Ti D 300 K, ° D 1:4,
r D 300 J/kg ¢ K, Te D 107 K, me D 5:66 kg/s, ½e D 3.15 kg/m3 , and
Ve D 636 m/s; for jet 2, Ti D 2500 K, ° D 1:25, r D 300 J/kg ¢ K,
Te D 1177 K, me D 1:63 kg/s, ½e D 0:29 kg/m3, and Ve D 1992 m/s;
and for jet 3, Ti D 3500 K, ° D 1:2, r D 300 J/kg ¢ K, Te D 1842 K,
me D 0:828 kg/s, ½e D 0:12 kg/m3, and Ve D 2443 m/s.

Figure A1 shows a remarkable result: the peak of the radiated
OAPWL correspondingto a plate location in the vicinityof the core
tip of the cold jet (h ¼ 17D) disappears almost completely with the
hot jets, the core tips of which are located respectively at h ¼ 9D
and 8D according to this model. Thus, parameters of jet exhaust
(temperature, speci� c heat ratio, and so on) seem to play a major
role in the jet-plate interaction noise generation.

We can note also the quick decrease of the OAPWL for short
interaction distances.

Preisser and Block Experiments
The study of Preisser and Block5 concerns subsonic cold air jets,

the Mach numberof which are includedbetween 0.54 and 0.85.The
nozzle exit diameter D is equal to 6.35 cm. The experiments were
conductedin an anechoic room for plate-to-nozzledistancesof 5, 7,
and 10D. The measurement arc (R D 3 m) is centered on the plate,
as indicated in Fig. A2. The jet of Mach number 0.7 has an exhaust

Fig. A1 Predicted acoustic ef� ciencies of three theoretical jets of dif-
ferent temperatures, according to the plate-to-nozzle distance (commu-
nicated by V. Koudriavtsev).
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Fig. A2 Mach 0.7 air jet: directivity pattern of OASPL recorded over
a large re� ecting surface, except in the freejet con� guration (anechoic
room). Coming from Ref. 5.

Fig. A3 Integrated sound power of the Mach 0.7 air jet from OASPLs
indicated in Ref. 5.

velocity of around 215 m/s. For this jet the directivity patterns are
given for the three positions of the plate and for the freejet without
the plate (Fig. A2). Unfortunately,the centerof the measurementarc
is not mentioned in the latter case; the authors only indicate that the
nozzle is suspendedover the � oor, which is acoustically treated us-
ing � berglass edges. It is well known that typical directivity indices
for a cold jet of such velocity have a difference of around 10 dB
between the downstream and the upstream directions (0–180 deg).
Thus, the freejet directivity of Fig. A2 seems to be only a half-
directivity,which must be extrapolatedin the downstreamdirection
by applying, for instance, a SPL increase of 1 dB by step of 10 deg.
Then, the SPL integration on the entire measurement sphere gives
an OAPWL of a bout 114 dB. The acousticef� ciency corresponding
to this sound power level (´ ¼ 10¡5) is very weak compared to the
one of a supersonic jet.

The OAPWL can be integrated in the other cases by consider-
ing a resulting source located on the plate between the real and
virtual source regions (see Fig. 2). The found values allow the es-
tablishment of the interpolated curve of Fig. A3. (Assuming that
the maximum OAPWL is obtained at h D 5D and that this location
corresponds to the jet core tip, we know that the freejet conditions
are reached at around h D 25D.) This curve seems to be consistent
with the curve correspondingto a supersoniccold jet in Fig. A1, but
a parametric study on the respective in� uences of the velocity and
of the temperature appears to be necessary.

Acknowledgments
The MARTEL project is the result of collaboration between

Centre National d’Etudes Spatiales (CNES), Aerospatiale (EADS),
ONERA, Ecole Centrale de Lyon, and Laboratoire d’Etudes
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