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The present paper describes the results of a theoretical study aimed at relating noise signatures obtained in a
freejet facility for simulation of forward flight effects on jet noise with the noise signatures recorded in true
fiight. An important feature of the paper is extensive theory-data comparison. The transformation is carried out
by extracting the ‘‘basic directivity’’ of the noise after correcting for refraction, turbulent scattering, and ab-
sorption effects and then employing a suitable muitipole source decomposition to evaluate the proper dynamic
effect. Detailed directivity comparisons are presented for three primary jet velocities and two flight velocities for
the three nozzle types as described in Part I of this paper. It is concluded that the validity of the freejet technique
and associated transformation procedure has been satisfactorily demonstrated.

Introduction

HE basic issue addressed in this paper can be explained

with the aid of Fig. 1. Shown schematically in that figure
is a proposal that has emerged in the past few years for a
convenient scheme to evaluate the noise emitted from an
exhaust nozzle when the nozzle itself is in relative motion.
Loosely speaking, we may describe it as a partial wind-tunnel
concept. The primary (small) exhaust nozzle is embedded in
the exhaust plume of a much larger, low-velocity exhaust jet
flow, whose ideal jet exit velocity is adjusted to be equal to the
desired forward flight velocity. Measurements of the noise of
this system are carried in a conventional anechoic en-
vironment on a large number of microphones located ‘‘far’’
from the system in an entirely stationary environment. These
measurements are the conventional acoustic measurements,
such as, for example, third-octave SPL spectra. The issue of
interest is the transformation that one needs to apply to data
acquired in such a facility, in order to be able to deduce the
noise signatures that one might expect when the primary
exhaust nozzle itself translates to the left at a certain flight
velocity.

Some comments are in order on the parameter limits that
were of interest to the present authors concerning the size of
the secondary jet, primary nozzle type, etc. Our concern was
primarily with situations where the freejet (secondary jet) to
primary jet area ratio was of the order of 50:1. Since we were
very much concerned with acquiring as much as possible of
inlet arc data, it was necessary to displace the exhaust plane of
the primary nozzle considerably aft of the exhaust plane of
the secondary nozzle (as shown schematically in Fig. 1). Flight
simulation in the velocity range of 0-300 fps were of primary
interest. A paramount consideration of interest was that the
transformation procedure developed be completely in-
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dependent of primary exhaust nozzle type, primary exhaust
nozzle velocity and temperature, and whether the primary
nozzle exhaust flow contained shocks or not. It was also
considered essential for the transformation to be valid over a
wide frequency range of practical interest, e¢.g., from 250 Hz
to 10 kHz full size and over a wide range of angles. (With 8,
denoting the angle measured from the engine inlet axis, one is
normally interested in jet noise emitted in the range 30 deg
<6,=<160 deg.) Finally, the transformation ought to work
with the type of data acquired in conventional jet noise
measurements, e.g., SPL spectra at various fixed
microphones. Phase information, for example, is con-
spicuously not provided by such data and would, in any event,
probably not be very meaningful in jet noise.

Before concluding this section, it is worthwhile to stress
that one paramount requirement must be met if the
simulation technique is to have any prospects of success. This
is that we must assume that a large area ratio exterior flow
does suffice to simulate the alteration of the aerodynamics of
the exhaust flow (both the steady and unsteady aspects of it)
due to relative velocity in the same manner as occurs in flight.
In other words, the source alteration for all conceivable
mechanisms of jet noise (such as jet mixing noise, shock
noise, lip noise) due to flight is assumed to be adequately
simulated by the imposition of the freejet relative velocity.

\/

Fig.1 Schematic of the problem.
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Also, the transformation cannot cope with the situation if
different, significant internal noise sources occur in the scale
model experiments with a freejet, as opposed to full-scale
flight experiments. There is in fact no rigorous procedure of
verifying such assumptions and one has to resort to estimates
of internal noise mechanisms, mean velocity profile estimates
Or measurements, etc., to check the validity of such assump-
tions.

