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SUMMARY 

The work described in this report deals with the overall problem of 
aircraft forward motion effects on jet engine noise. The three specific 
objectives are: 

(I) To obtain a thorough theoretical and experimental understanding of 
the effects of the free-jet shear layer on the transmission of sound from a 
model jet placed within the free jet to the far-field receiver located out- 
side the free-jet flow, and hence, to evaluate the validity and accuracy of 
the free-jet flight simulation technique for forward velocity effects on jet 
noi se. 

(2) To provide transformation charts and a systematic computational 
procedure for converting measurements obtained from a free-jet simulation to 
the corresponding results from a wind-tunnel simulation, and, finally, to the 
flight case. 

(3) To experimentally establish the effects of simulated forward flight 
on engine internal noise source and shock-associated noise from model-scale 
unheated and heated jets, and hence, to illustrate the role played by these 
non-jet mixing noise sources in producing the currently observed anomalies 
between flight data and free-jet simulation data projected to the flight 
case. 

(1) Free-Jet Flight Simulation Technique - The individual components of 
a theoretical transformat ion procedure, developed in our previous work, are 
verified experimentally using‘a point sound source in the-Lockheed anechoic 
free-jet faci 1 i ty. The five specific (acoustical) aspects examined and/or 
verified are (i) redirection or refraction (i.e., angle changes), (ii) 
internal reflection, (iii) transmission (i.e., amplitude changes), 
(iv) turbulence absorption, and (v) turbulence scattering. 

In the theoretical work, the validity of the amplitude calibration 
factor, derived in our previous work using geometric acoustics, is assessed 
by detailed comparisons with numerical solutions to the Lilley equation. It 
is shown that for most practical cases, model-scale jet noise data measured 
in a free-jet facility can be converted to ideal-wind-tunnel (IWT) conditions 
using the simple high-frequency amplitude calibration factor with remarkable 
accuracy. 

Following the verification of the important individual components of 
the transformat ion procedure, the validity of the procedure in its entirety 
is established experimentally using a model jet as the sound source. Detailed 

measurements are conducted both inside and outside the flow, and both sets of 
data are compared after transformation to IWT conditions. Good agreement is 
obta i ned over a wide range of frequencies, angles and free-jet velocities. 
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(2) Transformation Charts and Computational Procedure - In order to 
facility to the corre- 

sponding wind-tunnel data and, finally, to the inflight case,.a self-contained 
transformation procedure is provided in two parts.. In the first part, trans- 
formation charts are provided, and in the second part, a comprehensive 
computer. program is presented and described in the form of a user’s guide. 

(3) Flight Effects on Jet Noise, Shock Noise and Internal Noise - The 
effects of simulated forward motion on various combinatibns of these three 
noise sources are examined with experimental data acquired in the Lockheed 
free-jet faci 1 ity. It is shown that (i) for the jet mixing noise component, 
a reduction in noise with forward velocity is obtained at all angles and 
frequencies for both unheated and heated jets, and (ii) for shock-containing 
jets in the absence of internal noise, or, for jet mixing noise contaminated 
with internal noise, forward motion provides a noise reduction in the rear 
arc and a noise increase in the forward arc, with little change at 90”. 

When jet noise is contaminated with internal noise, the resulting 
relative velocity exponent is reduced at all emission angles. The exact 
value of the exponent depends upon the degree of contamination. It is 
illustrated that the existing anomalies between full-scale flight data and 

model-scale flight simulation data could well be due to the contamination of 
flight data by internal noise. 
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1, INTRODUCTION 

The noise generated by a jet exhaust has been studied in great detail, 
since the development of jet engines some thirty years ago. During this 
period, research programs have been devoted not only to the prediction of jet 
noise, but also to obtain a fundamental understanding of the generating pro- 
cesses, so that noise reduction efforts can be attempted on the basis of firm 
scientific principles. For a static jet, it has now become possible to 
predict the noise field, and in fact, the theory to substantiate and explain 
these predictions is now available. 

In recent years, U. S. Government regulations have made it mandatory to 
control the noise of aircraft operating from U. S. airports. As a result of 
these regulations, it is necessary to include aircraft noise as a design 
constraint in new aircraft projects. When noise is considered as an aircraft 
design parameter, not only are the characteristics of the basic jet of 
concern, but the effects of aircraft configuration and operation must also be 
properly accounted for in noise predictions. In this regard, aircraft 
forward motion is found to be a significant parameter controlling the 
generation and radiation of jet noise. 

Full-scale flight testing is a direct method for obtaining the required 
noise levels with no intermediate steps or recourse to theory. However, the 
cost associated with any comprehensive flight test program is prohibitive, 
and there are several disadvantages which are difficult to overcome. In 
recognition of this, a high priority has been placed in recent years on 
developing the technology that will predict the noise received on the ground 
from a flying aircraft using static noise measurements-. Several ground-based 
techniques that provide accurate simuZation of the flight environment on 
various noise sources have evolved in recent years. The three most promising 
types of flight simulation facilities are (i) stationary jet in a large-scale 
wind tunnel, (ii) statio nary jet immersed in a larger surrounding jet (a 
free-jet facility), and (iii) jet mounted at the end of a rotating arm (a 
spinning rig). In addition, a ground-based moving vehicle (e.g. the Bertin 
Aerotrain in France) is also being used to study flight effects. Each of 
these has its own merits as well as facility oriented problems, and signifi; 
cant research activity is in progress to understand and resolve the - 
limitations of such flight simulation facilities. 

As a result of the major significance of flight velocity on jet no ise, 
the NASA-Lewis Research Center decided to embark on a study of the prob lems 
of understanding the generation, propagation, and measurement of exhaus t- 
generated noise from jets in flight. As a part of this research effort, a 
;;e;;;aqr contract (NAS3-18540) was awarded to the Lockheed-Georgia Company 

It was intended that this contract serve as a program definition 
phase with the ultimate goal of providing detailed recommendations for 
future research on effects of flight on jet noise. During this contract 
work, various fundamental aspects controlling the generation, propagation, 
and measurement of noise from a conical jet in forward flight were examined 
in detail. in particular, the inflight effects on pure turbulent mixing 

3 



noise from unheated jets were examined experimentally in the inflight 
simulation mode. Both acoustic and flow characteristics were determined by 
testing model-scale nozzles in an anechoic free-jet facility and a wind 
tunnel, respectively. The findings, together with detailed recommendations 
for future research, were given in the contract final report (ref. 1.1). 

1.1 INFLIGHT EFFECTS ON JET NOISE - CURRENT STATUS 

One of the major problems facing the aeroacoustics community is that the 
effects of aircraft forward motion as observed from simulation experiments do 
not correspond fully with the flight effects derived from full-scale aircraft 
flyover tests. The problem is illustrated quantitatively in Figure 1.1, 
where the flight effects on jet noise from a conical nozzle are expressed in 
terms of the widely used “relative velocity exponent.” A positive value of 
the exponent implies static-to-flight noise reduction, whereas a negative 
value implies an increase in noise level. In the figure, results from 
various flight simulation facilities are compared with one another as.well as 
with results from aircraft flight tests. (It should be noted that in deriving 
the relative velocity exponents, some investigators have chosen to retain the 
so-called dynamic effect factor, whereas other investigators have removed 
this factor.) The comparison shows that while there is reasonable agreement 
at large angles in the rear arc, the flight simulation results at 90’ and in 
the forward arc differ significantly from the results obtained from the 
Rolls-Royce fl ight tests and the SNECMA aerotrain experiments. The simulation 
results show a significant noise reduction with forward velocity at 90° and in 
the forward arc, whereas the flight tests (except ref. 1.9) show either no 
change or an increase in noise at these angles. Such discrepancies are dif- 
ficult to comprehend, especially at 90’ to the jet axis, where, in the program 
definition phase, it was conclusively shown that the reduction in noise (from 
an unheated jet) can be directly attributed to the changes in jet flow 
characteristics (source alteration) that occur due to the presence of co- 
flowing airstream. It is a matter of urgency to reconcile these observed 
differences, since suppressors which have been optimized in static tests or 
in flight simulation facilities may fall far short of expectations in actual 
f 1 ight tests. 

1.2 POSSIBLE REASONS FOR OBSERVED ANOMALIES 

In attempting to resolve the observed anomalies between flight data and 
simulated flight data obtained from free-jet experiments, several possible 
explanations can be put forward: 

(1) When forward-velocity effects are simulated in a free-jet 
facility, the sound generated by the primary jet has to propagate through the 
free-jet shear layer on its way to the far-field microphones placed outside 
the free-jet flow. During this propagation, the acoustic signatures are sub- 
jected to several physical phenomena that occur due to the presence of this 
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CURVE REFERENCE NO. DATA SOURCE 

1 1.2 LOCKHEED - FREE-JET SIMULATION (UNHEATED MODEL JET) 
2 1.3 NGTE - WIND TUNNEL SIMULATION (UNHEATED MODEL JET) 

; 
1.4 NGTE - WIND TUNNEL SIMULATION (HEATED MODEL JET) 
1.5 P&WA - FREE-JET SIMULATION (HEATED MODEL JET) 

2 
1.6 BOEING - WIND TUNNEL SIMULATION (JT8D ENGINE) 
1.7 SNECMA - BERTIN AEROTRA~N (585 ENGINE) 
1.8 RR - AIRCRAFT FLYOVER TESTS 
1.9 DOUGLAS - DC-g/JT8D AIRCRAFT FLYOVER TESTS 

RELATIVE 
VELOCITY 
EXPONENT 

lo- 

8- 

6- 

8 

NOISE 
INCREASES 

1 

1 , I 1 1 

2.0 40 60 80 100 120 140 160 

ANGLE TO ENGINE INLET q (DEGREES) 

Figure 1.1 Flight effects on jet noise observed from various 
simulation experiments and flight tests. 

5 



outer flow. These include (a) the downstream convection of sound by the free- 
jet flow, and (b) the reflection, refraction, turbulence scattering and 
possibly turbulence absorption encountered during the passage through the 
free-jet shear layer. In order to convert the measured results obtained from 
free-jet simulation experiments to the corresponding flight case, it is vital 
to obtain a thorough understanding and accurate quantification of these 
effects. In principle, it could be argued that the currently observed 
anomalies between flight data and free-jet data converted to the flight case 
may be a consequence of a lack of adequate understanding of these effects. 

(2) In model scale experiments in a free-jet facility, the primary jet 
sound field is not contaminated by any significant internal or upstream noise 
contribution (that is, if the facility has been well designed); therefore, the 
measured trends and dependencies must be considered to be the true effects of 
relative velocity on jet mixing noise. On the other hand, it is very diffi- 
cult to obtain full-scale flight data which can be guaranteed to be free from 
significant contributions from one or more of the other noise sources (for 
example, the engine-related noise sources like core noise, .turbine noise, and 
lip noise, and the exhaust-related noise like shock noise). The sources other 
than pure turbulent mixing noise, although slightly lower in magnitude and, 
therefore, undetected in the static case, can be expected to be either un- 
affected or amplified in flight. Hence, in the flight case, a possibility 
exists for the sound field in the forward arc to be dominated by these other 
noise sources due to the reduced contribution from mixing noise. Indeed, 
this is the explanation put forward in two recent studies by Von Glahn and 
Goodykoontz (ref. 1.10) and Stone (ref. 1.11) where the observed discrep- 
ancies are attributed to shock-associated noise and core noise, respectively. 

(3) Another obvious possibility put forward recently is that, in con- 
ducting static-to-flight comparisons of full-scale data, it is necessary to 
take proper account of source location if the static data and the flight data 
are acquired at different measurement distances from the nozzle exit plane. 
It can be argued that, if the published static-to-flight comparisons of full- 
scale data do not include such source location corrections, the observed 
effects might be misleading. 

(4) In an actual fl ight test, the jet exhaust noise source is in motion 
relative to a fixed, ground-based observer, whereas in a f!ight simulation 
test, this relative motion between source and observer is lacking. At least 
according to existing theoretical knowledge, such relative motion is not ex- 
pected to give rise to the current observation at 90°; i.e., that there is no 
change in the radiation level at 90° to the jet axis in flight tests. Whether 
this relative motion does have some peculiar effects, which are not detected 
theoretically at the present time, needs to be examined experimentally as 
described in the recommendations given in the final report (ref. 1.1) for the 
program definition phase. 

A relevant theoretical development conducted recently by Dowling (ref. 
1.12) must not be overlooked here. In this study, it is shown that, for 
certain specialized descriptions of sound sources, the effect of source 
motion is different from that predicted by previous theories, and the source 
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motion does have a flnite (but not necessarily significant) effect on the 
radiation at 90’ to the direction of motion. The question that must be 
raised is whether the types of sources examined by Dowling can be represen- 
tative of the types of real sources present in a jet exhaust. Our initial 
evaluation of this work suggests that, even if the sources examined in this 
study are found to be realistic, the results will be useful only in conduct- 
ing static-to-flight comparisons, and the results will not explain the 

observed discrepancies between flight data and flight-simulation data. 
However, the study warrants further evaluation in a future program for 
application to the current problem. 

(5) Another explanation which may have some effect on the observed 
discrepancies can be classified as engine installation and atmospheric propa- 
gation effects. In flight-simulation tests, the relative velocity effects 
are normally evaluated with a clean jet in the absence of any surrounding 
hardware. In contrast, a full-scale engine in a flight test generates noise 
in proximity to the complete aircraft structure. In addition, the sound 
field has to propagate through a complex inhomogeneous environment on its 
way to the ground-based observer. It is, therefore possible that, if these 
effects are not properly accounted for, the available flight data may not be 
strictly valid for accurate static-to-flight comparisons. 

(6) Another postulated effect is that the internal noise (especially 
pure tones) triggers large-scale disturbances in the jet which in turn lead 
to broadband jet noise amplification. This mechanism has been observed in 
experiments conducted in Germany (ref. 1.13) and England (ref. 1.14) and has 
been a subject of much recent interest. The fact that noise from static 
jets usually scales from model to full engine scale suggests that this 
broadband noise amplification is not an important practical phenomenon in the 
static tests. However, its effect in flight has yet to be investigated. 
Since the turbulence structure is known to be modified by flight, the effect 
or importance of pure tone acoustic excitation is also likely to be 
modified by flight. 

The explanations for the discrepancy between static and flight data 
listed above are by no means the only possibilities that can be offered at 
the present time. The list has, by now, grown quite long. However, they 
are considered to be the most relevant in the light of existing knowledge. 

1.3 OBJECTIVES OF PRESENT PROGRAM 

In discussing the role played by the present investigation in under- 
standing and quantifying the effects of forward velocity on jet noise, it is 
emphasized that the present contract is directed to only the first two possi- 
ble explanations described above for resolving the anomalies between flight 
data and free-jet data converted to the flight situation. 

To be more specific, the three major objectives of the present 
investigation are: 
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(1) To obtain a thorough theoretical and experimental understanding of 
the effects of the free-jet shear layer on the transmission of sowd from a 
model jet placed within the free jet to the far-field receiver loca&!d out- 
side the free-jet flow, and hence, to evaluate the validity and accuracy of 
the free-jet flight simulation technique for forward velocity effects on jet 
noi se. 

(2) To provide transformation charts and a systematic computational 
procedure for converting measurements obtained from a free-jet simulation to 
the corresponding results from a wind tunnel simulation, and, finally, to the 
f 1 ight case. 

(3) To experimentally establish the effects of simulated forward flight 
on engine internal noise source and shock-associated noise from model scale 
unheated and heated jets, and hence, to illustrate the role played by these 
non-jet mixing noise sources in producing the currently observed anomalies 
between flight data and free-jet simulation data projected to the flight 
case. 

The work conducted to accomplish these three program objectives is 
described in Sections 2 through 8 of this report. 

The various phenomena associated with flight simulation in a free-jet 
facility are introduced in Section 2, where a summary of our previous work on 
transformation of free-jet data to estimated flight data, based essentially 
on geometric acoustics theory for sound transmission across the free-jet 
shear layer, is also presented. 

The verification of the theoretical calculations for free-jet shear 
layer effects required some novel and extremely difficult experiments, which 
are described in Sections 3 and 4. The Lockheed anechoic free-jet facility, 
and the experimental setup and techniques used for these verification tests 
are described in Section 3. The results of these experiments (dealing with 
transmission, internal reflect ion, turbulence scattering, and turbulence 
absorption), using experimental point sound sources placed inside the free- 
jet flow, and comparisons with theory are presented and discussed in 
Section 4. 

The theoretical analysis of the interaction of sound with the mean 
properties of model-jet and free-jet flows over a wide envelope of model-jet 
and free-jet operating conditions is described in Section 5, where the 
validity of the low- and high-frequency asymptotic solutions for the appro- 
priate calibration factors is assessed by detailed comparisons with the 
numerical solutions to the Lilley equation for flow-acoustic interactions. 

The transformation charts and a systematic computational procedure for 
converting noise data obtained from a free-jet facility to the corresponding 
wind-tunnel simulation, and finally to the inflight conditions, are given in 
Section 6. 



In order to establish the validity and accuracy of the recommended 
transformation p.rocedure, a series of experiments using unheated and heated 
model jets was conducted. For identical test conditions, noise data were 
acquired both inside and outside the free-jet flow. Both sets of data were 
converted to, ideal wind tunnel conditions using the transformation procedures. 
The resulting comparisons are presented and discussed in Section 7. 

Finally, the effects of forward motion on jet mixing noise, internal 
noi se, and shock noise were examined experimentally in the free-j,et simula- 
tion faci 1 ity, for unheated as well as heated model-jet conditions. The 
results of these experiments, conducted to accomplish the third major 
objective listed above, are presented in Section 8. 
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2, OUTLINE OF PROPOSED FREE-JET DATA 
CALIBRATION PROCEDURE 

In the free-jet flight simulation technique, the noise source under 
examination is placed within the potential core of a larger surrounding jet, 
and noise data are acquired by placing microphones outside the free-jet flow 
in an anechoic environment. Although this technique eliminates many of the 
problems associated with other flight-simulation techniques (e.g., large-scale 
wind tunnels where the microphones are placed inside the flow, moving sleds, 
spinning rigs, etc.), it does present some inherent problems, mainly associ- 
ated with the propagation of sound through the free-jet shear layer. These 
propagation effects include the downstream convection of sound by the free-jet 
flow, and the refraction, reflection and scattering of sound encountered 
during the passage through the free-jet shear layer. In order to convert the 
measured results obtained from free-jet simulation experiments to the car re- 
sponding fl ight case, it is first necessary to “correct out” the influence of 
the free-jet shear layer. When this is done, it yields an estimate of the 
corresponding data that one would obtain in an “ideal wind tunnel (IWT)“, 
where the shear layer between noise source and microphone is not present. 

During the past three years or so, several investigators have examined 
free-jet shear layer effects theoretically and developed transformation or 
calibration procedures which permit the conversion of free-jet simulation data 
to the corresponding infl ight data. A simple calibration procedure was also 
derived at Lockheed in the program definition phase (ref. 2.1). However, for 
the majority of the free-jet shear layer effects, only limited experimental 
confirmation (ref. 2.2) of the theoretical models has been obtained to date. 

The purpose of the present section is to give an outline of the free-jet 
data calibration procedure derived at Lockheed (ref. 2.1). A detailed 
experimental study of the free-jet shear layer effects using a point sound 
source, and comparison of experimental results with theoretical calibration 
factors will be presented in the subsequent sections of this report. 

The present calibration procedure enables the transformation of free-jet 
data to the corresponding ideal-wind tunnel condition (see Figure 2.la). The 
final stage only involves a simple Doppler frequency shift to obtain estimated 
flyover data from data calculated for the IWT condition and is not considered 
further here. It is, however, included in the computational procedure for 
data transformation, which will be presented in Section 6. 

The main objective of the theoretica program that will be described in 
Section 5 is to solve the Lilley equation in order to assess the range of 
validity of our recommended ampZitude calibration factor which is, in effect, 
based on a high-frequency or geometric acoustics (GA) solution to the Lilley 
equation. 

In the present section, the recommended calibration procedure is 
summarized for the case where the microphone polar arc (of radius R,) outside 
the free jet is centered on the noise source under test; in general, a further 
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Figure 2. la Corresponding angles in (i) “ideal wind tunnel” and free- 
jet potential core, (ii) actual flyover situation. 

POTENT I AL 

Figure 2.lb The lip-line or vortex-sheet model of sound refraction 
across the free-jet shear layer. 



correction is included to account for true source location relative to the 
microphone arc origin. 

The calibration procedure can be carried out in three steps (see Figure 
2.lb): 

(i) angle calibration: free-jet microphone angle 8, + wavenormal 
angle, 8T, in free-jet potential core and in ideal wind tunnel; 

(ii) distance calibration: free-jet microphone distance R, -f 
wavenormal distance R,T; 

(iii) amplitude calibration: free-jet sound pressure level at 

(Rm, 8,) + ideal wind tunnel sound pressure level at (RrT, 8T). 

The purpose of this calibration procedure is to correct out the influence 
of the free-jet shear layer (which is, by definition, absent in the ideal wind 
tunnel and in the flyover cases) and to convert a noise level measured 
outside the free jet, e.g., at point B in Figure 2.lb, to the level that would 
be measured inside the free jet, e.g., at point C, due to outward-going wave- 
fronts from the source region. The three steps in the calibration procedure 
are discussed below. 

2.1 ANGLE CALIBRATION 

The angle calibration is based upon a vortex-sheet or lip-line refraction 
model. Referring to Figure 2.lb, the outward-going sound ray from the source 
at A is traced to the microphone position outside the free jet by assuming 
that Snell’s law for parallel flows applies and that the refraction takes 
place abruptly at the lip line. This is equivalent to the assumption that 
the mean flow field of the free jet can be replaced by a uniform flow bounded 
by a cylindrical vortex sheet of the same radius as the jet nozzle. However, 
the model was not adopted on that basis but upon the results obtained in 
reference 2.1 for the refraction and axial displacement of ray paths traced 
through a realistic, spreading shear layer. Those results indicate that the 
lip-line refraction model should be sufficiently accurate for the purpose of 
angle and distance corrections. Some recent ray-tracing results are shown in 
Figure 2.2 to illustrate the validity of the lip-line refraction model. On 
the other hand, the cmpilitude calibration (described in Section 2.3) is ob- 
tained without recourse to the lip-line refraction model and should not be 
confused with amplitude corrections based on the vortex-sheet model, as 
used elsewhere (refs. 2.3, 2.4). 

According to the lip-line refraction model, the axial distance between 
the microphone and the source, R,cos Bm [see Figure 2.1(b)], is equal to the 
sum of the axial distances travelled by the ray Al inside and the ray IB 
outside the flow and this yields a relation between the angles EI,, $T and Bo: 

R,COSe, = rTcot$T + (R,sine, - rT) cot8, 

(1 ip-1 ine refraction) 

(2-l) 
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The required wavenormal angle 8T is related to the ray angle $T by 

cot@T = (VT + aT cosOT)/aTsinOT 

(convection by uniform flow) 

(2-2) 

(see velocity triangle in Figure 2.lb), and to the refraction angle, O,, by 
Snell’s law for axially uniform flows, 

VT + aT/coseT = ao/coseo. (2-3) 

(refract on by stratified flow) 

Equations (2-l) through (2-3) can be solved by iteration to yield $T, 8T and 
O. for a given microphone position (Rm,Om), free-jet radius rT and flow con- 
ditions VT/aT, aT/ao. Typical solutions for OT are given in Tables 2.1 for 
R,/rT = 4, aT/ao = 1 . 

Table 2.1 Variation of wavenormal angle, 8T, with 
measurement angle, em, for three free- 
jet Mach numbers; R,/rT=4, aT/ao=1. 

40.0 
50.0 
60.0 
70.0 
80.0 
go.0 
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110.0 
120.a 
130.0 
140.0 

0.1 0.2 

::*; 
60:4 
71 .o 
81.3 
91.4 

101.3 
110.8 
120.1 
129.2 
137.9 

38.0 
49.4 
61 .o 
72.1 
82.7 
92.8 

102.4 
111.5 
120.1 
128.1 
135.4 

0.3 

38.0 
49.7 
61 .8 
73.3 
84.2 
94.2 

103.5 
112.0 
119.8 
126.7 
132.7 

2.2 DISTANCE CALIBRATION 

The distance calibration is also based on the lip-line refraction model, 
for the reasons discussed earlier. Referring to Figure 2.3, the mean-square 
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Figure 2.3 Distances used in calibration procedure based 
on lip-line refraction model. 
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f 

pressu rek outside the flow varies with distance 
according to the formula (ref. 2.1) 

(for a fixed angle 0,) 

p2 cc (Rra Rro)-’ (2-4) 

which reduces to R$ only when Rro>>rT. The distances R,,, R,, are indi- 
cated in Figure 2.3 and can be calculated with expressions from reference 
(2.1), viz. 

R ro = Rmsinem/sineo, (2-5) 

Rra = Rro + ( rT/s ineo) ( (coteT/coteo) 3 (ao/aT)2 - 1 1 (2-G) 

where the angles 8o,8T follow from solutions to equations (2-l) through (2-3) 

Inside the flow, the mean-square pressure* 
where 

varies with distance as R;+ 

RrT = RT/ (MT COS$T + J 1 - MT2 s i n2$T) (2-7) 

is the distance travelled by the wavefront relative to the uniform flow and 
RT is the distance along the ray path (e.g. AC in Figure 2.3). 

The amplitude calibration factor, CF, described in the next section is 
expressed in terms of a ratio of mean-square pressures*, normalized by the 
distances defined above, viz. 

2 2 
CF = 

RrT p C 
(2-B) 

R ra Rro p28 

Thus the ratio of measured mean-square pressures (see Section 4) or the 
equivalent quantities (involving cross-power spectra) are first normalized 

by R:T/RraRro in order to compare an experimentally determined calibration 
factor, cFm, with the theoretical calibration factor given below by 
equation (2-g). 

The behavior of the distance factor RraRro/RFT for RrT=Rm=4rT is 
plotted in Figure 2.4 as a function of em for different values of MT(:VT/aT) 
with aT/ao=l. 

“Or the power spectra2 density of the acousbic pressure. 
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Figure 2.4 Distance factor variation with microphone angle and 
free-jet Mach number; R,/rT=4, R,T=R,, aT/a,=l. 
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2.3 AMPLITUDE CALIBRATION 

After the distance corrections have been applied, an amp1 
tion factor converts the (normalized) mean-square pressure outs 
jet, RraRropB, to the (normalized) mean-square pressure inside 
R$T p2C, and is given by 

CF = PTDT~/PO 

where 

-1 
DT = (1 + VTcoseT/aT) . 

i tude cal i bra- 
ide the free 

the jet, 

(2-9) 

(2-l 0) 

This result is based upon the assumption that the free-jet shear layer is 
sufficiently thick on the wavelength scale for geometric acoustics to apply so 
that (i) acoustic energy is conserved along the ray tube passing through the 
points C and B and (ii) the sound pressure at point C is the result of outward- 
going waves only, since, by definition, reflections are absent in the 
geometric acoustics limit. 

The amp1 tude and distance cal ibration factors when combined yield the 
fol lowing simp e formula for the SPL at point C: 

S PLC = SPLB + 10 log10 CF + 10 log10 (2-11) 

The second term is evaluated in Figure 2.5 for the same condition as used in 
Figure 2.4. 

The theoretical amplitude calibration factor will be compared with 
experimental results in Section 4 by measuring SPLB and SPLC (or the SPL of 
the sound field which is coherent with that at A) and comparing 

SPLC - SPLB - 10 log10 (2-l 2) 

with the theoretical calibration factor given by equations (2-g) and (2-10). 

As a final note, ;t is emphasized that the simplified data calibration 
procedure outlined above does not include the effects of turbulence scattering 
and turbulence absorption, if it exists, in a free-jet flight simulation 
experiment. The significance of these two effects was examined experimentally 
during the present program, and the findings are presented and discussed in 
Section 4 of this report. 
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3, FACILITY AND EXPERIMENTAL SETUP 

All experiments for this program were conducted in the anechoic free-jet , 
faci 1 ity located in the Lockheed-Georgia Research Laboratory. The same 
facility was used in our previous work (ref. 3.1) for studying the effects of 
forward velocity on jet mixing noise. However, prior to the commencement of 
experiments for the present program, the facility was modified in two areas. 
First, the fiberglass wedges in the anechoic chamber surrounding the free-jet 
test section were replaced by flame-retardant polyurethane foam wedges to 
obtain improved acoustic performance. The second modification involved the 
replacement of existing rectangular free-jet nozzle section by a new inter- 
changeable circular free-jet nozzle. 

A description of the modified facility and associated performance charac- 
teristics is given in Section 3.1 below. Following this, the experimental 
configurations and relevant calibrations for the point source experiments are 
described in Section 3.2. In order to examine the effects of forward velocity 
on internal noise, a noise generator consisting of small intersecting jets was 
specially designed and tested. The noise source and its acoustic characteris- 
tics are described fully in Section 3.3. Finally, the test procedure adopted 
to set up a typical test condition is given in Section 3.4. 

3.1 ANECHOIC FREE-JET FACILITY 

3.1.1 Facility Description 

The facility is powered by a jet ejector and is capable of providing 
continuous free-jet velocities up to 95 m/s with a circular test section of 
diameter 0.71 m. A planview schematic of the complete facility is shown in 
Figure 3.1. Starting from the left, air is drawn into the intake, through the 
honeycomb and screens to the contraction, across the anechoic room (test 
section) to the collector, through the diffuser, the two right-angle corners 
with turning vanes, and through the duct silencers to the transition section. 
The exhaust and entrainment flows of the jet ejector (diameter=8.6 cm) are 
diffused through the 17.1 m long muffler/diffuser section shown on the right 
of Figure 3.1. 

The basic anechoic room surrounding the free-jet test section is 4.3 m 
long, 4.3 m wide, and 6.1 m high between wedge tips. The interior is lined 
with polyurethane foam wedges. The chamber is completely isolated from the 
rest of the acoustics laboratory since it is mounted on massive springs. A 
spring-tensioned cable floor, suspended from the walls, provides easy access 
to the interior of the chamber for instrumentation and hardware changes and 
for calibration purposes. 

Because of the high noise levels generated by the jet ejector, being 
operated at pressure ratios up to 8 to induce flows through the working 
section of up to 95 m/s, a significant amount of acoustic treatment has been 
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incorporated in the tunnel ducting between the anechoic room and the jet 
ejector. A detailed description of this treatment is given in reference 3.1. 

The free-jet nozzle is 0.71 m  in diameter. In order to have an opt ion of 
utilizing the existing rectangular free-jet nozzle, the round free-jet nozzle 
has been designed to fit inside the rectangular nozzle section, as shown in 
Figure 3.2. The inlet diameter of the round nozzle is 1.9 m, and the inner 
contour has been designed to provide a flat velocity profile at the exit plane. 
The total length of the nozzle contraction section is 2.44 m. A transition 
fairing was built - with one end to fit the inlet of the contraction section 
as shown in Figure 3.3 and the other end to fit the existing rectangular 
intake (which measures 2.03 m  by 2.84 m). Under normal operation, suitable 
honeycomb flow-straighteners and screens (not shown in Figure 3.3) are fitted 
in the area between the existing rectangular intake and the transition 
fairing. This is shown in Figure 3.4, where the model-jet air supply lines 
are also shown. 

The air supply to the jet ejector originates from the main 2.07x106 N/m2 
compressor which suppl ies dry air to all research center facilities.. In 
addition, storage tanks retain approximately 5500 Kgm of air at -2.07~10~ N/m2 
for higher demands. The ejector air supply ducting and the ejector diffuser 
section are shown in Figure 3.5. 

Model-Jet Air Supply. - For minimum blockage (and therefore minimum flow 
disturbance) in the working section, the air-supply ducting for the primary 
jet is installed in the intake/contraction section rather than through a swept 
pylon mounted on the anechoic room wall. The ducting is designed to avoid any 
flow separation within the accelerating free-jet flow in the contraction 
sect ion, a totally welded construction being adopted for this purpose. The 
ducting is aligned by using a low power laser, placed at the end of the 
collector/diffuser and aimed along the free-jet centerline, ensuring that the 
model jet would exhaust axially in the free stream. 

For heated jet noise tests, the air is first heated to approximately lOOOK 
by a Marquardt Sudden Expansion (SUE) Propane Burner located outside the 
laboratory building. The air is then passed through a muffler section followed 
by an electric after-heater section. The muffler section has been previously 
shown (ref. 3.1) to be highly effective in minimizing upstream internal noise 
levels. Downstream of the electric after-heater section, the air passes 
through approximately 30 meters of 10.2 cm diameter lnconel pipe before finally 
reaching the model-jet nozzle. To compensate for the heat losses from this 
long length of pipe, a portion of the pipe (approximately 10 m  long and located 
upstream of free-jet intake) is wrapped with commercially available half-circle 
electric heating units. In order to provide further heat insulation, all bare 
pipework and outer surfaces of electric heating units are covered with 7.6 cm 
thick kaowool blanket. Over the final section of the pipe, just upstream of 
the model-jet nozzle, the insulation is smoothly.tapered to provide a clean 
free-jet flow. 
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Figure 3.2 Round free-jet nozzle used in the present study. 



Figure 3-3 
Free-jet i stake. 
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Model-Jet Nozzle. - Ail jet noise data for the present program 
were obtained using a specially-designed convergent nozzle of exit diameter 
2.54 cm. This nozzle was machined from lnconei 600 bar stock, the external 
shape being a straight taper from.11.43 cm OD to 2.64 cm OD over a length of 
35.56 cm to mate smoothly with the faired 10.16 cm ID air supply pipe, once 
again to preclude the possibility of flow separation. The nozzle was attached 
to the pipe with eight countersunk screws around the circumference. A cross- 
sectional drawing of the nozzle together with a pho.tograph, is shown in 
Figure 3.6. 

3.1.2 Facility Performance 

Aerodynamic Performance Evaluation Tests. - Initial tests were performed 
by using a smoke generator and placing it at various locations within the 
free-jet intake as well as inside the anechoic chamber. These flow visuaiiza- 
tion tests established that the free jet was stable throughout its length, and 
the air-flow circulation velocities in the anechoic room were negligible. 

In order to determine the aerodynamic characteristics of the free-jet 
test section (and hence to obtain basic tunnel calibration), it was necessary 
to measure the mean velocity profiles at various axial locations downstream 
of the free-jet nozzle exit plane. The required flow surveys were made by 
using a specially-built pressure probe rake. This rake could be positioned at 
any axial station between the free-jet exit plane and the collector bellmouth. 
The rake itself was made from 1.22 m length of 7 cmx0.12 cm streamlined steel 
tube. It was supported by brackets at its extremities and holes were drilled 
at 2.54 cm intervals along its entire length to accommodate 3.18 mm probes. 
Sixteen total pressure probes and four static pressure probes were utilized 
during the test surveys. 

Flow surveys were made at the exit plane (x/dT=O) of the free-jet nozzle 
and then at x/dT=l, 2, and 3. The surveys at each axial location were made 
in four planes passing through the centerline of the free jet and oriented at 
angles of O”, 45O, 90’ and 135O with respect to the horizontal plane. In 
addition, piezometer pressures in the settling chamber of the free-jet intake 
and the room pressures were recorded. The static pressure tappings for the 
piezometer reading were located at four equally spaced stations around the 
circumference of the intake contraction. 

The flow measurements were made using a portable multi-tube manometer 
espec’iaiiy built for this purpose. The rake probes were connected in such a 
way as to display the jet flow profile on the manometer and a photograph was 
taken for each measurement. 

The velocity profile for each measurement was subsequently calculated. 
In addition, the mean free-jet exit velocity in the potential core was 
computed by excluding the boundary layer areas of the contraction section. 

~~-65 computer programs were written for on-the-spot evaluation of the 
tunnel conditions from piezometer, temperature and barometric data, and 
conversely, for obtaining the piezometer differential (with respect to the 
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Figure 3.6 2.54 cm diameter model-jet convergent nozzle. 
(Dimensions in CM) 
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chamber pressure) for a required tunnel velocity to facilitate test 
c,ondition setup. 

Results of the mean velocity profile survey indicated that the free-jet 
test section was axisymmetric along its entire length (up to the collector). 
The overall shapes of-the mean velocity profiles of the free jet were similar 
to those cited in literature for round.modei jets. Typical mean velocity 
profiles at various axial locations downstream of the round free-jet nozzle 
are shown in Figure 3.7. 

Acoustic Performance Evaluation Tests. - In our previous work (ref. 3.1) 
it was found that while the anechoic quality of the facility with fiberglass 

wedges was acceptable for broadband noise experiments (for example turbulent 
mixing noise), it presented some reflection problems for discrete-frequency 
tests. Since the present investigation requires a number of discrete- 
frequency experiments, it was considered that meaningful results could be 
obtained only if existing fiberglass wedges are replaced by new wedges which 
can provide a better anechoic environment for such tests. In view of this, 
the existing fiberglass wedges were replaced by new polyurethane foam wedges. 
The material and geometry of these wedges is identical to those used for the 
wedges in the adjoining large static anechoic facility at Lockheed-Georgia 
(ref. 3.2). The performance of these wedges has already been proved to be 
highly superior. In addition, since the new wedges are only 45.72 cm long 
compared with 91.44 cm length of the old fiberglass wedges, the size of the 
measurement arena in the anechoic room has increased significantly. 

