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Experimental Study and Simulation
of Rocket Engine Freejet Noise

Jean Varnier®
ONERA, 92320 Chdtillon Cedex, France

On behalf of Centre National d’Etudes Spatiales and in the framework of studies concerning the acoustic
environment of Ariane 5 launcher at liftoff, ONERA has adapted a NASA jet noise model of the 1970s to the
near sound field simulation. To validate this model, tests have been carried out with static rockets of various sizes.
Several improvements appear to be necessary for a more accurate simulation of the near-field measurements: In
particular, the characteristic length of the model must be reduced, and the fully expanded jet data must be used
instead of the jet exhaust data. It is shown that the acoustic efficiency, for a given Mach number, is not dependent
on the rocket size and may be estimated from a semi-empirical formula found in the literature. The model changes
are checked with other jets of various characteristics. On the basis of experiments and following an approach
deduced from an earlier study, the spatial characteristics of the sound field and more particularly the sound power
peak location are related to the supersonic length of the flow, which appears to be the adequate reference length

for a future jet noise model.

Nomenclature
c,Cy = speed of sound, m/s
D = nozzle exit diameter, m
D, = jetdiameter,m
d, . = distance, m
DI = directivity index, dB
F = thrust, N
f = frequency, Hz
I, = acoustic intensity vector
i = basis of imaginary numbers
k = wave number, m™!
L = distance from the nozzle on the jet axis
Ly = acoustically effective jet length
L¢ = laminar core length
LY. = experimental characteristic length

Lp, L} = soundpower peak location
Lg, Ly = jetsupersoniclength
M,M, = Machnumber

m = mass, kg

m, = mass flow, kg/s

P, = static pressure, bar

Pxs Dxx = sound pressure, Pa

R = radius or distance, m

r = constantof gas, J/kg-K

Sr = Strouhal number

Srm = local Strouhal number

Sy = cross sectional area, m?

s, S = sound source

T, = static temperature, K

vV, V. = velocity, m/s

W4, Wi = acoustic power, W

Wy = mechanical power, W

o = coefficient

Vs Ve = ratio of gas specific heats
n,n* = acoustic efficiency

0,6’ = angle made with the jet axis
Ox = mass per volume unit, kg/m?
h) = nozzle arearatio (exit area / throat area)
(%) = integration surface
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P = complex expression of normalized
cross spectral density (NCSD)

@ = phase of NCSD

Indices

a = atmospheric (ambient) data

e = jetexhaustdata

i = chamber stagnation conditions

J = fully expanded jet data

k = numerical index

t = nozzle throat data

X = small index

* = experimental data

I. Introduction

HE prediction of the noise generated by a spatial launcher

is necessary for estimation of the vibroacoustic stress on the
vehicle and on the payloads carried during liftoff, as well as noise
pollutionandits repercussionson the surroundings.Thus, fora given
rocket engine, it is necessary to determine the overall sound power
radiated by the jet, as well as the spectrum, the directivity, and the
spatial distribution of the sound sources.

In the context of NASA’s work, many experiments concerning
this topic' have been performed by U.S. laboratories, especially
from 1950 to 1970. In particular, static tests have been carried out
with various types of jets and rocket engines: turbojets,? substitute
gas jets,® scale models of missiles,* freejets,>¢ or deflected jets’ of
small solid-fueled rockets, and single or clustered large boosters ?
Rules of similitude have been established to extrapolate the results
obtained with reduced-powerjets.* The noisereceivedon the ground
during a launcher flight has also been studied.” In the latter case, the
jet may be considered as a single sound source.

Simultaneously, theoretical studies based on Lighthill’s theory
for subsonic jets'”!! or, using diverse assumptions, on its extension
to the supersonic case, have been applied to predict the rocket or
aircraft jet noise.!*”1* However, because of the complexity and of
the multiplicity of the phenomena,'® the theoreticalapproaches must
be adapted to the experimental data in the shape of semi-empirical
models.

The main difficulty is to determine a relationship between the
aerodynamic characteristics of the flow and the spatial characteris-
tics of the sound field. Answers to this problem found in the literature
are diverse and sometimes contradictory!®!7 Another difficult ques-
tion concerns the estimation of the radiated overall sound power.!'®

In a synthesis report,'” Eldred et al. summarized the results of
several earlier studies and proposed a jet noise model including a
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fine representationof the acoustic sources, which seems able to sim-
ulate both the near- and far-field noise. This model has been used
by ONERA for predicting the sound environment of the first Ari-
ane launchers 2’ However, in the context of studies carried out to
estimate the sound field radiated by the solid-propellantboosters of
Ariane 5, tests performed with static rockets have shown that the
model was not adapted for the simulation of the sound pressure mea-
surements made in near field, essentially because of an unsuitable
spatial distribution of the sound sources.

Thus, analyses show that the characteristic length used in the
jet noise model must be reduced. Moreover, the fully expanded jet
parameters must be used in the semi-empirical formulas instead of
the jet exhaustparameters. The acousticefficiency deduced from the
experimental sound power seems to be related to the Mach number
of the jet and not to the rocket size. This result is confirmed by a
formula proposed by Sutherland 2!