Development of Analytical Transformation
Screening Study

In this section, we will examine some theoretical aspects of
various approaches that have been suggested for carrying out
~ the required transformation. At the outset, it is pertinent to

note that as long as measurements in the freejet facility are
confined to conventional far-field measurements (in the sense
of SPL spectra measurements on a fixed set of microphones
on a given arc or sideline far from the freejet), and if the
freejet to primary nozzle area ratio is of the order of 50:1 or
so, there is no absolutely defensible, perfectly rigorous
procedure of carrying out this transformation. The reason is
that, in general, for a given frequency band, the trans-
formation must depend on the type of sources producing the
flight noise, and there is no unique procedure of estimating
such source distributions from measurements of sound
pressure levels alone in the far field. Purely from the point of
view of the acoustics of a parallel shear flow, neglecting ef-
fects of turbulence, freejet divergence, etc., a transformation
procedure independent of source type can be developed and
shown to be valid at asymptotically high frequencies.
However, both because freejets of area ratio 50:1 (offset so
that their exhaust plane is upstream of the nozzle exhaust
plane) do not provide a nonspreading parallel shear flow
environment over the source regions of the primary exhaust
nozzle and because turbulence scattering absorption effects
are not small at high frequencies, such transformation
procedures, based on wave propagation in steady laminar
. parallel shear flow, are not as useful as one might hope. For

completeness, we will briefly indicate the basics of this ap-
proach and also how it has fared in attempts to apply it to
experimental data.!-* The freejet is assumed to provide an
acoustic environment corresponding to a parallel flow,
doubly infinite jet. In fact, most investigations have gone a
step further and treated the parallel flow jet as a slug flow
jet.!? Investigators have first sought to answer the question
of what noise signature would be produced by the same
distribution of sources in an acoustic environment where the
“‘jet”’ flow is now a parallel slug flow of infinite radius, i.e.,
an infinitely large wind tunnel (with the microphones now
immersed in the wind). We first wish to examine under what
conditions, even assuming the freejet flow to be able to
provide a nondivergent parallel shear flow environment
extending from upstream infinity to downstream infinity
independent of axial location, ‘‘transformations’’ can be
rendered independent of source type or source frequency.
(Parenthetically, we note that once this transformation from
“freejet’’ to true wind-tunnel environment is achieved, it is a
trivial matter to rigorously transform from the wind-tunnel
frame to the flight condition, since the flight frame. of
reference is related to the wind-tunnel frame by a straight-
forward Galilean transformation.)

For purposes of such a screening study, it is instructive to
examine theoretical solutions for typical point singularities in
the situations of flight and in a freejet. In the freejet, the
results depend on the frequency, flow profile, and location of
the source. At low frequencies, we assume a plug flow model;
at high frequencies, a parallel sheared flow is assumed. Only
asymptotic low- and high-frequency limits are presented.
Also, we assume the sources to be located on the jet centerline
(see Fig. 2a).

The flight results are quite well-known and frequency
independent, so we will first state the freejet results. The plug
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flow results can be derived, based on the development given in
Ref. 4, while the parallel shear flow results are based on Ref.
5. It is reiterated that only the asymptotic low- and high-
frequency results are given; i.e., for the plug flow model only
the leading term of an asymptotic expansion as the frequency
tends to zero is given and, conversely, for the parallel shear
flow model, only the leading term in an asymptotic expansion
as the frequency tends to infinity is given.
1) Pressure source:

1
"~ 1
P RUI=Mcos(6,,)1? (1a)
at low frequencies
1

’

p

T RII—Mcos(85,) ] (15)

at high frequencies (outside the zone of silence).

Note that M is the flight Mach number, 6, the angle in the
freejet measured from the jet exhaust axis, and R the radius of
measurement.