A series of tests were conducted to determine the anechoic quality of 
the facility with the new wedges and with the new contraction section in 
place. An audio driver unit placed at two convenient locations near the 
free-jet exit was used as the point sound source and the “Intensity vs. 
Distance” plots were obtained with a traversing microphone arrangement. 
The microphone was traversed along four different directions: 

(i) 30” to the downstream jet axis; traverse made in the horizontal 
plane with the driver placed on the center line of the free jet at a 
distance of 1 meter from the free-jet exit plane. 

(ii) 90° to the downstream jet axis; traverse made in the horizontal 
plane wit h the driver placed on the center line of the free jet at a 
distance of 1 meter from the free-jet exit plane. 

(iii) 
distance 
center 1 

(iv) 

Traverse made in vertical plane with the driver placed at a 
of 1 meter from the free-jet exit plane and 1 meter below its 
ne; microphone traversed towards the floor of the chamber. 

As (iii) above, but with the microphone traversed towards the 
ceiling and passing through a diametral plane of the free-jet nozzle. 

Measurements of the SPL fall-off as a function of distance were made 
both for pure-tone noise source and for one-third octave filtered white noise 
source . Results for each traverse were quite similar for both modes of 
excitation. Typical results with l/j-octave excitation are shown in Figure 
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Figure 3.7 Typical mean velocity profiles in the free-jet test section. 
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3.8. Clearly, the 6 d5 fall-off in SPL for each doubling in distance indi- 
cates that the anechoic quality of the facility is acceptable down to a 
frequency of approximately 160 Hz. 

It should be noted that for these tests, only the outer surface of the 
free-jet nozzle was covered with sound-absorbing polyurethane foam. In many 
cases, the microphone actually traversed in a diametral plane of the nozzle 
(at a distance of 1 meter from the exit plane), and still provided results 

which followed an inverse-square law dependence. This shows that the 
proximity of the nozzle (with a bare interior surface) does not appear to 
affect the anechoic quality of the chamber for the frequencies of interest. 

3.2 EXPERIMENTAL SETUPS AND RELEVANT CALIERATIONS 
FOR POINT SOURCE TESTS 

3.2.1 Point Source 

An experimental point sound source was used to obtain experimental 
verification of the theoretical free-jet data calibration formulae outlined 
in Section 2. For these verification tests, the model jet and the associated 

air supply pipework were not present in the facility. The point source con- 
sisted of a commercially available 6D-watt acoustic driver unit coupled to a 
straight tube via an inverse conical horn section. The other end of the 
tube contained a smooth right-angle bend which terminated into a 0.635 cm 
diameter opening. The point source is shown schematically in Figure 3.9. 
The stem of the source was suitably faired to minimize flow separations and 
associated noise therefrom. 

Point Source Directivity Calibration. - A separate calibration test was 
conducted to determine the directivity of the point source radiation in the 
absence of any surrounding flow. This test was conducted in the Lockheed 
anechoic chamber, and the experimental setup is shown in Figure 3.10. Using 
white noise excitation signal for the driver, l/3-octave SPL spectra were 
measured at 15’ intervals on a circular arc of radius 0.305 m. The direc- 
tivity was measured in two orthogonal planes (shown in Figure 3.11) as 
foi lows: 

Plane #l: perpendicular to the axis of point source stem, 
Plane #2: passing through the axis of point source stem. 

Typical directivity plots at various frequencies for measurements in 
plane #l and plane #2 are shown in Figures 3.12 and 3.13, respectively. The 
point source is fairly omni-directional over the frequency range considered 
in these tests. 

It is recognized that the directivity of this point source will change 
when the free-jet flow is turned on. However, this is of no real consequence 
in the experiments for the present program, as will become apparent in the 
subsequent parts of this report. 
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Figure 3.8 Intensity - distance plots with point sound source. 
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Figure 3.12 Point source directivity in the plane perpendicular 
to the axis of point source stem (plane #l). 
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Figure 3.13 Point source directivity in the plane passing through 
the axis of point source stem (plane #2). 
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Effect of Vibration on Pointy Source. - Even though utmost precautions 
were taken to prevent significant vibrations of the point source stem when 
the free-jet flow was turned on for the main experimental program, some 
vibration could still have persisted at higher free-jet velocities. In order 
to determine the order of magnitude of the effect of these vibrations on the 
characteristics of po-int source radiation, a separate test was conducted 
where artificial vibrations were imposed on the point source stem. This was 
achieved by attaching the source stem to a motor-cam operated shaker through 
a 0.635 cm diameter rigid bar, and operating the shaker at various frequen- 
cies. Typical results showing the effects of vibrating the point source at 
a frequency of 10 Hz are presented in Figure 3.14. It was concluded from 
these tests that the changes in levels and directivity of the point source 
due to vibration are negligible. 

Point Source Mounting. - Due to ease of mounting and better omni- 
directionality in plane #2, it was decided to mount the point source such 
that the microphones used in the main experimental program (to be described 
later) would be located in plane #2. The point source was, therefore, 
mounted on one of the walls of the anechoic chamber such that the opening 
was facing away from the free-jet nozzle exit. This configuration is shown 
in Figure 3.15 where the point source opening and also a microphone located 
in the vicinity of the point source are both placed in a horizontal plane 
passing through the center line of the free jet. 

Figure 3.15 also shows various guy wires used to stop the point source 
or the microphone from vibrating when the free-jet is operating. As will be 
described later, one microphone was required to be located at the same point 
as the point source opening. To accomplish this dnd to make sure that there 
was no relative movement between the point source opening and the adjacent 
microphone, the two were attached to each other by a turnbuckle shown in 
Figure 3.15. The point source and adjacent microphone shown in this figure 
could be moved as a single unit at various axial locations on the free-jet 
center line. 

3.2.2 Experimental Configurations 

The various free-jet shear layer effects examined in the present program 
can be conveniently separated in three parts for experimental purposes: 
(i) angle change tests, (ii) transmission and internal reflection tests, and 
(iii) turbulence scattering tests. Each of these three types of tests 
required a slightly different experimental configuration and/or data acqui- 
sit ion procedure. The experimental configurations are described below with 
the help of the geometry defined in Figure 3.16. 

Angle Change Tests. - Only two microphones, A and B, were used in these 
tests. Microphone A was kept fixed touching the point source (as shown 
photographically in Figure 3.15), and microphone B outside the flow was moved 
to various values of measured angle em in a polar arc of radius R,‘&l.53 m. 
The cross-correlation function RAB(T) between signals at microphones A and B 
was obtained over a range of 8,(8,=30° to 140°) for several free-jet 
velocities (VT/a, =O to 0.27) and three axial locations of the point source 
(x/dT =0.22, 0.99, and 1.74). 
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Figure 3.14 l/j-octave SPL spectra from point source with 
and without vibration. 
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Figure 3.15 Point source and microphone. 
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Figure 3.16 Geometry for transmission, internal 
reflection and scattering experiments. 
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Transm,ission and Internal Reflection Tests. - In this configuration, data 
were recorded simultaneously at each of the four microphones A, B, C, and D 
shown in Figure 3.16. For pre-selected values of incident ray angle, $T, the 
emerging angle 8, for every test condition (VT/a,) was calculated using the 
vortex-sheet model discussed in Section 2. Microphones C, B and D were then 
positioned along the incident, transmitted and reflected rays, respectively. 
Figure 3.17 shows a photographic view of the setup for transmission tests 
where the point source and microphone A and C are positioned for $T=40”. 
Microphone B can also be seen mounted c:l a remotely controlled rotating boom 
for measurements outside the free-jet flow. Similarly, a typical setup for 
internal reflection experiments is shown in Figure 3.18 where microphones A 

and C are positioned along the incident ray with incidence angle +T=120°, and 
microphone D is located along the corresponding reflected ray in the forward 
arc. As shown in this figure, several 0.635 cm diameter stiffeners were used 
to minimize the vibration and/or movement of these microphones in the presence 
of the free-jet flow. 

Turbulence Scattering Tests. - The experimental configuration used to 
investigate turbulence scattering effects was similar to that used for trans- 

mission (amplitude calibration) and internal reflection experiments with the 
exception that discrete tones were used instead of broadband noise as the 
source exe i tat ion. 

For the majority of tests, the point source described in Section 3.2-l 
was used. For some additional but limited tests, however, a specially 
designed 2.54 cm diameter point source was used to increase the signal-to- 
noise (S/N) ratio. Tests with this noise source were restricted to $T=gO’ 
and x/dT =0.96 and 2.94. Both discrete tone and white noise excitations were ’ 
used for this larger noise source. Unlike the smaller point source, this 
noise source was highly directional, with the major peak along the axis of its 
opening. For this reason, the opening was pointed towards microphones C and B 
as shown in Figure 3.19. It should be noted that these additional tests were 
conducted during a limited time period towards the end of the experimental 
program. Nevertheless, with the higher signal-to-noise ratio, the tests 
produced some very useful results on turbulence scattering and turbulence 
absorption, which are discussed fully in Section 4. 

Finally, to end this discussion of point source experimental configura- 
t ions, it should be noted that throughout the experimental program, 0.635 cm 
B&K microphones Type 4135 were used. All microphones immersed in the free- 
jet flow were fitted with B&K nose cones and were aligned axially into the 
flow. 

3.2.3 Experimental Conditions 

The transmission, internal reflection and scattering experiments were 
conducted for three axial locations of the point source, x/dT=D.22, 0.99, 
and 2.00. Limited tests were also conducted at x/dT=0.96 and 2.94 with 
the larger noise source. Measurements were made for VT/ao=O, 0.09, 0.18, 
and 0.27. Some measurements were also made at two intermediate velocities 
given by VT/a, =0.045 and 0.135. The minimum value of measurement angle Bm 
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Figure 3.17 Experimental configuration for transmission tests. 
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was 30° in most cases; the maximum values of 8m corresponding to the three 
axial lOCatiOnS, i.e. X/‘dT -0.22, 0.99 and 2.00, were 100°, 120°, and i54’, 
respectively. 

The minimum and maximum angles were determined by one or more of three 
constraints: 

(a) line of sight between source and microphone, 

(b) proximity of wedges, and 

(cl wind noise on microphone signals due to proximity of, or 
immersion in the free-jet flow; 

The majority of the tests were conducted over the frequency range from 
300 Hz to at least 10 KHz. Some selected tests (in particular, the scatter- 
ing tests) were also conducted at frequencies up to 40 KHz. 

3.2.4 Data Acquisition and Analysis 

The signal received by each microphone was passed through a Krohn-Hite 
high-pass filter to remove wind noise up to approximately 300 Hz. The 
filtered signals were recorded on a Honeywell fourteen-channel tape recorder 
for subsequent detailed analysis using a tape-loop machine and an SD360 Real 
Time Analyzer. In order to minimize the aliasing errors in the analysis of 
the data in the frequency domain, suitable anti-aliasing low pass filters 
were always used. These filters had a roll-off rate of 120 dB/octave and 
were built into the electronics of the SD360 Real Time Analyzer. The elec- 
tronics of each channel were phase matched. The reproduce heads of the tape 
recorder were also adjusted to produce a flat phase response at all frequen- 
cies of interest up to 20 KHz. A schematic of the complete data acquisition 
and analysis system used for point source experiments is shown in Figure 3.20. 

. 

3.3 INTERNAL NOISE SOURCE 

As mentioned in Section 1, one of the objectives of this program was to 
illustrate the effects of simulated forward flight on internal noise whose 
characteristics are roughly representative of core noise encountered in real 
full-scale engines. To this end, a noise generator which injects broadband 
sound upstream of the model-jet nozzle exit was required. In the present 
p rog ram, a significant effort was spent in developing such a noise generator. 
The noise generator had to satisfy at least the following four criteria: 
(i) the noise levels must be high enough to be detected in the presence of 

model-jet noise, (i i) h t e noise level must be controlled independently of 
the jet velocity (or pressure ratio), and (iii) the noise source must not 
introduce additional turbulence in the model jet flow. 
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Figure 3.20 Block diagram for data acquisition and analysis system. 
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(iv) The noise source must withstand a high temperature environment. 

Several possible candidates were considered, and a noise generator consisting 
of small intersecting jets was finally selected and developed for this 
purpose . A detailed description is given below. 

A drawing of the ‘internal noise source is shown in Figure 3.21. The 
noise generator was mounted on the lo.16 cm pipe upstream of the model-jet 
nozzle as shown schematically in Figure 3.21 and photographically in Figure 
3.22. The noise generator assembly is a small enclosure fitted with four 
0.635 cm diameter radial tubes. For each pair of opposing tubes, the center- 
lines of the two tubes are offset by 0.16 cm. The noise is generated when 
jets through each tube intersect. The noise levels can be further modified 
by inserting a 0.635 cm diameter solid rod into the. intersecting jets. Each 
of the tubes can be moved independently in the radial direction and the rod 
can be moved i n the axial direction within the cylindrical enclosure. 

Extensive calibration tests were conducted to determine the noise charac- 
teristics of the internal noise generator. Noise levels of up to 145 dB were 
generated inside the pipe but due to unfavorable transmission characteristics 
of the 2.54 cm model-jet nozzle, the maximum OASPL measured in the anechoic 
chamber at R,/d = 96 was 95 dB. These noise levels were obtained by operating 
only two opposite tubes at a reservoir pressure of 17.23 x lo5 N/m2 (250 psig). 
The reason for using only two tubes was to reduce the (cold) mass flow from 
these small jets, which was found to reduce the model-jet temperature for 
heated test conditions (the results for which are discussed in Section 8). 

Extensive measurements in the far field were conducted to document the 
“internal noise” levels relative to “jet mixing noise” levels. These tests 
were conducted for unheated conditions in an essentially static environment 
( i .e. free-jet velocity VT & 0). The OASPL directivity results with and with- 

out internal noise over a range of model-jet velocities are shown in Figure 
3.23. The internal noise dominates over the jet mixing noise at all model-jet 
velocities considered here. The l/3-octave spectral comparisons corresponding 
to the OASPL results of Figure 3.23 are presented in Figures 3.24 and 3.25 for 
the measurement angles of 90’ and 60°, respectively. Two points concerning 
the far-field noise characteristics of the internal noise generator are worth 
noting. First, the internal noise is more dominant at lower model-jet 
velocities than at higher jet velocities. Second, the spectrum of this 
internal noise is broadband in nature. Both of these features are consistent 

with the requirements of the present investigation, in which one of the 
objectives is to examine the effects of simulated forward flight on a noise 
source which is representative of the core noise component of a full-scale 
aircraft eng ine. 

3.4 TEST PROCEDURE 

The quantities to be measured in setting up the test conditions are 
defined in the sketch shown in Figure 3.26. In order to set the experiment 
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Figure 3.21 Schematic drawing of internal noise generator. 
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Figure 3.22 Internal noise generator mounted on air supply pipe. 
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Figure 3.26 Measurements for setting test conditions. 
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at the desired combination of VJ/a, and VT/a,, the following sequence was 
adopted : 

Free Jet: 

i. Specify VT/a, 

2. Read po, To and TT 

3. Calculate a, 

4. Calculate VT 

5. Compute (~1 -p ) using tunnel calibration computer 
program on HP- 2 5 

6. Set tunnel at (p1 -po) to obtain desired VT/a, 

Model Jet: 

1. Specify VJ/ao 

2. Compute pR/p, using isentropic jet flow equations 

3. Read p. 

4. calculate pR 

5. Set jet at pR to obtain desired VJ/a, 

6. Check if (pl - po) has altered, and adjust if necessary. 

During each test, all pressures and temperatures and chamber humidity were 
recorded. Subsequent to the test program, these measurements were used to 
compute the exact jet and tunnel operating conditions, and also to compute 
the atmospheric absorption corrections for each test condition. 
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4, EXPERIMENTAL STUDY OF TRANSMISSION, REFLECTION 
AND SCATTERING OF SOUND IN A FREE-JET FLIGHT 

SIMULATION FACILITY AND‘COMPARISON WITH THEORY 

4.1 OBJECTIVES 

The transformation of jet noise data acquired in a free-jet flight 
simulation facility to the corresponding inflight conditions can be performed 
with the theoretica but substantially unverified calibration procedure out- 
lined in section 2. The objective of the experiments described in this 
section was to verify (and if necessary modify) each step in that calibration 
procedure, which is based essentially on a high-frequency or geometric 
acoustics description of sound transmission across the free-jet shear layer. 
In order to achieve this objective, a series of experiments was conducted that 
involved detailed measurements of sound fields both inside and outside the 
free-jet flow. 

The two specific aspects studied in this way were (i) the transmission of 
sound through the free-jet shear layer, and (ii) the internal reflection of 
sound by the free-jet shear layer. In addition, the effects of shear-layer 
turbdence on scattering and absorption o-f sound, emitted by a source immersed 
in the free-jet flow and received by a microphone located outside the flow, 

were also examined experimentally. 

The point acoustical source and the experimental configurations used for 
these verification tests were described in Section 3. To determine the trans- 
mission characteristics of the free-jet shear layer, the refraction of ray 
paths across the shear layer (i.e., angle calibration) is examined first, and 
the results are presented in Section 4.2. The internal reflection effects are 
discussed in Section 4.3. Measurements inside and outside the free-jet flow 
along predetermined ray paths are then used to test the validity of the recom- 
mended amplitude calibration factors. These results are presented in Section 
4.4. Finally, the experimentally observed effects on turbulence absorption 
and turbulence scattering are given in Sections 4.5 and 4.6, respectively. 

0.2 ANGLE CALIBRATION 

The first objective of the experimental program was to determine the angle 
changes, i.e. the refraction of ray paths across the free-jet shear layer, and 
to compare the results with theoretical values predicted by Snell’s law, as 
outlined in Section 2.1. 

Snell’s law relates the wavenormal angle, 8T, on a ray path in the 
potential core of the free jet to the corresponding angle, 8,, outside the 
flow. To determine these angles direct23 would involve an extensive measure- 
ment program to obtain the constant phase or wavefront surfaces both inside 
and outside the free-jet flow, and hence the wavenormal angles. An alternate 
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approach was, therefore, adopted which indirectly checks the validity of 
Snell’s law. This approach relies on a two-microphone correlation technique 
to provide a measure of the time taken for an acoustic signal to propagate 
from a point located in the free-jet potential core to a point outside the 
flow. The measured time delay can be compared with that calculated directly 
from a ray path abruptly refracted at the lip line according to Snell’s law 
(the “1 ip-I ine refract ion model”), i .e. the time delay between the same two 
points along the straight line ray segments Al and IB in Figure 4.1. If the 
agreement between measured and calculated time delays is acceptable, then this 
would be a strong indication that the angle changes across the shear layer obey 
Snell’s law, as assumed in the recommended calibration procedure. 

4.2.1 Calculated Time Delays 

The calculated time delay, ~~~~ based on the lip-line or vortex sheet 
model, is given by+ 

(rT/sineT) I(R,sinB, - rT)/sineo). 
Tcv = + 

aT aO 

or, equivalently 

(rT/sin$T) I (R,s ine, -rT)/sinB,I 
=cv = 

vr 
+ 

aO 

where Vr, the ray speed is given by 

Vr 
3 

= VTCOWT + (aT2 - VT2sin2$T) . 

(4-la) 

(4-lb) 

(4-l c) 

The variation of ~~~ with em for different free-jet Mach numbers is shown in 
Figure 4.2 for the case R,/rT =4, aT/a, = 1. 

The measured time delays (which are presented in Section 4.2.2) are some- 
times found to be slightly, but consistently, different from the minimum value 
calculated with equation (4-la), which raises the question of how much error 
this implies for the predicted emission angle 8T when calculated according to 
equations (2-l) through (2-3) of Section 2. To establish the accuracy of the 
calculated time delay, ~~~~ which is based on the approximate lip-line refrac- 
tion model, the time delay, TCd, was calculated along the more realistic, 
curved ray path through a diverging, axisymmetric mixing region. The equations 
governing this ray path are given by Ugincius (ref. 4.1) and differ from those 
given in reference 4.2 which are based upon a low Mach number approximation. 
The same axial mean velocity profiles were used as in reference 4.2, but a 
transverse (i .e. radial) mean velocity field was included, and also radial and 
axial mean temperature variations. The mean temperature was calculated by 

t This is the minimwn travel time, as shown in Appendix 4A. 
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Figure 4.1 The lip-line or vortexrsheet model of sound refraction 
across the free-jet shear layer. 
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Figure 4.2 Calculated vortex-sheet time delay variation with microphone 
angle and free-jet Mach number; Rm/rT=4, aT/a,=l. 
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assuming that the stagnation temperature and velocity profile shapes are 
identical. Results for the time delay, Ted, calculated in this way will be 
compared with measured time delays in Section 4.2.2. 

4.2.2 Measured Time Delays 

The angle changes across the free-jet shear layer were determined 
indirectly by cross-correlation peak time delay measurements. Referring to 
Figure 4.1, the outputs from microphone A and B were cross-correlated. When 
the experimental point source located adjacent to microphone A is excited 
with broadband noi se, the measured cross-correlation function RAD(T) exhibits 
a maximum at sane time delay ~~ as illustrated in Figure 4.3. The peak time 
delay corresponds to the time taken for an acoustic signal to propagate along 
the ray path from point A to point B. 

If the vortex sheet model (i.e., Snell’s law) is the correct model, 
measured peak correlation time delays should be equal to ~~~ as given by 
equation (4-la). T’he measured time delays should also follow the trend 
illustrated in Figure 4.2, i.e.,at Bm=900, there should be very little 
effect of the tunnel Mach number while the peak time delays should decrease 
in the rear arc and increase in the forward arc as the tunnel Mach number 
is increased. 

Typical cross-correlation functions RAB(T) measured with the experimental 
point source located at x/dT =1.74 and with microphone B at Bm=40° and 60~ 
(rear arc), 90” and also 120’ and 140° (forward arc) for a range of tunnel 

veloc i t ies V-f/a, ‘0, 0.045, 0.090, 0.135, 0.180, 0.225, and 0.270 are shown in 
Figures 4.4 through 4.8. This demonstrates that, at least qualitatively, the 
measured time delays follow the behavior calculated from the vortex sheet 
model (Figure 4.2). 

In order to qu.antitativeZy confirm Snell’s law, calculated values of the 
time delay, ~~~~ have been compared in detai I with measured time delay data; 
some typical results are shown in Figures 4.9 and 4.10. Measured time delay 
data at selected microphone angles (Bm=40”, 90° and 140°) are plotted as a 
function of free-jet Mach number for two axial source positions (0.21dT and 
1.74d,) . The measuredt and calculated time delay values at all microphone 
angles are given in Tables 4.1 and 4.2 for the point source located at 
x/dT=0.21 and 1.74, respectively. It is worth pointing out here that the 
cross-correlation functions shown in Figures 4.4 through 4.8 and elsewhere 
in the report are not normalized and that their amplitudes are not important 
to the present discussion. 

In the first case (Figure 4.9, source at 0.21dT), measured time delayst 
agree well with the calculated vortex-sheet prediction (shown as continuous 
line), there are no consistent deviations and all are well within a 1% error 
tolerance. In the second case (Figure 4.10, source at 1.74dT), which 
includes the forward arc angle, Bm=1400, the vortex sheet model still pre- 

diets the time delays quite accurately, but now there is a sl ight but 
consistent Mach number and angle dependence dev iation. This, if not explained, 

twhich were measured to an accuracy of 0.01 ms. 
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Figure 4.3 Cross-correlation function vs. time delay. 
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Figure 4.4 Cross-correlation function RAB(T) for various free-jet 
Mach numbers; 8, = 40’. Point source at x/dT=1.74. 
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Figure 4.6 Cross-correlation function RAB(T) for various free-jet 
Mach numbers; 8, = 90’. Point source at X/dT=1.74. 
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Figure 4.7 Cross-correlation function RAB(T) for various free-jet 

Mach numbers; Bm = IZOo. Point source at x/dT=1.74. 
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Figure 4.8 Cross-correlation function RAB(T) for various free-jet 
Mach numbers; 8, = 1 40°. Point source at x/dT=1.74. 
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Run 
~. -- 

507 
508 
509 
510 
511 
512 
513 

456 
457 
458 
459 
460 
461 
462 

-463 
464 
465 
466 
467 
468 
469 

470 
471 
472 
473 
474 
475 

477 
478 
479 
480 
481 
482 
483 

Table 4.1 Time delay data for angle change tests; 
point source at x/dT=O.21. 

em VT'ao 
(Degrees) (Nominal) 

30 

:8 
30 . 

;8 
30 

.o.o. . 0.0 4.27 -- 
0.045 0.04454 4.21 4.190 
0.090 o. 08950 4.22 4.110 
0.135 0.13424 4.03 4.033 
0.180 0.17834 3.96 3.960 
0.225 0.22184 3.86 3.889 
0.270 o. 26449 3.78 3.824 

0.0 
0.045 
0.090 
0.135 
0.180 
0.225 
0.270 

50 

:: 

:: 
50 
50 

0.0 
0.045 
0.090 
0.135 
0.180 
0.225 
0.270 

60 
60 

2: 
60 
60 

-;0 

:"o 

3: 

:: 

0.0 
0.045 
0.090 
0.135 
0.180 
0.225 

- 
0.0 
0.045 
0.090 
0.135 
0.180 
0.225 
0.270 

MT. (2, 

E4454 
o. 08950 
0.13424 
0,.17834 
0.22184 
o. 26449 

4.26 -- 

4.22 4.206 
4.16 4.152 
4.10 4.100 
4.05 4.050 
3.99 4.003 
3.93 3.959 

E4454 
o. 08950 
0.13424 
0.17834 
0.22184 
o. 26449 

4.25 -a 

4.23 d4.212 
4.19 4.175 
4.15 4.139 
4.11 4.106 

'4.08 4.074 
3.97 4.044 

0.0 4.26 -- 

0.04454 4.24 4.232 
o. 08950 4.21 4.207 
0.13424 4.19 4.183 
0.17834 4.15 4.161 
0.22184 4.14 4.140 

0.0 4.26 -- 

0.04454 4.24 4.240 
o. 08950 4.23 4.233 
0.13424 4.21 4.210 
0.17834 4.19 4.190 
0.22184 4.18 4.180 
o. 26449 4.16 4.159 

Tcv 
(-1 
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Table 4.1 Concluded. 

Run 
em "Tiao 

(Degrees) (Nominal) MT 
TCV 

hs) 

484 
El i: 0045 :: z4454 

4.26 -- 
485 4.24 4.252 
486 2 0.090 o. 08950 4.24 4.246 

%  
K 

0.135 0.180 0.17834 0.13424 :*:: 
4122 

4.240 4.235 
489 0.225 0.22184 4.231 
490 80 0.270 o. 26449 4.20 4.228 

492 
493 

s9: :: :45 :: 004454 4.26 -- 
4.26 4.261 

494 
;i 

0.090 o. 08950 4.26 4.263 
495 0.135 0.13424 4.26 4.267 
496 

;: 
0.180 0.17834 4.26 4.271 

497 0.225 0.22184 4.26 4.275 
498 90 0.270 o. 26449 4.27 4.281 

499 100 :: 0045 0”: i4454 4.27 -- 
500 100 4.28 4.280 
501 100 0.090 o. 08950 4.29 4.290 
502 100 0.135 0.13424 4.29 4.299 
503 100 0.180 0.17834 4.30 4.310 
,504 100 0.225 0.22184 4.31 4.322 
505 100 0.270 o. 26449 4.33 4.335 
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Table 4.2 Time delay data for angle change tesrs; 
point source at X/dT= 1 .74. 

Run 
-. -- 

601 
602 
603 

.---.. - --ii .: 

594 
595 
596 
597 
598 

2:: 

587 
588 
589 
590 
591 
592 
593 

580 
581 
582 
583 
584 

$2 

573 
574 
575 
576 
577 
578 
579 

566 
567 
568 
569 
570 
571 
572 

em 
(Degrees) 

~ Y-r 

20 
20 
20 

;: 
30 
30 

:: 
30 

;i 
50 
50 
50 
50 
50 

70 
70 

;: 
70 
70 
70 _---- -1- - 

VT’ao 
(Nominal) 

--- 

E45 
0.090 

E45 
0.090 
0.135 
0.180 
0.225 
0.270 

0.0 
0.045 
0.090 
0.135 
0.180 
0.225 
0.270 

0.0 
0.045 
0.090 
0.135 
0.180 
0.225 
0.270 

0.0 
0.045 
0.090 
0.135 
0.180 
0.225 
0.270 

0.0 
0.045 
0.090 
0.135 
0.180 
0.225 
0.270 

i: ii4496 
o. 08972 

;: i44g6 
0.08972 
0.13409 
0.17823 
0.22133 
0.26441 

ii: ii4496 
o. 08972 
0.13409 
0.17823 
0.22133 
0.26441 

0.0 
0.04496 
o. 08972 
0.13409 
0.17823 
0.22133 
0.26441 

0.0 
0.04454 
0.08950 
0.13424 
0.17834 
0.22184 
0.26449 

ix4454 
o. 08950 
0.13424 
0.17834 
0.22184 
o. 26449 

4.26 4.260 
4.15 4.132 
4.00 4.009 

4.29 4.290 
4.20 4.209 
4.08 4.130 
3.99 4.053 
3.90 3.979 
3.77 3.909 
3.70 3.843 

4.26 4.260 
4.21 4.205 
4.15 4.151 
4.09 4.099 
4.02 4.050 
3.96 4.003 
3.87 3.958 

4.26 4.260 
4.22 4.222 
4.17 4.185 
4.13 4.149 
4.08 4.115 
4.03 4.084 
3.98 4.053 

4.26 4.260 
4.25 4.234 
4.22 4.209 
4.20 4.185 
4.16 4.163 
4.13 4.142 
4.11 4.122 

4.27 4.270 
4.25 0.254 
4.23 4.238 
4.22 4.224 
4.20 4.211 
4.18 4.199 
4.16 4.188 

TCV 
hs) 
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Table 4.2 Concluded. 

Run 
em VT'ao 

(Degrees) (Nominal) 
=cv 

MT hs) 

559 
2 

0.0 
E4454 

4.27 4.270 
560 0.045 4.26 4.262 
561 

2 
0.090 o. 08950 4.25 4.256 

562 0.135 0.13424 4.24 4.250 
563 80 0.180 0.17834 4.23 4.245 
564 8": 0.225 0.22184 4.22 4.241 
565 0.270 0.26449 4.21 4.238 

545 100 0.0 0.0 4.29 4.290 
546 100 0.045 0.04454 4.29 4.279 
547 100 0.090 0.08950 4.30 4.288 
548 100 0.135 0.13424 4.30 4.310 
549 100 0.180 0.17834 4.33 4.310 
550 100 0.225 0.22184 4.34 4.323 
551 100 0.270 0.26449 4.35 4.336 

538 110 0.0 too4454 4.29 4.290 
539 110 0.045 4.30 4.307 
540 110 0.090 0.08950 4.32 4.326 
541 110 0.135 0.13424 4.35 4.346 
542 110 0.180 0.17834 4.37 4.366 
543 110 0.225 0.22184 4.40 4.387 
544 110 0.270 0.2649 4.43 4.409 

531 120 0.0 4.29 4.290 
532 120 0.045 E4454 4.31 4.310 
533 120 0.090 o.o8g5o 4.35 4.346 

534 120 0.135 0.13424 4.38 535 120 0.180 0.17834 4.42 z70: 
536 120 0.225 0.22184 4.46 4:438 
537 120 0.270 0.26449 4.45 4.469 

613 130 0.0 0.0 4.29 4.290 
614 130 0.045 0.04496 4.32 4.329 
615 130 0.090 0.08972 4.36 4.370 
616 130 0.135 0.13409 4.41 4.412 
617 130 0.180 0.17023 4.46 4.454 
618 130 0.225 0.22133 4.51 4.496 
619 130 0.270 0.26441 4.55 4.539 

606 140 0.0 4.29 4.290 
607 140 0.045 

:: 
:44g6 4.34 4.346 

608 140 0.090 0.08g72 4.40 4.402 
609 140 0.135 0.13409 4.46 4.459 
610 140 0.180 0.17823 4.53 4.515 
611 140 0.225 0.22133 4.59 4.570 
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-. 

could raise doubts as to whether angle changes across the shear layer were 
being accurately predicted (by our Snell’s law-based calibration procedure 
recommended in Section 2). it was speculated that these differences could 
simply be the result of the unrealistic “lip-line refraction” ray path 
through the shear layer. Time delays were therefore recalculated for curved 
ray paths through a realistic diverging mean flow model of the free-jet shear 
layer by a ray tracing method as discussed in Section 4.2.1. 

It should be emphasized that within the shear layer the ray path is 
continuously refracted and follows a curved path, not two straight-line 
segments as sketched in Figure 4.1. The corresponding time delay Ted or 
travel time along that ray path is the most accurate prediction we have at 
this time to compare with the measured time delay, ‘c~, through a real turbu- 
lent free jet. (Typical ray paths traced through the diverging free-jet 
shear layer are shown in Figure 2.2.) Time delays along these realistic ray 
paths were calcula t 
4.10 (broken line) 
sheet value in the 
Since the measured 
suppose that the d 
deviation between t 
sheet model. 

ed and are compared with the measured results in Figure 
The recalculated time delay is smaZZer than the vortex- 

rear arc (8, =40”) and larger in the forward arc (em= 14OO). 
data exhibit this same behavior, it is reasonable to 
verging flow effect is the correct explanation for the 
he measured time delays and those predicted by the vortex- 

To summarize, the measured data agree very well with the theory when the 
source is located close to the free-jet nozzle exit plane and the ray paths 
cross the shear layer where it is relatively thin. When the source is located 
further downstream, the lip-line refraction model under-predicts time delays 
in the forward arc and over-predicts in the rear arc, but only by a marginal 
amount. These differences are easily accounted for if realistic, curved ray 
paths through a diverging, finite thickness shear layer are used in place of 
the lip-line refraction (or vortex sheet) model as a basis for time delay 
calculations. 

However , as demonstrated in reference 4.2, the angZe changes pred icted by 
the diverging flow/ray tracing calculations are almost identical to those 
predicted by the lip-line refraction model. Hence, the measured time delay 
data have indirectly confirmed the validity of the recommended angle calibra- 
t ion procedure. 

4.3 INTERNAL REFLECTION 

One of the important objectives of the experimental program was to 
establish the significance of sound waves refzected back inside the free jet 
(if any) by the shear layer, compared to the free-field or outward-going wave 

amplitudes incident upon the shear layer. If strong reflections were detected 
it would tend to invalidate the geometric acoustic assumptions on which the 
theoretical amplitude calibration factor is based. The two-microphone corre- 
lation technique was again used to detect internal reflections as outlined 
below. Three 0.635 cm (0.25 inch) microphones suitably fitted with nose 
cones were positioned at locations A, C and D as indicated in Figure 3.16; 
each microphone was aligned axially with, and pointing into the flow. 
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Microphone C was positioned first at some pre-selected value of the incident 
ray angle, Q  

r 
. For each ray angle, $T, microphone D was positioned on the 

center1 ine 0 the free jet such that It was on the reflected ray path, i.e. 
the first reflected ray path; multiply reflected rays were assumed to be of 
secondary importance. 

First, consider the cross-correlation of signals from microphones A and 
D. Since microphone D is placed on the free-jet centerline, any reflected 
rays from the axisymmetric shear layer would be focused there, the time 
delay for each ray being the same. Therefore, if there is a significant 
internal reflection, it should be most easily detected through the cross- 
correlation of signals at microphones A and D; that is, a reasonably strong 
secondary peak should appear in the correlation function RAD(‘c), at a time 
delay larger than that of the main peak, which of course corresponds to the 
direct ray path AD. 

In order to obtain an indication of where the secondary peak should 
occur a test was conducted whereby a rigid board was placed along the lip-line 
to produce a strong reflection and hence a strong secondary peak. (The point 
source is located at A.) For zero flow, the correlograms without and with 
the reflecting board are shown in Figures 4.11(a) and 4.11(b), respectively. 
In Figure 4.11(a) only one peak, corresponding to the direct path AD, is 
seen. In contrast, Figure 4.11 (b) shows two peaks: the first peak corre- 
sponds to the direct path, and the second peak corresponds to the reflected 
path. These results also show small amplitude ripples in the correlograms 
away from the main peak(s) which are cha’racteristic of the noise radiated 
from the point source used in the present study. 

In the real free-jet shear !ayer case, if significant internal reflec- 
tions are present, one should expect to see the kind of behavior seen in 
Figure 4.11 (b). As a matter of fact, for cross-correlations between signals 
at microphones A and C, it is possible that several peaks may occur, where 
the first (and most dominan,t) peak corresponds to the direct path AC and the 
second (or multiple) peak(s) correspond to one or more of the reflected paths. 

To clarify the issue, important results are first presented below. This 
will be followed by presentation of more general results. 

A detailed inspection of RAD(r) correlograms for various ray angles, $T, 
and free-jet Mach numbers has not revealed any strong secondary peak or peaks 
(multiple reflections) for ray angles up to 100’. In the forward arc, for 
ray angles larger than loo’, there is some indication of internal refl.ection 
which becomes more severe as the ray angle is increased (to a maximum of 140’ 
in the present study). 