The validity of the model changes is checked with several jets,
which are under- or overexpandedat the exhaust. In particular, aero-
dynamic and acoustic measurements are made with a supersonic
jet tested in the MARTEL facility of the Centre National d’Etudes
Spatial (CNES). The supersonic length of the jet, which appears
as the adequate aerodynamic reference, may be calculated and re-
lated to the sound power peak location by simple relations deriving
from empirical formulas foundin a previousstudy.!* These relations
constitute the basis of a future jet noise model.

II. Jet Noise Prediction Method
A. General Remarks

Supersonic jet noise results from contributionsof several compo-
nents: Mach waves, turbulence of the mixing zone, shock cells, and
screecheffect. Thisis why a single theory cannotrepresentthe whole
intervening physical phenomena. For example, the sound power ra-
diated from turbulenceis assumed proportionalto V8 in the subsonic
region!! and to M in the supersonicregion.!” The broadbandshock
noise,2? which concerns jets whose static pressure at the exhaust is
not equal to the ambient pressure, seems to be proportionalto M4,
or more precisely to (M7 — M?)*. Screech mechanism* and heat
effects® have other characteristics. However, in the case of highly
supersonic and very hot jets, the noise due to the supersonic con-
vection of the eddies (Mach waves and supersonic turbulent shear
noise) becomes dominant, and the sound power stays more or less
proportional to M3,

Finally, the models that are able to reproduce and to predict (at
least in far field) the sound field of supersonic jets, are essentially
of an empirical type. For instance, the theoretical considerations
that are developed by Potter and Crocker’s freejet noise model!?
disappearalmostcompletely in a similar model presentedby Eldred
et al.'? and are replaced by purely experimental data. Remember
that these data sometimes come from experiments or extrapolations
obtained with subsonic or cold supersonic jets,' which can give
questionable results in the case of rocket engine jets, as suggested
in a recent paper.?

The same remark applies to Lighthill’s jet noise theory ex-
tended to the supersonic case. As a consequence, it was assumed
that the turbulentmixing noise remains the dominantnoise source.?
Also we can note that the laminar core, which often is taken as an
aerodynamicreference, is difficult to define in the presence of shock
cells. In fact, one rarely finds in the acoustics papers considerations
concerning the aerodynamic characteristics of a jet, such as the
aerodynamic measurements of Ref. 27.

10,11

B. Freejet Noise Model

Here we describe a jet noise model recommended by Eldred
et al.!® for predicting the rocket engine noise. This model uses as
characteristiclength the core length of the flow, given by an empiri-
cal formula first establishedby Lighthill'®!! with subsoniccoldjets:

Lc =3.45D,(1 4+ 0.38M,)2 (1)

in which the jet exhaustdiameter D, is taken equal to the nozzle exit
diameter D. As pointed out in Ref. 1, Cole et al.® propose another
expression for the rocket engine jets, which gives results contradic-
tory to this formula for large Mach numbers. Note that Eldred et al.!
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Fig.1 Laminar core length and supersonic length, as a function of the
exhaust Mach number, from Ref. 13; Potter’s data are those of Ref. 16.

Fig. 2 Acoustic model of freejet: discrete sound sources S and con-
ventional lengths. (The supersonic length Lg is not specified or used in
Ref. 19.)

justify the use of Eq. (1) in the case of rocket jets by dividing by
two their supersonic lengths given in Ref. 27. Thus, the supersonic
core (defined by a nonturbulentflow) here seems to be around 50%
smaller than the supersonic region of the flow.

In the literature, the jet core is sometimes called the laminar
core!*!® and sometimes the supersonic core.'*! In fact, a careful
reading shows possible confusionbetween laminar core, supersonic
core,and supersonicregion.InRef. 27, the supersoniccoreis likened
to the supersonicregiondefined upstream from the sonic point. Also,
in Ref. 1, the supersonic core length given by Eq. (1) clearly desig-
nates the length of the supersonic region and not the laminar core
length. On the contrary, in Ref. 13, supersonic core length and su-
personic length are calculated by two distinct formulas:

Lc = D.(5.22M%° +0.22) )
Lg=D,(5M!* +0.8) 3)

The authors write M? in second formula, but take M® in the appli-
cations. It is interesting to note that the ratio Lg/L¢ increases with
the exhaust Mach number M, , but s close to 1 for M, =1 (Fig. 1).

To avoid possible ambiguities, we now only use the expressions
laminar core length for L. and supersoniclength for L.

In fact, the length of the jet supersonic region does not appear
explicitly in the Eldred et al. jet noise model,' the main conven-
tions of which are presented in Fig. 2. The overall sound power is
distributed along the jet axis, using discrete sound sources S and
following the experimental curve of Fig. 3 (the original references
are indicated in the captions of the figures). We can see that the
sound power peak is located at the distance from the nozzle:

Ly~ 15L¢ )

Figure 3 also shows that the acoustically effective length of the jet
(which here represents at least 98 % of the overall sound power) has
an approximate value of

L,~5L¢ (5)
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Fig. 3 Distribution of the
sound power along the jet
axis, for standard chemical
rockets (0 dB is the reduced
OAPWL of the jet) (from
Refs. 12, 16, and 19).

Fig. 4 Dimensionless
noise spectrum, for stan-
dard chemical rockets
(0 dB is the reduced
sound power level of the
sound source located at
L) (from Refs. 3, 5, 16,
and 19).
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Fig. 5 Jet noise directivity in far field, for standard chemical rockets
(0 dB is the directivity index of a monopole, 180 deg is the upstream
direction) (from Refs. 3, 6, 7, and 19).