2) xx quadrupole:

, cos?0 g, 2a)
—— 2 TRT (2a
T U= Meos0:) 1 ‘
at low frequencies
(9
b~ cos? (0gy) 2b)
[1—Mcos(9g,) ]
at high frequencies (outside the zone of silence).
3) xr quadrupole:
2cos(f in(@
P~ cos(6 g, ) sin( FJ)2 Ga)
[+ (I—McosOg;)“]
at low frequencies
cos(@x, )V (I —Mcosfr;) 2 —cos?8
[ ( Fl) ( Fj) FJ (3b)

(I —Mcoslg;)

at high frequencies (outside the zone of silence).
4) rr quadrupole:

, 2Sin2(91.7)
P T+ (1= Mcosh) 2] (“4a)

at low frequencies

[ (I—MCOSGFJ) 2 _COSZBFJ]
(I —Mcoslry)

’

(4b)

at high frequencies and outside the zone of silence.

The results for x and r dipoles are not given explicitly and
can easily be deduced from the preceding equations.

The high-frequency results have been given outside the zone
of silence. Inside the zone of silence, they would all be
modified by an exponential attenuation factor (for p’) as:

exp (— kg"’fdr) ©)
where ’
Sy =1(I=M(r)cosfg;)? —cos?0z 1"
and r, is uniquely defined (depending on 6;) as the radius at

which f(r,)=0. k=w/c where w is the source frequency in
rad/s and cis the speed of sound.



SEPTEMBER 1978

- @. 0 —

Simple Source,
XX, XR and RR
Quadrupoles

Fig. 2a Velocity profiles used for analytical low- and high-frequency
solutions.
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Fig. 2b Ilustrating the retarded coordinates used in the flight
solutions.

In terms of a similarly retarded radius R and retarded angle
0z, the corresponding flight results (frequency independent)
are (see Fig. 2b):

1) Pressure source:

1
f~ 6
27 R(1+Mcosy) ©
2) xx quadrupoles:
, cos? (0y)
P~ o)
(I+Mcosbz)
3) xr quadrupoles:
,  sin(fz)cos(0r) ®)
(1+Mcoshz)?
4) rr quadrupoles:
, sin? (0p)
p y ©)

N (1+Mcoshiz)?

The zone of silence for the freejet of Fig. 2a is the region
0<8g; <cos ~'[1/(1 +M)].

One approach to the problem of transforming freejet data
to wind-tunnel conditions may be explained as follows. !> The
freejet is assumed to be large enough relative to the primary
jet such that the evolution of plane waves from the source
region is complete, and also large enough so that the outgoing
part of these plane waves is assumed to be the same as if the
primary jet were in a wind tunnel. Then this outgoing wave
will: 1) be refracted at the interface of the freejet and still air
and 2) suffer some form of transmission amplification or loss
as it negotiates the freejet/still-air interface.

To take account of the refractive effect, we may expect the
signal emerging at 8, in the freejet experiment to correspond
to one emerging at a lesser angle, 6, in the flight case, where
0r; and 0 are related by

costpy = —00r__ (10)
1+ Mcosg
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Fig. 3b Dependence of amplitude correction on singularity type at
asymptotically low frequencies.

It is a characteristic feature of such methods!? that no use is
made in these methods of freejet data within the zone of
silence [i.e., no real value of 6 is related to 65, for the
preceding relation for 65; <cos ~'[1/(1 + M)] and, conversely,
no real value of 8¢, corresponds to 8 > 1 —cos ~'[1/(1 + M)]
and also one-to-one correspondence between freejet and flight
data cannot be used to infer flight data for 0>
w—cos ~1[1/(1+M)].

To take account of the second effect, Ref. 1 uses the
Ribner-Miles®’ solution to the problem of transmission of
plane waves across a vortex sheet to infer the transmission

- coefficient. The net result is a procedure to correct freejet data

to flight by means of an angle shift formula, as expressed by
the Ribner-Miles solution.! The resulting amplitude
correction formula by such methods is frequency or source-
type independent and generally calls for applying a negative
correction (in dB) in the exhaust arc freejet data (8 <90 deg)
and a positive correction (in dB) to the inlet arc freejet data to
correct it to flight. Since Egs. (1-4) are frequency dependent
while Egs. (6-10) are not, it is clear that the transformation
cannot be strictly frequency independent. Also, even con-
sidering Eqgs. (1-4), we note that the frequency dependence is
itself source-type dependent and hence the transformation
cannot be rigorously source-type independent either. Figure 3
emphasizes this need for accounting for frequency and
source-type dependence by: 1) showing the amplitude
correction needed to transform freejet data to flight at
asymptotically low frequencies relative to that at asymp-
totically high frequencies for a fixed singularity type, namely
axial singularities such as pressure sources, x dipoles and xx
quadrupoles; and 2) by showing the correction for transverse
singularities relative to those for axial singularities at
asymptotically low frequencies.
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Fig.4 Computed velocity profiles for GE freejet facility.