A typical cross-correlation RA 
%  

(T) is shown in Figure 4.12 for a source 
position x/dT=O.22, ray angle $T= 0’ and tunnel velocity VT/ao+O.lO. The 
RAD scale has been expanded to show as much detail as possible. Also for 
comparison, the correlograms RAC(T) and RAD(T) for the same condition as for 
RAD(T) above are shown in Figures 4.13 and 4.14. All three correlograms 
look similar. The absence of a secondary peak in both RAD and RAC indicates 
that internal reflection - if present - is not strong enough to be detected 
by this method. 
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Figure 4.11 Typical cross-correlation functions RAD(T) 
(a) without, and (b) with a hard board 
placed along the free-jet lip-line; VT=O. 
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To confirm the absence of any significant reflections by other means, the 
peak corresponding to the direct path in RAD(T) of Figure 4.12 was shifted to 
zero time delay and the cross-correlation function was then Fourier trans- 
formed in order to obtai,n the zero time delay phase relationship between 
the signals at A and D. The resulting phase spectrum is shown in 
Figure 4.15. 

The fact that the phase between A and D is almost zero between 1 KHz to 
about 12 KHz indicates that the only signal (correlated with signal A) which 
is arriving at microphone D is via the direct path AD. (The main peak in 
Figure 4.12 occurs at T =1.074 ms, which corresponds to the time taken for 
sound to travel the direct path distance AD.) Had there been internal reflec- 
tion, the phase would have been different from zero. The fact that the phase 
@AD(f) is far from zero for frequencies below 1 KHz and above 12 KHz is 
possibly due to low signal-to-noise ratio at these frequencies. The point 
source, especially in the presence of the flow, was rather inefficient at 
these frequencies. Minor deviations from zero in the value of the phase were 
not typical of $AD(f) alone. The same order of magnitude of deviation from 
zero was found in I$AB(f), where it is known that microphone B located outside 
the free jet is recording only the direct signal. The peak of RAB(T) in 
Figure 4.14 was also moved to zero time delay and the function was then 
Fourier transformed to obtain $AB. This is shown in Figure 4.16. Once again, 
the phase is almost zero between 1 KHz and 12 KHz, which confirms that at B 
also, the signal is arriving through the direct path alone. The order of 
magnitude of variation in phase about zero line is similar for both $AB(f) 
and $‘AD (f) . Similar results were obtained when the above procedure was 
performed on RAC(T) shown in Figure 4.13. The resultant phase spectrum $AC(f) 
is shown in Figure 4.17. To increase the resolution, frequencies up to 10 KHz 
only are shown. Once again, the major deviation from zero phase occurs only 
at lower frequencies (below 1 KHz) showing the absence of reflection at other 
frequencies. Presence of internal reflection at low frequencies cannot be 
ruled out completely at this point. This wil 1 be discussed later after some 
more results have been presented. 

It was found that the presence or absence of internal reflection could 
most reliably be detected at lower free-jet velocities and also when the ray 
angles were large enough such that the distance between the two microphones A 
and D was not too large. At ray angles ($T) of 30’ and 40°, the signal 
received by microphone D was much too small at higher free-jet velocities. At 
these velocities, the extraneous noise generated by the interaction between 
the free-jet flow and the microphone and point source supports was rather 
high in some instances and was strongly correlated at microphones A, C and D. 
Some cross-correlation functions were also contaminated by vortex-shedding 
noise, and thus, even if internal reflection was present it could not be 
detected due to the oscillatory nature of the correlograms. Most of the 
conclusions reached are, therefore, based upon results at lower velocities 
(mostly up to VT/a,=0.18). Both contaminated and uncontaminated results are, 
however, presented here. Typical results are shown in Figure 4.18 through 
4.32 for the cross-correlation functions RAD(T) and RAC(T); corresponding 
parameter values appear in Table 4.3. 
some RAC(T) are presented. 

Cross-correlation functions RAD(T) and 
These functions are not normalized and hence they 

represent a measure of the mean of the product of the rms of the two signals. 
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Figure 4.15 Phase spectrum @AU(f) obtained by moving peak of RAQ(T) 
of figure 4.12 to zero time delay before Fourier transform. 

(Analysis bandwidth Af =40 Hz) 
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Figure 4.16 Phase spectrum @AR(f) obtained by moving peak of RAR(T) 
of figure 4.14 to zero time delay before Fourier transform. 

(Analysis bandwidth Af =40 Hz) 
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Some of the cross-correlation functions are shown plotted on two time scales, 
one much larger than the other. Wherever this occurs’it is indicated in the 
table and also on the appropriate figures. Also, owing to some functional con- 
straints inherent to the equipment used to analyze these results (SD 36O), 
all correiograms do not necessarily have the same vertical scale. Comments 
(or observations) relevant to each correlogram are also given in Table 4.3. 

Where possible, the calculated time delay at which reflection peak would have 
occurred (had internal reflection been dominant) are indicated by Tref. 

After a close inspection of the RAD(T) and RAC(T) results shown in 
Figures 4.18 to 4.32, the following conclusions can be drawn. 

There is little evidence of significant internal reflection in the rear 
arc, and possibly up to +T=120° in the forward arc. In fact, the amplitude 
calibration results that will be presented in Section 4.4 indirectly show 
that for angles up to $T=120°, internal reflection is unimportant. A closer 
analysis of RAD(T) at $JT=30° and 40’ (Figures 4.18, 4.19 and 4.21) indicates 
that for higher free-jet Mach numbers, the microphones located on the center- 
line downstream of .the point source receive very little acoustic energy via 
the direct path or the reflected path. For these same conditions, 
however , ample energy could be measured along the incident ray, as indicated 
by the cross-correlations between microphones A and#C [see RAC(T) in Figure 
4.201. 

Those correlograms which were not contaminated by other correlated noise 
sources and which were plotted on enlarged scales also did not reveal a 
second peak, thus confirming the absence of any significant internal reflec- 
tion up to free-jet Mach number (MT) of 0.18 and ray angle ($T) up to 110’ 
[see Figures 4.22, 4.27 and 4.29, which show the correlograms of Figures 
4.21(b), 4.26 and 4.28, respectively, on an enlarged scale;. 

Analysis of the results in the manner shown in Figures 4.15, 4.16 and 
4.17 (where the peak corresponding to the direct path was moved to zero time 
delay and then Fourier transformed to obtain the phase spectrum) was also 
conducted for some more correlograms. A mean of zero phase was obtained for 
the majority of the analyzed data that did not show a second peak and con- 
tamination in the correlograms. Typical phase spectra $AD(f) with the 
point source located at X/dT=O.gg are shown in Figure 4.33(a) and 4.33(b), 
which corresponds to the correlograms RAD(T) presented in Figures 4.24(b) 
and 4.24(c). Once again, it is not possible to isolate the effects at 
frequencies below 1 KHz: Frequencies up to 300 Hz were filtered before 
processing (see Section 3.2.4); therefore, no deductions or conclusions can 
be drawn from phase information up to 300 Hz. For frequencies between 300 Hz 
and approximately 1 KHz, the phase +AD(f) was found to be non-zero even for 
zero flow, as shown typically in Figure 4.34 which is the phase spectrum of 
RAD(T) shown in Figure 4.23(a) ($T=60°, x/dT=O.yg) with the peak of RAD(T) 
sh; -‘?d to zero time delay. 

Since the point source was not very efficient at low frequencies, the 
above behavior could be the result of low signal-to-noise ratio at these 
frequencies. 
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Figure 4.18 Cross-correlation function RAD(T.): $T= 3o”, 
point source at x/dT=O.ZZ. 
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Figure 4.19 Cross-correlation function RAD(T): $T= 40”, 
point source at x/dT=0.22. 
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Figure 4.20 Cross-correlation function RAC(~): $T=40”, 
point source at x/dT=0.22. 
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Figure 4.21 Cross-correlation function RAD(T.): GT=400, 
point source at x/d,=0.99. 
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Figure 4.22 Cross-correlation function RAD(T): $T=40”, 
point source at x/dT=0.99. 
(Figure 4.21(b) plotted on enlarged scale.) 
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Figure 4.23 Cross-correlation function RAD(T): $T=60”, 
point source at x/dT=0.99. 

92 



- 

r 

i I 

0 + 

TIME DELAY T(mS) 

a) vT/ao=o 

c I e 

0 + 

TIME DELAY -r(mS) 

cl VT/aoA0.18 

- I 

0 + 

TIME DELAY T(mS> 

b) VT/a, + 0.03 

I 

0 + 

TIME DELAY T(mS) 

d) VT/a,&O.27 

Figure 4.24 Cross-correlation function RAD(T): $T = loo", 

point source at x/dT=0.99. 
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Figure 4.25 Cross-correlation function RAD(~): Q~= 1200, 
point source at x/dT=0.99. 
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Figure 4.26 Cross-correlation function RAD(T): qT= 100°, 
point source at x/dT=2.00. 
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Cross-correlation function RAD(T): $T=lOO”, 
point source at x/dT=2.00. 

(Figure 4.26 plotted on enlarged scale.) 
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Figure 4.29 Cross-correlation function RAD(T): QT= 110°, 
point source at x/dT=2.00. 

(Figure 4.28(a)-4.28(c) plotted on enlarged scale.) 
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Figure 4.30 Cross-correlation function RAD(T): +,.= 120°, 
point source at X/dT=2.00. 
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Cross-Correlation function RAD(T): $T= 140°, 
point source at x/dT=2.00. 
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Figure 4.32 Cross-correlation function RAC~T): $T = 140”, 
point source at x/dT=2.00. 
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At the higher frequency end, the last 20% of the phase spectra is not to 
be relied upon. Aliasing cut-off frequency of 80% of the analysis range was 
used in obtaining these phase spectra. For this reason all phase spectra 
presented here show a sudden inconsistent behavior near the highest 
frequencies analyzed. 

Any deviation from zero in phase at other frequencies is caused by the 
limitation in the time domain resolution [i.e., the time difference between 
each consecutive point on the correlogram (512 points in all)] of the SD 360 
analyzer. Thus, if the peak in the displayed correlogram (to be shifted to 
zero) does not correspond to the precise physical time delay peak, it will be 
displayed on the analyzer by the closest time delay available in the machine. 
This would tend to introduce some error in the phase which will increase with 
frequency . Such a behavior can be seen in Figure 4.34 (zero flow) where it 
appears that the zero phase line has been tilted downwards, or in Figure 
4.33(a) and 4.33(b) where the zero phase lines are tilted upwards. 

Thus, keeping the above restrictions in mind, it can be said that the 
absence of a second peak in RAD(T) together with a nearly zero phase $AD(T) 
in the majority of data seen so far demonstrates that there is no significant 
internal reflection (over the range of angles discussed so far). 

For ray angles larger than 100°, there could be some internal reflection 
and possibly total internal reflection for the largest ray angle tested (i.e. 
7$T=140°) at higher free-jet Mach numbers. 

The first case that a second strong peak was detected in RAD(T) was for 
$T = 1 loo and VT/a, =0.225. This is shown in Figure 4.28(d). Evidence of a 
second peak is also present for $T=llOO and VT/ao=0.27 [Figure 4.28(e)] 
although the correlogram in this case is contaminated with correlated vortex- 
shedding and flow noise. A similar contamination problem was found for 
$T=120° correlograms (Figure 4.30), but data at $T= 140O (Figure 4.31) 
clearly demonstrate the presence of internal reflection in the forward arc. 
Correlograms at $T =140° show that as the free-jet Mach number is increased, 
the magnitude of the second peak (corresponding to the reflection path) 
increases, and at the highest Mach. number the magnitude of the reflection 
peak is higher than the magnitude of the direct peak. 

The above behavior is consistent with the physical features of the 
stratified model of the free-jet mean flow field. According to this model, 
total internal reflection can be expected to occur when the wavenormal or 
emission angle inside the flow exceeds the limiting emission angle, given by 
(8T)max = Cod [ -aT/ (a0 + VT) I. This limiting emission angle is plotted in 
Figure 4.35 as a function of free-jet Mach number. Also shown in the figure 
are the values of emission angle (8~) corresponding to the values of ray 
angles $T=120O and 140° at various Mach numbers. Whenever the actual value 
of emission angle at a given free-jet Mach number exceeds this limiting 
emission angle, the incident rays are totally reflected from the shear layer. 
Thus, as shown in Figure 4.35 (where the circles correspond to the test point 
Mach numbers), total internal reflection can be expected to occur at 
vT/aT 20.18 fOl- $T= 140O. It is for this reason that strong reflection peaks 
were found Only for $T = 140' in the present investigation (see Figure 4.31). 
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At other values of ray angle considered here, the corresponding emission 
angles (at all free-jet Mach numbers) are always smaller than the limiting 
emission angles, and hence total internal reflection should not be expected 
to occur. 

The reason for the reflection peak to be higher in magnitude than the 
direct peak could be the focusing effect of the reflected rays at microphone 
D from all around the periphery of the axisymmetric free-jet shear layer, 
while there is only one path for the direct ray, namely AD. 

With microphone C placed at $T=140°, RAC(T) results were also obtained 
and these are shown in Figure 4.32. If there was internal reflection at 
microphone C, it would be arriving at microphone C at ray angles smaller than 
14OO. Based upon Figure 4.35, therefore, microphone C may record total 
internal reflection only at high free-jet Mach numbers. Figure 4.32 shows 
little evidence of reflection up to VT/aT& 0.180 and perhaps some reflection 
at VT/aT=O.225 and 0.27. It is clear, however, that unless there is total 
internal reflection the direct peak is always dominant. 

In order to study the importance of internal reflection, consider the 
sketch shown in Figure 4.36, where the sound rays emitted by a point source at 
A are assumed to be totally reflected by the free-jet shear layer. Let FC2be 
the mean-square pressure measured at microphone C (placed along the incident 
ray) due to the incident ray. Similarly, let $ be the mean-square pressure 
measured at microphone D caused by the reflected ray. 

Then with a simple model in which the incident energy is totally 
it can be reflected (i.e. the mode 

shown that 
1 is partly based on geometric acousticst), 

-2 RT2 = 2 iT2. 
PC (4-z) 

Here ray path distances RT, ET can be used since both ray tubes are effec- 
tively inside the flow and the factors relating wavenormal and ray path 
distances cancel out. Values of 10 log 1 0 (z2/$‘) computed from measured 
data are plotted against free-jet Mach number in Figure 4.37 for a fixed ray 
angle $T = 140O; these are compared with the factor 10 10glo(RT2/RT2) from 
equation (4-2) in the same figure when total internal reflection occurs, that 
is, when VT/aT ? 0.19. Two measured values are within 3 dB of the calculated 
factor while the third value differs by just over 6 dB; this may be due to 
the over-simplified model on which equation (4-2) is based. 

Values of pCz/pD2 were estimated by measuri_ng the ratio of the magnitudes 
of the “direct peak” in RAC(T) [Figure 4.32) and “reflected peak” in RAD(T) 
(Figure 4.31), and equating E2/pD2 to the square of this ratio. It can be seen 
in Figure 4.37 that when total internal reflection does not take place (in this 

"~StrictZy speaking, geometric acoustics cannot be used at and near the 
the foea point D. 
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case when VT/aT 20.19) the mean-square pressure a,t D  is substantially less 
than the incident value at C. From this and other results we find that 
internal reflections are insignificant except 
reflection takes place as illustrated above. 

yf course when total internal 
Having established that in- 

ternal reflections are small if not negligible”at a large number of flow 
conditions and angles, the experimental determination of the amplitude 
calibration factor is considerably simplified, as discussed in the following 
sect ion. 

4.4 AMPLITUDE CALIBRATION FACTORS 

The experimental configuration shown in Figure 3.16 was used for these 
measurements, except that microphone D was not needed for these tests. Micro- 
phone A was placed adjacent to the point source. Microphone C was positioned 
at various ray angles, $T, and for each free-jet Mach number, microphone B 
was positioned at the corresponding emerging angle, eo, calculated from 
Snell’s law. Thus, all measurements used in determining amplitude calibra- 
tion factors were made on the same ray path, and data were recorded 
simultaneously at all microphones. 

The measured calibrat ion factor is defined here as (see Figure 2.3) 

CFm = 
IGAC(f)!2 R& 
/GAB( Rra Rr” 

(4-3) 

This differs from the definition of CFm given by equation (2-8) in that 
the square of the modulus of the pressure cross-power spectral densities 
GAC(f) and GAB(f) appear in place of the auto-power spectral densities or 
mean-square pressures. This is to ensure that only the component of the 
pressure signals at points B and C which is coherent with the noise signal 
at A -is used to form a measure of the calibration factor (see Appendix 48). 
This removes the unwanted contributions to the pressure fluctuations at 
microphones B and C due to free-jet mixing noise and any other extraneous 
sources. Naturally when the calibration factor is actually utilized in 
practice to convert mean-square pressure measurements at microphone position 
B to flyover data, it is essential that either the data is not significantly 
contaminated by, for example, free-jet mixing noise or that some appropriate 
corrections have been applied before calibration of data by the factor CF. 

Measurements of the cross-power spectra between microphones A and B 
[GAB(f)] and between microphones A and C [GAC(f)] have been obtained for a 
wide range of ray angles, $T) and free-jet Mach numbers, VT/aT, with the 
experimental point source at three different axial locations X/dT=0.22, 0.99 
and 2.00. 

After applying the distance correction (see Section 2.2) to obtain the 
normal ized, squared cross-power spectra amplitudes R;TIGAC(f)12 and 
RraRroIGAB(f)12,the ratio of these quantities has been formed to yield the 
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measured calibration factor, CF,,,, as defined above. A sample calculation of 
this factor is given in Appendi: 4C. 

The measured calibration factor was evaluated as a function 
frequency; on the other hand, the theoretical calibration ‘factor 

CF = PT DT~/PO 

where 

DT = (1 + VT COSeT/aT) 
-1 

of 

(4-4) ' 

(4-s) 

is frequency independent, having been derived on the basis of high-frequency 
or geometric acoustics propagation through the free-jet shear layer. Over the 
range of free-jet flow conditions and angles tested, the measured calibration 
factor was found to be independent of frequency over the range where signal- 
to-noise ratio was adequate. I 

In general, this constant value of CFm agrees well with the theoretical 
value given by equation (4-4) above. Some comparisons between measured and 
theoretical amplitude calibration factors are shown as a function of free-jet 
Mach number in Figures 4.38, 4.39 and 4.40 for various ray angles, $T, and 
three axial source locations. Data for ray angles lying between $~=30O and 
$T=140° are presented which correspond to a microphone angle range 
30° IBm 1154O thus covering the extreme limits of rear arc and forward arc 
measurement in the present test facility. Most of the deviations between 
measured and calculated calibration factors fall within the estimated experi- 
mental error band. 

Typical measured cross-power spectra used to calculate the above ampli- 
tude calibration factors are shown in Figure 4.41 for JIT=90° and VT/a, 
(nominal) =0, 0.090, 0.180 and 0.225 with the point source located at 
x/dT=z.OO. The two cross-power spectra, GAC(f) and GAB(f), are displayed 
10 dB apart in each case to show approximately constant difference as a 
function of frequency. In fact on applying the appropriate amplitude (and 
distance) calibration factors to GAB(f), the resultant spectrum is found 
to agree with spectrum GAC(f) within the accuracy of measurement. 

The amplitude calibration factors derived here should strictly be con- 
sidered valid only for frequencies up to 10 KHz. Beyond 10 KHz, the signal- 
to-noise ratio was rather low as mentioned earlier. Some results for higher 
frequencies are, however-$ ava i lable for $T = go’, and these are described in 
the next section (Section 4.5). 

Based upon these and other comparisons, the experimental results sub- 
stantially confirm the validity of the recommended amplitude calibration 
factor over a wide range of frequencies. 
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Figure 4.38 Comparison between measured and theoretical 
amplitude calibration factors; point source 
at x/dT=0.22 
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Figure 4.39 Comparison between measured and theoretical 
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Figure 4.40 Comparison between measured and theoretical 
amplitude calibration factors; point source 
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(a) VT/a0 = 0 (b) VT/a, = 0.09 

-A 
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Figure 4.41 Typical cross-power Spectra GAc(f) and GAB(f) 
displayed 10 dB apart. ‘$T = 9o”, analysis band- 
width Af =40 Hz, point source at x/dT=2.0 
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4.5 TURBULENCE ABSORPTION 

As described in Section 3.2, a more powerful and directional sound 
source was used for selected measurements to improve the signal-to-noise ratio 
at higher frequencies*.. The noise. source, microphone C and microphone B were 
placed along the $T=90° ray path for each free-jet Mach number tested. For 
these tests the auto-power spectra GCC(f) and GBB(f), at microphone C inside 
the free jet and at microphone B outside the free-jet, were measured. Power 
spectra at microphone B were scaled to those inside the free jet at the 
location of microphone C by applying the appropriate theoretical distance 
(CR) and ampl i tude (CF) cal ibration factors. Results for free-jet Mach 
numbers of VT/a0 i 0.090, 0.180, and 0.225 with the source at x/dT=2.94 are 
shown in Figures 4.42, 4.43 and 4.44, respectively. In each figure, the 
power spectral densities GCC(f) and GBB(f) are shown as measured with the 
point source “ON” and then “OFF” to show the frequency range over which an 
adequate signal-to-noise (S/N) ratio was obtained. The hatched portions of 
the figures represent regions with S/N ratio of 10 dB or higher. Comparison 
is then made between the spectrum measured at microphone C and that measured 

outside at microphone B corrected to the ideal wind tunnel condition. 

The plots on Figures 4.42(c), 4.43(c) and 4.44(c) show once again that, 
at least up to 10 KHz, the amplitude calibration method recommended here 
applies accurately, and there is no evidence of sound absorption due to 
turbulence up to 10 KHz. In fact, what appears to be a possible reduction in 
noise as observed at microphone B outside the free jet for frequencies higher 
than 10 KHz is simply the difference in frequency response corrections and 
atmospheric absorption corrections at the two microphones. (It should be 
recalled that microphone C was fitted with a nose-cone and was placed parallel 
to the flow and at 90° to the ray direction in this ease, while microphone B 
simply had a B&K microphone grid.) The true magnitude of the frequency 
response corrections (resulting from this arrangement) is easily determined 
by comparing the auto-power spectra measured at C and at B for no flow, 
suitably corrected for amplitude and distance calibration factors for zero 
free-jet velocity. This is shown in Figure 4.45 where the spectrum measured 
at microphone B is scaled to that measured at microphone C. It is seen that 
even for zero free-jet flow, microphone B shows a reduction in noise for 
higher frequencies. This, in fact, is a measure of the correction to be 
applied at these frequencies when a comparison is to be made between the 
spectra measured at microphone C and at microphone B. A closer inspection of 
the difference in GCC(f) and GBB(f) for zero flow in Figure 4.45 and with 
flow in Figures 4.42(c), 4.43(c) and 4.44(c) in the region of adequate S/N 
ratio reveals that after these corrections are taken into account, all data 
at microphone B can be scaled to those at microphone C by applying the 
amplitude and distance calibration factors outlined in Section 2. When these 
frequency response corrections for zero free-jet velocity are taken into 
account, the difference between auto-power spectra GCC(f) and those at B 
scaled to point C match to within 1 dB - which is the estimated measurement 
accuracy in these experiments - as shown in Figure 4.46 for f=5, 10, 15, 20, 
25 and 30 KHz. This clearly indicates that turbulence absorption, if present, 
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Figure4.42Spectra measured at microphone C inside the flow, GCC(f), 
and at microphone B outside the free jet, GEE(f), with 
broad band excitation. $T=Yo”, analysis bandwidth 
Af=40 Hz, point source at x/dT=2.94, VT/ao=O.OY. 

(a) GCC(f), (b) GBB(f), (c) GBB(f) transformed to C * 
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Figure4.43 Spectra measured at microphone C inside the flow, GCC(f), 
and at microphone B outside the free iet, GBB(f), with 
braod band excitation. $T= 9o”, analysis bandwidth 
Af=L+O’Hz, point source at x/dT=2.94, vT/ao=0.i8. 

(a) GCC(f), (b) G&f), (c) G&f) transformed to c 
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F igure 4.44Spectra measured at microphone C inside the flow, GCC(f), 
and at microphone B outside the free jet, GBB(f), with 
broad band excitation. $T = 90’) analysis bandwidth 
Af=40 Hz, point source at x/dT=2.94, VT/a, = 0.225. 

(a) GCC(f), (b) GBB(f), (c) GBB(f) transformed to C 
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Figure 4.45 Comparison of spectra measured inside and outside the 
free jet corrected to ideal wind tunnel conditions. 
‘$T=Yo”, analysis bandwidth = 40 Hz, point source 
at x/dT= 2.94, vT/ao=O.O . 
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is not significant over the range of frequencies and test conditions examined 
here. For the sake of comparison, turbulence absorption levels predicted by 
empirical methods of reference 4.3 are also plotted on the same figure. It 
is seen that with the exception of 5 KHz data, where the predicted levels also 
fall within the measurement accuracy, there is considerable disagreement’ 
between the present results and those predicted by reference 4.3. It will be 
shown in the next section that one could easily detect significant reductions 
in noise levels across the shear layer, but only if the point source is 

excited with discrete tones. This is not to be confused with turbulence 
absorption, but is attributed to scattering effects. 

4.6 TURBULENCE SCATTERING 

The purpose of this part of the experimental program was to detect any 
frequency broadening, if present, that may be produced when discrete fre- 
quency sound waves propagate through the turbulent free-jet shear layer. The 
available experimental evidence (ref. 4.4, 4.5) also indicates that such 
frequency broadening is normally accompanied by a reduction in the sound 
pressure level of the tone. 

The experimental configuration used for investigating scattering effects 
was similar to that used to determine the amplitude calibration factors 
(Figure 3.16), with the exception that d’iscrete tones were used instead of 
broadband noise as the source excitation signal. 

Figure 4.47 shows typical auto-power spectra GBB(f) measured at micro- 
phone B located outside the free-jet flow. Results for the ray angle $T = 80” 
and the point source located at x/dT=0.22 and excited at frequencies f =1.024 
KHz plus six harmonics are shown for free-jet Mach numbers VT/ao=O, 0.09 and 
0.18. This figure shows that at all frequencies up to 10 KHz, the discrete 
tones do not undergo any noticeable broadening about their peak value. Also, 
side lobes associated with the scattering phenomenon observed by Candel (ref. 
4.4, 4.5) do not appear in Figure 4.47 nor in any results of the present ex- 
periments. However, it should be pointed out that the analysis bandwidth used 
here is 20 or 40 Hz whereas in Candel’s results a much narrower bandwidth 
was used. What appears to be a possible broadening in the region where the 
discrete tones merge with the broadband noise is actually due to the spectrum 
of the flow noise itself. This is demonstrated in Figure 4.48 where GBB(f) 
for VT/ao=0.180 and the same configuration as in Figure 4.47 is plotted 
with the point source ON and also OFF (i.e. free-jet noise only). Thus, in 
some cases, what appears to be spectral broadening is actually caused by the 
flow noise itself. Since the S/N ratio for higher free-jet Mach numbers in 
these results is considerably reduced, one can deduce very little about 
scattering effects which generally become more dominant as the free-jet Mach 
number is increased (ref. 4.4, 4.5). Even when the S/N ratio was adequate, 
it appeared that much higher values of 6/X 7 than those being used were 

%here X is the acoustic wavezength and 6 is the shear Zayer thickness given 
by 6 &0.15x (here x is the distance from the free-jet n.ozzZe exit plane at 
which the ray intersects the Zip-line.) 
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Figure 4.47 Variation of spectra measured at microphone B 
outside the flow with free-jet Mach number;  
$T = go’, analysis bandwidth Af=bO Hz. Point 
source at x/dT = 0.22; discrete f requency 
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“off”; VT/a,=0.18, $T=gO”, analysis bandwidth 
Af=40 Hz. Point source at x/dT=0.22. 



required to reveal significant turbulence scattering effects. The highest 
excitation frequency used so far was 15 KHz and the largest axial location 
for the point source was x=2 dT. This provided a maximum ratio of shear 
layer thickness, 6, to acoustic wavelength, X, of about 10. Some tests .wl th 
higher 6/X and better S/N ratio were thus considered necessary. 

It was, therefore, decided to replace the smaller point source by the 
2.54 cm larger noise source. This larger source was also used to rtudy 
turbulence absorption effects, as described in the previous section. The 
test configurations for those tests and the present tests were similar. This 
noise source was not omnidirectional, but it provided adequate S/N ratio 
along the direction of the axis of its opening. Discrete tones at 15 KHz (and 
a harmonic at 30 KHz) and 19.2 KHz were used for these tests for microphone 
angle Bm = 90°, and with the noise source located at X/dT=2.94. 

Auto-power spectra GCC(f) and GBB(f) measured inside and outside the 
free-jet respectively are presented in Figures 4.49(a) through 4.49(j) with 
a discrete tone frequency f=19.2 KHz for the above case. This frequency 
and measurement location provides 6/X equal to 17.6. These power spectra 
clearly demonstrate the spectral broadening effect: the shapes of the 
spectra measured at microphone B are much wider than those measured at 
microphone C, indicating that this broadening occurs as the sound travels 
across the shear layer. Wherever possible, the corresponding spectra with 
the free jet operated alone (i.e. noise,source OFF) are also given. The two 
side lobes in Figure 4.49(f) should not be confused with those possibZy pro- 
duced by scattering. These side lobes are seen inside the flow as well [see 
Figure 4.49(e)] and are caused by the noise source itself. It is interesting 
to see that these side lobes have also been partly broadened as they cross 
the free-jet shear layer [compare Figures 4.49(e) and 4.49(f)]. 

Such an effect also exists at fA38.4 KHz (first harmonic of excitation 
frequency), as shown in Figure 4.49(c) and 4.49(d). The value of 6/X corres- 
ponding to this frequency was 35.2, but unfortunately, the S/N ratio of this 
frequency at VT/a0 larger than 0.09 was very small. The broadening effect 
at this frequency can, however, still be seen. Figure 4.49(d) shows that for 
the 38.4 KHz peak, the 10 dB down point is about twice as wide as the 10 dB 
down point for the 19.2 KHz peak. This indicates that the broadening effect 
increases with increasing 6/x. 

Similar results were obtained for f 115 KHz @/A = 13.6) and f A30 KHz 
(6/X=27.2), and these are shown in Figures 4.50(a) through 4.50(j). 

Source of Spectral Broadening. The results described in Section 4.5 
demonstrated that if broadband excitation is used, the shear layer turbu- 
lence does not appear to produce noticeable changes in either the levels or 
the spectral shapes of the acoustic signals as they propagate from the 
potential core of the free jet to the outside. In the work of Candel et al. 
(ref. 4.4, 4.5), who examined the effects of turbulence scattering on discrete 
tones, it was found that an increase in velocity produces additional spectral 
broadening and that the energy at the main carrier frequency is depleted while 
that in the side bands is progressively increased. 
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Figure 4.‘4g Spectra measured at microphone C inside the flow, Gee(f), 
and at microphone B outside the free jet, GBB(f), with 
discrete tone excitation. ‘!‘T =90°, analysis bandwidth 
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In order to study the magnitude of attenuation (or reduction) in the excitation 
tone level due to turbulence scattering, the measured discrete tone levels in- 
side [i.e. GCC(f)] and outside the flow [i.e. GBD(f)I were plotted as a function 
of free-jet Mach number. Using the distance and amplitude calibration factors 
(CR and CP) discussed earlier, the levels measured inside the free-jet at C 

were scaled to those outside at microphone location B. If the measured values 
of GBD(f) are lower than these transformed values, the difference is attributed 
to scattering. Data taken from Figures 4.49 and 4.50 were plotted in this 
manner in Figure 4.51 (a), (b) and (c) for 15 KHz, 20 KHz and 30 KHz, 
respectively. (System response corrections were applied in the same way as 
described in Section 4.5 by comparing Gee(f) and Ggglf) at zero free-jet 
velocity.) 

Figure 4.51 clearly shows that at these high frequencies, the peak 
levels of the discrete tones are indeed attenuated (over and above the correc- 
tions given by the sum of distance and amplitude calibration factors). This 
attenuation is indicated by the shaded area in Figure 4.51 and will be denoted 
by CdB, in the ensuing text. The attenuation (i.e., height of the shaded 
region) increases both with increasing 6/X and with increasing free-jet Mach 
number, VT/aT. It should be recalled tha,t the LB, values calculated in the 
same way from broadband excitation results (described in section 4.5) indi- 
cated no attenuation at microphone B located outside the free jet (e.g. see 
Figures 4.42 through 4.46). The magnitudes of the differences in SPL’s inside 
and outside the flow (corrected to the inside location by amplitude and 
distance calibration factors) for broadband excitation are plotted in Figure 
4.52 as a function of free-jet Mach number for the same frequencies for which 
discrete tone results are shown in Figure 4.51. A mean value of zero for AB, 
in Figure 4.52 thus illustrates that the effect of scattering on broadband 
noise is negligible. 

Based upon the spectral broadening results presented above and elsewhere, 
it is clear that the energy at the center frequency of the discrete tone is 
distributed over a wider band, and thus, a reduction of the peak level occurs. 
The broadband data in Figure 4.52 implies that the attenuation at a given 
frequency is almost exactly compensated by this spectral broadening since 
only then will a broadband excitation show a zero change. In other words, 
scattering effects are present for broadband excitation, but the effects 
average out since the attenuation at any one frequency is augmented by the 
energy scattered from adjacent frequency bands. 

Scattering at Lower Values of &/A. The results presented in Figures 
4.49 through 4.52 showing scattering effects were all for 6/X >lO. It was 
found thatfor smaller values of 6/X, scattering effects were not so important. 
Typical results with the 2.54 cm diameter noise source located at x/dT=0.96 
are shown in Figure 4.53 for 19.2 KHz (a/x =5.8) discrete tone excitation. 
Once again, both GCC(f) and GBB(f) are plotted. Unlike the data obtained at 
x/dT =2.94 (E/X = 17.6) f or identical configurations, there is little evidence 
of spectral broadening here. Also, when the data are plotted in the format 
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Figure 4.52 Magnitudes of differences in SPL’s inside and outside 
the flow for broadband excitation. (3, 15KHz; 0, 
19.2 KHz; b , 30 KHz. Source located at x/dT=2.94. 
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similar to Figure 4.51, no evidence of scattering is noticed (see Figure 4.54). 
For free-jet Mach numbers of up to 0.180, the levels at B and C can be fully 
accounted for by the distance and amplitude calibration factors (thus confirm- 
ing the absence of turbulence absorption or scattering). For VT/a, greater 
than 0.180, microphone B appears to show an increase.in noise. 

Although the data.obtained by using the small 0.635 cm diameter point 
source could not be utilized to study the spectrwn broadening effects owing 
to low S/N ratio, the data were quite useful to determine the changes in levels 
of the discrete tone at the excitation frequency along the respective ray 
paths. In this case, the crosc-power spectra GAC(f) and GAB(f) were measured, 
and the difference GAC(f) - GAB(f) was then compared with the value obtained by 
accounting for the distance and calibration factors. If the measured differ- 
ence was higher than the predicted value, it was attributed to scattering. 
Figure 4.55 shows data analyzed in this manner. The data are presented in the 
order of increasing 6/X, as shown in Table 4.4. 

Table 4.4 Discrete-tone results with increasing 6/X. 

- 

Figure 
Number 

4.55(a) 

~.. 

Excitation 
Frequency 

f (KHZ) 
i-. - -__--.. 

5.0 
5.0 

15.0 
10.0 
10.0 
15.0 
10.0 
15.0 
19.2 

- __ 

Point Source 
Locat ion 

x/dT 
-.. .--.. ~..~ 

0.22 
0.99 
0.22 
0.22 
0.33 
0.39 
2.00 
2.00 
2.00 

These results clearly demonstrate 
value of 10 that turbulence scattering 
of the discrete tones undergo a reduct 
the effect becomes more important at h 

that it is only when 6/X approaches a 
becomes effective and that peak levels 
on on crossing the shear layer. Also, 
gher Mach numbers. 

In an aircraft engine, the majori t y of noise sources distributed down- 
stream of the nozzle exit are normally broadband in nature. Hence, based upon 
the scattering results presented in this section, the effects of forward 
velocity on these broadband sources can be investigated in a free-jet flight 
simulation facility with minor, if any, complications introduced by turbulence 
scattering effects. The majority of discrete-frequency or narrow-band noise 

Ray Angle 
QT 6/X 

1.3 
1.6 
2.4 
2.6 

z-8’ 
6:2 
9.4 

12.0 
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sources in an engine are located either inside the engine or quite close to 
the nozzle exit. In order to investigate flight effects on these discrete- 
frequency noise sources, it is desirable to keep the values of 6/X less than 
approximately 10 in order to minimize scattering effects in a free-jet flight 
simulation experiment. It is felt that this can be achieved in principlb by 
placing the jet or engine configuration as close to the free-jet nozzle exit 
plane as possible. It is recommended, however, that a proper scale- 
optimization study should be conducted prior to free-jet flight simulation 
experiments for discrete-frequency noise sources from an engine. 

4.7 PROBLEMS, AT LOW FREQUENC I ES 

In the majority of results presented in this section so far on transmis- 
sion, reflection and scattering of sound in a free-jet flight simulation 
facility, the question about the low-frequency behavior has not been resolved 
completely, and further study is required. Typical problem areas for low- 
Frequency noise, as determined from some complementary experiments, are 
summarized below. 