The sound power spectral density of a discrete source S located
at L on the jet axis is given by the experimental curve of Fig. 4,
related to a local Strouhal number:

Srm = fLc,/c,V, (6)

The value of the spectrum peak frequency of the source that occurs
for Srm & 2 appears to be inversely proportionalto its distance from
the nozzle. Thus, the highest frequenciesare radiated near the nozzle
and the lowest frequenciesfar from the nozzle. Also, we can see that
the peak frequency of a large rocket will be lower than the one of a
small rocket for given exhaust velocity and temperature, the sound
power peak on the jet axis being farther from the nozzle.

At last, the mean directivity of the sound sources is given by the
directivity curves of Fig. 5, as a function of the Strouhal number
(dimensionless frequency):

Sr=fD,/V, )

Theses curves are discussed in Ref. 21, in which another model of
directivity is proposed.

The sources of the model are assumed uncorrelated,and the sound
pressure at a given point of space results from the contribution of
each source, following a 1 /R decrease law.

As written in the preceding equations, the physical data used
are generally the jet exhaust data. However, Eldred et al.!® indicate
that index e correspondsto “the nozzle exit data (fully expanded).”
However, D, still remains equal to the nozzle exit diameter, and not
to the theoretical diameter of the fully expanded jet.

C. Acoustic Power
The overall sound power of the jet is a basic input data of a jet
noise model, which justifies a specific section. In Refs. 5, 12, and

18, many ways for estimating the overall sound power are indicated.
The acoustic efficiency 7, defined by

n= Wi/ Wy (8)

isusually takenequal to 0.5% in the case of the rocket jets. However,
in Ref. 18 itis indicated that its value increases with the mechanical
power of the rocket.

More recently, Sutherland,?! for an estimation of the acoustic
efficiency based on aerodynamic characteristics of the flow, has
proposed the relationship:

n=Ky/v)(c/c) €/ V.) ©)

where K is an experimental factor equal to 0.0012. A statis-
tical analysis takes into account data coming from jets, rock-
ets, and boosters representing a large range of mechanical power
(10*W < Wy < 101" W), and gives for  a mean value of 0.53%
with an uncertainty of £0.24%, which does not seem to be corre-
lated with the jet mechanical power.

In the same paper,”' the mechanical power is given equal to
0.5m,V?, which represents the kinetic energy of the gases at the
exhaust, but does not include the potential energy due to the dif-
ference between the jet static pressure at the nozzle exit and the
atmospheric pressure. Therefore, an expression independent of the
shape of the nozzle is preferable:

Wy = 0.5m,V} (10)
Also, the thrust may be easily calculated by the formula
F=mYV, (1D

It is interesting to know the mechanical power of a rocket engine
jetand to be able to estimate directly its acoustic efficiency because
the experimental estimation of the sound power W, constitutes a
difficult problem. However, under some conditions and hypotheses,
the sound power may be estimated from sound pressure measure-
ments made in far field.>3*

III. Acoustic Simulation of Rocket Firings
A. Static Tests of Solid-Fueled Rockets

Itis admitted that the sound powerradiated by a highly supersonic
jetis more or less proportionalto V* and so to its mechanical power.
To verify thisrule and to validate the jet noise model at reducedscale,
ONERA has chosen to test several small or medium sized rockets
with similar characteristics?® in the Fauga—Mauzac Test Center.

The jet noise model described earlier, which includes a fine rep-
resentation of the sound sources, seems able to simulate the acoustic
near field which is of interest for a launcher at liftoff. Here we de-
fine the near field as the region where the spatial distribution of the
sound sources must be taken into accountfor an accurate simulation
of the sound field. Of course, it is clear that the correlation effects
in the vicinity of the jet due to the shock noise will be ignored.

Thus, the measurementdevice has been deployed relatively close
to the rockets. The rocketis horizontally fired, about 1.05 m above
the ground, which is quasi perfectly reflective (concrete surface).
The microphones are in the horizontal nozzle plane, at distances
from the nozzle in the range 5D-40D (D is the nozzle exit diameter
of the consideredrocket). Some of these are distributedalong an arc
of a circle of radius 20D, another part forms a linear array parallel
to the jet axis. The rocket is put ahead of a cavity lined by a wall,
which is partly treated against noise (thin absorbent moss layer on
the doors, see the serrated lines in Fig 6).

To minimize the acoustic reflections effects, the microphones
used are 1:4 in. Bruel&Kjaer pressure microphones, which are rel-
atively directive, turned toward the jet. Also, a thin absorbent moss
layer is placed on the ground only below the microphoneson the left
side of the jet axis (an error which has introduced many difficulties
in the analysis).