A second approach to the transformation problem is also
possible based on the following philosophy. As illustrated in
Fig. 4, it is arguable that, with freejet to primary nozzle area
ratios of 50 or so and with the freejet exit plane displaced
upstream of the primary nozzle exit plane (to enable
acquisition of inlet arc data), what the freejet achieves is a
proper simulation of the relative velocity environment insofar
as simulation of the primary nozzle plume aerodynamics does
but very little of the acoustic simulation of uniform flow over
the sources. Of course, at extremely shallow angles to the jet
exhaust axis, we may expect an acoustic impact of the freejet
in the sense of a refractive effect. Based on this notion, one
may first attempt a transformation of the freejet data to a
static frame somewhat analogous to the manner in which
Ribner’s group® sought to separate jet noise directivity into a
combination of refractive, convective, and ‘*basic’’ directivity
effects. Once such a “‘static’’ directivity has been extracted,
we can attempt a static-to-flight transformation. This, again,
cannot be accomplished without attempting to say something
about the nature of the sources. The next section will give the
details of this source decomposition procedure. This was the
approach adopted in the present study.

Recommended Procedure

The recommended procedure for transformation of freejet
noise to flight noise is as follows. Using the measured freejet
data, we first extract from it a “‘static”’ directivity, which is
the directivity that the sources associated with the primary
nozzle plume as altered by the effect of the relative wind
would create if they radiated into a static rather than the
freejet environment. We next use this basic directivity pattern
to estimate what the noise in flight would be.

To retrieve the basic directivity, we first subtract the
refractive effect of the freejet flow. At low frequencies (for
k,a=<3), the plug flow model solution for a point pressure
source is used to make this correction.¥ For k,a=3 in the
inlet arc, the asymptotic high-frequency solution for a
pressure source, namely p’ g, ~(1 — Mcosf) ~!, is employed to
subtract the refractive effect. For k,a=3 in the exhaust arc, a
suggestion of Schubert® was used to deduce the refractive
effect. Previous jet noise work based on a comparison of
results from Ref. 4 (which employs a plug flow model) and
those from Ref. 5 (which develops a high-frequency theory
for parallel sheared flow) has shown that k,a=3 ap-
proximately delineates the upper limit of applicability of a

9k, is the usual wave number of the noise and a is the radius of the
freejet.
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Fig. 5b Example of refraction correction.

plug flow model. Schubert has suggested that one first
determine the refractive effect along the jet exhaust axis as a
refractive dip on jet axis proportional to freejet Mach number
times the frequency parameter (k,a). He then suggests that a
shape factor essentially independent of frequency and Mach |
number be employed to deduce the refraction at any other
angle. Actually, this shape factor is shown by Schubert to be
dependent on the radius of measurement (this dependence
arises from jet spread), but for §, =20 deg, which is the only
regime for which we use these ideas, the shape factor is
substantially independent of radius of measurement. This
procedure was adopted for 3 <k, a <6 using the experimental
data taken by Ribner and his students with point sources in
jets.'® Actually the data are available only for k,a<1.25 and,
hence, a linear extrapolation of it for k,a=1.25 but less than
6 was used. The test data from our freejet experiments showed
a tendency for the refractive dip to saturate, presumably due
to turbulent scattering, beyond (k,a) greater than 6. This was
inferred by examining, for example, the difference between
the SPL’s at 6, =40 deg and 6, =20 deg. Such a difference (at
given jet Mach number) does not increase indefinitely with
k,a but was found to level off for k,a=6. The refractive
correction for the exhaust arc was, therefore, taken in-
dependent of (k,a) for (k,a)=6 though still linearly
proportional to the freejet Mach number (Fig. 5a).