Angle Change Tests 

The verification of angle changes in the present investigation was con- 
ducted by comparing the measured peak time delays in RAB(T) with those pre- 
dicted by Snell’s law and the diverging flow model. Broadband point-source 
excitation was used, and it was assumed at first that the measured peek time 
delay was constant for all frequencies. In fact, the phase spectra #AB(f) 
obtained by moving the peak of RAB(‘c) to zero time delay before Fourier 
transform (e.g. see Figure 4.16) confirmed that for the majority of frequency 
range above 1 KHz, the peak time delay was independent of frequency. This is 
because in this frequency range, $AB(f) was always close to zero, Little 
could, however, be said with certainty about the frequencies lower than 
approximately 1 KHz. An experiment was therefore conducted, where the band- 
widths of the signals at microphones A and B were varied before the signals 
were correlated. These measurements were carried out with the experimental 
point source located at x/dT=l.74. The five source spectrum bandwidths 
tested are shown schematically in Figure 4.56. The corresponding cross- 
correlation functions at various free-jet Mach numbers are shown in Figure 
4.57. The measured peak time delays, TV, are given in Table 4.5, although 
clearly in the case of spectrum El, ~~ is difficult to estimate accurately. 

The tabulated values show that for the lowest bandwidth, the peak time 
delay is smaller than that corresponding to the higher bandwidths. In fact, 
at each Mach number, the peak time delays for all excitation bandwidths 
except the 0 - 2 KHz bandwidth agree within the measurement accuracy (?O.OlO 
ms in this case). These measurements therefore tend to show that low fre- 
quency sound may not, after all, follow ray paths as predicted by Snell’s 
law - which has been shown to apply quite accurately to high-frequency sound. 
Further work , using wave theory, is required to resolve this low frequency 
behavior. 
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Table 4.5 Peak time delays (in ms) at various free-jet Mach 
numbers and point-source bandwidths 

VT/ao 
Bandwidth 0.0 0.045 0.090 0.135 0.180 

_ 

4.290 A4.205 *4.135 *4.020 *4.000 
4.285 4.228 4.173 4.120 4.165 
4.287 4.225 4.174 4.115 4.160 
4.292 4.227 4.170 4.115 4.160 

4.115 4.160 

"Rough estimates of "peak" t ime deZay. 

Internal Reflection and Transmission Tests 

A clear-cut picture of internal reflection and transmission at low 
frequencies (f ~1 KHz) could not be obtained in this work. Phase spectra 
4AD(f) and $AC(f) (for example, see Figures 4.15 and 4.17) could not provide 
adequate information at these frequencies. This was due to the possibility 
of some low frequency noise from the free jet itself which could be correlated 
at microphones A and D or at microphones A and C used to obtain RAD(r) and 
RAC (f) . Further work is required to explore the internal reflection and 
transmission effects at low frequencies. 

In view of the above remarks, the conclusions given in the next section 
should be considered valid for frequencies higher than 1 KHz. 

4.8 SUMMARY 

When a free-jet is used as a wind tunnel to simulate the effects of 
flight on model noise sources, with microphones placed outside the-free-jet 
(in an anechoic environment), it is necessary to calibrate out the 'influence 

of the free-jet shear layer on the transmitted sound, since the shear layer 
is absent in the flight case. Thus, an experimental program using a point 
sound source was conducted to provide basic information on the physical 
processes by which sound is transmitted across the axisymmetric, turbulent 
shear layer of a free jet. 

The five important aspects of the transmission process and the con- 
clusions derived from the present work are as follows: 

(1) Redirection or refraction of sound by the mean sheared fZow: An 
experimental technique used to measure (indirectly) the refraction of waves 
transmitted across the shear layer confirms that SneZZ’s Zat~ holds to a good 
approximation over a wide range of incident wave normal angles and free-jet 
veloci ties. 
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(2) IntemaZ refZection of sound at the sheared flow: !nternal reflec- 
tion appears to be insignificant for the majority of data analyzed. Signifi- 
cant reflection was detected only in the tota interna reflection regime 
(ray angle +T = 140’ and VT/aT ~0.18 in the present experiments). 

(3) Transmission of sound through the mean sheared fZow (coherent 
transmission): The relationship between pressure amplitudes inside and 
outside the free jet measured on a common ray path emanating from a source 
inside the potential core, behave in a manner consistent with a geometric- 

acoustics energy-conserving transmission process. 

(4) Transmission of sound through the unsteady sheared fZow CturbuZence 
absorption): The absorption of sound by turbulence in the free-jet shear 
layer, if present, is insignificant over the ranges of parameters of practi- 
cal interest. 

(5) Transmission of sound through the unsteady sheared fZow (turbulence 
scattering): Frequency broadening of transmitted discrete tones is detected 
only when the ratio of shear layer thickness to sound wavelength, 6/X, is 
about 10 or higher. Discrete tones with 6/X 510 measured outside the free 
jet can be transformed to ideal wind tunnel conditions through the use of 
distance and amplitude calibration factors also used for broadband noise. 
For broadband noise sources, turbulence scattering effects pose no real 
problem. 

The experimental results thus far confirm the validity of the calibration 
procedure, outlined in Section 2, and which was recommended as a result of an 
earlier theoretical investigation conducted at Lockheed-Georgia Company 
(ref. 4.2). 
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5, THEORETICAL INVESTIGATION 

Previous theoretical approaches (refs. 5.1 through 5.4) to the free-jet 
facility calibration problem have started from the asswnption either that the 
free-jet shear layer is infinitely thin, i.e. a vortex sheet (6T/X+O), or 
that it is infinitely thick on a wavelength scale (6T/X+w). The latter 
assumption gives the geometric acoustics (GA) approximation adopted in our 
previous work (ref. 5.4) and also by Candel et al. (ref. 5.1); more recently 
the validity of the GA approximation has been assessed by Morfey and Tester 
(ref. 5.5) and by Amiet (ref. 5.6) with the aid of numerical solutions to the 
Lilley equation. On the other hand, in earlier work Amiet (ref. 5.2) and 
Jacques (ref. 5.3) used the vortex sheet model alone. 

In terms of sound reflection at the free-jet shear layer, these approxi- 
mations represent the extremes of zero and maximum reflection. To investigate 
the effects Of finite &T/X, we use the LiZZey equation (ref. 5.7), which may 
be written in the form (ref. 5.8) 

lD3p 6 1 d; i 3p 
2 

Dt3 
-Dt +p+----+2- 

p dr Dt ar 
dv a2p _ p'Q 

dr axar (5-l) 

Equation (5-l) describes the propagation of pressure disturbances, p, through 
a steady axisymmetric parallel shear flow with velocity [V(r),.O,O], sound 
speed a(r) and density p(r) (D/Dt : a/at+va/ax) . 

In previous applications (refs. 5.8 and 5.9) of equation (5-l) to the 
effects of acoustic-mean flow interaction on jet mixing noise, the collectitin 
of nonlinear terms represented by Q was replaced by an approximate ring source 
model of the source distribution and exactly the same approach is adopted in 
the present study as summarized below. A realistic source model is required 
because it has to be recognized that the influence of the outer free-jet shear 
layer cannot be strictly decoupled from the source itself; in other words the 
calibration factor to be applied to the free-jet data will depend in 
principle on the nature of the source being studied and on its local mean flow 
field. 

5.1 JET NOISE CALIBRATION FACTOR 

Of particular concern here is the calibration factor to be applied to 
turbulent jet mixing noise measurements. Figure 5.1 compares the mean 
velocity profile reZative to the nozzZe (a) for a primary jet nozzle in 
forward fl ight at speed VT (i.e. in the “ideal wind tunnel”) and (b) for the 
same nozzle in a fl ight sim4Zation free-jet facility. The primary jet exit 
velocity is VJ in both cases. 
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SOURCE 

(a) (b) 

Figure 5.1 Velocity profiles for Lilley equation analysis: 
(a) ideal wind tunnel, (b) free-jet simulation. 
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With the aid of simplified but realistic models of the primary jet noise 
sources and the respective mean flow fields, it is straightforward to obtain 
from Lilley equation solutions (ref. 5.5) the power spectral densities (PSD) 
of the far-field acoustic pressure in the two situations represented by 
Figures 5.1 (a) and 5.1 (b). Their ratio - which depends in principle on the 
source model , as well as the frequency and the mean flow description - is 
referred to as the free-jet calibration factor CF. 

The far-field pressure PSD’s are calculated for the same fixed frame. 
frequency and axial wavenumber; this means that the axial. phase speed of the 
radiation is the same in each case, i.e. in Figures 5.1 (a) and 5.1 (b), viz. 

a0 
cos 8, 

= aT 
coseT + “T (5-Z) 

(outside free-jet) (in ideal wind tunnel) 

where 8, is the emerging angle in the stationary medium outside the free jet. 

The primary jet noise source is modeled as a’ statistically isotropic 
multipole ring source (ref. 5.8); statistically isotropic means that when the 
model source is placed in a uniform medium at rest, its radiated intensity 
field is omnidirectional. The source strength is also statistically axisym- 
metric (like the jet turbulence); that is, the source strength PSD and hence 
the far-field PSD are independent of azimuthal position. By definition, the 
model ring source is radially compact but here for calculation purposes it is 
also assumed to be azimuthally compact. This source model was first used in 
reference 5.8 to study acoustic-mean flow interaction effects on jet mixing 
noi se. Because the mean flow is uniform in the axial direction, source 
convection and axial noncompactness effects can be accounted for separately 
and independently of the Lilley equation solutions with an appropriate model 
for the axial wavenumber-frequency spectrum of the source strength. 

In the following sections, results are presented for the calibration 
factors C[z), C$‘, and CL:‘. The index v indicates the temporal order of 
the model source: e.g., v =l (volume-acceleration), 2 (volume-velocity), or 
3 (volume-displacement). The subscripts m, d, q indicate the spatial order 
of the model source; i.e. monopole, dipole, or quadrupole. 

5.2 FACILITY CALIBRATION FACTOR BASED UPON 
APPROXIMATE SOLUTIONS TO THE LILLEY EQUATION 

The free-jet calibration factor can be evaluated with closed-form 
solutions to the Lilley equation in the limiting cases &T/X+0 and 6T/x+“; 
then the solutions and corresponding calibration factors are referred to 
here as the low-frequency (LF) and high-frequency or geometric acoustics (GA) 
approximations. The low-frequency case can be pictured as indefinitely 
large sound wavelengths in a shear layer of non-zero thickness or sound 
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imes of any wavelength on both sides of a (cylindrical) vortex sheet, somet 
referred to as a plug flow model of the real flow profile. The high- 
frequency case can be interpreted in a similar fashion. in the former 
the more usual vortex sheet picture is normally employed here but when 
Lilley equation is solved numerically for a fixed profile - as a funct 
frequency - the alternative interpretation is required. 

case 
the 

ion of 

Both limiting cases have been solved previously but certain assumptions 
and simplifications have.been utilized which are now removed or avoided in 
the analysis given below, which yields the low- and high-frequency free-jet 
calibration factors utilized in sections 5.3 and 5.4. 

5.2.1 Low-Frequency Approximation (Vortex Sheet Model) 

In the low-frequency limit when the sound wavelength, X, is large com- 
pared with the free-jet shear layer thickness (k,&T +O), the Li 1 ley equation 
yields a simple result for the calibration factor if (a) the source can be 
represented by a point monopole located in the primary-jet potential core on 
the jet axis - or off-axis a small distance compared with X - and if (b) the 
sound wavelength is also large compared with the primary-jet shear layer 
thickness (ko6J +O) and the primary-jet nozzle radius (k,rJ+O) as will be 
the case, in practice, when kobT+O. This simple result wi 11 be used to 
assess the effect of the free-jet mean flow field on sound radiated from 
interna noise sources through the primary-jet nozzle at low frequencies. 
The approach is of course consistent with the vortex sheet or plug flow models 
utilized by Amiet (ref. 5.2) and Jacques (ref. 5.3), except there the primary 
jet flow was ignored at the outset. The results given here provide theoreti- 
cal justification for those models. 

The analysis is straightforward for plug flows (see Figure 5.2) and 
yields the following cal ibration factors. For the complete profile: 

,(V) = 0; 
Fmo 

2 (free-jet * primary 
jet profiles) 

where 

wo,FJ = (Jr/21 [Jo(KJRJ) IE,KTRJ Ho (2)‘(~TRJ) 

- F,KTRJ HL1)’ (KTRJ)) 

(5-3a) 

’ JDT2 
- KJRJ - 

pJDJ2 
JA(KJRJ)IE~H, (2)(~~R~) - FoHil)(~l-R~) >I , (5-3b) 
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VORTEX SHEET 
AT FREE JET 
LIP-LINE 

VORTEX SHEET 
AT PRIMARY JET 
LIP-LINE 

‘t 
‘J - “J, PJ, aJ 

Figure 5.2 Plug flow model of primary-jet and free-jet mean 
flow fields for low frequency calibration factor. 
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E, = (jr/b) [KURT HA2) ’ (KURT) HL1) (KTRT) 

PO -- 
f’TDT2 

KTRT Hi2) (KURT) H(l) ’ (KTRT) I 0 , 

F, = (jm/4) [KURT HL2) ’ (KURT) HL2) (KTRT) 

PO -- 
PTDT2 

KTRT HA2) (KARL) H(2) ’ (KTRT) I 0 

Wo, IWT 
(2) ’ 

= (jr/Z) [Jo(KJRJ)KTRJ Ho (KTRJ) 

- KJRJ 
pTDT2 (2) 

‘JDJ2 
JA (PJRJ) Ho (KJRJ) 1 

aO 2D2 
K 3 = -- 

a2 
c0s2eo , 

1 

R = kor, k, = w/a, 

D = l.- Vcose,/a, . 

The corresponding partial profile calibration factor is given by 

,w 
Fmo,par = D: IWo,par(2 (free-jet prof i le alone) 

(5-3d 

(5-3d) 

(5-3e) 

(5-3f) 

(5-39) 

(5-3h) 

(5-h) 

where 

Wo,par = E, + F, 

= (jr/i?) [ J,(K$T) K& HL2) ' (KURT) 

- %  JA (KTRT) +T Ho (2) 

PTDT 
koR~)I (5-4b) 

Note that both calibration factors are independent of the source 
temporal order (v) as might be expected when the source is placed within a 
uniform flow region. 
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Thus, a low-frequency calibration factor can be calculated with equations 
(5-3a) - (5-3h) and these take into account the effect of both the primary 

and free-jet shear layers on low-frequency sound transmission. However, in 
practice, a further simplification automatically follows. That is, the sound 
wavelength will normally be large compared with the primary nozzle diameter 
(k,rJ +O) if, as assumed, it is sufficiently large compared with the typical 
shear layer thicknesses 6~, 6T for the vortex sheet profile approximation to be 
employed in the first place (being valid only in the limit k,6J, ko6T+O). 

When the limit k,rJ+O is applied to equations (5-3b), (5-3e) so that 
KJRJ, KTRJ +O (Jo(z) +l, J;(z) -+-z/2, z HAz)‘(z) +- 2j/z), then 

wo,FJ + E. + F. 

Wo,lWT + 1 

and clearly the calibration factor for the complete profile, CFmo (VI becomes 
identical with that for the partial profile, Civ) 
(5-4). Thus, 

given by equations 
the primary jet flow conditions y!/y:gjy6J) can be ignored and 

only the free-jet flow conditions (V P 
Although this f~~t~~aT) 

determine the low-frequency 
calibration factor. (given by equations (5-4)) is not 
as simple as the high frequency one described in the next section, it is 
still a relatively straightforward expression to evaluate, involving four 
Bessel functions of order zero with real arguments. 

This result justifies the earlier work by Amiet (ref. 5.2) and Jacques 
(5.3) in which primary-jet profile effects are not considered at all. 
However , it is emphasized that this low-frequency calibration factor is 
intended only for low-frequency interm noise data calibration, as will be 

discussed in Section 5.4. For jet mixing noise and, in general, int.ernal 
noise the high-frequency approximation can be used (as will be shown in 
Section 5.3) and that factor is derived in the following section. 

5.2.2 High-Frequency Approximation (Geometric Acoustics) 

The problem of sound transmission across a parallel, cylindrical shear 
layer at high frequencies has already been solved (refs. 5.10, 5.8, and 5.4) 
by utilizing (a) Snell’s law for parallel sheared flows and (b) the 
Blokhintsev (ref. 5.11) GA energy conservation law together with the concept 
of local wavefronts in uniform flows; this approach implies that Lilley’s 
equation is solved in the high-frequency limit. An alternative approach is 
described here that utilizes Lilley equation solutions directly and thus 
avoids the concept employed in the earlier derivation of “azimuthally 
averaged” far-field quantities (which is unattractive from the experimental 
viewpoint) by describing the source excitation and radiation field in terms 
of azimuthal modes. In this way nonstatistically axisymmetric noise sources 

iEi?brated 
internal noise sources generating azimuthal standing waves) can be 

. In fact, the analysis below shows that for sufficiently large 
area ratios the calibration factor is independent of azimuthal mode order 
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and is equal to the already well establ ished high-frequency or GA calibration 
factor 

cFCO = PTDT4/Po l (5-5) 

Only the “partial profile” is considered in what follows since the 
analysis applies to any source distribution of arbitrary temporal and 
spat ial order. The analysis starts with defining? the temporal order of the 
source function Q  

(5-6) 

and with the Fourier transform of equation (5-l) with respect to x,+ and t 

a0 2D2 kx2 n2 --- s2 k,2 -,2 
) I 

= - p' (j,)"l Dvel 

where 

D(r) = 1 - kx V(r)/w, .k, = w/a0 

and 

p(‘) (k,,r,n,w) = [ dx ~‘CI$I 1 dt p(V)(x,r,$,t)ej(kxx+n’ -wt) 

and similarly for 5”). 

-n -co 

The solution to equation (5-7) (ref. 5.8) is 

co 

p(‘) (kx,r,n,w) = 
I 

dr’ riG(3” (rlr’) (j,)v-3 Dve3(r’) i(v)(r’) 

0 

(5-7) 

(5-8) 

-t This serves to link this approach with our previous work, but it is not 
essential for the present anuZysis. 
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where G(3)(r jr’) is the solution of 

dG(3) (rlr’) 
dr 

+ rG(3)(rlri) 
‘iCl?D2 

( ko2k2- $I= 6(r -r’) (5-Y) 

satisfying the finiteness condition at r= 
equations (5-8) and (5-9) the dependence of S 
been suppressed for simplicity and here 

K = {ao2D2/Z2 - (kx/ko)21* . (5-10) 

The formal solution to equation (5-9) (ref. 5.8) is 

G(3)(rlr’) = m2 $ P,(r) Pi (r’) j.:~~~~)(~~~:~’ (rl)) ] 9 rzr’, (5-11) 
i 0 

where p!(r) and p,(r) are two independent solutions to the homogeneous form 
of equalion (5-9); outside the flow PO(r) must satisfy the radiation condi- 
tion while pi(r) must be finite at r =O. Thus, in order to solve Lilley’s 
equation, we requ i re an “inner” solution pi(r) valid over the source region 
Ozr’ -<‘Aax and inner and outer solutions which allow their Wronskian 

wIP,i (4, p,(r)> s Pi(r) p;(r) - pi (r) PO(r) 

to be determined. However , since the factor in square brackets in equation 
(S-11) is independent of radial position (see ref. 5.8), it can be evaluated 

outside the flow where p,(r) is known and thus only pi(r) is required. 

In what follows, the required solutions and final results are presented 
for both the “ideal wind tunnel” and free-jet conditions illustrated respec- 
tively in Figure 5.1 (a) and 5.1 (b) ( except that the primary-jet profile and 
its source distribution are replaced here by an effective source distribution, 
Q.). 

The outer solutions satisfying the radiation condition are, without 
approximation, 

PO(r) = (pTDT2)* H(2) n (k&T’) 9 O<r<m (IWT) (5-l 2a) 

PO(r) = PO’ HA2) (koKor), ‘To s r < 00 (FJ) 

where rT0 is the outer radius of the flow (see Figure 5.3). The inner 
solution is the same in both cases 

Pi (r) 24 = (PT+ ) Jn (k,KTr), I)ir_<m 

0 s r s rT 

(5-l 2b) 

(5-l 3a) 

(5-13b) 
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and thus the Green function, from equation (5-11) can be written as 

Gt3) (r It-‘) = u2 + (PTDT 2 ’ H~2)(koK-p-) Ct3) (I-‘) (r 2 r’) ) 

= a2 + po* HA2) (kolcOr) C(3) (r’) (r 2 f-1) (5-l ‘tb) 

(5-l 4a) 

where 

ct3)(r’) = (PTDT2)* Jn(kokTr’) 
I 

j.$y’,i,p ) 1 Olr’<m (5-l 5a) 
0 

0 _< r’ ,< rTi (5- 15b) 

ion 
1 

To evaluate the Wronskian and hence the factor in square brackets in equat 
(5-15), we use a WKB approximate solution to the homogeneous equation (5-9 
(val id in the 1 imit &T/X +-) 

r 

Pi (r) cos [ k, K(s)ds - y - rTi 5r 5-I; (5-16) 
0 

this solution has been obtained by also neglecting the term n2/r2 in equation 
(5-9) l The maximum value of this 
to reference 5.8, is given by 

term is O(ni,,/rfi) where nmax, according 

nmax - k~KT rAax (5-17) 

and t-A,, is the maximum effective radial dimension of the source region; here 
rAax can be interpreted as being of order rJ, the primary nozzle radius. 
Hence, we compare the leading term ko2xT2 with the neglected term 
ko2KT2rr$,/rei = koKT2 rJ2/ri i and find that provided the area ratio (rT/rJ)2is 

large and the source region is not too close to the end of the potential core 
(rTi/rT -l), then equation (5-16) should be a good approximation to the exact 
Lilley equation solution. 

With this approximate solution, we obtain (evaluating the Wronskian “at 
infinity”) 

2;D2 
jTrW(pi ,P,I = 1 1 (5-18a) 

‘To 

= exp[jk, {KorTo - 
i 

Ic(s)dS)l (5-18b) 

0 
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and hence equations (5-15a,b) become 

d3) (r’) = (pTDT2)* J,(k,kTr’) 

‘To 

I 
K (s)ds 

0 

(5-l 9a) 

(5-l 9b) 

The Green functions are therefore determined and the solutions to Lilley’s 
transformed equation are 

g(') (r) = ~2 $L (ja)v-3 
l PJ-DT~ l H ,  (2) (k oKTr) 

02 
r’dr’ Jn(koKTr’)DV-3(r’) S - (v) (r’) 

0 

(5-20a) 

p(‘)(r) = u2 $ (ju)vm3 po’(PTDT2)’ Hn (2) (kokor) 

‘To 

- 1 k(s)ds] r r’dr’ Jn(koK~~1)~v~3(r~)~(V)(~~) (5-20b) 

0 0 

When these expressions are inverted with respect to k, and n in the far-field 
(Rr >> rT) both are very similar in form: 

,(v) 
-jUR,T/aT 

(RrTseT,Oo,W) = - m2(ju)v-3 e brR T 
r 

co 

X  
c [ 

,w 
nlWT 

tic&T -j n+. n=- co 1 kx = 
aT+vTcos8T 

l e 

,w  

- jwRr/ao 
(Rr,@Os$o,~) = -co2 (ju)v-3 e hTRr 

,w 
nFJ I 

. e-jn+o 
kx = wcose,/a, 

(5-21a) 

(5-21 b) 
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but have differing azimuthal mode amplitudes given by 

v-3 00 
,w ‘TDT2 ‘T 

, , lwT = ~+vTcoseT/aT) l ejn*‘2 ’ rdr Jn(koKTr)~(“)(k,,r,~,w) (5-22a) 

0 

,h) = po’(pTDT2)* DTvm3 ejn*‘2 
I 

rdr J,(k,KTr)S (VI 
nFJ (k,,r,n,o) 

0 

‘To 

x exp[ jko{KorTo - 
i 

K(s)ds)l (5-22b) 

0 

The power spectral density of the far-field pressure is proportional to the 
square of the modulus of the Fourier coefficients given by equations (5-21a), 
(5-21b); hence phase differences that are independent of azimuthal mode order 
can be ignored. It follows that the amplitude of any given azimuthal radia- 
tion mode in the ideal wind tunnel will be the same as that in the free-jet 
facility for a given source distribution at a fixed frequency, w, if 

(a) 

(b) 

and (c) 

Cond 

R rT = Rr (equa 1 wavenorma 1 d is tance) 

COSeT case, 
=- 

aT+vTcos8T aO 
(equa 1 ax i a 1 wavenumber) 

the free-jet radiated mode amplitude is multiplied by (pTDT2/po)‘. 

tion (a) is a far-fieZd result which can be improved on by analyzing 
the geometry of ray-tube spreading in the near-field along the lines suggested 
by Schubert (ref. 5.10) (details are given in Ref. 5.4); this yields the 
finite distance corrections of Section 2.2. Condition (b) is analogous to 
Snell’s law and determines the radiation angle in the free-jet facility, 8,, 
at which data can be obtained on the radiation emitted at wavenormal angle 8T 
in the ideal wind tunnel (or, equivalently, at the emission time angle 8T in 
the flyover case). Again, ray tracing allows this far-field result to be 
interpreted in the near-field as the emerging ray angle rather than the 
source-observer angle, as described in Section 2.1. Both conditions (a) and 
(b) emerge from the genera1 case when numerical Lilley equation solutions are 

obtained in place of the high-frequency closed-form solutions derived above. 
Condition (c), however, leads directly from those approximate solutions and is 
identical to the previously obtained high-frequency calibration factor. 
However, it is not confined to radiation from centerline sources nor to 
azimuthally-averaged far-field quantities alone but can be applied to any 
azimuthal mode or to any nonaxisymmetric radiation field, provided of course 
that the area ratio is reasonably large (say >lOO) - which will be the case 
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in general - and that the source region is not too close to the end of the 
free-jet potential core. 

5.3 NUMERICAL RESULTS FOR JET M IXING NOISE SOURCES 

In this section, numericai reSUltS for CF, the free-jet facil ity amp1 i- 
tude calibration factor, are presented and compared with the low- and high- 
frequency approximations derived in the previous section. 

5.3.1 Definition of Parameters for Calculations 

In order to introduce a degree of realism into the numerical calculations, 
gstandard case has been chosen which corresponds to the origina Lockheed- 
Georgia facility (ref. 
are dT = 1 016 m (equ ,va:eii) 

This is shown in Figure 5.4; the key dimensions 
. 

. 9 xn =0.305 m, and dJ =5.08 cm. The free-jet 
velocity VT has been taken as the maximum value used in reference 5.4, namely 
VT/a0 =0.2. Since departures from GA are expected principally at low fre- 
quencies, and jet noise frequencies scale on velocity, a relatively low 
primary-jet velocity has been chosen for the standard case, VJ/ao=0.5. The 
mean flow field is taken either as isothermal throughout or heated to a static 
temperature ratio TJ/To = 3. 

For purposes of modeling isothermal,primary-jet mixing noise sources, a 
source model of major interest is the statistically isotropic quadrupole ring 
source (ref. 5.8) of volume displacement (v=3) or volume acceleration (v=l) 
type. Dipole and/or monopole order sources arise when modeling hot jet mixing 
noi se. 

. . Values of CF obtalned w>lv 
I‘ 

the different source models will be dis- 
tinguished as C[i’, C:i’, and CFq , where subscripts m, d, q denote monopole, 
dipole, and quadrupole ring sources, respectively. The superscript (v) 
denotes the temporal source order. 

Details of the mean velocity and mean temperature distributions are given 
below, together with the source locations assumed and a specification of the 
model source functions. 

Radial Source Location and Primary-Jet Velocity and Temperature Profiles. 
The radius of the ring source is chosen (except where otherwise stated) to 
correspond to the radius at which (V -VT)/VCL -VT) =$rel equals 0.6, VCL 
being the centerline velocity. 

The radial profile of the primary-jet velocity, V(r), relative to the 
surrounding uniform flow of the free-jet potential core, is determined by the 
Strouhal number fdJ/VJ=S. Four values of S are used in the present study, 
namely 0.1, 0.315, 1, 3.15 to cover the jet noise spectrum. For the two 
higher Strouhal numbers (S = 1, 3.15), an error function profile is used 
(ref. 5.12), viz. 

V(r) -VT = 

vJ - vT 
4 re 
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PRIMARY NOZZLE 

W ---IT  r ’ 

Figure 5.4 Free-jet facility for jet noise measurement under 
simulated flight conditions. 



with “J/dJ=?.53, 0.26, respectively. These profiles correspond to axial 
locations X,/d,) =4, 2 in accordance with the source location data of Grosche 
(ref. 5.13) and Laufer et al. (ref. 5.14). 

For the two lower Strouhal numbers (S =‘O.l , 0.315)) the assumed profi 1: 
is 

V(r) -VT 
VcL - ,,T = @rei = exp -(r/CdJ)2 (5-24) 

with C = 1.21 and 0.780, respectively, corresponding to axial source locat 
X;/dJ = 13, 7. 

lcu- The temperature+ variation through the jet shear layer, T(r), is ca 
lated by assuming that the stagnation temperature, Tst, follows the same 
profile as the mean velocity profil,e. Thus, 

T st - TT,st 
T - TT,st 

= Ore1 
cL,st 

from which it follows that 

(1 ‘@rel) 

ions 

(5-25) 

(5-26) 

The ratio of specific heats, y, is taken to be a constant for these calcula- 
tions (=1.4) and TT/T, is set equal to unity. 

Axial Decay of Primary-Jet Centerline Velocity and Temperature. The 
axial velocity decay along the jet centerline is specified by 

‘CL - vT 

VJ - VT 
= k,(S), 

with A,(S) values given in Table 5.1. 

(5-27) 

+The f&id is assumed to be a perfect gas of constant specific heat ratio and 
a(r), Z(r) are determined from T(r). 
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Table 5.1 Values of Av(S), AT(S) 

. 
S A,(S) AT(S) 

0 . ,l 0.5 0.35 
0.315 0.9 0.70 

1.0 1.0 
1.0 1.0 

The axial temperature variation along the jet centerline is specified by 

TcL,st - TT,st 
TJ,st - TT,st 

= AT(S), (5-28) 

with AT(S) values given in Table 5.1. 

Axial Source Location Relative to Free-Jet Exit Plane. The axial source 
location indicated in Figure 5.4 is specified by 

X,/C+ = X,/dT + B(S) dJ/dT = 0.3 + 0.05 B(S) 

with B(S) values given in Table 5.2. 

(5-29) 

Table 5.2 Values of B(S) 

B(S) I 
0.1 0.1 13 13 
0.315 0.315 7 7 
::;5 ::;5 2 4 2 4 

The quantity B(S) represents the axial source location xk/dJ relative to the 
primary-jet nozzle exit; the values in Table 5.2 are based on the far-field 
source imaging measurement referenced above. 

Definition of Free-Jet Velocity Profile. The mean velocity profile in 
the outer jet shear layer is determined as a function of axial position (x) 
by assuming the standard error-function profile - given by equation (5-23) - 
with 

6T =J;;$ = 0.13 x (5-30) 
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and a spreading parameter 1JT~13.5. Free-jet profiles beyond the end of the 
potential core are of no interest for flight simulation. 

The choice of axial location for the free-jet profile is determined 
(except where stated otherwise) by the position, xi, at which the incident 
ray meets the lip line (see Figure 5.4) which is given by 

Xi/dT = xs/dT + 0.5 (1 -dJ/dT) cot$T. (5-31) 

Li 1 Icy Equation Source Functions. Monopole, dipole, and quadrupole 
sources of volume displacement type (v-3) have been assumed for the source 
function, Q, in Lilley’s equation (equation 5-l) to obtain numerical solutions 
and hence values for the calibration factors, 
displacement source functions take the form 

Cl:), C{a’, and Cfi’. These 

monopole (proposed additional 
source+ (ref. 5.15) for hot 
jet mixing noise) 

(5-32a) 

.= 5 (Me d3)) 
dipole (proposed additional 
sourcet (refs. 518, 5.9, 5.15) 
for hot jet mixing noise) 

(5-32b) 

E3 = - (Ma8 S$) quadrupole [proposed isothermal 

Dt3 jet mixing noise source (refs. (5-32~) 
5.8, 5.9, 5.15)1 

where 

(a,81 = (x,r,$) 

and the dipole and quadrupole operators, Ma, MuB are given by 

lar 3-z (5-33) 

t&b see comments at end of Section 5.3.4. 
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M a8 = (r) 

($4 

a2 
ax2 

1 a2r -- 
r axa,r 

‘1 a2r -- 
r arax 

1a2r 
r ar2 

a2 i -- 
axw r 

a2 1 1 a2r a21 la - -- 
axa$ r FTKj- Tip7-7ar 

(5-34) 

The above source functions had been developed at Lockheed from Lilley’s 
original formulation because analysis appeared to show that a form of Lilley’s 
original source function (ref. 5.9, Appendix 3A) did not lead to the required 
mean velocity dependence (VJ~) for isothermal mixing noise at low velocities 
(refs. 5.8, 5.9). More recent work at Lockheed (unpublished) suggests, 
however, that the original right-hand side of Lilley’s equation (ref. 5.7) 
does in fact give rise to the correct VJ dependence. Thus, the following 
source functions have also been utilized in the calibration factor calcula- 
tions and are denoted here by v= 1 although these are not strictly of the 
volume acceZeration type alone (except for the monopole source). 

= ; (Ma Sd,l)) - 2 g Y& (Sd;‘, (5-35b) 

monopol e 

(first term is an acceleration dipole; proposed 
additional source for hot jet mixing noise) 

dV a -- 
-2 dr ax 

(first term is an acceleration quadrupole; 
proposed isothermal jet mixing noise source) 

(5-35c) 

The second and third source functions given above lead respectively to correct 
scaling laws for hot and isothermal jet mixing noise at low velocities. The 
distinction between volume displacement and acceleration sources is unimpor- 
tant except when modeling supersonic jet mixing noise. Furthermore, the 
results described below show that the calibration factor is for all practical 

‘59 



II 

purposes independent  of temporal order? and  thus a  choice does not have to be  
made between the two alternative source models for the purposes of calibrating 
mixing noise data acquired in a  free-jet facility. 

5.3.2 Calibration Factor Results for Complete Profile 

Free-jet calibration factors for the volume displacement quadrupole 
source model, posit ioned as descr ibed above,  in an  isothermal+ jet are shown 
in Figure 5.5 as a  function of primary jet Strouhal number  S. Between S = 0.1 
and  S=3.15, there is virtually no  variation with Strouhal number,  and  the 
Ci3) values obtained by solving the Lilley equat ion numerically are in close 
ag  eement  with the high-frequency or GA calibration factor, CFm, derived in 9  
section 5.2.2 (which is of course independent  of frequency). Figures 5.6 and  
5.7 show equivalent results for volume displacement dipole and  monopole ring 
sources, and  again there is close agreement  with the asymptotic high-frequency 
calibration factor, CF,. 

The effect of primary-jet temperature on  these results is almost negli- 
gible and  general  t rends are exactly the same. To emphasize the close 
agreement  with the GA calibration factor CF,, numerical results for C/3) at a  
temperature ratio, TJ/T~=~, for two angles are given in Table 5.3 together 
with the ratio, A(dB), of the numerical and  GA calibration factors. The 
actual centerl ine static temperature ratios at Strouhal numbers S=O.l, 0 .315 
are TcL/To=l.7 and  2.4. (At the two highest Strouhal numbers T,L/T, is 
equal  to T /To.) Table 5.3 shows that, as  in the isothermal case, the devia- 
tion of C(i) from CF is less than l/2 dB and  the maximum deviation for the 
dipole ana’ quadrupolz sources is even smaller (50.3 dB). 

The numerical calibration factors are even less affected by a  change of 
source type, i.e. from the displacement type (v=3) to the type labelled v=l 
in Section 5.3.1. At the high temperature condit ion descr ibed above,  the 
change is less than 0.01 dB (which is less than the expected error in the 
numerical solutions) except at low Strouhal numbers for the quadrupole source 
where it reaches 0.03 dB. 

This result will almost certainly be  understood (from inspection of the 
governing equations) to indicate that there is no effect of v for monopole 
and  dipole sources and  only a  minor one  for the quadrupole source. Thus, for 
all practical purposes,  
factor notation, i.e. C 

l-t-t superscript v can be  omitted from the calibration 

m,d,q + CFm,d,q* 

'FStrictZy not of tempora2 order but of the aZternative source functions 
Qt3), Q(l) defined above. 

+In these isotherma caZcuZat ions - p(r) and Z.(r) are uniform and equaZ to 
the ambient vaZues par ao. 
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s = fdJ/VJ 

m  
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3.15n 

RT = korT 

1 On 31.57r 

Figure 5.5 Lilley equation calibration factors for a volume displacement 
quadrupole r i ng source. (+rel =0.6, vT/ao=o.2, VJ/ao=0.5) 

High-frequency approximation (&) shown as broken line at each 
angle. 
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s = fd J/vJ 

0.1 

eT= 135O eT= 135O 
I I I I I I 1 1 
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----- -m-m 

eT=30O 0 
0 -w---------- -- 

I I I I 
IT 3.15T 

RT = k,rT 

1 OTr 31.5n 

Figure 5.6 Lilley equation calibration factors for a volume displacement 
dipoZe ring source. ($rel s=0.6, VT/a,=0.2, VJ/ao=0.5.) 