Table 1 gives the main characteristicsof some tested rockets. The
aerodynamiccharacteristicsare similar for the jets of all of the rock-
ets and respect the similarity laws** compared with the boosters of
Ariane 5. The Mach number is related to the local sound speed. The



1854 VARNIER

Table1 Main characteristics of rockets tested by ONERA

Rocket

number D, cm F,kN Wy, MW m,, kg/s P,,bar M,
5 3.56 0.7 0.85 0.29 0.7 33
2 7.11 3.8 4.5 1.59 0.7 33
1 14.25 14.3 17.7 5.86 0.7 33
0 26.72 58.4 72.6 23.6 0.7 33

R=40 D

microphone ©®

Fig.6 Rocket 0: recorded OASPL and measurement-computationdif-
ferences (dB), where AM = absorbent moss and CS = concrete surface;
distance R = 40D is shortened.

rockets are loaded with a composite propellant(NH,C10,-(C4Hg ), -
Al), which allows representative exhaust velocity (V, ~ 2500 m/s)
and exit Mach number during a burning time of about 1.2 s. The
jets are overexpanded at the nozzle exit. The area ratio X of the
convergent-divergent nozzle is equal to 10.

B. Acoustic Analyses

A classical method for calculating the radiated sound power is to
consider the sound pressures measured on the microphone arc and
the integration surface generated by the rotation of this arc around
the jet axis. The modulus of the sound intensity vector, assumed
normal to the surface, is deduced from the rms sound pressure. Note
that this method, which is used but not precisely describedin Ref. 5,
assumes the revolution symmetry of the acoustic field and takes as
negligible the effects of sound reflections off the ground. Moreover,
the integration surface must include the sound source region over a
broad range.

It is not the case here, and a radius of 20D has proved to be too
small for an accurate sound power calculation. When the length of
the luminous jet plume is considered, estimated from pictures of the
firings to be at least 30D, it was clear that the sound source region
was extended beyond the measurementarc. This was confirmed by
the very strong sound pressures measured downstream near the jet
axis (160 dB). However, a first estimation of the radiated sound
power?® has been made using the method described earlier, which
shows an acoustic efficiency increasing with the rocket size from
0.4 t0 0.6%.

In fact, a more precise analysis based on numerical simulations
has suggested that this variation was related to the reflected sound
field over the moss, which is not perfectly absorbent. Indeed, it was
probablethat great similaritiesexist between the sound pressurelev-
els measured with rockets of differentsizes for given dimensionless
frequencies because of the adaptation of the measurement device,
the scale of which was related to the nozzle diameter. Unfortunately,
however, the unmodified distance of nozzle-to-grounddoes not re-
main in the same scale, being close to 4D with the largest rocket

and 30D with the smallest. Thus, the ratio of the reflected sound
pressure and the direct sound pressure in the plane containing the
microphonesis not constant: Analyses of the sound pressure levels
recorded over the moss and over the reflective ground have shown
appreciable disparities according to the rocket size. Finally, it ap-
peared that it was not possible to ignore the reflection phenomena
and to calculate the sound power in a reliable manner using a clas-
sical integration method.

Therefore, another approach based on the numerical simulation
of the recorded sound pressure levels (SPLs) has been adopted. In
this method, the overall sound power is introduced as free input
data into the computer code. The sound field computation takes
into account the acoustic reflections off the ground, considering an
image jet symmetrical to the actual jet. The assumed experimental
overall sound power is the sound power value introduced to repro-
duce at best the SPL. measurements over the reflective ground, by
minimizationof the mean squares of the measurement-computation
differences.

An associated problem is to calculate the real efficiency of the
absorbent moss, by assuming the lateral symmetry of the radiated
sound field. From an accurate simulation of the sound levels over
the reflective ground, the corrections due to the moss presence on
the other side can be determined from statistical differencesbetween
computedand recordedlevels for the concernedmicrophones.These
corrections, which stay in the range from 0 to —2 dB according to
the frequency and the scale of the test, concern the sound levels due
to the image sources. Of course, the microphone arc over the moss
is rather a witness for the directivity.

In contrast, the cavity and wall effects have been assumed as
negligible: Indeed, a calculation based on the directivity curves of
Fig. 5 shows that 90% of the jet overall sound power is radiated
in the downstream direction. Thus, the possible error in the sound
level estimation due to the rear echo cannot exceed +0.5 dB.

Figure 6 shows the recorded overall SPL. (OASPL) for rocket 0
and the differences in computation-measurement after adjustment
of the sound power. The greatest differences appear as expected
in the region close to the nozzle, where the shock noise may be
dominant. Note that a classical accuracy'®! for this type of model
is £2 dB in overall level, which is verified here in near field. In
octave level, the uncertainty is =4 dB, the sound power spectrum
of the model being more peaked than the actual.

Table 2 indicates the overall sound power level (OAPWL) in-
troduced in the computer code for an accurate simulation of the
recorded OASPL, and the correspondingexperimental sound power
W . The experimental acoustic efficiency n* is obtained from the
ratio W /Wy, The found values are larger than those obtained with
the previous method, which neglects the sound sources beyond the
microphone array.