The precise equations employed to account for the
refraction effect in the exhaust arc (20 deg <6; =90 deg) are as
follows. For 3<k,a =<6, the correction at 6, =20 deg is taken
as (7(k,a)M)dB where M is the freejet Mach number. The
correction at 6, =30, 40, 50, and 60 deg are taken as equal to
that at 20 deg divided by 2, 4, 6, and 8 (based on data shown
in Fig. 2 of Ref. 10). No correction is applied for 8;=70, 80,
and 90 deg. Also, if (k,a) exceeds 6, only the correction at
k,a=6 was used. An example of the estimated refraction
effect at M=0.25 and k,a =6 is shown in Fig. 5b.

One additional propagation effect of the freejet needs to be
accounted for. This relates to the fact that fine-grained
turbulence in the shear layer of the freejet can absorb sound
especially at high frequencies. Crow has given a theory!! for
this effect which indicates that this results in an effective
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absorption coeffigient proportional to frequency (and freejet
Mach number)?. Based on the path lengths that the sound has
to traverse through the freejet, we deduced how this ab-
sorption mechanism would vary with ¢,. A recent ex-
perimental study 2 has, in fact, demonstrated such absorption
effects for the case of plane sound waves impinging normally
on turbulent jets. Landahl!® has also pointed out that in
considering ‘‘the propagation of an infinitesimal wave in a
flow with pre-existing fluctuations .... one may speculate that
the fluctuations will act qualitatively like an eddy viscosity.””
He suggested that the eddy viscosity might be eighty times as
effective as the molecular viscosity and this estimate was
assumed herein to be valid at M'=0.12 and 20 kHz to establish
the constant of proportionality in Crow’s expression. There
is, at the present time, no independent experimental
justification for this choice of the constant of proportionality.
The attenuation due to the molecular viscosity in air at 20 kHz
(the “‘classical’’ absorption) is about 1.4 dB per 100 feet, and
based on Landahl’s suggestion and path length con-
siderations, the following expression was used to account for
this effect. The absorption in dB was taken as equal to
(0.83)-M?-k,a-(2.8 —8;/50) with 6, in degrees. This ex-
pression was not used for 6, >140 deg since, as Fig. 4 in-
dicates, the turbulent shear layer paths for sound waves
traveling at such large angles to the jet exhaust axis are small
enough to prevent significant absorption.

Having subtracted the refractive and absorptive effects of
the freejet as previously described, we are still faced with the
task of predicting the noise that would be produced in flight
by such a source distribution. An extended source distribution
yields in the far field for each frequency band a certain
directivity pattern. To predict the noise distribution that such
a pattern would produce in flight, we proceed as follows. We
attempt to synthesize the ‘‘static’’ directivity data in each
frequency band by a combination of nozzle fixed point
singularities determined by the following criteria:

1) Since no phase information is available in the far-field
SPL measurements (and would probably not be very
meaningful in the jet noise situation), we attempt a synthesis
with uncorrelated point singularities. The jet provides an axis
of symmetry and, hence, it is natural to seek the point
singularities as a combination of axial and radial singularities.
In other words, we assume the noise field in a given frequency
band to be generated by a set of singularities F,, F, F,, etc.;
i.e., that the sound field is a solution to

V2p+k, 2 p=F,8(x)8(¥)6(x) +F,8' (x)5(¥)5(z)

+F,8(x)8" (1)5(2) + ...

where the point is that F,, F,, F,, etc. are assumed to be
mutually uncorrelated so that they contribute to the far-field
mean-square pressure only additively. An example is given in
Fig. 6 of how a certain combination of a radial dipole, axial
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* A Synthesis of Exhaust Arc Noise by a Combination of
Uncorrelated Singularities

Fig. 6 Example of synthesis of exhaust arc noise.
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dipole and a fourth-order singularity (all mutually un-
correlated) can be employed to synthesize an exhaust arc
radiation pattern characterized by a 15 dB convection falloff,
a 10 dB refraction dip, and peaking at 8; =150 deg. Because
the mean-square pressure of any such singularity is symmetric
about both §=0 deg and 6 =90 deg, it is necessary to syn-
thesize both the inlet and exhaust arc noise separately.