High-frequency approximati& (GA) shown as broken line at 
each angle. 
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s = fdJ/VJ 

I= 
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ACOUSTICS 
CALIBRATIOh 
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REAR ARC 

-------mm- -m ---- 
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I I 

107l 31.5T 

Figure 5.7 Lilley equation calibration factors for a volume displacement 
monopo Ze r i ng sou rce. (Ore1 , s =0.6, vT/ao=o.2, VJ/ao=0.5.) 
High-frequency approximation (GA) shown as broken line at each 
angle. 
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Table 5.3 Monopole, dipole and quadrupole volume displacement 
calibration factors, in dB, calculated from Lilley’s 
equation for T~/Toz3 (@rel 
VJ/ao’0,5) and deviation, A dB), ri 

tO.6, vT/ao'&2, 
from CF OD 

(a) 8~ = 3o” (CF,: -2.77 dB) 

CF(m3) A %-Y A  dq”’ A  

-2:28 0.49 -2.46 0.31 -2.82 -0.05 
-2.61 0.16 -2.69 0.08 -2.77 0.00 
-2.77 0.00 -2.77 0.00 -2.78 -0.01 
-2.69 0.08 -2.70 0.07 -2.70 0.07 

S 

0.1 
0.315 
1.0 
3.15 

(b) 8T = 135' (CF,: 2.65 dB) 

Cp A Cp A  CF’q”’ A  

2.92 0.27 2.53 -0.12 2.58 -0.07 
2.70 0.05 2.64 -0.01 2.65 0.00 
2.75 0.10 2.73 0.08 2.71 0.06 
2.79 0.14 2.76 0.11 2.73 0.08 

5.3.3 Results for Partial Profile (Free-Jet Profile Only) 

A possible cause of deviations from geometric acoustics, in the situation 
of Figure 5.4 is the multiple reflection process which occurs, in principle, 
between the two shear layers. To determine whether in practice this process 
is significant, the calculations of Figures 5.5 through 5.7 have been repeated 

with the primary-jet relative flow field suppressed, leaving only the free-jet 
flow surrounding the source (equivalent to VJ =VT in Figure 5.1). This 
situation is referred to as the “partial” profile, in contrast to the complete 
profile of Section 5.3.2. 

Results for the monopole source are shown in Figure 5.8. Comparison of 
Figures 5.7 and 5.8 reveals that the calibration factors are virtually identi- 
cal with and without the primary jet flow field. The same is found for the 
dipole and quadrupole ring source models. We conclude that re-reflection from 
the primary-jet mean flow field is insignificant, for the typical parameter 
values on which the present study is based. 

It remains to explain the deviations from geometric acoustics exhibited 
in Figure 5.8 and why these decrease so rapidly with increasing Strouhal 
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number, when in some cases - particularly at 135’ - the shear layer at the 
incident ray location is still quite thin on a wavelength scale. Specifically, 

at eT=i350, the value of k,BT ranges from 0.503 (S=O.l) to 1.56 (S=3.15). 

One possible reason is that the source is a ring source of radius rs and 
values of kors in these calculations range from 0.27 (at S=O.l) to 5.0 (at 
s =3.15). Even at S=O.l, therefore, we might expect some mitigation of the 
interference effects associated with reflection from the outer shear layer. 
However , the effect of kors turns out to be insignificant at the two lower 
Strouhal numbers as shown in Table 5.4. At the higher Strouhal numbers the 
reverse is true: interference effects have been increased apparently by 
setting rs =0, causing a 0.24 dB change at S = 1.0 and a smaller change of 
0.1 dB at S=3.15. 

Table 5.4 Effect of finite source radius on monopole 
calibration factor, $4;) 9 at eT’i35’. (Flow 
conditions as in Figure 5.8.) CF,=2.65 dB. 

kors #O kors = 0 Difference 

2.92 2.94 0.02 
2.78 2.82 0.04 
2.68 2.44 -0.24 
2.64 2.54 -0.10 

5.3.4 Results for Plug Flow Profile 

The smallness of ko6T(xi) at DT= 135' raises the question of whether the 
vortex sheet approximation, k,bT +O, would correctly reproduce the calibra- 
tion factor in this case. A comparison of Lilley equation results for the 
finite and zero thickness (plug flow) shear layers was therefore carried out 
for the same situation as Figure 5.8, with the one modification that the 
monopole source was located on the jet axis. The zero shear layer thickness 
Lilley equation solutions are of course in closed form and are referred to as 
the low-frequency approximation in Section 5.2.1 ; for the partial prof i le the 
low-frequency calibration factor is given by equation (5-4). 

Some results of the comparison are shown in Figure 5.9 plotted against 
the frequency parameter k,rT. The results for finite ko6T at S=O.l agree 
quite closely with the plug flow or low-frequency approximation, showing that 
at these low ko6T values the free-jet calibration factor could be estimated 
as if k,gT+O. The same is true at the next Strouhal number, S=O.315; 
results for the two higher Strouhal numbers are not shown in Figure 5.9 but 
are given in Table 5.5. These results must be interpreted bearing in mind 
the oscillatory nature of the calibration factor which is clearly demon- 
strated in Figure 5.9; the oscillations are.an interference effect caused by 
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Table 5.5 Effect of finite shear layer thickness on monopole 
cal i brat ion factor, Cf3), at GT”l35’ (Flow condi- 
tions as in Figure 5. !) 8 CF,: 2.65 dB. 

S 

0.1 
0.315 
1.0 
3.15 

k,6T = 0 

kors 4 0 kors = 0 ko6T, kors = 0 

2.92 2.94 2.96 
2.78 2.82 2.73 
2.68 2.44 2.35 
2.64 2.54 2.76 

reflections from the free-jet shear layer. This frequency dependence was 
first illustrated with calculations performed at Lockheed-Georgia and pub- 
lished in reference 5.16; subsequently Amiet (ref. 5.6) published further 
Li 1 ley equation solutions, confirming this result for centerline source 
models (rs = 0). 

From Figure 5.9 and Table 5.5, it can be seen that the deviation from 
the high-frequency calibration factor, CF,, is almost solely due to back 
reaction effects (caused by reflections) at the two lower Strouhal numbers, 
since the finite and zero thickness shear layer results are almost the same 
irrespective of source radius. Whereas at the two higher Strouhal numbers, 
the interference effect is suppressed partly because kors #O/and partly 
because the reflections are weaker at higher frequencies. 

Thus, to summarize, as the frequency (or Strouhal number) is increased, 
the deviation from CF, is caused first by thin shear layer reflections (i.e. 
thin on the wavelength scale); then the deviation is gradually suppressed 
through non-zero source radius effects and finally the reflections and devia- 
tions diminish as the shear layer thickness becomes large on the wavelength 
scale. 

It remains to consider then how the maximum deviation from CF,, which is 
clearly determined by the low-frequency calibration factor, CEmo, varies with 
the free-jet flow conditions. It should be emphasized that CFmo is a low- 
frequency approximation in the sense that k,bT+O, but k,rT or more precisely 
k,rTKT can take any value. However, if korT is sufficiently Zarge, a simple 
expression is obtained for CF,, (as described in Appendix 2 of ref. 5.5), 
which shows that CFlpo oscillates either side of CFoD, the maximum deviation in 
either direction being a factor pTaTsin26o/poaosin28T. Thus, as 8T+G, or 
as Bo+T (forward-arc simulation 1 imit), large oscillations in the calibration 
factor are expected as a function of frequency. However, it is shown in 
Appendix 2 of ref. 5.5 that if an appropriate frequency-average is carried out 
the calibration factor for all three source models (monopole, dipole and 
quadrupole) is identica2 to the high-frequency value so that for a broadband 
source it becomes reasonable to use the GA calibration factor, CF,, provided 

168 



the measured bandwidth covers a range A(kTRT) of IT/~ or more. It is reminded 
that the calibration factor variation with frequency has been considered in 
detail for the monopoZe source model, mainly because this apparently caused 
the largest deviation from the GA calibration factor. However, it has now 
been established (ref. 5.15) - from a careful analysis of the Lockheed 
(static) mixing noise data (ref. 5.17) - that only the dipole and quadrupole 
source models are required as a basis for a jet mixing noise prediction 
scheme. The calibration factors for those source models exhibit similar or 
even smaller deviations from CFo, than for the monopole source as indicated in 
Figures 5.5 through 5.7. Thus, the monopole deviation factor 
pTaTsin2eo/poaos’in28T may be used to ascertain the maximum deviation expected 
from CF,, but in practice the calibration factor is unlikely to differ signi- 
ficantly from CFm for broadband noise sources. 

5.3.5 Area Ratio Study 

As a final application of the Lilley equation approach, the dependence 
of CF on the free-jet/primary-jet area ratio has been investigated. A single 
combination of angle and Strouhal number (0~=30", S =O.l) was chosen for 
this purpose, and the variation of dT/dJ was carried out holding k,6T constant 
at 1.62 (the value used previously for the standard case dT/dJ =20). The ccm- 
bination (8T=30°, S=O.l) was chosen as being the one which gave the largest 
departures from GA in Figures 5.5 through 5.7. The ring source radius and 
primary jet profile were maintained constant, as described in Section 5.3.1. 

Results for the three different source models (monopole, dipole and 
quadrupole) are plotted in Figure 5.10 versus area ratio (dT/dJ>2. It is 
clear that for realistic area ratios (values much below 400 are unsuitable 
for simulating effects of flight on low frequency jet noise, as discussed in 
reference 5.5), the simple GA or high-frequency calibration factor of Section 
5.2.2 comes very close to the full numerical results, despite the low value 
of s. A plug flow/centerline source model, on the other hand, would show 
exaggerated free-jet acoustic interference effects at high Strouhal numbers 
(because of the unrealistic source radius and vanishing shear layer thickness) 
but at low Strouhal numbers it would yield a good indication of the maximum 
expected deviation of CF/CF, from unity. 

The low frequency asymptotes shown in Figure 5.10 are derived in Appendix 
3 of reference 5.5 and were first given in reference 5.16; recently the same 
type of result has been derived by Dash (ref. 5.18), as applied to radiation 
from the primary jet in an ideal wind tunnel. 

5.4 RESULTS FOR INTERNAL NOISE SOURCES 

The calibration factor results presented in the previous section for jet 
mixing noise exhibit almost insignificant deviations from the GA asymptote 
for Strouhal numbers at and above S=O.l and area ratios above 400. Lower 
values of the Strouhal number and/or area ratio (and hence frequency) were 
not considered in detail since practical considerations such as an adequate 
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primary jet-to-free jet signal-to-noise ratio limit S and (dT/dJ)2 to those 
values, as discussed in reference 5.5. 

Interna noise sources on the other hand can, in principle, be indepen- 
dent of jet exit conditions; hence, frequencies lower than that radiated from 
the primary jet at S -0.1 (dT/X =l with VJ/ao=O.S) may occur in free-jet 
tests at a level we1 1 above the free-jet “background” noise level. Thus, we 
consider here the transmission of low-frequency sound from the nozzle exit 
plane across the primary and free-jet shear layers. 

Ideally, a theoretical model of this process should include the primary 
and free-jet nozzle surfaces or some approximation to them (such as semi- 
infinite unflanged pipes). Internal noise radiation through a cylindrical 
vortex sheet issuing from a semi- infinite pipe has been successfully analyzed 
by Munt (ref. 5.19) but extension of that work to the coannuZar nozzle problem 
has not been completed. The presence of the nozzle or pipe undoubtedly has 
some influence on the radiated sound field, particularly in the forward arc, 
but it is argued here that a reasonable indication of transmission effects 
1 i.e. effects on the calibration factor) can be obtained from a model which 

does not include any solid boundaries. 

In the absence of solid boundaries, the surface source distribution over 
the nozzle exit plane (generated by the internal noise sources) has to be 
replaced by a volume source distribution. A point monopole source located on 
the jet axis is used here on the grounds that, at these low frequencies 
(korJ << 1, since korTlsr) the actual surface source distribution would be 

uniform at low frequencies (below the first cut-on frequency, korJ ~1.84). 

With this model for internal noise radiation from the primary nozzle 
exit plane, and the low-frequency restriction, the analytic calibration 
factor derived in Section 5.2.1 can be utilized. There it is shown that when 
brJ << 1 the vortex sheet or plug flow model yields the expected result that 
the calibration factor is independent of primary-jet flow conditions. In 
other words, as in the mixing noise study, the “partial profile” (free-jet 
profile alone) can be used to evaluate the calibration factor. 

Before describing that, a selection of results are shown in Figures 5.11 
and 5.12 to demonstrate the validity of the vortex sheet model, upon which 
the low-frequency calibration factor is based. Taking the partial profile, 
the Lilley equation calibration factor for a particular free-jet shear layer 
thickness, 8T/rT’l/2 (i.e. the thickness at about 2 diameters downstream 
of the nozzle exit plane) is compared with the low-frequency approximation 
at frequency k,rT =a/4 in Figure 5.11 and korT=3?r/4 in Figure 5.12; hence, 
ko6T=rr/8 and 3d8, respectively. The two calibration factors agree almost 
perfectly, showing again that if k,6 11 the vortex sheet flow model is a good 
approximation for a study of transmission effects [see Figure 5.9(a) where 
ko6T-0.5, 0.8 at S=O.l, 0.315 and 5.9(b) where ko6T=l.6 at S=O.l]. Note, 
however , that even at a free-jet velocity of VT/ao’O.3 in Figure 5.11, the 
low-frequency and numeric calibration factors differ by only 1 dB from the GA 
asymptote. This deviation from.the GA asymptote, first considered in the 
previous section, is now considered in more detail. 
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As long as the absence of solid boundaries in this partial profile - 
vortex sheet model does not prove to be a gross approximation, we argue that 
the resulting low-frequency calibration factor simply provides -three rules 
for the calibration of low-frequency sound k,&Tll (internal noise, large- 
scale structure radiation, etc.). First, we can deduce an estimate for the 
frequency parameter korT, above which the cal (bration factor is an oscillatory 
function of frequency having a dB-mean given by the GA asymptote as illus- 
trated in Figure 5.9. This estimate is defined by setting the normalized 
transverse wavenumber equal to unity 

KTRT = 1 

or 

k,rT = ‘CT 
-1 DT2 = Cao2 - - cos2eo 1 -3 

aT2 

= (q + VT COSeT) / (aosineT) 

urT/aT = (1 + MT COSeT)/SineT (S-36) 

Thus, if wrT/aT > (1 + MTCOSeT)/SineT and k,6T s 1, the cal ibration factor 
will in general deviate from CF,,, but the deviation in dB is small and 
approximately given by (see Appendix 2 of reference 5.5) 

A(dB) = ‘0 log10 
PTaT s i n28, 

p,a, sin28T (5-37) 

the second rule deduced from the low-frequency calibration factor. 

1 f wrT/aT < (1 + MTCOSeT)/S i n@T, then the calibration factor lies 
somewhere between CF, (dB) ?A(dB) and a second low-frequency limit, attained 
when k,rT+O and that is simply given by (Appendix 3 of reference 5.5). 

CF,, = DT~. (S-38) 

k,rT + 0 

Unlike the high-frequency limit, there is no density ratio effect. This 
low-frequency limit is not reached in Figure 5.9; Figure 5.13 demonstrates 
the transition between it and the oscillatory high-frequency behavior. 

In most practical situations the free-jet diameter will be sufficiently 
large on the wavelength scale for this low-frequency limit to be irrelevant, 
and even if the ray paths indicate that k,6 

3 
s 1, the oscillatory deviations 

from CF,,, [given approximately by equation ( -37)] will be almost always less 
than or equal to l/2 dB. 
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5.5 SUMMARY 

The theoretical investigation described in this section has concentrated 
on the amplitude calibration factor, CP, since this plays a key role in the 
free jet-to-ideal wind tunnel data transformation procedure described in 
sections 2 and 6. In that transformat ion, the high-frequency or geometric 
acoustics (GA) calibration factor 

is used, which can be obta ined from analytic solutions to the LiZZey 
equation when the typical free-jet shear layer thickness is large compared 
with the wavelength of sound; the derivation is given in Section 5.2.2. 
The main task of the work described in this section has been to soZve the 
Liiley equation nwnericalZy in order to assess the validity of CP, using 
realistic models of the primary-jet and free-jet mean flow fields and of 
the noise source itself (Section 5.3.1), particularly for jet mixing noise. 

A set of basic numerical results for CP are presented in Section 5.3.2 
which shows that over the frequency range considered the ratio of CP to CP, 
for the monopole ring source falls within an “error” band of ?1/2 dB and 
moreover the magnitude of the dipole and quadrupole calibration factor 
deviations are similar if not even less significant. This strongly suggests 
that any higher-order multipole source models that might be required to model 
internal noise or shock-associated noise will also have these negligible 
deviations of CP from CP,. Theoretical results for the three different 
types of noise source are summarized under separate headings below. 

Jet Mixing Noise 

The measurement of jet mixing noise in a free-jet flight simulation 
facility is subject to a low-frequency cutoff due either to acoustic or to 
aerodynamic interference effects as described in reference 5.5. That is, 
either the free-jet background noise is too high, giving rise to inadequate 
signal-to-noise ratio or, at some distance downstream of the primary-jet exit 
plane in the low Strouhal number source region, the primary-jet and free-jet 
turbulent regions begin to merge, thus further modifying the turbulence 
structure and noise characteristics of the primary jet. The basic results 
given in Section 5.3.2 have been calculated at and above this cutoff Strouhal 
number so that for jet mixing noise lower Strouhal numbers need not be con- 
sidered. These numberical results show that isothermal (quadrupole source) or 
heated (quadrupole and dipole sources) jet mixing noise data from a free-jet 
facility can be calibrated using the simple high-frequency factor CP, with a 
remarkable degree of accuracy, at any frequency above the low-frequency 
cutoff defined above. 

Inter.nal Noise 

Provided that the primary-jet and free-jet nozzle sUrfaCes do not 
significantly influence the calibration factor, then over the frequency 
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range covered by the basic results of Sect Ion 5.3.2 and irrespective of the 
multipole distribution required to model the internal noise excitation at the 
exit plane, the high-frequency calibration factor CF, can be used with 
acceptable accuracy. If narrow band analysis is involved so that the CF 
deviations that oscillate with frequency about CF, are not averaged out, the 
maximum deviatlon or “error” band about CF, can be estimated with the formula 
given by equation (5-37). 

At lower frequencies not covered by the basic results of Section 5.3.2 
(internal noise is not, in principle, 

associated with jet-mixing noise), 
subject to the low-frequency cutoff 

the low-frequency monopole calibration 
factor defined by equation (5-4) can be used which requires the evaluation of 
four Bessel functions. The transition between low and high frequencies in 
this case is defined by equation (5-36). However, these low frequencies are 
unlikely to occur in practice (typically A >“dT) when testing model-scale 
noise sources in a free-jet facility. For this reason the high-frequency 
calibration factor is also recommended for internal noise data calibration, 
bearing in mind its low-frequency cutoff determined by equation (5-36). 

Shock-Associated Noise 

This noise source has not been considered in the theoretical investiga- 
tion but again we can appeal (i) to the basic numerical results referred to 
above for multipole sources and (ii) to the fact that shock-associated noise 
occurs at high jet velocities (i.e. high frequencies) in order to conclude, 
tentatively, that no significant deviations from CF, are to be expected in 
practice. However , if low-frequency shock-associated noise is to be 
considered, the transition to low frequency defined by equation (5-36) can 
be used in this case also,to determine the frequency above which CF can be 
used with confidence, allowing only the maximum deviations estimate8 from 
equation (5-37). 



6, TRANSFORMATION CHARTS AND COMPUTATIONAL PROCEDURE 

The purpose of this section is to describe our recommended calibration 
or transformat ion procedure. The procedure can be used to transform flight 
simulation data measured in a free-jet facility to the corresponding data 
that one would obtain from a wind-tunnel simulation, and finally, in a flight 
situation. Every effort is made to present this procedure in a manner such 
that it can be used by any user with little or no reference to the work 
described in other sections of this report, or for that matter, by any user 
who has little or no knowledge of the underlying acoustic phenomena. In 
other words, the content of the present section is meant to stand on its own. 

The data transformation procedure is presented here in two parts. In 
the first part (Section 6.11, the various concepts on which the transformation 
procedure is based are introduced briefly. This provides a basic breakdown of 
the various components of the procedure. Transformation charts corresponding 
to these components are given in terms of nondimensional or normalized 
parameters for general application. In the second part (Sect ion 6.2)) a com- 
prehensive computer program is presented and described in detail in the form 
of a user’s guide. 

The transformation charts provide the order of magnitude of the various 
effects, i.e. the.various steps or components of the transformation procedure. 
Although these charts can in principle be used to transform free-jet data to 
wind-tunnel conditions and then to flight conditions, in practice, this route 
will be very tedious and time-consuming. Instead, it is recommended that the 
computational procedure be used to conduct the data transformation. 

The following five points must be noted before using the transformation 
charts and/or procedures described in this section: 

(1) The transformation procedure works in terms of ZossZess data 
throughout. That is, the measured free-jet data that form the input to the 
procedure should be lossless (i.e., atmospheric attenuation corrections must 
be applied to the measured levels prior to data transformation), and the 
estimated wind-tunnel data or flight data, which is the output from the 
procedure, will also be lossless in nature. The computer program does not 
include atmospheric attenuation effects or ground reflection effects. 

(2) Al 1 angles are expressed rel.ative to the jet exhaust (or free-jet/ 
wind-tunnel flow direction, if appropriate) and not relative to the jet inlet. 

(3) For simplicity, the transformation charts are given for the special 
case where the free-jet flow temperature and the temperature of the ambient 
medium surrounding the free jet are equal (i.e. TT=To). This implies that 
the corresponding sound speeds and the densities are also equal (i.e. aT=a, 
and PT =Po). For most practical applications, the effect of this minor 
assumption will be insignificant. In the computational procedure, however, 
this assumption has been removed for the sake of completeness. 
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(4) The estimated wind-tunnel data and/or flight data are computed at 
the specified poZar arc radius and not sideZine distance. If it is required 
to express the transformed data at some desired sideline distance from the 
nozzle, certain parts of the computer program need to be modified. 

(5) The t;;r-;f;yation procedure does not include any size scaling 
requirements. , the measured free-jet data and the transformed wind- 
tunnel or flight data refer to the same nozzle size. Once again, if it is 
necessary to transform modei!-scaZe free-jet data to fuZZ-scaZe flight data, 
the appropriate scaling laws need to be incorporated In the computer program. 

6.1 TRANSFORMAT ION CHARTS 

6.1.1 Free-Jet to Wind-Tunnel Data Transformation 

In the free-jet flight simulation experiments, noise data are normally 
acquired at several measurement (or microphone) angles Brn on a measurement 
arc of radius R, centered at the nozzle exit. The corresponding wind-tunnel 
data need to be expressed as a function of the emission angle BT at some 
specified emission radius Rt. Thus, the transformation of free-jet data to 
wind-tunnel data first of all requires a relationship between measurement 
angle 8m and emission angle OT. This is referred to as the “angle correction!’ 
In addition, two other correction or calibration factors are required in the 
transformation: one is called the “amp1 itude correction” (CF) and the other 
is cal led the “distance correct ion” (CR). Using these correction factors, 
the wind-tunnel SPL’s corresponding to the free-jet SPL can be expressed as 

SPL~(R,~T) = SPLFJ(Rm,Bm) + 10 log10 CF + 10 lOglO ‘R * (6-l 1 

Before presenting the relationships and the transformation charts for 
each of these three calibration factors, it is important to discuss certain 
angular limits beyond which data in a free-jet flight simulation experiment 
cannot be acquired. 

Anqular Limits in Free-Jet Experiments 

(1) In free-jet flight simulation experiments, the microphones are 
placed outside the flow. For a source located on the centerline of the 
free jet, is determined by the ratio 
(rT&) of 

the minimum measurement angle, (Om)min, 
the free-jet nozzle radius to the microphone arc radius. From 

Figure 6.1, this minimum angle, based on nondiverging free-jet flow, is given 
by 

(em) = sin -’ min (t-T/R,) . (6-z) 

fin other sections of this rep&t, the emission radius (or distance) is 
denoted by RrT. Throughout the present section, it is denoted by R for 
si?npZi&ty. 
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For measurement angles smaller than (8m)mins the microphone becomes embedded 
in the flow. The variation of (8m)min With rT/Rm is given in Chart 1. In 
reality, the free-jet flow spreads with downstream distance, and the actual 
value Of (8m)min would be, larger than that given by equation (6-2) for the 
non-diverging case. 

(2) Another constraint on the microphone position (Rm,8m) in the rear 
arc is governed by the so-called “cone of silence” effect. In the far field 
(Rm/rT + -1, this cone of.silence angle is given by 

= (8m),in.’ COS’l 
( a,?+-) ’ 

(6-3) 

According to the simplified model shown in Figure 6.2, sound waves emitted 
inside the flow in the downstream direction (i.e., emission angle eT=O”) 
always emerge outside the flow at angle 8, given by the above equation. The 
variation of (8m)min (for Rm/rT +a and aT=a,) with free-jet Mach number MT 
according to this cone of silence effect is shown in Chart 2. 

(3) For sound radiated in the forward arc, the maximum emission angle 
inside the flow is given by 

(@T),,, = CCd a,a;,T  - ( 1 (6-4) 

For emission angles greater than this limit, total internal reflection at the 
free-jet lip line occurs, and sound cannot escape outside the flow. The 
Variation of (eT)max with free-jet Mach number MT is given in Chart 3 for 
aT=ao. 

Turbulent Mixing Noise Source Location 

One of the miscellaneous charts that needs to be considered in the data 
transformation is the variation of the jet mixing noise source location with 
frequency. If the microphones in a free-jet flight simulation experiment 
are located at large measurement distances (i.e. large values of R,/d where 
d is the primary-jet nozzle diameter) from the model-jet nozzle, these 
source location corrections are not important. On the other hand, for small 
values of measurement distances (typical values of Rm/d used in practice vary 
from 50 to loo), the actual jet mixing noise source locations can be 
important, especially at the lower frequencies where it is knowh that the 
dominant sound sources are located quite far downstream of the nozzle exit 
plane. 

For static jets, the variation of source location with frequency [derived 
from published experimental results (ref. 6.l)I Is given by the following set 
of relationships: 
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Chart 1 Variation of minimum measurement angle with rT/Rm 
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where Sm = SDm (6-6) 

x;/d = (0.057 Sm + 0.021 Sm2)'* (G-5) 

S = fd/“J (6-7) 

Dm = { (1 - McCOSeT)2 + a2Mc2 I* (6-8) 

MC = 0.67 “J/a0 and a = 0.3. (6-g) 

The variation of xi/d with modified Strouhal number Sm is presented in 
Chart 4. These source location relationships are strictly valid only.for a 
static jet. For a jet immersed in a co-flowing stream, although it is known 
that the jet potential core stretches with forward velocity, no experimental 
results are available which accurately quantify the changes in source loca- 
tions with forward motion. In view of this missing experimental information, 
it is recommended that the source locations given in Chart 4 be applied to 
static as well as all practical forward velocity conditions. Although the 
changes in source locations due to jet stretching can be estimated and incor- 
porated in the above relationships, it is felt that this modification is of 
secondary importance for all practical cases (i.e., Rm/d of the order of 
50 to 100). 

Angle Correction 

The various angles involved in the transformation of free-jet data to 
corresponding wind-tunnel conditions are defined in Figure 6.3. The acoustic 
signal emitted by the source at emission angle (or wavenormal angle) 8T inside 
the flow is convected downstream by the free-jet flow as shown by the velocity 
triangle. The resulting ray (which makes a ray angle Jpr relative to the flow 
direction) intersects the lip line at point I, where it is refracted away from 
the flow direction. The emerging angle or the wavenormal angle outside the 
flow (which is identical to the ray angle in ambient medium) is denoted by Oo. 
Final ly, the measurement angle em is simply the angle between the source-to- 
observer line and the flow direction. 

The ray angle $JT is related to the emission angle eT by 

tan$T = 
aT SineT 

V T  + aTCoseT l 

(6-10) 

(convection by unifomn fZow) 
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Figure 6.3 Geometry showing various angles according to 
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The variation Of $T with 8T at VariOUS free-jet Mach numbers MT(=vT/aT) is 
presented in Chart 5. 

The emerging angle Do is related to the emission angle 8T by 

case, = 
(ao/aT) coseT 

1 + (VT/a,) COSeT * 
(6-11) 

(Sne 2 2 ‘s Zaw) 

The variation of B. with 8T at various free-jet Mach numbers is given in 
Chart 6. 

Finally, the third relationship required in the angle transformation is 
given by the lip line refraction geometry (see Figure 6.3) as 

case, = (rT/Rm) C0tG-r + (sine, - rT/R,) tote,. (6-12) 

(Zip-line refraction) 

For a given free-jet Mach number MT, free-jet nozzle radius rT, and measure- 
ment radius Rm, equations (6-10) through (6-12) can be solved to yield em in 
terms of 8T, or, conversely, to yield 8T in terms of em. Of course, it is 
this transformation between em and 8T that is of direct interest in the free- 
jet to wind-tunnel data transformation. The variation of 8, with 8T at 
various values of rT/R, for five values of free-jet Mach number (from 0.1 to 
0.5) is given in Charts 7 through 11 (assuming aT=ao). It should be noted 
that in each of these five charts, the curves are terminated at (8T)‘max 
discussed above and given by equation (6-4) or Chart 3. 

Amplitude Correction 

The amplitude correction (or calibration) factor CF based on geometric 
acoustics is given by 

CF = PT DT%, (6-13) 

where DT = (1 + vTcoseT/aT)-l (6-14) 

is the Doppler factor. The variation of amplitude correction in decibels with 
emission angle 8T is given in Chart 12 for various free-jet Mach numbers 
MT (‘VT/aT). Here again, the chart is presented for the case where pT=po, 
and the curves are terminated at (8T)max values given in Chart 3. 
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Distance Correction 

The distance correction factor CR is given by 

CR = RroRra/R2 (6-15) 

where Rro = R,sintI,/sinB, , (6-16) 

Rra = Rro + (rT/sinOo) ( (COteT/COtoO)3 (aO/aT)2 - 11, (6-17) 

and where the angles OT, Bm and O. are related by equations (6-10) through 
(6-l 2). The distance calibration factor is therefore a function of five 
parameters: 8T, MT, rT, Rm and R. 

The distance calibration factor in decibels is plotted against the 
emission angle eT in Charts 13 through 17 for five values of free-jet Mach 
number. The variables rT and R, are included in the charts in the form of 
ratio rT/R,. As done previously for other charts, aT is assumed to be equal 
to a, in the present charts also. It should be noted that these five charts 
are computed for the case where the fifth parameter, i.e. the emission (or 
prediction) distance R, is equal to rT (i.e. R/rT=1). Therefore, for any 
other desired value of the distance R (i.e. R#rT) where the wind-tunnel data 
are to be predicted, the final distance calibration factor should actually be 
obtained by using the following relationship: 

Final distance Distance calibration 
calibration factor = factor from charts - 20 lOglo (R/l’-+ (6-l 8) 
for R/rT # 1 for R/t-T = 1 

6.1.2 Wind-Tunnel to Flight Data Transformation 

Doppler Frequency Shift 

In the wind-tunnel simulation, there is no relative motion between the 
nozzle and the observer, whereas in the flight case, the nozzle is moving 
relative to a fixed observer. The transformation of wind-tunnel data to the 
corresponding flight case therefore requires a Doppler frequency shift. This 
is the only correction that is required to transform SPL spectra measured in 
proportional bandwidths (as is the case in one-third octave band SPL spectra). 
The Doppler frequency shift is given by 

fflight = 

fwind-tunnel 
DT = (1 + MTCOSeT)-l  . (6-l 9) 

The variatian of flight-to-wind-tunnel frequency ratio with emission angle ST 
at various tunnel Mach numbers is given in Chart 18. 
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Miscellaneous Charts for the Flight Case 

(1) In an actual aircraft flyover test, the sound emitted by the engine 
when the aircraft is located at emission-time location (RS,BT) relative to 
the fixed observer will be received by the observer when the aircraft has 
moved to location (R$,$T), as shown in Figure 6.4. The emission angle BT 
( i.e. source-to-observer angle at emission time) and the reception angle $T 
( i.e. source-to-observer angle at reception time) are related by 

sin+ 
tan’T = MA + COSOT ’ (6-20) 

and the variation of $T with 8T at various flight Mach numbers (MA) is shown 
in Chart 19. 

(2) With reference to the same flight geometry (Figure 6.4), the 
source-to-observer distances R+ and Rg , at reception time and emission time, 
respectivelyi are related by 

R+/RC = (1 + MA2 + 2MA, cos0T)’ * (6-21) 

The variation of this distance ratio with emission angle 8T for various values 
of MA is given in Chart 20. 

(3) The comparison between actual flight data and flight simulation data 
transformed to the flight case is normally conducted at constant emission 
angles (ST) and some constant observer distance R. In the case of the aircraft 
flyover noise test, the measured pressure-time history shown in Figure 6.5(a) 
can first of all be transformed to a directivity plot as shown in Figure 
6.5(b), i.e. SPL against $JT. Using the angle transformation discussed under 
item (1) above, the next step is to display the directivity in the form of SPL 
vs. emission angle 8T, as illustrated in Figure 6.5(c). This completes the 
angle transformation. However, the actual noise levels in Figure 6.5(c) refer 
to different values of the emission-time distance Re. A distance correction 
is therefore required to obtain the results at constant observer distance R 
(for varying 8T). 

The parameter that is normally recorded in any flight test program is 
the normal distance H between the observer and the aircraft flight path. The 
relationship between RS and H is given from Figure 6.6 as 

Re = H/SineT . (6-22) 

Hence to display the results at constant R, the following correction is 
required: 

sPL(R,eT) = SPL(R@T) - 20 log10 (R/Re) (6-23) 

(6-24) where 
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This distance correction in decibels is shown in Chart 21, where its varia- 
tion with emission angle ST is calculated for various values of ratio R/H. 

6.2 COMPUTATIOidAL PROCEDURE 

The purpose of this subsection is to describe the computer program 
developed to transform or convert noise data obtained in a free-jet flight 
simulation experiment to the corresponding wind-tunnel situation, and finally 
to the corresponding flight condition. 

6.2.1 General Structure 

The overall structure of the computational procedure is shown in the 
form of a flow chart in Figure 6.7. In essence, there are three parts to the 
transformation procedure as follows. 

(1) In the first part, the program takes the measured free-jet data as 
input, and computes the corresponding wind-tunnel data. The free-jet data are 
specified at measurement locations (Rm, m  8 ) relative to the nozzle exit, and 
the wind-tunnel data are computed at desired emission angles 8T and desired 
emission (or prediction) radius R relative to the source position. The 
transformation of SPLPJ(R,, em) to SPLWT(R,eT) requires angle, amplitude, 
distance, and source locat ion correct ions. In addition, an interpolation 
of free-jet data is required to predict wind-tunnel data at specified values 
of 6T. 

(2) In the second part, a Doppler frequency shift is applied to the 
wind-tunnel spectra to obtain the flight spectra SPLP(R,BT). In order to 
express the flight SPL’s in conventional one-third octave bands (i.e. for 
conventional l/3-octave band center frequencies), this part of the transfor- 
mation also requires an interpolation. 

(3) In the final part, the Doppler shifted wind-tunnel spectra are 
transformed to the flight condition. It is desirable to express the flight 
data at specified values of emission angles 8Tn and prediction distance R,, 
where the subscript “n” signifies that these parameters are referenced to 
the nozzle exit. Thus, the transformation of SPLP(R,eT) obtained in step (2) 
above to SPLF(Rn,eTn) requires certain angle and distance correction (as 
discussed in Appendix 6A), and this is followed by an interpolation to 
obtain flight data at specified values of 8Tn. 

6.2.2 Transformation Options 

The computer program has been designed to provide three main options and 
two source location options. These options are defined below, and the user 
can select and specify any of these options. 
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END 

Figure 6.7 General structure of computational procedure. 
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Main Opt ions (OPNO) : 

OPNO = 1: 

SPLFJ (Rm,em) + SPL~(R,BT) 

Print SPLm(R&) 

OPNO =2: 

SPLFJ (Rm,em) -t SPLWT(R,BT) -f SPLF(Rn,eTn) 

Print Si’LF(Rn,eTn) 

OPNO =3: 

SPLFJ (Rm9em) + SPLw+3,e~) -f SPLF(Rn,fJTn) 

Print SPLm(R,D-f) and SPLF(Rn,BTn) 

Source Locat ion Opt ions (SLOP) : 

SLOP = 0: Transformation without source location corrections. 

SLOP = 1: Transformation with source location corrections. 

In practice it is recommended that the transformation of jet mixing data 
be conducted with SLOP =l. For cases where the sound is emitted (effectively) 
in the vicinity of the nozzle exit, the data can be transformed with SLOP = 0. 