Note that this simulation method has been applied after prelim-
inary modifications of the jet noise model, which are described in
the next section. These changes introduce additional uncertainties,
which are quite difficult to estimate. Therefore, it is necessary to
compare the found values n* of the acoustic efficiency with the sta-
tistical values n given by the semi-empirical Eq. (9). We can see that
the agreement is generally good, which seems to constitute a first
validation of the modified model and of the sound power evaluation
method. Moreover, the unchanging values of n* or n show clearly
that the acoustic efficiencyis related to the jet Mach number!? rather
than to the rocket size.'®

The anomaly for rocket 5 (n* & 1%) is most probably due to the
microphonegrideffects: As shownin Fig. 7,recordedin the presence
of a supersonic jet noise, the grid introduces an SPL enhancement

Table 2 Experimental and statistical acoustic characteristics
of tested rockets

Rocket

number D,cm Wy, MW OAPWL*, dB W:, kKW n*,% n, %
5 3.56 0.85 159 8 0.9 0.6
2 7.11 4.50 165 32 0.7 0.5
1 14.25 17.7 171 126 0.7 0.6
0 26.72 72.6 177 500 0.7 0.6
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Fig.7 Jet noise sound pressure spectrum, recorded with 1:4 in. Bruél
and Kjaer pressure microphones: curve 1, without protection grid and
curve 2, with protection grid.
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Fig. 8 Firing of rocket 2 (D =7.11 cm): square coherence || ®||2 ob-
tained using the focused array method for sound sources located on the
jet axis. The cutoff frequencies of the octave, the sound power level of
which is dominant, are indicated by horizontal lines.

above 10 kHz, in a frequency range more particularly concerned by
the spectrum of this small rocket. Thus, its actual acoustic efficiency
is probably similar to the other ones. Note that the frequency peak
in octave band varies from 1 kHz for the largest rocket to 8 kHz for
the smallest, which is well calculated by the model.

Other acoustic analyses have been made: 1) spatial correlation
between two neighboring points of the sound field, in the form of
recorded and computed normalized cross spectral density (NCSD)
and2) sound sourceslocalization,thanks to the lineararray of 19 mi-
crophonesdrawn partly on Fig. 6 (dashedline), using a conventional
focused array processing 2>

Both methods are based on the analysis of the signal correlation
between the microphones, which gives the phase differences and,
therefore, the main direction of sound propagation. The NCSD is
very sensitive to the spatial distribution and to the correlation of the
sound sources, and constitutes a good witness for the exactness of
the physical model (see Appendix A). The focused array method
allows the localization of the apparent sources on a known line,
here the jet axis. However, the expanded character and the strong
directivity of the sound sources of the jet are not favorable to a
precise localization of the sound peak: For all of the rockets, the
sound sources corresponding to the frequencies of the peak in the
octave band level were found to be between 5 and 15 exit diameter
D from the nozzle (Fig. 8). We can assume that this intervalincludes
the actual sound power peak location L7,

IV. Modified Jet Noise Model

A. Basis Hypotheses and Experimental Ad justments
For the tested rockets, Egs. (1) and (4) of the jet noise model de-
scribed in Sec. IL1.B give the sound power peak location L p ~ 26D,
outside the measurement device. With such a sound source distri-
bution, the overall sound power that is necessary for approaching
the recorded SPL values appears totally unrealistic (n & 3-4%). In

fact, for a more suitable simulation of the near sound field, three
hypotheses may be made.

1) The characteristic length must be reduced: from comparison
between the experimental location of the sound power peak L,
indicated in Sec. III.B and the calculation result indicated earlier,
factor 3.45 of Eq. (1) is divided by two.

2) Equation (1) and the others are written using the fully expanded
jetdatainsteadof the jet exhaustdata, assuming thatthe nozzle shape
has a minor influence on the jet characteristics.

3) The far-field directivity given by the curves of Fig. 5 is slightly
modified to take into account the spatial distribution of the sound
sources (see Appendix B).

Thus, Eq. (1) giving the characteristic length of the model is
replaced by the following formula:

L; =1.75D;(1+0.38M;)* (12)

in which D; is the theoretical diameter of the fully expanded jet,
which may be calculated using the relationship deduced from the
state equation of ideal gases (see Appendix C)

D; = 2/M;)(m,V; /7 P,y))* (13)

In this formula, the mass flow m, is assumed constant and equal to
its value at the nozzle throat. For the rockets tested by ONERA, we
have M; ~3.1 and D; ~0.9D,. Note that D; also represents the
nozzle exit diameter for a jet perfectly expanded at the exhaust.

For convenience, the lengths calculated in the following discus-
sion are related to the nozzle exit diameter D. For the tested rocket
jets, the mean sound power peak location L?, givenby Egs. (12) and
(4) is close to 11D, which is included in the range 5D-15D found
from focused array processing 2’

B. Test of the Model Changes

Our purposein Sec. IV.A was to adjusta tool and to define general
rules for its parameter, to be able to predict the sound field radiated
by other rocket engines.

However, the testedrocket jets are very similar, and firstit appears
necessary to confirm the model changes by considering several jets
of variouscharacteristics.The main questionsconcernthe character-
istic length, much shortened in the modified model, and the choice
of the fully expanded jet parameters.

To make a comparative study, we consider in Table 3 several
rocketengines of various types and in Table 4 the main characteris-
tics of their jets.