2) As shown in Fig. 7, an issue of uniqueness arises, since
due to relations such as [1=cos?8+sin%#], the pressure
pattern of a pressure source can be synthesized from that of a
sum of equal transverse and radial dipoles, etc.”” As indicated
on the right side of Fig. 7, the dynamic exponent required to
derive the flight result associated with each level of the
singularity ‘‘tree’’ varies with the level of the singularity.
Hence, the following singularity fitting procedure was
adopted. We first decide on a level of fitting using the
criterion that the data ought to be reconstructed, on the
average, to within an error of 2 dB. Any hidden symmetries in
the singularity distribution, however, is detected by a
recombination procedure indicated in Fig. 7. What is meant
by this is the following. Let us say that a non-negative
combination of octupoles N,, N,, N;, and N, (each with
characteristic mean-square pressure directives as cos®g,
cos*@sin?0, cos?fsin*f, sin®d, respectively) suffices to fit the
measured ‘‘basic’’ directivity data (either for the inlet or the
exhaust arc) to within an average error of less than 2 dB. To
recover the hidden pressure monopole in this distribution, we
examine the least of the numbers N,, N,/3, N;/3, N,. This
determines F,. We then derive new numbers M,, M,, M,,
M,asM,=N,-F,, M,=N,—-3F,, M;=N;-3F,, M,=
N,—F,, etc. F, (the coefficient in the ‘“tree’” of cos?6) is now
determined as the least of M,, M,/2 and M; and F, of M,,
M;/2 and M, and so on. We are employing here an intuitive
notion that the data ought to be reconstructed with the least
singular distribution of uncorrelated sources possible.

Even with these simplifications, it is necessary to solve a
least-squares problem of the type—‘find X to minimize
|7l = (A%¥—b) subject to a non-negativeness constraint
x=0.” This exercise was carried out using an algorithm based
on the Kuhn-Tucker theorem of optimization theory.!* If the
criteria that the reconstruction be carried out with the least-
singular mix of uncorrelated axial and radial singularities and
that the reconstruction be accurate to an average error of 2 dB
are accepted, the resulting reconstruction is unique. This is
because both the solution to the non-negative least-squares
problem and the recombination problem illustrated in Fig. 7
are unique.

" In Fig. 7, ¢ stands for cosf and s for sing.
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Fig. 8 Conical nozzle noise: QASPL and PNL comparisons on a
difference basis.

The procedure just mentioned was coded into a computer

program which proceeds as follows. The input data are a
frequency parameter (k,a), SPL versus directivity data, and
the freejet or flight Mach number. The directivity data are
first corrected for refraction and absorption by turbulence in
a manner dependent on M and (k,a). Commencing from the
top of the tree of Fig. 7, using the algorithm based on the
Kuhn-Tucker theorem, a non-negative least-squares fit of the
data till the data are fitted to an average error <2 dB is
carried out. The singularities are recombined to yield the
least-singular distribution fitting the data. This final
distribution is then employed with the correct dynamic ex-
ponent appropriate to each singularity level to predict the
directivity pattern in each Doppler shifted frequency band. It
is important to note that the source reconstruction procedure
is only used to infer the ‘‘dynamic effect’’ appropriate to each
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Fig. 9 Eight-lobe daisy nozzle noise: OASPL and PNL comparisons.

narrow band directivity pattern with the dynamic effect
correction itself being applied to actual freejet data corrected
for refraction and turbulence absorption.