6.2.3 Computer Program Details 

The steps used in the computer program are outlined in a logical order 
below. The equations used in various steps are identified by numbers placed 
alongside the steps. The corresponding equations are listed in the second 
half of this subsection. This information is provided for the sake of 
completeness, and unless one wants to modify the program, one can proceed 
straight to Section 6.2.4. 
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Program Steps 

TITLE, OPNO, SLOP Read 

Read 

Read 

Read 

Read 

Read 

Read 

Read 

Read 

Calculate 

Start 

Read 

Calculate 

Calculate 

Calculate 

Write 

Read 

Prepare 

number of third-octave frequency bands (NFREQ), 
number of measurement angles 8, (NTHEM), and 
number of emission angles eT (NTHET) 

d, ‘rT 

Rm 

measurement angles em (THEM) 

third-octave center frequencies f (F) 

R 

R, (only if OPNO=2 or 3) 

emission angles eT (THE-~) 

ii, ii,, ii, 

main program loop 

VJ/ao, VT/a,, VT/a-f 

(eT)max 

title page including input parameters and 
initial computed parameters 

free-jet measured data SPLFJ(Rm; Cm, f) 

a new page for printing SPLW-~(R; 8T, f) 

(6-25) 

(6-26) 
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- DO 

Calculate 

- DO 

Calculate 

Calculate 

Calculate 

Calculate 

Calculate 

Calculate 

Calculate 

Calculate 

Calculate 

Calculate 

-Calculate 

-Write 

Calculate 

Write 

DO 

Calculate 

Calculate 

DO 

Calculate 

Calculate 

(6-27) 

(6-28) 

(6-u) 

(6-30) 

(6-31) 

(6-32) 

(6-33) 

(6-34) 

(6-35) 

(6-36) 

(6-37) 

(‘6-38) 

(6-39) 

(6-40) 

(6-41) 

for all f 

S 

for all eT 

COWS 

. 
cOseo, slneo, tote, 

CF in dB 

D m* Sm, x:/d 

7 
XS 

2,s a 

Rrop iira 

eml 

CR in dB 

SPLFJ tern1 1 by interpolation 

SPLW++ L 

f, sPLWT(eT,f) for al 1 eT 

OASPLWT for al 1 8T 

OASPLm for all eT 

for all eT 

DT 

loglo for all f 

for all f 

loglo (f) 

SPLF(fc) (where f, :f) by interpolation 
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P repa re 

- DO 

Calculate 

r DO 

Calculate 

1 
Calculate 

Calculate 

Calculate 

Calculate 

Calculate 

Arrange 

C 

DO 

Calculate 

I 
-Write 

Calculate 

Write 

eTn values in monotonically increasing order 

for al 1 eT 

SPLP (8Tn) (where 8-f,-, :8T) by interpolation 

f, SPLP(&f,, f) for al 1 eTn (q) 

OASPLP for all Eq-,-,(-BT) 

OASPLP for all 8Tn(3q) 

GO TO the beginning of main program loop 

a new page for printing SPLF(Rn;eTn, f) 

for all f 

S 

for all eT 

D Sm, rnr xi/d, z 

x:/i, 

BTn corresponding to eT 

so2 

‘Rn in dB 

(6-42) 

(6-43) 

(6-44)+ 

(6-45)+ 

(6-46)+ 

(6-47)+ 

(6-48) 

t See Appendix 6A. 
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Eauations Used 

li = R/rT, &,, f Rm/rT, in = R,/rT 

(eT)max = cos’l I-aT/(a, + VT) 1 

s - fd/VJ 

COWT = {cos+ + (VT/aT)}/Sinei 

cOseo = 
(a,/aT) cOseT 

1 + (VT/~) cOseT 

I 

sine, = (1 - c0s2eo) 3 

cOteo = cos8,/sine, i 

CF(dB) = lo loglo W O  

{ 1 + (VT/aT)coseT14 

Dm = I(1 - MccosBT) 2 + a2Mc2$ 

where MC = 0.67 VJ/a,, a = 0.3 

sm = S D, 

x.&/d = (0.057 s, + 0.021 

T = (xA/d) (d/r-T) xS 

<= 3 + cotqy 

i = xy - tote, 

sm2) -f 

(6-25) 

(6-26) 

(6-27) 

(6-28) 

(6-n) 

(6-30) 

(6-31) 

(6-32) 

(6-33) 
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r- 
-‘-- - m 

ii,, = (im2- ii2 sin28,)’ - ii case, 

sine, 

1 (a,/aT) 2 (1 - MJ-coseo) 2 - cos2eo) 

e 
-1 (&$ +ii2 - iiro2) 

ml = cos 
[ 2iA, 1 

C&B) = 10 log10 (Era R,,/P) 

sp+J @,,,I > = spLFJ(e,i) +  h [ SPLFJ (emi+l) - SPLFJ(e,i)] 

where emi I emI s 8mi+l 

and 

SPL@~) = sPLFJ(eml) + $(dB) + cR(dB) 

D-r = (1 + MTCOSep 

loglo (ff) = loglo (f D$ 

SPLF (f,) = SPLm(ffi) + h SPLWT(ffi+l) - SPLm(ffi) 
I 1 

where ffi I .fc 5 ffi+l 

and h = 

log fc - log ffi 

log ffi+l - log ffi 
> 

(6-35) 

(6-36) 

(6-37) 

(6-38) 

(6-39) 

(6-40) 

(6-41) 

S = fd/VJ (6-42) 

I -- 
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: - 

Dm = ((1 2 23 - M,cos~T)~ + a MC 1 

where M, = 0.67 VJ/ao, a = 0.3 
m 

sm = S D, 

x4/d = (0.057 Sm+O.O21 Sm2)-* 

(a) For - - xi/R, ~1, 

eTn = 8T - sin -1 (q sin8T/Rn) for all 8T 

(b) For T/in = 1) 8T 590’ is not allowed, and 

eTn = eT - (180O - eT) for 8T > go0 

-- 
(c) For x:/R, ’ 1, 8T S (180~ - sin” (&,/c)> is not allowed, and 

I 
eTn2 = eT - sin -1 (x) s sineT&) 

1 eTnl = 2oT - 180~ - eTn2 

for eT > (180” - sin-l (c/z)). That is, there are two 

va IUes Of eT,, corresponding to one value of eT. 

so’ = iin + q2 + 2i, 2 CoseTn 

CR,, (dB) = 10 log10 (ii%@) 

SPLF(RnseTn) = spLF (R,eT) + CR, (dB) 

(6-43) 

, (6-44)+ 

W-W+ 

(6-46)+ 

(6-47)+ 

‘See Appendix 6A. 
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SPLF(eTn) a spLF(eTni) + h SPLF(eTnj+l) - SPLF(%l) ] 

where eTni 6 OTn 5 ,?Tni+l 

and h= 
‘Tn - ‘T,n i 

‘Tni+l “Tni 

(6-48) 

Program Listing 

A complete listing of the computer program is given in Figure 6.8. 
Several comment statements have been included to facilitate easy identification 
of various parts of the transformation procedure. 

6.2.4 input Requirements 

The input parameters and their format, required to run the data trans- 
formation program, are described below. 

TITLE 

I 12~6 
I 

TITLE - Any title desired by the user to appear on output; 
two lines maximum. 

OPNO SLOP 

pi--pq 

OPNO - Main option number. 
SLOP - Source location option number. 

NFREQ NTHEM NTHET 

12 12 12 

NFREQ - Number of one-third octave bands for which measured free- 
jet data are available; the same nwnber of frequencies is 
used to compute the wind-tunnel data or the flight data 
(NFREQ I 36) . 

NTHEM - Number of measurement angles (8,) at which free-jet data 
are available (NTHEM < 18). 

NTHET - Number of emission angles (eT) at which the wind-tunnel 
or flight data are to be computed (NTHET < 18). 



DJ - Model-jet nozzle diameter (d) in centimeters. 
RT - Free-jet nozzle radius (rT) in meters. 

$[ . 
RM - Microphone or measurement arc radius (Rm) in meters 

at which free-jet data are available. 

THEM(l), I =l, NTHEM 

I F10.2 

THEM - Microphone or measurement angles (em) in degrees at which 
free-jet data are available (8, =O” or 180’ not al lowed). 

F(J), J=l, NFREQ 

F10.2 F10.2 F10.2 

F - Third-octave center frequencies (f) in Hz for which measured 
free-jet data are available; the wind-tunnel or the flight 
data are computed at the same set of center frequencies. 

$1 . 1 
R - Emission or prediction distance (R) in meters, reZative to 

source position, at which the wind-tunnel! data are to be 
computed. 

RN - Emission or prediction distance (Rn) in meters, reZative 
to nozzZe exit, at which the flight data are to be 
computed. This parameter is not required if OPNO=l is 
selected. 
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I 

THET(K), K=l, NTHET 

F10.2 F10.2 F10.2 
~I I I 

F10.2 

THET - Emission angles (BT) in degrees at-which the wind-tunnel 
or the f I ight data are to be computed. It should be 
noted that only one set of emission angles is input to 
the program. That is, the wind-tunnel data will be com- 
puted at the specified values of BT relative to source 
position, and the flight data will be computed 
automatically at the same vaZue8 of +, relative to 
nozzZe exit. (eT=o’ not al lowed.) 

This completes the basic input requirements. The following input should be 
provided for every test point: 

VJ VT TO TT 

F10.2 F10.2 F10.2 F10.2 

VJ - Model-jet exit velocity (VJ) in meters per second. 
(VJ =O not allowed.) 

VT - Free-jet or tunnel velocity (VT) in meters per second. 

TO - Temperature (To) in OC of ambient medium surrounding the 
the free jet. 

TT - Free-jet or tunnel flow temperature (TT) in OC. 

{SPLFJ(I,J), J-l, NFREQ), I =I, NTHEM 

SPLFJ - Third-octave SPL data in dB acquired in the free-jet simulation 
experiment; three lines maximum for each 8,. 

At the end of the input for the Zast test point, put a card with a negative 
number (e.g. -5.0) in columns 1 through 10. This will end the program 
execution. 

6.2.5 Sample Case 

The input data for a sample case with OPNO=3 and SLOP ==l are shown in 
Figure 6.9, and the corresponding output is presented tn Figure 6.10 (three 
pages). The input data, when examined in conjunction with the description 
presented in Section 6.2.4, is self-explanatory. 

22.1 



The first page of the output shows the title selected by the user, and 
an indication pf whether the source location corrections have been applied or 
not is also given. Following this, the output consists of a list of various 
input parameters and several computed parameters. At the bottom of this 
first page, several failure codes and the corresponding explanations are 
1 i sted. These failure codes form a very important part of the computational 
procedure, and they have been provided specifically to prevent premature 
termination of the program execution. In the absence of these failure codes, 
the program execution would terminate whenever the frequency range or the 
angular range of the data to be interpolated (in one or more of the three 
interpolation steps) does not cover the frequency or angle at which the 
interpolation is to be conducted. With this failure codes provision, 
however, the program indicates the nature of the problem (whenever it occurs), 
and proceeds to the next frequency or angle until a valid computation of 
wind-tunnel SPL or flight SPL is obtained. In this manner, the program scans 
through all frequencies and all angles and provides a matrix of transformed 
data, with correct answers where possible and failure codes where a problem 
is encountered. 

The second page of the output gives the third-octave SPL spectra and 
OASPL’s for data transformed to ideal-wind-tunnel conditions. The printout 
on this page is suppressed if OPNO=2 is selected. 

Finally, if dPNO=2 or 3 is specified in the input data, the program 
gives a listing (on a separate page) of the third-octave SPL spectra and 
OASPL’s corresponding to the flight condition. 
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1 c 

x: 
4c 
5c 

z 

E 
10 c 
11 c 
12 c 
13 c 
14 c 
15 c 
16 C 
17 c 
18 C 
19 c 
20 c 
21 c 
22 c 
23 C 
24 C 
25 C 
26 C 
27 C 
28 C 
29 
30 
31 c 
32 

z c 

* 
THIS m PROORAM TRMO(mS HbISE DATA MEW IN A 
FREE-&t FLI8ttT SIMULATION FACILITY TO THE IDLK WI-TUWL : 
SITUATIOW AM FINALLY, TO THE FLIOHT SITUATIDh. * 

SPLFJ = 

SPLWT = 
SPLF 8 

PROGRAU 

* 
MEA-ED SPL DATA FR@l FREE-JET FLIGHT * 
SIbUJLATIgN EXPERIMENT (INPUT) 
COMPUTED SPL DATA FOR IDEAL WI-TUNNEL CASE (OUTPUT): 
COMPUTED SPL DATA FOR FLIQHT CASE (OUTPUT) * 

* 
OPT IONS-- * 

. * 
WNO = OPTION N@4BER 

OPM r 1 TRAMSFQRM SP&FJ TO SPLWT, 
Ah@. Pf?JNl SPLWT 

OPND = 2 TRANSfofjM SPLFJ TO SPLWT TO SPLF, 
AND PRINT SPLF 

OPNO = 3 TRANSFORM SPLFJ TO SPLWT TO SPLFe 
AND PRINT SPLWT AND SPLF 

SLOP = SOURCE LOCATION OPTION 
SLOP = 0 TRANSFORMATION WITHOUT SOURCE 

LOCATION CORRiiCTIGNS 
SLOP = 1 TRANSFORMATION WITH SOURCE 

LOCATION CORRECTIONS 

* 
* 
* 
* 
* 
* 
.* 
* 
* 
* 
* 
* 
* 

**********************************t********************************* 

REAL MTIMC,LBAR,LOGFF(~~)~LF 
INTEGER OPNOeSLOP 

35 C ***** READ INPUT PARAMETERS a**** 
36 C 
37 READ(5,lOO) TITLE 
38 READ(5elOP) OPNOeSLOP 

zz 
READ15,102) NFREQ,NTHEM,NTHET 
READ(5,lOY) DJ,RT 

41 READ(5rlOY) RM 
42 READt5,101)) (THEM(I)vI=l~NTHEM) 
43 READ(UrlO4) (F(J),J=l,NFREG) 
44 READ( S, 104) R 
45 IF(OQNOd&iJ READ(5elOS) RN 
46 READ(hlO4) (TMT(K)eK=leNTHET) 
47 c 
48 C a**+* IwuT FDRMAT STATEMENTS ***** 
49 c 
50 100 FORMAft lOA 
51 iO2 FOlWlllrT (312) 
52 104 FORMATtGFlO.2) 
53 106 FORMAT(l2F6.11 
54 c 

Figure 6.8 Computer program listing. 
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- ..,,.-. - -_--- -- 

55 D=DJ/$OOr 
56 FBAR=R/R? 
57 RWAR=RWRT, 

:: c 
IF~OPNOa~ol~ RNBAR*N/RT 

60 C ***** StARt,.M~iN~ PRO#fWl.~OO+ - RiEAD MODEL-JET *a*** 
61 C +**** AND FREE-&T OPERATIib CONtUTIONti ***** 
62 C 
63 1000 READlS,lDS) VJ,VT,TOBTT 
64 C 
65 IF(VJ.LE.O.0) GO TO 900 
66 c 

z 
AO=20.04*SQRT~TO+273.~ 
AT=20.04*S4RT(fT+273.1 

E 
AOAT=AO/AT 
RHDR=(TD+273.)/(TT+275.) 

71 VJAG=VJ/AO 

;: 
MT=VT/AO 
VTAT=VT/AT 

;: c 
fHETMX=57.295779Sl*ACOS(-AT/(AO+VT)) 

76 C ***** WRITE TITLE PAGE INCLUDING INPUT PARAMETERS ***** 
77 c ***** AND INITIAL COMPUTED PARAMETEPS ***** 
78 c 
79 WRITE(6,200) TITLE 
80 IFtSLoP.EQ.0) WRITE(6,202) 
81 IF~SLOP.EQ.1~ WRITE(6,204) 
82 WRITE(6v205) DJ,RT 
83 WRITE(6,206) RM,R 
84 IF(OPNO.N~;l) WRITE(6,208) RN 
85 WRITE(6,209) VJ,VT 
86 WRIfE(6~210) TO,TT 
87 WRITE(6,212) (THEM(I),I=l,NTHEM) 
80 WRITE(bt213) AG,AT,RHOR 
89 WRITE(6e214) VJAO,MT 
90 WRITE(6,216) 
91 WRITE16~2171 
92 C 
93 c ***** READ FHEE-JET SPL DATA ***** 
94 c 
95 DO 10 I=lrNTHEM 
96 READ(5r106) (SPLFJ(IeJ)rJ=l,NFREQ) 
97 10 CONTINUE 
98 C 
99 IF(OPN0.EQ.2) GO TO 12 

E c WRITE(6e200) TITLE 
102 WRITE(6,218) (THET(K),K=l,NTHET) 
103 WRITE(6,220) 
104 c 
105 c ***** INITIALIZE WOnKING MATRIX FOR COMPUTATION ***** 
106 C a**** OF W ItID-TUNNEL OASPL ***** 
107 c 
108 DO 50 K=lvNTHET 

Figure 6.8 Continued. 
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109 50 SUM(KI=OeO 
110 c 
111 C ***** TRANSFORMATION TO IDEAL WIND-TUNNEL CASE ***** 
112 c 

1;:: 
11s 
116 
117 
116 

i:: 
121 

:E 
124 
12s 
126 
127 
128 
129 
130 
131 
132 
133 

2 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
140 
149 
150 
is1 
lb2 
1S3 
lb4 
155 
156 
157 

:E 
160 
161 
162 

12 

31 

DO 60 Jrl ,WREQ 
srF( J)*D/vJ 
DO 80 KIlrNTHET 
IF(THETfK).LE.THETMX) GO TO 31 
SPLWTtK#J)=Oa!I 
GO TO 80 
CTHET=COS(THET(K)/51~295779Sl) 
STHTT~IN~iHIET~K~/b7.2~~951~ 
COlPST=(CTHET+VTAT)/STMT 
COSTHO+(AOAf*CTHETl/~l .O+VTAT*CT~T~ 
SINT~O+SQRT(l .O-COSTHO*COSTHO) 
COTTHO=CDS~O/SINTtIO 
CF=-40.0*ALOG10(lrO+VTAT*CTHET~+lO.O*ALOGlO~RHDR~ 
ALP=0 .3 
MC=O,67*‘4~~0 
OntSQRTt ( l .O-MC*CT~)**2+ALP*ALP*MC*MC) 
sM=s*DM 
XSFD=O.O 
IF~SLOP.EQ.1~ XSPD=lrO/SQRT(O.057*SM+O.O2l*SM*SM) 
XSPBAR=XSPOItD/RT) 
XLBAR=XSPBAR+COTPST 
LBAR=XLB -COTfHO 

3 RROBAR=S T~RMBAR*RMBAR~~BAR*LB~R*SINTHO*SINTH~)~LBAR*COSTHO 
RRABAR=RIIOBAR+~1.O/SINTHO)*~ (( (SINTHO/SQRT( ((1.0~MT*COSTHO)**2) 

2 *AOAt*AOAt-COSTHQ*COSfHO))**J)*AOAt*AOAT*AQAT~-1.0) 
THEMI=S7,29B779Sl8ACOS( (RMBAR*RMBAR+LBAR*LBAR-RROBAR*RROBAR)/  

2 tL.O*LBAR*RMBAR)) 
CR=lO.*ALOGlO(RR3BAR~RRABAR/~RBAR*RBAR) 1 
IF(THEMI.GE.THEM(l).A~.THEMI.LE.THEM~NTHEM~’~ GO TO 32 
~;;';$J'=O.l 

32 NTM=NTHEM-1 
bo 34 I=lINTM 
IF~~I;LE.THEM(I+i)) GO TO 36 
00 f0 34 

36 S#WT~K~J~rSPLFJ~I~Jl+~~THEMI~THEM~I~~/~THEM~I+l~~THEM~I~~~* 
2 (SPLFJ(I+l~J~-SPLFJtItJ11 

80 TO 38 
34 CONTINUE 
38 CONTINUE 

SPLWT(K,JI=SPLUT,tK,J)+CF+CR 
IF~SPLWT~K~J).LTrl~O) SPLWT(KrJ)tlrO 
IF(OWOoNEa2) SUM(K)~~(K)+lO.**(SPLWt(K~J)~lO.) 

BO CONTINUE 
IF(OPMO~NE.2) WRITE(6e222J F(J),(SPLWT(K,J),K=l~NT~T) 

60 CONTINUE 
IFtOPN0.EQ.2) GO TO 92 
Do 90 K=l,NTHET 

- IP(UJn(K).@TeOmO) SUN~K)=l0.8AL0610~~(K)) 
URITEt6e224) (SUN(K)rK=lrNtMT) 

Figure 6.8 Continued. 

225 



163 92 CONTINUE 
164 f 
165 IF(OPNO.EQ.11 GO TO 1000 
166 c 
167 C ***** APPLICATION OF DOPPLER FREQUENCY SHiFT ***** 
168 C ***** TO WIND-TUNNEL DATA ***** 
169 C 
170 
171 
172 
173 
174 
175 
176 
177 
178 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 

163 

161 

180 

150 

154 

155 

DO 160 KtleNTHET. 
IF(THET(Kb.LE.THETM%) 00 TO 161 
DO 163 J=leNFREQ 
SPLF(KnJ)=O.b 
GO TO 160 
DT=l.O/(1.O+MT*COS~T~T~K~/57.29677951,) 
DO 180 JJ=&tNFRtQ 
LOGFF(JJl=ALOGlO(F(JJ)*Df) 
CONTINUE 
DO 182 J=leNFREQ 
LF=ALOGlO(F(J)) 
IF(LF.GE.LO6FF~l).AND~LF.LE.LOGFF~NFREQ~~ GO TO 150 
SPLF(K#J)=O.2 
GOT0182 
NFtNFREQ-1 
DO 156 JJ=l,NF 
IF(LF,LE.LOGFF(JJ+l)) GO TO 154 
60 TO 1156 
IF(SPLWT(K~JJ).GE.l,O.AND.SPLWT~K~JJ+lhGE.l.O~~ GO TO 255 
SPLF(KeJb=O.3 
GO TO 182 
SPLF~K~J~=SPLWT~K~JJ~+~(LFILOOFF~JJ~~/(Ll~~LO6FF~JJ~~~* 

2 (SPLWT(KnJJ+l)-SPLWT(K,JJ)) 
GO TO 182 

156 CONTINUE 
162 CONTIEILIE 
160 CONTINUE 

197 c 
198 WRITE(6e200) TITLE 
199 WRITE(6e230) (THET(K),K=l,NTHET) 
200 WRITE(6e220) 
201 c 
202 C ***** RLyINITIALIbE WORKINB MATRIX FOR COMPUTATION OF **+** 
203 C ***** FLIQHT OASPL **a** 
204 C 
205 DO 2SS @ lnN'TMT 
206 258 SUM(K18O.O 
207 C 
208 C ***** TRANSFORMATION TO FLIGHT C.ASE #*** 
209 C 
210 DO 260 J=ltNFREQ 
211 53(5(JJ*w%t 
212 c 
213 C *** CdWPUTAtIO)) OF NOZZL~,EMISSION m CORRESPONDING TO *** 
214 C #I* SOURCE mISSraw AN&ES *** 
215 C 
216 

Figure 6.8 Continued. 
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217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 
230 
231 
232 
233 
234 
235 
236 
237 
238 
239 
240 
241 
242 
243 
244 
245 
246 
247 
248 
249 
250 
251 
252 
253 
254 

272 

274 

DO 280 K=lrNTHET 
DM=SQRT~~lrO-MC*COS~THET~K~~~7.295779~1~~**2+ALP*ALP*MC8MC~ 
SM=S*DM 
XSPD=O.O 
IF(SLOP.EQ.11 XSPD=l.O/SQRT(O.057*SM+O.O2l*SM*SM~ 
XSPBAR=XSPD*D/RT 
CHECK=XSPBAR/RNBAR 
N2=0 
IF(CHECK.GE.1.0) GO TO 272 
NTT=NTT+l 
TTN(NTTl=THET(K)-57.2957795l*ASIN(CHECK*S-IN(THET'(K)/ 

2 57.29577951) 1 
GO TO 278 
IF(CHECK.GT.1.0) GO TO 274 
IF(THET(K).LE.90.0) GO TO 280 
NTT=NTT+l 
TTN(NTl’)=THET(K)-(180.0THETtKII 
GO TO 278 
CK2=180.-57,29577951*ASIN(RNBAR/XSPBARI 
IF(THET(K).LE.CK2) GO TO 280 
NTT=NTT+l 
TTN(NTT)=THET(K)-57.2957795l*ASIN(CYECK*SIN(THET(K)/ 

2 57.29577951)) 
NTT=NTT+l 
TlN(NTT)=2.O*THET(K)-180.-TTNINTT-1) 
N2=1 

278 CONTINUE 
SOBR2l=RNBAR*HNBAR+XSPBAR*XSPBAR+2.O*RNBAR*XSPBAR*COS(TTN(NTT)/ 

2 57.29577951) 
IF(N2.EQ.l) SOBR22=RNBAR*RNBAR+XSPBAR*XSPBAR+2.08RNBAR*XSPBA~# 

2'COS(TTN(NTT-11157.29577951) 
CRNl=10.+ALOG10(RBAR*RBAR/SOBR21) 
IF(N2.EQ.l) CRN2=10.*ALOGlO(RBAR*RBAR/SOBR22) 
SPL(NTT,J)=SPLF(K,J) 
IF(N2.EQ.l) SPLINTT-l,J)=SPLF(K,J) 
IF(SPLF(KoJ).GE.l.O) SPLINTl,J)=SPLF(K,J)+CRNl 
IF(N2.EQ.l.AND.SPLF(KvJ).GE.l.O) SPL(NTT-l#J)=SPLF(K,J)+CRN2 

280 CONTINUE 
255 C 
256 C *** ARRANGEMENT OF NOZZLE EMISSION ANGLES IN MONOTONICALLY *+* 
257 C *** INCREASING ORDER *** 
258 C 
259 NN=NTT 
260 NKX=NTT-1 
261 DO 290 N=leNKX 
262 XMIN=TTN(l) 
263 NI=l 
264 C 
265 DO 288 1=2vNrJ 
266 IF(TTN(I).GT.XMIN) GO TO 288 
267 XMIN=TTN(I) 
268 NI=I 
269 288 CONTINUE 
270 C 

Figure 6.8 Continued. 
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271, 
272 
273 
274 C 
275 
256 
277 
278 285 
279 
280 286 
281 C 
282 
283 
294 
285 290 
286 C 
287 C *** 
288 C 
289 
290 
291 
292 
293 
294 
295 
296 
297 
298 
299 
300 
301 
3:i2 
3fJ3 
304 
3Q5 
306 
307 
308 
309 
310 
311 
312 
313 
-14 
31 5 
316 

263 

264 

268 

269 
2 *(SPLF(KK+l,J)-SPLF(KK,J)) 

SUM(K)=SUM(K)+10.**(SPL(K~J~~10.) 
GO TO 262 

266 CONTINUE 
262 CONTINUE 

DO 267 K=l,NTHET 
SPLF(KvJ)=SPL(K,J) 

267 CONTINUE 
WRfTE(6~222) F(J),(SPLF(KIJ),K=I,NTHET) 

260 CONTINUE 
DO 670 K=l,NTHET 
IF(SUM(k).GT,O;O) SUM(K)=10.8ALOG10(SUMo) 

670 CONTINUE 
WRIfE(6~224) (SUM(K)tK=l,NTHET) 

THETN(N)=TTN(NI) 
SPLF(N,J)=SPLfNIvJ) 
NN=NN-1 

DO 286 I=l,NN 
IF(IaGE.NI) GO TO 285 
GO TO 286 
TTN(I)=TTN(I+l) 
SPL(I,J)=SPL(I+l,J) 
CONTINUE 

IF(NN.GT.1) GO TO 290 
THETN(NtT)=TTN(l) 
SPLF(NTT,J)=SPL(l,J) 
CONTINUE 

INTERPOLATION TO OBTAIN FLIGHT SPL *** 

DO 262 K=l,NTHEt 
IF(THETrK).LE.THETMX) GO TO 263 
SPL(KeJ)=O.S 
GO TO 262 
IF(THET(K)rGE.THETN(l~.AND.T~T~K).LE.THETN~NTT~~ GO TO 264 
SPL(K#J)=O.4 
GO TD 262 
DO 266 KK=l,NKX 
IF(THET(K)rLE.THETN~KK+I)) GO TO 268 
GO TO, 266 
IF(SPLF(KK~J).GE.l.O.AND.SPLF~KK+l~J~.GE.l.O~ GO TO 269 
SPL(K,J)=O.6 
GO TO 262 
SPL(K,J)=SPLF(KK,J)+((THET(K)-THEfN(KK))/(THETN(KKtl)-THE~N(KK))) 

317 c 
316 GO TO 1000 
319 c 
320 C ***** OUTPUT FORMAT STATEMENTS ***r(* 
321 C 
322 200 FORMAT~'l '~SX~l2A6,/,5X,12A6~ 
323 202 FORMAT(//P~X*‘TRANSFORMATION WITHOUT SOURCE LOCATIoN CORRECTIONS0 
324 204 FORMAT(//P~XP’TRANSFORMATION WITH SOURCE LOCATION CORRECTIONS’) 

Figure 6.8 Continued. 

228 



325 
326 
327 
328 
329 
330 
331 
332 
333 
334 
335 
336 
337 
338 
339 
340 
341 
342 
343 
344 
345 
346 
347 
348 
349 
350 
351 
352 
353 
354 
35s 
356 
357 
358 
359 
360 
361 
362 
363 
364 
365 
366 
367 
368 
369 
370 
371 
372 
373 
374 
375 
376 
377 
378 

205 FORMAlf//‘SX”INPUT PARAMETERS:‘r//‘8X”MODELIJET NOZZLE DIAMETER’ 
2 ‘5X”DJ =“F6.3” CM”/‘BX”FFEE-JET NOZZLE RADIUS”8X”RT =” 
3 F6.3” M’) 

206 FORMAl’f1’8X”MEASUREMENT DISTArCE FROM NOZZLE EXIT PLANf’ FOR” 
2 ’ FRE:E-JET DATA’ ‘9X’ ‘RM ="F6.3" M"/P~XI'EMISSION DI!sTANCE', 
3 ’ FR(M SOURCE LOCATION FOR 1DE:AL WIND-TUNNEL DATA”6X”R =O 
4 F6.3” M’) 

208 FORMA1’fBX”EMISSION DISTANCE FF!OM NOZZLE EXIT PLANE FOR FLIGHT” 
2 ’ DAl’A”l4X”RN =“F6.3” M’) 

209 FORMA”f/‘BX”JET VELOCITY’r8X”VJ =“F7.2” M/S”/rBX’ 
2 ‘TUNIIEL VELOCITY”5X”VT =“F”.2” M/S’) 

210 FORMA-.-f/‘BXr’AMBIENT TEMPERATURE’r3X”TO z”F5.1” DEG c:’ ‘/I 
2 8Xr’“UNNEL TEMPERATURE’r4X”T-se =“F5.1” DEG C’) 

212 FORMA” f / ’ 8X ’ ‘MEASUREMENT ANGLE!; f RELATIVE TO JET EXHAUS-1.1 ’ ’ 
2 ‘REFI:RENCED TO NOZZLE EXIT PLANE FOR FREE-JET DATA”‘/‘BX’ 
3 ‘THEtlfI)‘It lrNTHEM (DEGREES) :“/‘8X’lBF6.1) 

213 FORMA’Tf//‘5X”COMPUTED PARAMETERS:“//‘BX’ 
2 ‘SPEI:D OF SOUND IN AMBIENT MEIlIUM SURROUNDING FREE-JET FLOW” 
3 4X”,\O z”F7.2” M/S”/‘8X”SPEED OF SOUND INSIDE FREE-JET” 
4 ’ FLI)W“‘~~X”AT =’ ‘F7.2” M/S”/‘BX”DENSITY RATIO fFRI:E-JET/‘, 
5 ‘AMBiENTJ”28X”RHOR z”F6.3) 

214 FORMA’Tf/‘8X”JET VELOCITY/AMBIENT SOUND SPEED”BX”VJ/AII =O 
2 F6.3’1’8X”TUNNEL VELOCITY/AM13IENT SOUND SPEED”5X”VTc’AO =” 
3 F6.3, 

216 FORMArf//‘SX”FAILURE CODES:“.‘/‘BX”SPL=O.l IN TRANSFm)RM’ ’ 
2 ' ING FREE-JET DATA TO WIND-TUIJNEL DATA’ THE MEASUREMENf ANGLE ” 
3 ‘COR?ESPONDING TO DESIRED”1’17X”EMISSION ANGLE FELL 1UTSIDE” 
4 ’ TH,S RANGE OF MEASUREMENT AN,:LES FOR FREE-JET DATA.““BX’ 
5 ‘SPLZO.2 IN TRANSFORMING WIN.)-TUNNEL DATA TO FLIGHT DtTA’ THE” 
6 ’ DESIRED OBSERVED FREQUENCY =ELL OUTSIDE THE”/‘17X”IANGE OF” 
7 ’ DO’=PLER SHIFTED FREQUENCIES AVAILABLE FROM WIND-TUNNEL DATA.” 
8 /‘BX”SPL=O.J IN COMPUTING S’L UNDER FLIGHT CONDITION; FOR” 
9 ‘SPECIFIED VALUES OF FREQUENCY AND EMISSION ANGLE’ THI"/rl7x' 
1 ‘INTSRPOLATION FAILED SINCE 01dE OR BOTH VALUES OF WIND-TUNNEL” 
2 0 DJFPLER-CORHECTED SPL WAS 0.1’0.2’OR 0.5.‘) 

217 FORMATfBX”SPL=O.4 IN TRANSFORMING WIND-TUNNEL DATA TO FLIGHT'@ 
2 ’ DATA’ 7HE DESIRED NOZZLE EMISSION ANGLE FELL oUTSIDE”/‘l7X’ 
3 ‘THE RANGE OF NOZZLE EMISSION ANGLES CORRESPONDING TO SOURCE” 
4 ' EMISSION ANGLES FOR WIND-TUNNEL DATA.“/‘BX”SPL=O.5 IN" 
5 ’ TRANSFORMING FREE-JET DATA TO WIND-TUNNEL DATA’ THE DESIRED” 
6 ' Eb'ISSION ANGLE EXCEEDED THE MAXIMUM”/‘l7X”VALUE’ BEYOND” 
7 * WHICH TOTAL INTERNAL REFLECTION IN THE FREE-JET OCCU?S.“/‘BX’ 
8 ‘SPL=0,6 IN TRANSFORMING WIND-TUNNEL DATA TO FLIGHT DATA’ THE” 
9 ’ INTERPOLATION FAILED SINCE ONE OR BOTH VALUES”1’17X’ 
1 ‘OF WIND-TUNNEL’ DOPPLER-CORRECTED SPL WAS 0.3’0.4’OR 0.5.“/’ 
2 8X”!;PL=l.O ANY SPL WHICH IS ACTUALLY COMPUTED TO BE LESS” 
3 ’ THAN 1.0 DB IS SET EQUAL TO la0 DB,‘) 

218 FORMATf//‘26X”*** IDEAL WIND-TUNNEL SPL fDB) ***"///'10X' 
2 'EMISSION ANGLE (RELATIVE TO JET EXHAUST) REFERENCED 70” 
3 ’ SOURCE POSITION fDEGREES)‘r//‘lOX’l8F6.1) 

220 FORMATfSX”FREQ”/,SX,‘(HZ)‘) 
222 F’ORMATf3X’F7.0’18F6.1) 
224 FORMATf/r4X”OASPL”lX’l8F6.1) 
230 FORMAT(//‘26X”*** FLIGHT CnPL (DB) ***“///‘10X’ 

Fiqlure 6.8 Continued. 
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379 2 ‘EMISSION ANGLE (RELATIVE TO JET EXHAUST) REFERENCED’r 
380 5 ’ TO NOZZLE EXIT POSITION (DEGREES)'~//, lO~,lSF6.1~ 
381 C 
382 900 STOP 
383 END 

Figure 6.8 Concluded. 
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3 
Y 
6 
7 
6 

1: 
11 
12 
13 
14 
15 

E 

:t 

2 
22 
23 
24 
25 
26 

$8' 
29 
30 

:: 
33 
34 
35 
36 
37 

5: 
40 
41 
42 
43 
u 
45 
46 
47 
w 

SAMPLE CASE 
MEASURED IN 

0301 
271015 
2.54 0.3556 
2.430 
30. 40. 
110. 120. 
200. 250. 
1250. 1600. 
8000. 10000. 
5000CI. 63000. 
2.54 
2.54 
20. 30. 
100. 110. 
299.8 30.72 
68.6 67.6 71.1 
91.6 92.6 92.3 
78.7 78.4 75.0 
61.5 63.5 65.0 
88.3 88.7 89.7 
78.5 78.9 75.1 
61.7 60.5 62.0 
84.7 86.5 86.6 
82.2 81.4 77.4 
58.9 61.1 62.6 
82.6 84.4 85.9 
77.1 76.7 74.4 
58.0 60.0 61.5 
81.3 81.9 82.5 
80.2 81.9 77.2 
57.6 58.7 61.2 
80.4 80.7 81.6 
77.8 77.0 74.6 
56.7 59.0 61.3 
80.6 81.1 81.0 
79.2 78.3 75.5 
57.7 57.6 59.1 
79.1 79.8 79.2 
71.5 70.2 66.0 
57.6 55.5 58.8 
77.8 77.6 77.5 
75.2 76.7 74.0 
59.0 55.9 57.1 
77.0 78.4 77.2 
77.7 78.9 75.9 
-5.0 

- TRANSFORMATION OF JET MIXING NOISE DATA 
LOCKHEED ANECHDIC FREE-JET FLIGHT SIMULATION FACILITY 

50. 60. 70. 8.0. 90. 100. 