Rita II is a stratospheric solid-fueled booster of a ballistic mis-
sile, which has been fired in CAEPE Center in similar conditions
to those of the Fauga-Mauzac Test Center (horizontal static firing),
but with a more complete measurement device: In particular, two

Table 3 Chamber stagnation conditions and nozzle
characteristics of several rocket engines

Parameter Rita IT Rocket 0 Rocket F Jet IV Unit
P; 57 64 55 30 bar
T; 3250 3300 2850 1040 K
my 101 23.6 441 1.71 kg/s
D 84 26.72 7.33 6 cm
= 21 10 3.7 6 _

Table 4 Jet exhaust data and fully expanded jet data
of several rocket engines

Parameter Rita IT Rocket 0 Rocket F Jet IV Unit
D, 84 26.7 7.33 6 cm
M, 3.8 3.3 2.6 3.3 _
V, 2650 2550 2000 1270 m/s
P, 0.3 0.7 2.5 0.5 bar
D; 52.0 24.5 10.2 4.8 cm
M; 3.1 3.2 3.1 2.8 _
V; 2410 2480 2200 1200 m/s
P; 1.0 1.0 1.0 1.0 bar
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Fig. 9 Firing of missile Rita 2 (D =84 cm): directivity deduced from
SPL measurements on two arcs of microphones (squares), and direc-
tivity deduced from SPL computations based on the modified jet noise
model (curve).

microphone arcs of radius 20D and 11D are installed, respectively,
downstream and upstream from the nozzle. The jet is very over-
expanded at the ground level (possible existence of a shock disk)
and the sound emission appears to be unstable. However, a satis-
factory simulation of the averaged SPL may be obtained (see the
corresponding directivitiesin Fig. 9). According to this simulation,
the jet characteristiclength L7, seems to be 20% shorter than given
by Eq. (12). The found acoustic efficiency is close to 0.6-0.7%.

Rocket 0 is the largestrocket tested in Fauga-Mauzac Test Center
(see Sec. II1.A).

RocketFis arocketstudiedin Ref. 5, which uses a nitroglycerin-
nitrocellulose propellant. Some data have been calculated using an
ideal gas fluid dynamics model. The firing conditions are close to
those of the previousrocket. Near- and far-field measurements have
been made with this rocket, which jet is underexpanded at the ex-
haust. The far-field measurement arc has a radius of around 200D.
Deduced from the SPL contours recordedin the near field, the loca-
tion of the sound power peak is estimated by the authors at 20D or
more from the nozzle. The experimentalacousticefficiency is given
equal to 0.65%.

Jet IV is produced in the MARTEL facility of CNES, which in-
cludes a nozzle vertically suspended over a reflective ground and
supplied with an air-hydrogen mixture. The distance ground-to-
nozzle has a value of 50D, which is assumed sufficient for freejet
conditions, except the acoustic reflections. However, the calcula-
tions taking the ground into account show that these reflections
have a minor influence on the resultant sound field. The near-field
SPL contourshave been establishedthanks to a microphonearray of
step4D x 4D shifted along the jet axis (Fig. 10 on the left). Acous-
tic efficiency of 0.6% is deduced from an integration of the sound
power on a hemisphere of 70D radius centered on the ground. The
sound field is simulated based on this result and Eq. (12) (Fig. 10
on the right).

By comparison of the real and the computed directivity patterns,
it can be seen that the actual sound power peak on the jet axis L7
seems to be a bit farther from the nozzle than the one given by the
model (respectively,about 12D and 10D). However, the agreement
between real data and model data appears very satisfactory.

Figure 11 shows for these rocket engine jets a comparison be-
tween the estimated real locations L}, of the sound power peak,
thg: locations L¢, resulting from Eqs. (1) and (4), and the locations
L;, resulting from Eqs. (12) and (4): The use of the fully expanded
jet parameters instead of the jet exhaust parameters is here clearly
validated. Remember that the nozzle exit diameter D is used by
convenience, but that the true reference is the fully expanded jet
theoretical diameter. For instance, we always have

12D; < L}, < 13Dy, 10D; < L} < 15D; (14)
Therefore, the uncertainty concerning the empirical factor 1.75 of
Eq. (12) can be temporarily estimated at +20%.

Another question concerns the estimation of the acoustic effi-
ciency from the general characteristics of a given rocket engine.
One finds in the literature that acoustic efficiency depends on the
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Fig. 10 Jet IV of MARTEL facility: experimental (EX) and computed
(CO) OASPL contour lines. SPL are given in dB, referred to 2 X 105
Pa. N is the nozzle and L* the apparent sound power peak deduced by
comparing the model data and the real sound field.
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Fig. 11 Sound power peak location on the jet axis, for four differ-
ent rocket jets: L; is apparent location, Lpe location deduced from the
original model, using the jet exhaust characteristics, and Lpj location
deduced from the modified model, using the fully expanded jet charac-
teristics.

rocket size,'® the exhaust Mach number,'? the nozzle shape, and
the static pressure at the exhaust. Equation (9) takes into account
a set of thermodynamic data via the throat characteristic velocity
¢, the nozzle shape via the square exhaust velocity V?, and other
aerodynamic factors. The values of 1 calculated for strongly over-
and underexpanded jets using this formula are reasonable and in
the predicted range of uncertainty: 0.45% for Rita II and 0.6% for
rocket F. Only the value 0.2% calculated for the slowest jet (jet IV,
Wy ~ 1.2 MW) looks too small. Note that 0.6% is a good approxi-
mation of the experimentalmean value of  for all consideredrocket
engines.

C. Aerodynamic Viewpoint and Generalization

Equation (12) giving the experimental characteristic length L%,
which has probably no aerodynamic meaning, seems to constitute
a weak point in the proposed model. Now we search to relate more
precisely the jet acoustic data to its aerodynamic characteristics. In
fact, only two of these characteristicsseem physically objective and
clearly determined, namely, the sound power peak position on the
jet axis Lp and the flow supersonic length Lg, knowing that the
laminar core length L ¢ is not easy to define in the presence of shock
cells, which correspondto local variations of pressure, temperature,
and velocity.