Discussion of Results

Figures 8-11 summarize the results of the study. Before
discussing them, one preliminary remark concerning the
results of the source decomposition study is in order. We first
wish to reiterate that the source decomposition, as used in the
present study, is only an apparent reconstruction and
represents some amalgam of the way in which refractive and
convective effects, various mechanisms of jet noise such as
mixing noise, shock noise, and lip noise collectively manifest
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PNL comparisons.

themselves. Having expressed this disclaimer that the
relationship of the apparent source reconstruction used in this
paper to the physics of the processes producing flight jet noise
is somewhat tenuous, we would like to mention that for
conical nozzle noise, the source decomposition does suggest
that exhaust arc noise is primarily quadrupole in character,
especially at low frequencies. At higher frequencies, the
exhaust arc ‘‘basic’’ directivity is often amenable to
decomposition by just (uncorrelated) dipole singularities.
Conversely, the low-frequency inlet arc noise often requires
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only dipoles to adequately synthesize. The high-frequency
inlet arc noise often required the use of quadrupole
singularities to achieve the desired level of curve fitting (i.e.,
to an average error of less than 2 dB).

Although all the freejet data of the entire program were
transformed (for all the three nozzles at all the combinations
of primary and flight velocities tested) and compared with
results from the Aerotrain program, limitations of space
preclude our showing all these comparisons and, hence, in
Figs. 8-11, we confine ourselves to a representative sampling
of such comparisons, only on an integrated basis (i.e.,
comparisons are only shown for the OASPL and PNL).

From a practical point of view, the OASPL and PNL
directivity are indeed of greatest interest. However, since the
current transformation procedure is completely frequency
dependent—not just because the refraction and turbulence
absorption corrections are frequency dependent, but also
because the effective dynamic effect exponent to be applied to
the directivity in each third-octave band depends on the
sources needed to synthesize that directivity pattern—one has
to first transform each third-octave band separately and then
sum up the contributions in the usual manner to derive
OASPL’s and PNL’s.

Such integrated directivity comparisons are shown in Figs.
8-10. The data labeled as ‘‘freejet’’ are the freejet data scaled
and transformed. For the conical nozzle (as Part I of this
paper points out), there were problems with static scaling
itself and hence the comparisons are shown on a difference
basis; i.e., the change in noise going from the static case to the
flight case is compared for the Aerotrain and freejet ex-
periments. For the suppressor nozzles, since static scaling
holds up extremely well, absolute levels are compared. The
figures speak for themselves and certainly no systematic
difficulty is evident. We observe that the agreement is poorest
for the conical nozzle though still quite acceptable.

In view of the ad hoc and empirical deduction of the
constant of proportionality used in applying Crow’s theory
(Ref. 11) in Fig. 8; i.e., for the conical nozzle, the com-
parisons are also shown as obtained by neglecting entirely the
turbulence absorption correction. Because of the shorter path
lengths involved in the inlet arc, neglecting this correction has
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a smaller impact on the inlet arc than on the exhaust arc. The
OASPL comparisons are worsened somewhat, while the PNL
comparisons appear somewhat improved.

Finally, we address the issue of how the methods contained
in Refs. 1 and 2 would work when applied to the data of Part
I. Jacques’ method? was adopted since it deals directly with a
cylindrical freejet geometry. We first checked that our coding
of this method was correct by obtaining complete agreement
with a worked example given in Fig. 4.35 (p. 155) of Ref. 2.
Comparisons are shown both for a conical nozzle and an eight
lobe nozzle in Fig. 11. It is clear (as also reported in Ref. 3)
that these methods tend to underestimate the measured flight
noise by as much as 3-5 dB.

Conclusion

The principal conclusion of this study is that, following the
sequence of steps of first deriving an equivalent ‘‘static”’
directivity by accounting for refraction and turbulence ab-
sorption in a semiempirical manner and then employing a
source decomposition procedure tailored to broadband jet
exhaust noise to derive the flight results, a rational trans-
formation procedure for obtaining flight-type data from a
static but wind-on freejet experiment can be developed.
Extensive theory-data comparisons for the entire program
described in Part I were carried out and highlights of these
have been presented herein. Considering the various sources
of data error, particularly in the moving frame experiment,
the procedure is considered to have been adequately validated
over a wide combination of flight and jet velocities as well as
exhaust nozzle types.
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