315. 400. 500. 630. boo. 1000. 
2000. 2500a 3150. 4000. 5000. 6300. 
12500. 16000. 20000. 25000. 31500. 40000. 
80000. 

40. 50. 60. 70. 80. 900 
120. 130. 140. 150. 160. 
22. 21.6 

73.3 76.0 79.0 78.9 83.2 84.1 89.1 90.9 91.6 
90.3 89.0 88.1 89.0 88.4 83.7 84.2 81.4 81.0 

68.4 70.7 74.4 76.6 79.2 82.2 84.3 86.1 87.7 
89.7 89.4 89.3 89.5 89.1 88.5 87.9 86.3 81.8 

65.6 68.3 70.3 72.2 74.4 77.4 80.3 83.0 84.6 
87.1 87.4 87.6 8H.l 87.3 87.3 86.6 85.2 84.4 

65.0 66.7 68.7 71.7 73.7 76.6 78.9 81.5 82.7 
85.2 85.6 85.9 86.7 86.6 86.7 86.8 85.2 80.6 

64.1 65.8 68.0 69.6 72.9 75.1 78.6 79.1 80.5 
83.7 84.0 03.4 84.5 84.1 83.0 84.2 83.2 82.7 

63.6 65.5 67.6 68.8 71.0 74.9 77.9 78.5 80.0 
81.8 82.6 82.7 83.6 82.3 83.1 82.7 81.9 80.4 

64.7 65.6 67.6 68.8 70.7 74.7 76.5 78.3 79.2 
81.5 82.2 82.5 83.0 82.9 83.1 82.2 82.7 80.4 

62.5 62.8 64.7 67.7 69.5 72.7 74.3 76.3 77.2 
79.5 78.9 79.9 80.9 79.9 80.8 79.1 77.6 73.6 

60.4 63.4 65.i 66.3 69.5 72.2 74.4 76.1 76.4 
77.3 79.0 81.0 80.7 79.6 82.6 81.7 80.3 76.6 

60.4 63.4 65.3 67.5 68.2 69.5 74.2 75.9 76.7 
77.7 78.7 79.8 81.2 81.0 82.4 81.4 81e2 76.9 

Figure 6.9 input data for sample case. 
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FREQ 
(HZ) 
200* 
250. 
315. 
400. 
500. 
630. 
800. 

1000. 
1250. 
1600. 
2000. 
2500. 
3150. 
4000. 
5000. 
6300. 
8000. 

10000. 
12500. 
16000. 
20000. 
25000. 
31500. 
40000. 
50000. 
63000. 
80000. 

OASPL 

SAMPLE CASE - TRANSFORiWTION OF JET MIXING NOISE DATA 
MEASURED IN LOCKHEED ANECHDIC FREE-JET FLIGHT SIMULATION FACILITY 

l ** IDEAL YIN+TUNNEL SPL (DG) *** 

EMISSION ANGLE (RELATIVE TO JET EXHAUST) REFERENCED TO SOURCE POSITION (DEGREES) 

20.0 30.0 40.0 50.0 60.0 70.0 60.0 90.0 100.0 110.0 120.0 130.0 140.0 150.0 160.0 

.I 

2 

:f 
.l 
.l 

:i 
.l 

1: 
.I 
.1 
.l 
.l 
.l 
.l 
.l 

:i 
.l 
.l 
.l 
.I 
.l 
.1 

.O 

.l 

:f 

::. 
.I 
.I 
.l 
.l 
.l 

:i 
.l 

90.6 
90.3 
88.5 
87.4 
8b.7 
87.6 
07.1 
83.4 
83.7 
81.4 
79.9 
77.3 
77.3 
73.8 

97.7 

.l 

:: 

71:: 
74.7 
75;2 
78.7 
80.5 
03.7 
85.3 
86.5 
86.9 
87.3 
88.1 
88.0 
87.7 
87.6 
87.8 
87.4 
86.9 
86.3 
84.7 
80.7 
77.7 
77.9 
74.1 

98.7 

62.7 
61.9 
63.8 
66.2 
68.1 
71.4 
73.3 
75.5 
7e.n 
80.3 
82.4 
83.9 
84.1 
85.4 
85.6 
86.0 
86.1 
86.3 
a6.7 
86.0 
85.9 
85.2 
83.8 
83.0 
80.7 
79.8 
75.9 

97.1 

57.9 59.0 57.4 
59.5 58.2 59.4 
60.8 60.1 60.8 
64.0 63.3 63.2 
66.4 65.4 64.9 
68.4 b7.3 67.0 
70.1 70.2 65.7 
72.3 72.2 71.8 
75.4 74.9 74.2 
78.1 77.5 77.6 
80.7 79.4 78.1 
82.1 80.6 79.5 
82.0 80.8 80.1 
83.8 81.9 80.5 
84.7 82.8 81.3 
84.4 83.2 81.8 
84.7 83.5 82.4 
85.0 83.1 82.2 
85.7 84.1 83.2 
85.5 83.7 82.1 
85.6 83.4 82.6 
85.6 83.7 82.3 
84.0 82.6 81.5 
79.7 81.5 80.1 
76.2 79.0 77.5 
75.7 80.5 77.0 
73.3 76.1 74.3 

95.9 94.7 93.4 

57.1 
59.0 
60.7 

%l 
67:l 
b8.3 
70.5 
74.4 
77.1 
78.0 
79.3 
80.1 
80.5 
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7, VALIDATION OF TRANSFORMATION PROCEDURE 

7.1 OBJECTIVES AND APPROACH 

An outline of the recommended calibration procedure which permits the 
transformation of free-jet data to ideal wind tunnel conditions was presented 
in Section 2. Following this, the point source experiments, which were 
specifically planned and conducted to verify various in.divid~Z aspects of 
the calibration procedure (e.g. angle changes, 
etc.), were described in Section 4. 

amplitude calibration factor, 
The purpose of the work described in the 

present section is to obtain a validation of the transformation procedure as 
a compZete package. 
this purpose. 

The point source is replaced by a model jet exhaust for 
The method used to obtain this validation is described below. 

Jet noise experiments were conducted first with the free-jet facility 
used in the conventional manner, with the-microphones placed entirely outside 
the free-jet flow. Subsequently, the fac?lity was used as a wind tunnel for 
which the measurements were conducted inside the potential core of the free 
jet. The test matrices for both sets of experiments were kept identical. 

The free-jet data were transformed to the IWT conditions using the com- 
putational procedure described in Section 6. One-third octave band SPL’s over 
the frequency range from 200 Hz to 50 KHz were obtained for emission angles 
8T=30’ to 120O. Similarly, the wind tunnel data were transformed to IWT 
conditions using the procedure described in Appendix 7A. In this case also, 
the third-octave SPL spectra were obtained from 200 Hz to 50 KHz for the same 
range Of emission angles (i.e. 5T=30° t0 1200). Both sets of transformed 
data were referenced to a common emission distance of 100 d (where d is the 
model-jet nozzle diameter), and the corresponding spectra were compared on an 
absolute basis. 

The data were obtained for both unheated and heated jets operated at 
subcritical as well as supercritical pressure ratios. Some results were al so 
obtained where the jet noise was purposely “contaminated” with noise gen- 
erated by an internal noise source located upstream of the jet exit. 

The experimental program was actually planned to satisfy two objectives: 
First, to check the validity of the transformation procedure (which is the 
subject of the present section), and second, to study the effects of forward 
velocity on jet mixing noise, shock-associated noise and internal noise 
(which is the subject of the following section). Since the experimental 
setups and relevant configurations required to accomplish these two 
objectives were the same, they are described in the present section. 

The comparison of data measured inside and outside the free jet, 
corrected to ideal wind-tunnel conditions, is presented and discussed in 
Section 7.3. The results relevant to the second objective mentioned above 
are presented separately in Section 8. 
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7.2 EXPERIMENTAL PROGRAM 

7.2.1 Test Configuration and Data Acquisition 

The test configuration used for the present experiments is shown sche- 
matically in Figure 7.1. The 2.54 cm diameter model-jet nozzle was mounted 
along the center1 ine of the free jet. The protrusion of the model-jet 
nozzle exit plane (beyond the free-jet nozzle exit plane) was 36 model-jet 
diameters. This was found to be the optimum location of the model-jet exit 
plane, within the constraints of the chamber geometry. It permitted the 
measurement of far-field noise over the angular range from 0m’30° to 120’ 
relative to the jet exhaust. For measurements outside the free-jet flow, the 
microphones were placed at 1Oo intervals on an arc of radius Rmm86 d. 

For measurements inside the potential core of the free jet, a multiple 
microphone arrangement is neither desirable nor practical. Hence, a micro- 
phone traverse arrangement was used. The microphone was traversed parallel 
to the centerline of the jet (along line AB of Figure 7.1) at a distance of 
8 model-jet diameters from the centerfine. 

Photographic views showing the free jet, model jet, and microphone 
arrangement are presented in Figure 7.2 (fixed microphones for measurements 
outside the free jet) and Figure 7.3 (traversing microphone for measurement 
inside th.e free jet). Each microphone used here was a 0.635 cm B&K micro- 
phone Type 4135 fitted with a FET cathode-f01 lower Type 2619. Al 1 micro- 
phones outside the free jet were fitted with B&K windscreens Type UA 0237. 
The in-flow microphone was fitted with 0.635 cm B&K nose cone type UA 0385. 
One-third octave SPL’s were obtained on a General Radio analyzer, and the 
levels were recorded on incremental digital,?tape recorder for subsequent 
detailed analysis using a data reduction program. Th i s program incorporated 
the microphone frequency response corrections and the atmospheric absorption 
correct ions. In the case of the inflow microphone, far-field corrections 
(obtained from B&K) for the nose cone were also applied as appropriate. The 
results were then displayed in the form of one-third octave band sound 
pressure levels over the frequency range from 200 Hz to 50 KHz together with 
the overall sound pressure levels for subsequent analysis. 

7.2.2 Calibration cf Jet Operating Conditions 

The pipe supplying the 2.54 cm model jet had a diameter of 10.16 cm 
which provided an area contraction ratio of 16. A static pressure tapping in 
the 10.16 cm diameter pipe was used as an indication of the reservoir or 
total pressure of the jet. In order to ensure that this did not introduce 
significant errors in the flow calculation, a pitot tube was placed at the 
center of the nozzle exit. A comparison between the static pressure reading 
in the 10.16 cm diameter pipe and the pitot tube reading indicated that the 
error introduced by measuring the static pressure instead of the total pres- 
sure in the upstream pipe was insignificant. 
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Similarly a calibration for total temperature of the jet was made by 
comparing the temperature measured by a thermocouple located upstream of the 
pipe and one placed at the jet exit center. Due to heat losses from the last 
1 m  of uninsulated pipe, an average difference of 22’C was noted between the 
two temperature readings for heated jet conditions. This difference was 
accounted for in calculating the flow parameters. 

7.2.3 Experimental Conditions 

The experimental program was carefully planned to yield results at (1) 
constant jet efflux velocity (i/J/a,) with varying free-jet velocity (VT/so), 
and (2) constant free-jet velocity with varying primary-jet velocity. The 
nominal values of the free-jet (or tunnel) velocity were: 
0.09, 0.18 and 0.26. 

vT/a,=minimum, 

The minimum tunnel velocity, VTO, is defined as the tunnel velocity 
which is provided by the ejector action of the primary jet in the absence of 
any additional velocity supplied by the facility ejector itself. Its magni- 
tude, therefore, increases as VJ/a, increases. 

Unheated Jet. For each tunnel velocity the unheated model jet was 
operated at the conditions given in Table 7.1. 

Table 7.1 Operating Conditions for Unheated Jet 

Pressure 
Ratio 

pR’po 

Jet Exit 
Velocity 

Ratio 

VJ’ao 

1.4 0.68 
1.8 0.88 
2.1 0.98 

P:Z 1.07 1.17 

Comments 1 

Subcritical 
Subcritical 
Supercritical 
Supercritical 
Supercritical 

Heated Jet. For heated tests, the model jet was operated at nominal 
stagnation temperature of 870~. The pressure ratios and the jet exit 
velocity ratios are given in Table 7.2. 
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Table 7.2 Operating conditions for heated jet. 

Pressure 
Ratio 

pR’po __--~~ 

Jet Exit 
Velocity 

Ratio 

VJ/ao Comments 

1.107 0.68 
1 .I93 0.88 
1.428 I .25 
1.965 1.68 
2.318 1.85 
2.810 2.02 
3.567 2.20 

Subcritical 
Subcritical 
Subcritical 
Supercritical 
Supercritical 
Supercritical 
Supercritical 

Tests W ith Internal Noise. Due to the limitations in noise levels gen- 
erated by the internal noise source (see Section 3.3), the jet noise tests in 
the presence of internal noise (as opposed to jet noise tests with no 

. internal noise) were conducted only for lower’jet velocities. Tables 7.3 and 
7.4 give the nominal unheated and heated jet operating conditions, respec- 
tively, at which the flight effects on jet noise were examined in the 
presence of internal noise. The heated jet, in this case, could not be 
maintained at 870~ due to the mixing between the heated air from the primary 
jet reservoir and the unheated air from the internal noise generator (inter- 
secting jets). An average temperature of 533K was attained at the jet exit 
plane with the internal noise source operating. 

Table 7.3 Operating conditions for unheated jet with 
internal noise source. 

Pressure 
Ratio 

pR’po 

Jet Exit 
Velocity 

Ratio 
VJ/ao Comments 

Minimum 0.40 

1.2 0.50 
1.4 0.68 
1.8 0.88 

Model -jet exhaust flow 
only due to flow from 
internal noise source 
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Table 7.4 Operating conditions for heated jet with 
internal noise source 

Pressure 
Ratio 

pR/po 

Minimum 0.69 

1.362 0.88 
1.4 0.93 
1.8 1.32 

Jet Exit 
Velocity 

Ratio 

v J/ao 
c 

Comments 

Model-jet exhaust flow 
only due to flow from 
i nterna 1 no i se source 

7.2.4 Comparison Between Measured and Predicted Jet Noise Spectra 

In order to ensure that-the noise radiated from the present model jet is 
true jet mixing noise and free from unwanted upstream noise sources, if any, . 
the measured spectra were compared with those predicted by the current 
Lockheed jet noise prediction computer program. A typical comparison for 
VJ/ao=0.89 and em= 90’ is shown in Figure 7.4(a) for Rm/d =72. The agree- 
ment is within measurement accuracy. 

Since, for all measurements inside the free-jet flow, the microphone is 
only 8 nozzle diameters from the jet centerline, it was decided to compare 
the measured spectra at small distances from the jet with those predicted by 
the Lockheed method. A comparison for the measurement distance of Rmz2.75 d 
is shown in Figure 7.4(b) for 8m=90° and VJ/ao=0.89. The measured levels 
for frequencies beyond 1.5 KHz agree very well with those predicted, thus 
indicating the dominance of true jet mixing noise. The reason for the dis- 

crepancy at lower frequencies could be two-fold. First, the microphone 
could actually be in the near field at these frequencies. Second, the 
ejector action of the model jet induces a certain amount of free-jet flow. 
The microphone located within the free-jet (as in this case) will thus be 
affected by the flow noise which is normally low-frequency noise. For all 
in-flow measurements, the low frequency parts of the spectra will be con- 
taminated (and in fact dominated) by the flow noise. This is discussed 
further in Sectjon 7.2.6. 

7.2.5 Inverse Square Law Calibration 

Since the transformation methods in essence utilize the inverse square 
law, calibration tests were conducted by measuring the jet noise spectra at 
8m=90° for microphones located sequentially at Rm/d=2.75, 6, 9, 12, 18, 24, 
36, and 72. The normal practice in jet noise calibration tests is to compare 
the variation of measured noise levels with distance with the l/R2 law where 
R is taken to be the distance between the center of the nozzle exit plane and 
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Figure 7.4 Compar ison of jet noise spectra measured in the free-jet 
facility with those predicted by Lockheed prediction 
program. em= 900, VJ/a,=0.89 (unheated),  VT/ao’O. 
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the microphone location. On this basis, one inherently assumes that the jet 
noise sources are located at the nozzle exit plane. However, a true l/R2 
comparison would be one where the actual source location is taken into 
account. Thus, for example, for Rm= 2.75 d, the distance from a high- 
frequency source of jet noise will be smaller than that from a low-frequency 
source of noise which is located farther downstream of the jet exit (than the 
high-frequency source). However, Lockheed’s jet noise prediction program 
takes proper account of the true source locations. A more meaningful com- 
parison can be achieved if these true source locations are introduced in 
the comparison. Figure 7.5 shows the following set of data plotted against 
Rm/d : 

(a) Measured data at various measurement locations for various 
f requenc i es 

(b) Ordinary l/R2 law, i.e. l/R; law in this case 

(c) True l/R2 law where the sound pressure levels have been 
predicted by the Lockheed program taking account of the true 
distance between the microphone and the source at each par- 
ticular frequency, as well as the directivity at the true 
radiation angle (* 90”). 

Figure 7.5 clearly demonstrates that what appears to be a deviation from an 
ordinary l/R 2 law is primarily due to a lack of accounting for those real 
effects. The results indicate that we can utilize an inverse square law up 
to about 3 nozzle diameters, provided the source location effects are 
correctly accounted for, at least for the frequency range for which this 
test was conducted. 

We consider these results to be quite significant as they have demon- 
strated that the microphone side-line distance of 8 nozzle diameters within 
the free jet (see Figure 7.1) is an adequate distance for our purpose. 

It should be noted that (the absolute values of) some of the measured 
SPL’s are lower than those predicted by a true l/R2 law. Even if these 
differences are genuine deviations from a true l/R2 law, they do not pose a 
major problem in our present objective for two reasons. First, the magni- 
tudes of these deviations are quite small. Second, our validation of the 
transformat ion procedure (i .e. the comparison between free-jet data and 
wind tunnel data after both are transformed to the IWT conditions) will first 
be conducted for the zero free-jet velocity case. 
of the deviation, if any, from the true l/R2 law. 

This will provide a measure 
These deviations will then 

be used during the assessment of the validity of the transformation procedure 
at other free-jet velocities. 

7.2.6 Background Noise and Data Quality, 

Model Jet and Free Jet Operated Separately. The qua1 ity of data that 
will be presented in the subsequent parts of this report will be primarily 
determined by the background noise levels. For microphones outside the free- 
jet flow, the background noise consists of the noise generated by the free jet 
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itself: For inflow measurements,  however,  the total background noise contains 
additional noise generated by turbulent pressure fluctuations over the micro- 
phone.  In order to assess the contamination of jet noise by the background 
noi se, the noise levels from unheated and  heated model  jets operated alone 
( i.e. without free-jet flow) are compared with the noise levels from the free 

jet operated alone at various tunnel velocities. The SPL spectra measured 
outside the free jet are shown in Figure 7.6(a) (unheated jet) and  Figure 7.6 
(b) (heated jet). During these measurements the inflow microphone was not 
present. The comparison’of model-jet noise and  free-jet noise presented in 
these figures clearly indicates that significant contamination of model-jet 
noise by the free-jet noise (i.e. background no  i se) can be  expected to occur 
at combinat ions of low VJ/ao and  high VT/so. The background noise levels are 
particularly high at low frequencies. 

Similar results were obtained for SPL’s measured by the inflow micro- 
phone.  Typical results at 8, =90°  are shown in Figure 7.7(a) for the 
unheated jet and  Figure 7.7(b) for the heated jet. The data presented in 
Figures 7.7(a) and 7.7(b) do not include the free- fie Zd frequency response 
corrections for the m icrophone nose cone and have been extrapozated to 
Rm/d=96. Since the microphone was placed inside the free-jet flow, the 
background noise levels are much higher than the background noise levels 
measured by the microphone located outside the free-jet flow (compare Figure 
7.7 with Figure’7..6). In particular, the low-frequency noise is much higher at 
the two highest free-jet velocities, 
results in Figure 7.7(a) and  

VT/so-0.18 and  0.26. A comparison of the 
Figure 7.7(b) shows that for a  fixed VJ/a,, the 

heated jet is quieter than the unheated jet, at least over the range of 
VJ/ao considered here (i.e. VJ/a, 20.68). Since the background noise is 
essentially independent  of the model-jet temperature, the limitations imposed 
by the background noise (in subsequent  results) will be  more severe for the 
heated jet noise tests than for the unheated tests (at the same jet velocity 
VJ). 

Simultaneously. The background noi se 
problem has so far been  assessed by examining the noise levels from the free 
jet and  the model  .jet in isolation. When  these two jets are operated simul- 
taneously, the background noise limitation can be  expected to be  even more 
severe . This is due  to the fact that while the background noise remains 
essentially unaltered in the presence of the primary jet, the noise from the 
model  jet decreases in level due  to the relative velocity effect when the 
free-jet flow is turned on. 

To  summarize, for all measurements conducted inside the free jet, only 
the high-frequency parts of the spectra will be  dominated by the model  jet 
no  ise ; the low-frequency noise will be  contaminated and  in some cases masked 
by the background noise. An example is shown in Figure 7.8(a) which repre- 
sents the worst case (i.e. highest free-jet velocity, VT/a,&0.26). In this 
figure, the spectra measured inside the flow at 6m=90°  are presented for 
various jet velocities. A similar, but not as severe, contamination also 
exists for all measurements conducted outside the free-jet flow. A typical 
result for the unheated jet at 8, =90°  and  Rm/d =96 is shown in Figure 7.8(b). 
The low frequencies up  to 1  KHz are dominated by the free-jet noise whereas 
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the mid- and high-frequency parts of the spectra are controlled by the noise 
from the model jet. 

It is important to keep the above observations in mind when we discuss 
the validation of the transformation procedure in Section 7.3. All data with 
unacc e ptable signal-to-noise ratio have been discarded for this purpose. 

two h 
since 
veloc 
as we ‘1 

t should be noted that in Figures 7.8(a) and 7.8(b), the spectra at the 
ghest jet velocities, i.e. “J/a0 =0.98 and 1.07, contain shock noise 
the jet was operated at supercritical pressure ratios at these 
ties. The shock noise contribution consists of the screech component 
1 as the broadband component. Although it is possible to suppress the 

screech component by installing a small metal projection at the nozzle lip, 
it was decided not to do so, since the introduction of any hardware in the 
vicinity of the nozzle exit will affect the free-jet flow, and hence the 
forward velocity simulation of the jet noise sources. The screech tones are 
normally much higher in level than the broadband shock noise, and if necessary, 
they can be removed visually during the data analysis. 

7.3 EXPERIMENTAL RESULTS 

It was pointed out earlier that the limited results (obtained mainly for 
em =gO” and VT/a, GO) showed that a true inverse square law was essentially 
obeyed by the measurements acquired as close as three model-jet diameters. 
At other measurement angles and flow velocities, this may not be quite true 
in reality. To circumvent this possibility, the following philosophy was 

adopted in the data comparisons: Whenever u comparison is made between 
measured data inside and outside the free jet, both corrected to lWT condi- 
tions, the corresponding compa&son is aZso (first) made for the mode2 jet 
operated aZone with zero or minimwn free-jet velocity. The latter will 
reveal not only any deviations from a true inverse square law, but also any 
inaccuracies in the system frequency response corrections (e.g. microphone 
pressure response correction, nose cone free-field correction as a function 
of incidence angle, etc.) that may be present. These deviations can be 
expected to exist also in the comparisons where both the model jet and the 
free jet are operated together. For a fixed model-jet velocity, if the order 
of the deviations for the VT/so’ 0 case is similar to the order of deviations 
for other VT/a, values, then it can be justifiably concluded that the trans- 
formation procedure has been essentially validated. 

Typical comparisons of data measured inside and outside the free jet, 
corrected to IWT conditions, are shown in Figures 7.9 and 7.10 for unheated 
jet. Pairs of spectra for VJ/a,=0.88 and VT/ao=O.OO, 0.09, 0.18 and 0.26 
are presented for the emission angle 8T of 50° in Figure 7.9 and 90’ in 
Figure 7.10. At BT=50”, the spectra agree very well. At BT’gO’, even at 
zero tunnel velocity [see Figure 7,10(a)], there are small deviations between 
the two spectra. We believe that these differences are due to an inaccuracy 
in the gain settings of the two microphones (one with the nose cone and one 
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without the nose cone) used separately for the two measurements, and not due 
to a deviation fran the true inverse square law. This statement is supported 
by the results from another test, where It was found that if only one micro- 
phone is used to measure the spectra inside and outside the flow in sequence, 
the true inverse square law is obeyed quite accurately (for example, see 
Figures 7.4 and 7.5). The deviations between the spectra measured inside 
and outside the flow are similar at all free-jet velocities. Based upon 
these arguments, it can be said that the results at vT/ao=O.Og and 0.18 
essentially validate the data transformation procedure. At the highest 
velocity, VT/a0 =0.26, the agreement between the two spectra is not 
always as.good due to the flow-noise contamination, especially at the 
lower frequencies. 

Due to inadequate signal-to-noise ratio in the forward arc, where the 
jet mixing noise for a given jet velocity is much lower than in the rear arc, 
forward arc data for subcritical conditions are not presented here. Some 
data for supercritical conditions are presented for rear arc as well as 
forward arc measurements in Figure 7.11 (0T=50°), 7.12 (13T=90°) and 7.13 
(8T=110°) for ah unheated jet operated at VJ/ao=0.98. It should be noted 
that the data presented in these figures are for shock-containing flows. The 
parts of spectra corresponding to jet mixing noise (i.e. the lower fre- 
quencies) appear to have been transformed within’the measurement accuracies. 
In these comparisons, the undesirable contamination from flow noise appears 
to be significant only for the BT=50° case (Figure 7.11). 

7.4 DISCUSSION AND CONCLUSIONS 

In the comparisons shown above, it should be noted that the estimated IWT 
spectra corresponding to the inflow measurements have a cut-off point at some 
low frequency , which is a function of the emission angle and the free-jet 
velocity. In real ity, sound pressure levels were obtained at frequencies 
lower than this cut-off frequency, but when the inflow data were transformed 
to the IWT conditions, the transformation process required inflow measurements 
at angles much smaller than Bm=30”, which was the 1 imit of the present 
measurements. In the present calculations, the source location as a function 
of frequency has been taken into account. Thus, the lower the frequency, the 
farther downstream the sources of noise are located. If one were to calculate 
the source location corresponding to the frequencies for which no data appear 
in Figures 7.9 through 7.13, and then to determine the ray angle $T (for a 
given emission angle BT and free-jet Mach number vT/ao centered at the source, 
one would find that the ray will pass through points outside the limit of the 
angular range (8, =30° to 120’) of measurement. For this reason, it was not 
possible to compare the inside and outside data, transformed to IWT conditions, 
at frequencies lower than these cut-off frequencies. 

Based on the results presented and the comments made in this section, 
the following conclusions can be drawn: 

(1) At the zero (or minimum) free-jet velocity, the data measured inside 
and outside the free jet and subsequently transformed to the IWT conditions 
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compare within the measurement accuracy for most cases. This demonstrates 
that the jet mixing noise source locations utilized in the transformation 
procedure are realistic, and that the results foFlow a true inverse square 
law dependence even at small distance from the model jet. 

(2) For model jets operated at subcritical conditions, a good agreement 
is obtained between the data measured inside and outside the free jet at all 
but the highest free-jet velocity. This confirms the validity of the trans- 
formation procedure over a wide range of frequencies, angles and free-jet 
velocities. 

(3) For model jets operated at supercritical conditions, the transfor- 
mation procedure is verified primarily at the low frequencies where mixing 
noise dominates both in the rear arc and in the forward arc. In addition, 
even the high frequency parts of the spectra agree well in the rear arc, 
where the shock noise contribution, relative to the mixing noise contribution, 
is minimum. 

(4) The results presented for the subcritical conditions are actually 
sufficient to show that the transformation procedure, designed to convert 
data measured in a free-jet flight simulation experiment to the correspond- 
ing ideal wind tunnel condition, has been largely verified. 

257 



8, EFFECTS OF SIMULATED FORWARD 
SHOCK NOISE AND INTERNAL 

8.1 OBJECTIVES 

FLIGHT ON JET NOISE, 
NOISE 

The experiments that will be described in this section are designed to 
study the effects of forward velocity on turbulent mixing noise, shock- 
associated noise and internal noise from unheated and heated jets operated in 
the inflight simulation mode. Typical data from these experiments were used 
in Section 7 to establ ish the val idity and accuracy of the transformation 
procedure, which enables the conversion of measured data obtained in a free- 
jet facility to the corresponding ideal wind tunnel conditions. The main 
objective in the present section is to establish whether or not the presence 
of internal noise and shock-associated noise can account for the observed 
anomalies (discussed in Section 1) between flight data and free-jet data 
projected to flight case. 

To achieve this objective, inflight simulation experiments were conducted 
in the Lockheed anechoic free-jet facility. Measurements outside the free- 
jet flow were conducted using unheated and heated model jets, operated at 
subcritical as we41 as supercritical pressure ratios. A specially designed 
noise generator, described in Section 3.3, was used to study flight effects on 
internal noise. 

The measured data were transformed to the ideal wind tunnel conditions. 
The transformation procedure was described in Section 6. In essence, this 
procedure takes proper account of source distribution effects in a jet flow, 
and the refraction of sound caused by the free-jet shear layer. The correc- 
tion procedure incorporates all these effects in a realistic manner, and 
using the measured results at fixed measurement angles, em, it yields 
estimated results at constant emission angles, 8T, for an observer moving 
with the nozzle (i.e. the ideal wind tunnel case). 

The effects of forward velocity on jet mixing noise and shock-associated 
noise are discussed in Section 8.3. Also presented in the same section are 
some comments regarding the source location corrections for shock noise and 
internal noise. The experimental results dealing with jet noise in the 
presence of internal noise are presented and scaled in Section 8.4. 

8.2 TEST PROGRAM 

The test programs for the results presented in Section 7 and those to be 
discussed in the present section were identical. Since the test program and 
the necessary calibrations (e.g. acoustic cleanliness of the jet rig, back- 
ground noise and data quality, etc.) have already been described in detail in 
Section 7, they will not be repeated here. 
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8.3 EXPERIMENTAL RESULTS W ITHOUT INTERNAL NOISE 

8.3.1 Effect of Source Location Corrections 

Strictly speaking, in transforming any spectrum obtained in a free-jet 
flight simulation experiment to the corresponding IWT conditions, appropriate 
source location corrections must be applied, regardless of whether the noise 
source under examination is jet mixing noise, shock noise, or internal noise. 
In the case of jet mixing noise, sufficient source location information (as a 
function of frequency) is available, at least for the static case. For 
internal noise, however, one can perhaps assume that all frequencies are 
emitted at the nozzle exit plane location. In the case of shock noise, 
little quantitative information is available which gives source location 
explicitZy as a function of frequency. It is, however, known that shock 
noise is generated on an aggregate at the shock locations, which are normally 
located close to the jet exit (compared to the large source location distances 
for the mixing noise component at low frequencies). One could thus argue that, 
in principle, the shock noise and the internal noise components can be assumed 
to be located at the nozzle exit plane for data transformation purposes. This 
would be a reasonably valid assumption if the particular spectrum in question 
is dominated by shock noise and/or internal noise at a22 frequencies. But in 
practice, and as is the case in the present work, shock noise and internal 
noise sources are dominant only at the higher frequencies while the low fre- 
quencies are dominated by turbulent mixing noise. Therefore, if one needs 
to study the effects of tunnel velocity on the total noise spectrum containing 
both turbulent mixing noise and shock or internal noise, one should, in 
principle, conduct the data transformation in two parts: low frequencies (jet 
mixing noise) with source location corrections, and high frequencies (shock 
noise or internal noise) without source location corrections. This will 
increase the complexity of the problem significantly, especially if one wanted 
to compute the OASPL’s for these cases. The reason is that with source 
location corrections applied, the shock noise or internal noise contribution 
to the OASPL will be in error, whereas without source location corrections, 
the contribution from jet mixing noise will produce errors in the computation 
of OASPL’s. It was, therefore, decided to examine the order of magnitude of 
these errors for data containing shock noise and internal noise. Computations 
were performed to obtain l/j-octave spectra with and without source location 
correct ions. Typical results for measurements conducted outside the free-jet 
flow are shown in Figures 8.1 (a), 8.1 (b) and 8.1(c) for a shock-containing 
jet operated at VJ/ao=l -07 (< =2.5). Data for emission angles 0T=50° (rear 
arc), SO0 and 1 loo (forward arc) are shown for tunnel Mach number VT/a, = 0.09. 
It is quite clear from these figures that the regions of spectra, normally 

associated with shock noise (in this case, beyond 5 KHz) are not influenced 
by the source location corrections. 

It is emphasized, however, that this is not to imply that source location 
corrections are not important. Applying source location corrections is equi- 
valent to applying distance (between source and observer) corrections. In the 
above example, the measurements were made at a reasonably large distance from 
the nozzle (R,/d = 96) and hence from the sources. At small measurement dis- 
tances, the source location corrections can be very important. This is 
i 1 lustrated in Figures 8.1 (d), 8.1 (e) and 8.1 (f), where the effects of source 
location corrections are examined for data measured inside the free-jet flow. 
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The jet conditions in these figures are identical to those in Figures 8.1(a) 
through 8.1 (c). The effects of source location corrections are much more 
pronounced in this case, especially at the -lower frequencies. This is to be 
expected since for small measurement distances, the distance between the 
observer and the nozzle exit (used for data transformation without source 
location corrections) can be considerably different from the true distance 
between the observer and a low frequency source (used for data transformation 
with source location corrections) located farther downstream of the nozzle 
exit. Based upon the same arguments, the high-frequency noise in this case 
is not affected much because these noise sources are located close to the 
nozzle exit. 

Returning now to the free-jet data, it was found that the source location 
corrections were not important in the regions of spectra dominated by internal 
noise, as was the case with the shock noise data discussed above. The 
evidence is presented in Figures 8.2(a) and 8.2(b) for a typical internal 
noise data point. 

Based on the above discussions, it was decided to apply source location 
corrections (i.e. source location corrections applicable to mixing noise) to 
all data, irrespective of whether it contained shock noise and/or internal 
noise. By doing so, the effect of forward velocity on all three noise sources 
is expected to be correctly interpreted. 

8.3.2 Spectral Results 

Subcritical Conditions. Typical l/j-octave SPL spectra for unheated 
(Vi/a, =0.88) and heated (VJ/ao= 1 .25, TR=870K) jets are shown in Figures 

8.3 and 8.4, respectively, as a function of tunnel Mach number. Spectra 
for minimum tunnel velocity, and VT/ao=O.Oy, 0.18 and 0.26 are presented 
for emission angles of BT=50”, 90° and llO”. 

The general features exhibited by these spectra at constant emission 
angles are qualitatively similar to those noted in our previous work (ref. 
8.1). With progressive increase in tunnel velocity, the noise levels are 
reduced at al 1 angles. Note that at the two highest tunnel Mach numbers, 
i.e. VT/ao=O.18 and 0.26, the spectra at the low frequency end (f 51 KHz) 

are contaminated in some cases by the free-jet noise. The reductions in 
noise levels with tunnel velocity are scaled on a relative velocity basis 
in subsection 8.3.4, where the results with significant contamination have 
been discarded. 

Supercritical Conditions. Typical results for supercritical conditions 
showing the effect of tunnel Mach number are presented in Figure 8.5. One- 
third octave spectra at 8T=50°, 90’ and 110’ are presented for a heated jet 
(TR= 870K) operated at the pressure ratio of 3.86 (VJ/a, A2s25)s In the. 
rear arc [eT=50”, Figure 8.5(a)], the effect of tunnel velocity is similar 
to that observed previously for the subcritical conditions. This is tc. de 
expected since, at this angle, the spectrum is dominated by turbulent mixing 
noise. In contrast, at eT=90° and llO”, the static spectrum (VT/ao&C) is 
dominated by shock noise at high frequencies and by mixing noise at low 
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frequencies. At these two angles, there is a small but consistent reduction 
in noise with tunnel velocity at the low frequencies, whereas at the high 
frequencies, the noise levels remain relatively unchanged (within measurement 
accuracy) as the tunnel velocity is increased. The changes in shock noise 
levels with tunnel velocity wilj be examined quantitati ely in Section 8.4.3. 

8.3.3 Overall SPL Results 

The overall sound pressure levels were obtained by 
various one-third octave bands. The summation was carr 

sumning the levels in 
ed out over the fre- 

quency range from 1 KHz to 40 KHz to avoid flow noise at frequencies below 
1 KHz and possible instrumentation noise at frequencies above 40 KHz. The 
omission of frequencies higher than 40 KHz was necessary only for data at a 
few subcritical conditions. 

The effect of tunnel velocity on the directivity of overall SPL’s of the 
heated jet (TR = 870K) at four pressure ratios (one subcritical and three 
supercritical) is shown in Figure 8.6. For the sake of clarity, the results 
at the two intermediate tunnel velocities (VT/ao=O.Og and 0.18) are not in- 
cluded here. These results will, however, be included in the quantitative 
analysis which is discussed in the later parts of this section. For the 
subcritical jet operating condition [Figure 8.6(a)], a reduction in OASPL 
with tunnel velocity is obtained at all emission angles. The magnitudes of 
the reducti’ons increase as the observer moves from the forward arc to the 
rear arc. This behavior is consistent with that noted in our previous work 
on flight effects on shock-free jets (ref. 8.1). 