In the subsonic case, it is admitted that the sound power peak
location corresponds more or less to the laminar core tip. In the
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sonic case, the sonic region obviously is identical to the laminar
core, and then we have, for M; =1,

Li~L-~L,p (15)

In the supersonic case, a classical hypothesis assumes the sound
power peak located just before the supersonic tip'® or more gener-
ally in the supersonic-subsonic transition region of the flow.!>-26
In fact, this hypothesis seems to be a necessary consequence of the
extension of the subsonic jet noise theory to the supersonic case,
which assumes that the most important noise source remains the
turbulent mixing noise (in Ref. 5, it is clear that the supersonic
length of the jet of rocket F is estimated at around 20D from sound
field considerations).

Another theory!’ considers the supersonic turbulent convection
and the Mach waves as the major noise source, which suggests a
sound power peak closer to the nozzle. Because Ref. 19 indicates
that the sound power peak is located beyond the jet core, it seems
legitimate to write, for M; > 1,

Ly>Lpy>L¢ (16)

The ratio of Egs. (3) and (2) from Ref. 13 suggeststhe approached
relation, in agreement with identities (15) and (16):

Lg/Lc =~ M)? a7

Therefore, a similar relationship between L and L » can be sought
under the form

Ls/Lp ~ M? (18)

where « is a parameter that remains to be determined.

Intrusive measurements using pressure and temperature coupled
probes were made by ONERA with jet IV of Table 3. These mea-
surements have allowed, from recorded stagnation pressures and
temperatures, the establishmentof the Mach number profiles of the
jet (Fig. 12).

The Mach number M here is defined by the ratio of the local data
V /c. The Mach 1 contour line, which determines the supersonic
length L%, runs through the jet axis at 26D from the nozzle. The
same contour line of the Mach number referred to the ambient sound
velocity, M, =V /c,, often used in jet acoustics,' runs through the
jet axis at 28.5D from the nozzle. In fact, the uncertainty of the
process is not easy to estimate, knowing that calculations have to
take into accountthe shock upstream from the probes, etc. However,
notice that an experimental curve of Ref. 27 gives Ly~ 28D for a
Mach number of 2.8.

Also, we note that the jet acoustically effective length L ,, which
may be estimated from model data at 40D at the most, does not
very much exceed the supersonic region. An identical conclusion
is suggested by Potter and Jones'® for a cold helium jet of Mach
number 2.5.

Note that Eq. (3), written with the fully expanded jet parameters

Ly=D;(5M}* +0.8) (19)

here gives a correct estimation of the supersonic length (33D; or
26D). According to Eq. (19), the underexpandedjet of rocket F has
a supersoniclength of 39D; or 54 D. This estimation and the sound
power peak location (20D or more) seem to be consistent with the
preceding results.

When the probable values of Lg and Lp for jet IV and rocket F
were introduced in Eq. (18) with the Mach numbers of these jets,

RIRE 20
16 20

Fig. 12 Jet IV of MARTEL facility, from L =12D to 42D (radius R is
multiplied by two). Experimental contour lines of Mach number refer
to the local sound speed; L designates the jet supersonic length.

we found o~ 0.8 or 0.9. Of course, this estimation needs to be
confirmed from other experiments and simulations.

Thus, Egs. (19) and (18), which give the jet supersoniclengthand
the sound power peak location according to the Mach number, are
the basis of the future jet noise prediction method, knowing that the
use of the fully expandedjet data constitutes the key to the problem.

V. Conclusions

A freejet noise model from NASA’s studies has been used for
simulating the near-field noise of several static rockets, to establish
extrapolationrules for the large boosters of a launcher. To obtain an
accurate location of the sound power peak on the jet axis, the char-
acteristic length used by the model must be modified. Instead of the
jet exhaust parameters, the use of the fully expanded jet parameters
in the semi-empirical formulas appears to be necessary, except to
estimate the acoustic efficiency.

These changes have been successfully checked by considering
other tests of rocket engines of various characteristics.In particular,
aerodynamic and acoustic measurements made with an experimen-
tal air-hydrogen jet did allow the establishment of Mach number
and sound pressure level contour lines. Thus, the sound field char-
acteristics may be related to the jet aerodynamics. The simulation
of the near field is in good agreement with the experiment.

In the current state of the study, we can consider as valid the
following observationsconcerningthe noise of a very hot and highly
supersonic jet:

1) The adequate aerodynamic length for predicting the spatial
characteristicsof theradiated sound field is the jet supersoniclength.

2) The location of the sound power peak, closer to the nozzle than
generally admitted, may be related to the supersonic length via the
Mach number of the fully expanded jet.

3) The length of the acoustically effective region of the flow does
not substantially exceed its supersonic length.

4) For a given nozzle shape, the acoustic efficiency does not seem
to change with the rocket size, if the Mach number of the fully
expanded jet remains constant.

5) The acoustic efficiency may be estimated with a satisfying
accuracy from a semi-empirical formula found in the literature.

The main difficulty of the method concerns the calculation of
the jet supersoniclength. An existing relationship written using the
fully expanded jet data seems to give satisfactory results.

Thus, the sound field radiated by the freejetof a rocketenginenow
may be correctly predicted. However, the model must be adapted
to the complex configuration of a launcher at liftoff. A subsequent
paper will discuss the case of a supersonic jet impinging on a large
plate.

Appendix A: NCSD

The computer code gives the SPL in one point, or the sound field
spatial correlation between two neighboring points, in the form of
NCSD. The sound sourcesof the jet are presumed to be uncorrelated.
Therefore, the quadratic sound pressure on a considered point 1 is
given by

N
pi= pr_, (A1)

j=1

where p; ; is the rms acoustic pressure due to the source j and N
the number of discrete sources. In this case, the general expression
of the NCSD between two points 1 and 2 is

Zyz 1{171.,'172.,' eXP[—ik(dl.j - dz.j)]}

[Z;\]:l P%_,’ Z;V=1 P%_j]

where d ; is the distance source j — point 1.

The modulus ||®; »|| of this complex number is representative of
the coherence of the sound field (its maximum value 1 is found for
a single source). The phase ¢ of the number allows the calculation
of the sound propagation direction, knowing the sound speed and
the distance between the considered points.

In the presence of a reflective ground, the sources of the jet and
of a parallel image jet are taken into account. Here, the NCSD is

Q= (A2)

o=
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Fig. A1 Firing of rocket 0: experimental (EXPE) and computed
(COMP) NCSD for two microphones close to the nozzle exit plane:
||®@]| =modulus or coherence and ¢ = phase.

computed between two microphones near the nozzle exit plane (see
Fig. 6). Figure A1l represents real and computed NCSD relative to
the firing of rocket 1. The good agreement between computation
and measurement shows that the spatial characteristics of direct
and reflected sound fields are correctly simulated (see the phase
unevenness). However, the recorded coherenceis not as good as the
calculatedone, perhapsbecausethe real sourcesare notconcentrated
on the jet axis. The random character of the noise and the rear echo
due to the wall may also disrupt the signal.

Appendix B: Directivity

Figure 5 shows the directivity curves f(6) givenin Ref. 19. Here,
the nozzle is considered as the origin of the sound field, which
constitutes a far-field approximation. We have assumed that this
directivity was suitable at a distance R from the nozzle equal to
10L p . In Fig. B1, S is the sound power peak (OS=Lp).

However, a nozzle-centereddirectivity (source O, angles 6) does
not appear to be adapted to simulate the sound field near the jet
because of the spreading of the real sound sources downstream
from the nozzle. A better approximation for the near field is to
consider that the dominant source is the sound power peak and that
its directivity is the mean directivity of the other sources located
upstream and downstream on the jet axis.

Knowing the directivityindex M (9) of source O, the correspond-
ing directivity index M (6") of source S must be corrected by the
quantity 10 log (R’Z/Rz): indeed, the sound power integrated on a
sphere (¥) centered on source O, or integrated on a sphere (X’) of
same radius centered on source S, may be unchanging.

Figure B2 shows the directivity curves f (6) and f (") fora given
Strouhal number. We can see that the peak of the modified curve
f(0")is shiftedof about5 degin the upstreamdirection. The changes
of the directivity indices remain in the range [—2 dB; +2 dB],
but are sufficient to improve in a appreciable manner the near-field
simulation.

Appendix C: Theoretical Diameter
of the Fully Expanded Jet

Knowing the chamber conditions P;, T;, y;, and r, the mass flow
m;, and the nozzle shape, the exhaust and fully expanded jet pa-
rameters can be calculated from ideal gas fluid dynamics equations.
Thus, the theoreticaldiameter of the fully expanded jet (where pres-
sure is equal to the ambient pressure P,) may be deduced from the
approximation P, - S, ~ const:

D; ~ D.[P./P,]} (e

Tam and Tanna?! propose a more precise formula related to the
Mach numbers:

[(y + D/4(y + D] 1
|:1+0.5(y—1)Mf:| M]*

140.5(y — )M? M,

J

D, (C2)

J

(%)

R

Fig. Bl Geometrical references for the calculation of the near-field
directivity, referred to source S and angle €', knowing the far-field di-
rectivity, referred to source O and angle 6.
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Fig. B2 Comparison between far-field directivity f(6) and near-field
directivity f(6 ), for a dimensionless frequency equal to 0.0125.

where the ratio of the specific heats y is assumed constant. In both
formulas (C1) and (C2), the jet exhaust diameter D, is assumed
equal to the nozzle exit diameter.

Infact, the estimationof the jetexhaustparameters D,, P,,and M,
is not necessary. Consider the ideal gas state equation for a location
x in the jet and the assumed mass flow conservation:

Py =p,rT, (C3)
m; = pS;Vy (C4)

By substitution of p,, we obtain an exact expressionof P, S,:
PSS, =rmT. [V, (C5)

Knowing that S, =7 D?/4 and ¢ =y,rT,, we can write, for the
fully expanded jet,

PanDjz./4:mtc§/ijj (Co)

Afterintroduction of the Mach number M; =V, /c;, the squareroot
gives Eq. (13):

D; = 2/M,;)(m,V,/7P,y;)? (€7

For jet IV of Table 3 (y =1.355), Egs. (C1), (C2), and (C7) give,
respectively, D; =4.2, 4.8, and 4.9 cm. For rocket F(y =1.22), we
obtain D; = 11.6, 10.2, and 10.2 cm. More generally, Eqs. (C2) and
(C7) appear to be in very good agreement.
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