When the flight effects shown in Figure 8.6 are examined in a systematic 
manner as a function of increasing jet pressure ratio, several interesting 
features are revealed. These features, and the inferences drawn from the 
observed effects are explained as follows. At the subcritical condition 
[Figure 8.6(a)], the sound field consists of pure jet mixing noise, and hence 
a reduction with tunnel velocity is obtained at all angles. As the jet be- 
comes supercritical, the shock noise component is dominant at angles close to 
8T=90° and in the forward arc, while the jet mixing noise component is 
dominant in the rear arc. Thus, with increasing tunnel velocity, as the 
mixing noise component reduces in level at all angles, the shock noise compo- 
nent becomes more prominent in the forward arc, and this leads to smaller 
noise reductions at large angles to the jet exhaust. In fact, at the two 
highest pressure ratios, a careful inspection of the forward arc data points 
in Figures 8.6(c) and 8.6(d) shows that there is a tendency for the noise 
levels in the forward arc to increase with tunnel Mach number. In Sect i’on 
8.4.3, it will be shown that these observed changes in shock noise levels 
with forward velocity can be attributed directly to the propagation effects 
which are always present when a stationary sound source is surrounded by a 
moving fluid (e.g. in a wind tunnel) or when a sound source is convected in 
a stationary medium. Furthermore, if the strength (i.e. radiated sound 
power) of the shock noise sources (or internal noise sources) remains 
constant, then its static directivity will be modified by four powers of the 
Doppler factor, DT, in the flight case. 
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Similar results were obtained for unheated jets, and these are shown in 
Figure 8.7. Here, not only do the results follow the trends discussed above 
for the heated,jet, but a large increase in noise in the forward arc is ob- 
tained at the highest pressure ratio [Figure 8.7(c)]. Once again, this 
observation is entirely consistent with the fact that for a fixed (super- 
critical) nozzle pressure ratio, the shock noise component is reZatimZy 
stronger for an unheated jet than for a heated jet. 

In Figures 8.6 and.8.7, the OASPL’s at BT= 120° for the flight case are 
not available. The reason for this is that in the transformation of free-jet 
data to IWT conditions, the high-frequency SPL’s at this emission angle could 

at 
in the 

not be calculated because these calculations required free-jet 
measurement angles (em) greater than 120°, which were not acqu 
experimental program. 

data 
i red 

8.3.4 Relative Velocity Scaling of Shock-Free Data 

In order to provide a quantitative description of the reductions in 
OASPL at all emission angles considered, the shock-free results .were corre- 
lated on the relative velocity (VREL=VJ -VT) basis, as described below. 

The overall intensity of turbulent mixing noise at an emission angle, BT, 
can be written to scale according to 

where the exponents m  and n are functions of 8T. The corresponding OASPL is, 
therefore, given by 

OWL (eT) 0: 10 log10 [VFEL (.a. (g-2) 

From the above scaling relationship, the reduction in OASPL from minimum 
tunnel velocity (VTo) to any other tunnel velocity (VT) can be written as 

AoAsPLbT) = 10 lOglo 

The relative velocity exponent m  is simply the slope of a line which corre- 
lates values of measured AOASPL as a function of the velocity parameter 
10 loglO[ (VJ - VTo)/VRELl l 

The measured reductions in OASPL at various emission angles for the 
heated jet are plotted against this velocity parameter in Figure 8.8, and 
the relative velocity exponent line is drawn through the experimental points 
at each emission angle, 8T. The magnitude of the scatter is well within the 

Those data points whose spectra dis- bounds of the experimental accuracy. 
played inadequate signal-to-noise rat io are not inc luded in this f i gure. 
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Finally, the variation of relative velocity exponent m  with emission 
angle ST is presented in Figure 8.9. Also shown in this figure are the 
exponent values obtained in our previous work using unheated jets (ref. 8.1), 
the Pratt and Whitney data for heated jets (ref. 8.2), the Rolls-Royce full- 
scale flight data (ref. 8.3), and the Douglas full-.;ale flight data (ref. 
8.6). The PeW data and the present results for heated jets agree quite well 
with each other and also with the Douglas flight data. An important obser- 
vation that can be made from this figure is that shock-free heated jets 
provide a higher exponent (i.e., higher noise reductions with fomrd 
vetocity) than shock-free unheated jets in the rear arc. 

The comparison of relative velocity exponents derived from free-jet 
simulation experiments with the envelope of exponents obtained from full-scale 
flight experiments of Rolls-Royce is rather discouraging. At low angles to 
the jet exhaust, it appears that flight simulation experiments are in 
“reasonable” ag&ement with the actual flight results. At larger angles, 
however, the reductions in nolse levels with forward motion observed in the 
model simulation experiments are larger than those measured in the flight 
tests. At eT=gO”, there is little or no change in the aircraft flight noise 
levels, whereas the free-jet experiments indicate significant noise reductions 
which scale on approximately 4 to 5 powers’of the relative velocity (for 
heated jets.). 

The discrenancy between the inflight simulation results and the actual 
flight results thus still remains to be resolved. It is readily admitted that 
there are subtle differences in the two sets of experiments: in the ‘f 1 ight 
simulation tests, there is no relative motion between the source and the 
observer, whereas in the flyover tests, the noise source is being convected 
relative to a stationary observer. However, further considerations also show 
that none of-the features associated with source motion (for example, eddy 
convection velocity effects, source acceleration effects, etc.) will affect 
the results at 90° to the direction of motion. The fl ight simulation rrsul ts 
presented here cu?e guaranteed to be dominated by pure jet mixing noise. On 
the other hand, the full-scale flight results cannot be guaranteed to be 
free from engine internal noise or other noise sources. The role played by 
such non-jet mixing noise sources, if significantly present, is demonstrated 
in Section 8.4, where the effects of forward velocity on jet noise in the 
presence of internal noise is examined and compared with the same full-scale 
flight data considered above. 

8.4 EXPERIMENTAL RESULTS WITH INTERNAL NOISE 

8.4. I Spectral Results 

Typical one-third octave SPL spectra showing the effects of tunnel 
velocity on jet noise contaminated with internal noise are presented in 
Figure 8.10 for an unheated jet and in Figure 8.11 for a heated jet. It is 
reminded that in each case the free-jet data have been transformed to the 
ideal wind tunnel conditions, and are expressed for the emission distance of 
100 model-jet diameters. The results are shown at the emission angles of 
5o”, 90’ and llO”, at //J/a, =0.49 for the unheated jet and VJ/a,=0.93 for 

271 



1 

1 

t 

RELATIVE 
VELOCITY 
EXPONENT I 

m  

2 

0 

-2 

-4 

2- 

O- 

8- 

;- 

1 - 

, . 

I I I 1  1  I I 1  1  I I . 4 4 PRESENT (HEATED) 

‘,a -LOCKHEED (UNHEATED) (REF. 8.1) 
-----PRATT AND WHITNEY (HEATED) 

(REF. 8.2) 

~--DD~uGLAs FLYOVER DATA (REF. 8.1 

FLIGHT 

-- --- 

1 I 1 I I I I I I . I . I 

20 40 60 80 100 120 140 

EMISSION ANGLE 8T (DEGREES) 

Figure 8.9 Variation of relative velocity exponent with emission angle. 

272 



I 

the heated jet. As before, the free-jet velocities are given by VT/a,= 
minimum, 0.09, 0.18, and 0.26. 

These results are drastically different from the results presented 
earlier for pure jet mixing noise, especia,lly at 0T=90° and 110’. The 
internal noise contribution is dominant mainly at frequencies higher than 

about 5 KHz, as described in Section 3.4. Figures 8.10 and 8.11 show that 
in the rear arc (8T”50°), the noise levels decrease with forward velocity 
at all frequencies where the signal-to-noise ratio is adequate. At eT3g00, 
there is very little change at VT/ao=O.Og, while for the higher tunnel Mach 
numbers, the SPL’s show a slight increase instead of the reductions noted 
previously for pure jet mixing noise. In the forward arc [Figures 8.10(c) 
and 8.11(c)], the noise levels increase significantly with forward velocity. 
Finally, at all angles, the low-frequency parts of the spectra at the two 
highest Mach numbers are contaminated by free-jet noise. However, this is 
of no real concern, since the low-frequency part essentially consists of the 
jet mixing noise component, which has already been investigated earlier. 

The effect of tunnel velocity on internal noise thus appears to reduce 
the noise in the rear arc and increase the noise in the forward arc. The 
OASPL results corresponding to the spectral results discussed above are 
presented in the next subsection. 

8.4.2 Overall SPL Results 

Typical directivities of overall SPL’s showing the effects of tunnel 
velocity on jet noise contaminated with internal noise are presented in 
Figure 8.12 for an unheated jet operated at three jet velocities, i.e., 
VJ/ao=0.49, 0.67 and 0.88. -For the 
and the maximum tunnel velocities on 1 
3.3, the contribution of internal no 
significant at each jet velocity, is 
minimum at the highest jet velocity. 

At VJ/a,=0.49 [Figure 8.12(a)] , 

sake of clarity, data for the minimum 
y are shown. As pointed out in Section 
se to the overall SPL, although 
maximum at the lowest jet velocity and 

the internal noise contribution 
reZative to the jet mixing noise contribution is highest. For this condi- 
tion, a significant noise reduction with forward velocity is obtained in the 
rear arc, there is little change at eT=gO”, and a significant noise increase 
is obtained in the forward arc. As the jet velocity is increased to 

VJ/ao=0.67 [see Figure 8.12(b)], the reductions in the rear arc are in- 
creased while the noise levels at eT =90° and in the forward arc show very 
1 i ttle change. At the highest jet velocity VJ/a,=0.88 [Figure 8.12(c)], 
reductions in noise levels are obtained at all emission angles, showing that 
at this condition, the OASPL’s are primarily controlled by the jet mixing 
noise contribution. 

The results shown in Figure 8.12 were for unheated jets. Simi lar results 
were obtained for heated jets, and these are shown in Figures 8.13(a), 8.13(b) 
and 8.13(c) for VJ/ao =0.89, 0.93 and 1.32, respectively. These results also 

- show that when the internal noise contribution is comparable to or higher than 
the jet mixing noise contribution, reduction in noise levels are obtained in 
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the rear arc, there is little change around 9T=90°, and noise levels in- 
crease in the forward arc. 

The features discussed above appear to be qualitatively consjstent with 
the results from the full-scale flight experiments, which were’shown in terms 
of the relative velocity exponent in Figure 8.9. In order to see if the 
present simulation results with internal noise agree quantitatively with the 
full-scale flight results, the OASPL changes with forward velocity obtained 
in the present experiments were scaled on the relative velocity basis, as was 
done previously for pure jet mixing noise results. The OASPL changes at 
various emission angles are plotted against the relative velocity parameter, 
10 loglo[(VJ -VTo)/VREL], in Figure 8.14. Unlike the results presented 
previously for jet noise without internal noise (Figure 8.8), the present 
results (i.e. jet noise with internal noise) do not display a singZe exponent 
value. Instead, the present results exhibit a range of exponent values (m) 
at each emission angle 8T. The upper limit of m  is normally associated with 
“high jet velocity/low tunnel velocity” conditions, where the contribution 
from jet mixing noise relative to the contribution from internal noise is 
maximum. Conversely, the lower limit of m  is normally associated with “low 
jet velocity/high tunnel velocity” conditions, where the contribution from 
internal noise relative to the contribution from jet mixing noise is maximum. 
Thus, the exponent value in general-varies between the two limits (at a given 
emission angle) depending upon the relative contributions from mixing noise 
and internal noise. 

The ranges of exponent values obtained in this manner at all emission 
angles are superimposed on the exponent values obtained from full-scale 
aircraft flight data of Rolls-Royce (ref. 8.3), Douglas (ref. 8.6) and SNECMA 
(ref. 8.7) in Figure 8.15. The agreement between the present simulation 
results and the Douglas flight data is very good. This figure demonstrates 
that if the jet mixing noise data are contaminated with internal noise, one 
could indeed obtain relative velocity exponents that fall within the envelope 
of the Rolls-Royce and SNECMA full-scale flight data. As shown in Figure 
8.15, the exponent values decrease as the degree of contamination from 
internal noise increases. It is interesting to note that the lower limiting 
value (obtained from the present experiments) of the exponent m  at each 
emission angle 8T is very close to the lower limit of the envelope of 
exponent values obtained from full-scale flight data of reference 8.3. 

If it is assumed that there are no other explanations for the flight 
effects anomalies, it is tempting to conclude from the above comparisons 
that the full-scale flight data which do not agree with the flight simulation 
data may have been contaminated with internal noise. Although the internal 
noise may have been masked by jet mixing noise in the static case, it may 
well have influenced the changes in noise levels with forward velocity due to 
decreased contribution from mixing noise in flight. Of course, the signifi- 
cance of internal noise and shock noise in producing the anomalies between 
full-scale flight data and flight-simulation data has been recognized and/or 
hypothesized in the past by several investigators, and the results of the 
present study serve to demonstrate these effects in a systematic and 
comprehensive manner. 
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8.4.3 Scaling of internal Noise 

Figure 8.16 presents a composite picture of how jet noise data from the 
present experiments behave as a function of emission angle, eT, feee-jet 
velocity, VT, and the relative velocity factor 10 loglo[(VJ -VTO)/VPEL] when 
“contaminated” with internal noise; here the data are plotted in the form of 
AOASPL versus VT and the above relative velocity factor (at each emission 
angle) for V,/a,=0.89. In Figure 8.17, results are given in the same form 
for a sl ightly higher primary-jet velocity, VJ/ao = 0.93. In both cases, at 
the lowest free-jet velocity (-30 m/s) a reduction in noise level (i.e. 
positive AOASPL) is obtained at every emission angle - the expected result 
for jet mixing noise - but as the free jet velocity is increased, a consis- 
tent trend of increase in noise is seen at angles greater than 90” (Figure 
8.16) or 70° (Figure 8.17). This trend, which leads to negative AOASPL’s 
in the forward arc, is too consistent to be fortuitous or to be the result 

of experimental error, and therefore efforts were made to investigate possible 
explanations for this. As might be expected, the main reason for the trend 
appears to be the so-called “convective amplification” of internal noise 
radiation by the free-jet flow, that is by forward motion as discussed in 
detai 1 below. 

Discussion. In most of the work described in this report, we are con- 
cerned with the relation between the power spectral density (psd) of the 
sound pressure at.a point outside the free jet, PO, and the corresponding psd 
value inside the free jet, PT, of outward-going waves from the source region. 
The psd’s PO, PT are defined (and measured) on a ‘common ray path for which 
the wavenormal angles inside and outside the free jet are related (at the 
same frequency) by the equivalent of Snell’s law. 

aT a0 
-+,,,-=- 
coseT case, 

At a given frequency, this is the same as holding the axial wavenumber 
(k,) constant, which is actually the more basic relation: it follows 

directly from using an azciaZZy uniform parallel flow model of the real free- 
jet flow field at any given axial location. 

Provided the measurements are taken inside and outside the free-jet on 
the constant-k, ray path, the actual directivity of the source, be it an 
experimental point source or a model jet, is of no consequence (as long as 
internal reflection effects are insignificant) when we consider the transfor- 
mation of free-jet fZight simZation data, it requires only a simple 
calculation to determine, em, the angle of the microphone outside the free jet 
which receives radiation that is emitted at the required wavenormal angle 8T 
(equal to the flyover emission time angle). Again, the actual directional 

characteristics of the source are unimportant. 

Analysis of Forward Motion Effects on Internal Noise and Shock- 
Associated Noi se. It is when we need to anaZyze estimated ideal wind tunnel 
data to determine the change in directivity of jet mixing noise, internal 
noi se, shock-associated noise, etc., with forward velocity (VT), that a 
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slightly different approach is required although the same principles are still 
emp 1 oyed . In particular, for reasons discussed below, kx is held constant (or 
phase speed if the frequency is held constant) as VT is varied, i:e. 

w aT -=-+vT 
kX COS8T 

= const. (8-5) 

To justify this, consider the case of internal noise radiation with the 
primary-jet shear layer modeled as an axially uniform, parallel sheared flow; 
then kx is constant across the primary shear layer or 

aJ =-+v 
case J J 

Here VJ is the primary nozzle exit velocity and BJ is the wavenormal angle of 
internal noise wave-fronts propagating away from the nozzle exit toward the 
primary-jet shear layer (see Figure 8.18). The angle 8J can be interpreted 
as the directivity angle of the internal noise radiation within the potential 
core of the primary jet. Clearly, if ST is adjusted so that the left-hand 
side of equation (8-6) is held constant (as VT is varied) and the jet exit 
conditions VJ, aJ are held fixed, then 8J remains constant and then any change 
in the radiated sound pressure can be attributed solely to forward velocity 
(VT) effects and not to changes resulting from, in effect, refraction of the 
source directivity pattern. 

In principle the constant in equation (8-5) and hence the required ST 
values can be evaluated by specifying certain values, @To, in the static case, 
i.e. eT is calculated from 

aT -+,,T= a0 
coseT codTo (8-7) 

For example, in the measured data presented below, BTo) is varied between 40’ 
and 120° in steps of loo; the corresponding wavenormal angles, BT, at the 
highest free-jet velocity considered (VT=0.26aT) as calculated from equation 
(8-7) are given in Table 8.1, assuming aT=ao. Except at the two smallest 

angles the wavenormal angle does not have to be changed significantly in 
order to hold the phase speed constant. Hence, in the analysis of the 
measured data presented below, this effect is ignored and eT is set to equal’ 
to eToB 

Actually jet mixing noise would be analyzed in a different way, involv- 
ing Doppler-shifted frequencies (although k, is still held constant) and is 
not discussed further here; measurements have been analyzed on the basis of 
OASPL di rectivity changes with VT in reference 8.1 and a theoretical investi- 
gation based on Lilley equation solutions was described in the same reference. 

The question considered here is: what is the expected effect of VT on 
internal or shock-associated noise radiation from the model primary jet? In 
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Figure 8.18 Wavenormal directions linked by constant phase speed condition 
in primary jet, free jet and outside free jet. 
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Table 8.1 Equal phase-speed wavenormal angles 
at free-jet velocities zero and 0.26aT 

VT = 0 VT = 0.26aT 

eTo (degrees) eT (degrees) 

40 17.7 

2: 39.5 54.9 

ii 68.0 79.5 
90 goio 

100 99.6 
110 108.3 
120 116.3 

order to answer this question we postulate that the internal noise radiates 
the same acoustic power into the (axisymmetric) ray tube or solid angle con- 
taining waves of a given axial wavenumber independently of VT. This leads to 
the following relationship between the pressure psd in the static case 
(PTo) and the pressure psd in the forward motion case (PT): 

R:T $ (1 + 2 coseT)4 = RET0 $ (8-B) 

(forward mot ion) (static) 

where subscript “0” refers to static conditions. The effect of forward motion 
on the pressure psd at the same wavenormal distance (RrT = RrTo) and ambient 
dens i ty (pT = p,) is therefore given by 

PT 1 -= 
pTo (1 + VTcoseT/aT) 4 

(8-g) 

This result has been used previously to correlate simuZated static-to-flight 
data (e.g. refs. 8.4, 8.5) and actual static-to-flight data dominated by 
internal noise and/or shock-associated noise (e.g. ref. 8.6). Here we have 
derived the result from theoretical considerations which do not involve 
specification of the source type (monopole, dipole etc.). Instead, we have 
utilized the relationship between sound power in a solid angle containing 
waves of fixed axial wavenumber and sound pressure in a uniformly moving 
fluid together with the hypothesis that the power radiated from internal 
noise and shock-associated noise sources into that solid angle is unaffected 
by forward motion at constant jet-exit conditions. 
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The significance of this hypothesis can be brought out more clearly by 
returning to the free-jet problem where measurements are taken outside the 
free jet (PO) and corrected to ideal-wind-tunnel conditions (PT) with the 
caZibration factor, which in this case is the high-frequency or GA 
cal i brat ion factor CF : co 

PT = Rra Rro 

R:T 
’ CF, l PO 

R Rro ra PT = 
2 l PO 

RrT l PO (1 + vTcoseT/aT)  4 

Dividing equation (8-8) by equation (8-10) gives 

$TO PTO = Rra Rro PO . 

(8-10) 

(8-11) 

We find that apart from distance corrections there would be no effect of VT 
on the’variation of PO (measured outside the free jet) from the static 
Value, PTo, if the constant-k, sound power hypothesis applies to the sources 
under considerat ion. Equations (8-4) and (8-7) show that PO is measured on 
the ray path with a refraction angle, Bo, which does not vary with VT; here, 
in the ambient medium, the sound intensity and hence the sound power in the 
ray-tube are directly proportional to the psd, PO. Thus, if kx and the 
sound power radiated into the solid angle containing waves of that wavenumber 
remain constant and energy is conserved in the transmission process across 
the shear layer, the psd outside the free jet must be invariant with VT as 
as indicated by equation (8-11). 

To test the constant sound power hypothesis directly, one would ideally 
plot the ratio of the normalized free jet psd and static psd 
RraRropo/RfTo PTo versus VT at constant values of B. and if the present 
hypothesis is correct, RraRroPo/R:ToPTo would be independent of VT for every 
e. value. However , our data analysis program were designed to produce ideal 
wind-tunnel data at specified values of eT rather than Bo. Thus, the 
results presented below are in terms of ideal-wind-tunnel data versus BT 
instead of data measured outside the free jet versus Oo. For these results 

equation (8-g) is the expected dependence on BT and VT; the data, in general, 
follow that result quite closely. However, 
that data agree with the (1 +vTCOSeT/aT)-4 

the significance of this is not 
result since PT has been obtained 

from PO with equation (8-10) which involves the same factor. That is, four 
powers of Doppler factor have been applied to the measured data, PO, in order 
to estimate PT. The significance of the results given in Figures 8.19 and 
8.20 is that deviations of the measured data from the theoretical result 
(sol id 1 ine) are reasonably small, indicating that the constant sound power 
hypothesis proposed above applies to these noise sources. 

The results presented in Figures 8.19 and 8.20 refer respectively to 
conditions where interna noise and shock-associated noise are dominant -at 
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the simulated flight conditions -indicated (VT/a,=0.18 and 0.26) - but in 
Figure 8.20 mixing noise takes over from shock-associated in the rear arc 
(8T < 90”). The theoretical line shown is actually four powers of a 

Doppler factor ratio, one of the factors being evaluated at the minimum 
free-jet velocity, VTo, at which the “static” data were acquired. This 
modified result can be obtained from a very straightforward extension of the 
theory presented above, viz. 

AdB = 10 loglo 1: :;;:z,‘~’ )i. 

Here AdB is the difference between the overall SPL at a given tunnel Mach 
number, MT, and that at the minimum tunnel Mach number, MTo. 

For prediction purposes then, the above theoretical considerations taken 
together with the experimental results indicate that if the sound power 
emitted by internal noise or shock-associated noise as defined above does not 
alter with forward velocity (as seems to be the case here), then the flight 
noise levels are related to the static noise levels by 

SPLflight = SPLstatic + ‘0 log10 
I (1 +M:cos~T)~ 

/ (8-12) 

and this result is independent of the source type. 

8.5 CONCLUSIONS 

The effects of forward motion on the noise from shock-free and .shock- 
containing jets were examined by testing a model-scale convergent nozzle at 
unheated and heated conditions in the Lockheed anechoic free-jet facility. 
The experiments were conducted first in the absence of any internal noise, 
and later with an internal noise generator which injected broadband sound upr 
stream of the nozzle. The data measured outside the free-jet flow were 
transformed to ideal wind tunnel conditions using the transformation 
procedure described in Section 6. The major conclusions are as follows: 

(1) At subcritical jet operating conditions in the absence of internal 
noise (i.e. for pure jet mixing noise), the effect of forward motion is to 
provide a noise reduction at all angles and all frequencies for both unheated 
and heated jets. The relative velocity exponents for heated jets were higher 
than those for unheated jets in the rear arc. 

(2) For shock-containing jets with no contamination from internal noise, 
the effect of forward velocity is essentially to provide a noise reduction in 
the rear arc and a noise increase in the forward arc, with little change at 
go0 . 

(3) In the case 
effect of forward mot 

of jet noise contaminated with interna 1 noise, the 
ion is similar to that for the supercr itical jet (i.e. 
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noise reduction in the rear arc, noise increase in the forward arc, and little 
change at go”.) 

(4) When jet noise is contaminated with internal noise, the relative 
velocity exponent is reduced at all emission angles. The exact value of the 
exponent (at a particular emission angle) depends upon the degree of contami- 
nation. The envelope of the exponent values obtained in the present study 
encompasses the envelope of exponents published in the past using full-scale 
fl ight data. 

(5) For prediction purposes, the OASPL’s for shock noise and internal 
noise under static conditions are modified in flight by four powers of the 
Doppler factor. However, it has been shown that this result is a pure propa- 
gation effect, and it applies to any source type (i.e. monopole, dipole, 
etc.) provided that for any given axial wavenumber of the source excitation, 
the acoustic power radiated into the solid angle enclosing the far-field 
observer remains constant with forward velocity. 
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The three major object ives of the present invest 

9, CONCLUSIONS 

igation were: 

(1) To obtain a thorough theoretical and experimental understanding of 
the effects of the free-jet shear layer on the transmission of sound from a 
model jet placed within the free jet to the far-field receiver located out- 
side the free-jet flow, and hence, to evaluate the validity and accuracy of 
the free-jet flight simul’ation technique for forward velocity effects on jet 
noise. 

(2) To provide transformation charts and a systematic computational 
procedure for converting measurements obtained from a free-jet simulation to 
the corresponding results from a wind tunnel simulation, and, finally, to the 
f 1 ight case. 

(3) To experimentally establish the e,ffects of simulated forward flight 
on engine internal noise source and shock-associated noise.from model scale 
unheated and heated jets, and hence, to illustrate the role played by these 
non-jet mixing noise sources in producing the currently observed anomalies 
between flight data and free-jet simulation data projected to the flight 
case. 

A summary of the work conducted to achieve these objectives and the main 
conclusions are as follows: 

9.1 FREE-JET FLIGHT SIMULATION TECHNIQUE 

The validity and accuracy of the free-jet flight simulation technique 
for forward velocity effects on jet noise was examined both theoretically and 
experimentally. In the experimental work, which was conducted in the Lockheed 
anechoic free-jet facility, the major emphasis was to verify (and if neces- 
sary modify) various aspects of a theoretical transformation procedure, 
developed in our previous work. The theoretical work was concentrated on 
assessing the validity of the high-frequency or geometric acoustics amplitude 
calibration factor (derived in our previous work) by detailed comparisons 
with the numerical solutions to the Lilley equation. Subsequent to these two 
items of work, the validity of the cor@Zete data transformation procedure was 
examined experimentally. 

(1) Experimental Verification of Major Components of 
Transformat ion Procedure 

(a) Redirection or refraction of sound by the mean sheared flow: 
A cross-correlation technique used to measure (indirectly) the refraction of 
waves transmitted across the free-jet shear layer confirmed that Sneil’s law 
holds to a good approximation over a wide range of incident wavenormal angles 
and free-jet velocities. 
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(b) Internal reflection of sound by the sheared flow: Internal 
reflection was found to be insignificant for the majority of data analyzed. 
Significant reflection was detected only in the total internal reflection 
regime. 

(c) Transmission of sound through the mean sheared flow (coherent 
transmission): The relationships between sound pressure amplitudes inside 
and outside the free-jet flow were measured (using coherence analysis) on a 
common ray path emanating from a point source placed within the potential 
core of the free jet. These results confirm that the theoretical amplitude 
and distance calibration factors are valid within measurement accuracy and 
that the sound transmission across the shear layer can be adequately 
described by a geometric acoustics energy-conserving process. 

(d) Transmission of sound through the unsteady sheared flow (turbulence 
absorption) : The absorption of sound by turbulence in the free-jet shear 
layer, if present, is insignificant over the ranges of parameters of practi- 
cal interest. 

(e) Transmission of sound through the unsteady sheared flow (turbulence 
scattering): Frequency broadening of transmitted discrete tones was detected 
only when the ratio of shear layer thickness to sound wavelength, 6/X, was 
about 10 or higher. Discrete tones with 6/X ~10 measured outside the free 
jet can be transformed to ideal-wind-tunnel conditions through the use of 
distance and amplitude calibration factors also used for broadband noise. For 
broadband noise sources, turbulence scattering effects pose no real problem. 

Thus, the verification experiments have confirmed the validity of the 
important individua2 components of the calibration procedure. 

(2) Theoretical Assessment of Amplitude Calibration Factor 

The theoretical work was concentrated on the amplitude calibration 
factor, CF, since this plays a key role in the data transformation procedure. 
In our previous work, this calibration factor was obtained from high-frequency 
(or geometric acoustics) analytic solutions to the Lilley equation when the 
typical free-jet shear layer thickness is large compared with the wavelength 
of sound. In the present work, the validity of this calibration factor was 
assessed by solving the Lilley equation numerically, using realistic models 
of the primary-jet and the free-jet mean flow fields and of the noise source 
itself, particularly for jet mixing noise. 

Over the frequency range considered, the geometric-acoustics based 
calibration factor (CFm) for the monopole source was found to be within +1/2 
dB of the numerical factor (CF). Moreover, the magnitudes of the dipole and 
quadrupole calibration factor deviations were similar if not even less signi- 
f icant. This strongly suggests that any higher-order multipole source models 
that might be required to model internal noise or shock-associated noise will 
also have these negligible deviations of CF from CFo,. 
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For most practical cases, model-scale jet noise data (consisting of jet 
mixing noise and/or internal noise and/or shock-associated noise) obtained in 
a free-jet flight simulation facility can be converted or calibrated to 
ideal-wind-tunnel conditions using the simple high-frequency amplitude cali- 
brat ion factor CF, with a remarkable degree of accuracy. 

(3) Experimental Verification of Complete Transformation Procedure 

In order to assess the validity of the transformation procedure in its 
entirety, jet noise experiments were conducted first with the free-jet 
facility used in the conventional manner, with the microphones placed entirely 
outside the free-jet flow. Subsequently, the facility was used as,a wind 
tunnel for which the measurements were conducted inside the potential core of 
the free jet. The test matrices for both sets of experiments were kept 
identical. Both sets of data (i.e., the free-jet data and the wind-tunnel 
data) were transformed to (common) ideal-wind-tunnel conditions, and the 
corresponding pairs of spectra were compared on an absolute basis. Good 
agreement was obtained between the two sets of measurements over a wide range 
of frequencies, angles and free-jet velocit’ies. Thus, the tota transforma- 
tion procedure has been largely verified experimentally. 

An important conclusion obtained during the course of these verification 
experiments using a model jet is concerned with jet noise characteristics at 
small measurement distances from the nozzle. In the past, jet noise measure- 
ments at small distances from the nozzle have been observed to depart fr.om 
the usual inverse-square law dependence, and this behavior has been normally 
attributed to the so-cal led “near-field” effects. In the present work, 
however, it was found that, even for small measurement distances of the order 
of 8 model-jet diameters, these departures from inverse-square law dependence 
can be largely explained by properly accounting for source location (as a 
function of frequency) and directivity effects for jet mixing noise sources. 
Indeed with realistic source location and directivity corrections, jet mixing 
noise at small distances from the nozzle can be predicted quite accurately 
using an existing Lockheed prediction method. 

9.2 TRANSFORMATION CHARTS AND COMPUTATIONAL PROCEDURE 

In order to convert flight simulation data measured in a free-jet 
facility to the corresponding data that one would obtain from a wind tunnel 
simulation, and finally, in a flight situation, a self-contained transforma- 
tion procedure has been provided. The procedure has been presented in two 
complementary parts. In the first part, a basic breakdown of the various 
components of the transformation procedure was given. To supplement the 
mathematical relationships, corresponding transformat ion charts were pre- 
sented where possible. In the second part, a comprehensive computer program 
was presented and described in detail in the form of a user’s guide. 
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9.3 EFFECTS OF SIMULATED FORWARD FLIGHT ON 
JET NOISE, SHOCK NOISE AND INTERNAL NOISE 

The effects of forward motion on the noise from shock-free and shock- 
containing jets have been examined by testing a model-scale convergent nozzle 
at unheated and heated conditions in the Lockheed anechoic free-jet facility. 
The experiments were conducted first in the absence of any internal noise, 
and later with an internal noise generator which injected broadband sound up- 
stream of the nozzle. The free-jet data were transformed to ideal-wind- 
tunnel conditions. The major conclusions are as follows: 

(1) At subcritical jet operating conditions in the absence of internal 
noise (i.e., for pure jet mixing noise), the effect of forward motion is to 
provide a noise reduction at all angles and frequencies for both unheated and 
heated jets. The relative velocity exponents for heated jets were higher than 
those for unheated jets in the rear arc. 

(2) For shock-containing jets with no contamination from internal noise, 
the effect of forward velocity is essentially to provide a noise reduction in 
the rear arc and a noise increase in the forward arc, with little change at 
900. 

(3) In the case of jet noise contaminated with internal noise, the 
effect of forward motion is similar to that for the supercritical jet, i.e., 
noise reduction in the rear arc, noise increase in the forward arc, and little 
change at 90°. 

(4) When jet noise is contaminated with internal noise, the relative 
velocity exponent is reduced at all emission angles. The exact value of the 
exponent (at a particular emission angle) depends upon the degree of contami- 
nation. The envelope of exponent values obtained in the present investigation 
encompasses the envelope of exponents published in the past using full-scale 
flight data. 

(5) The present experiments have iZZustrated that the existing anomalies 
between full-scale flight data and model-scale flight simulation data could 
well be due to the contamination of flight data by internal noise. Al though 
the internal noise may have been masked by jet mixing noise in the static 
case, it may well have influenced the changes in noise levels with forward 
velocity due to decreased contribution from mixing noise in flight. Of 
course the significance of internal noise and shock noise in producing the 
anomalies between flight data and flight simulation data has been recognized 
and/or hypothesized in the past,, and the results of the present study serve ’ 
to illustrate these effects in a systematic and comprehensive manner. 

(6) For predict ion purposes, the OASPL’s for shock noise and internal 
noise under static conditions are modified in flight by four powers of the 
Doppler factor. However, it has been shown that this result is a pure 
propagation effect, and it applies to any source type (i.e. monopole, dipole, 
etc.) provided that for any given axial wavenumber of the source excitation, 
the acoustic power radiated into the solid angle enclosing the far-field 
observer remains constant with forward velocity. 
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APPEND IX 4A 
SNELL'S LAW AND MINIMUM TRAVEL TIME 

In stationary or moving non-uniform fluids a sound ray propagates 
between any two observation points along a path such that the travel time is 
a minimum. This result has been derived only quite recently from the theory 
of geometric acoustics by Ugincius (ref. 4.1) for ray paths in moving ftuids. 
The flow model adopted in the recommended calibration procedure for the 
purposes of describing changes in ray geometry (angles and distances) - but 
not ray amp1 i tude changes - is the cylindrical vortex sheet containing a 
uniform f 1 ow . Sound propagation across a vortex sheet does not immediately 
fall into the category of geometric acoustics propagation (slowly varying 
mean flow velocities on the wavelength scale). Thus, it is of interest to 
confirm that Snell’s law, which applies to ,wavenormal refraction across an 
axially uniform shear layer of arbitrary thickness, does correspond to a 
minimum-travel-time ray path when used with the vortex-sheet flow model. 

The ray path from a point A on the centerline of the cylindrical vortex 
sheet to a point B outside the flow is made up of two straight-line segments, 
as shown in the sketch on the next page. 

The travel time between point A and the lipline intercept, I, is the 
distance travelled relative to the flow by the wavefronts rT/sinBT divided 
by the wave velocity relative to the flow, aT; outside the flow the travel 
time is (RmsinBm- rT)/ao so that the total travel time is given by 

(rT/sineT) 
T = 

+ (R,sinB, - rT) 

aT aO 
(4A-1) 

The wavenormal angle, BT, is related to the ray angle, +T, according to the 
velocity triangle shown in the sketch, viz. 

cot’#T = 
VT + aTCOSf?T 

aTsinBT 
(4A-2) 

and in order for the ray to pass through the point B (polar coordinates 
R,,B, centered on A) we must have 

$,,COSe, = rTcotQT + ( Rms i nB, - rT) cotB, (4A-3) 

Nothing has been assumed about the relation between BT and Bo, other than 
the geometrical constraint given by equation (4A-3). 

Eliminating COt$f between equations (4A-2) and (4A-3) gives 

2% 



R,cose, = 

and differentiating the 

‘T 

result gives 

+ (R,s i no, - rT) tote, (4A-4) 

d8T -= - 
de0 

(R,sine, - rT) 
2 

aT 

‘T aT + vTcoseT ’ (4A-5) 

which when substituted 
e. gives 

into the derivative of equation (4A-1) with respect to 

dr (R,sinB, - rT) c0se, coseT 
-I -- 
de, s i n2eo a0 

1 
aT + vTcoSeT ’ 

When Snell’s law is assumed, i.e., 

a0 aT -=- 
case, coseT + ‘T 

(4A-6) 

(4A-7) 

then equation (4A-6) reduces to 

confirming that Snell’s law and minimum travel time are equivalent in the 
present vortex-sheet flow model. 

“T A  em $T 

sin 8,-rT 

J/.+ 

‘T +T 
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APPENDIX 4B 
EXPERIMENTAL DETERMINATION OF 
AMPLITUDE CALIBRATION FACTOR 

The calibration factor defined in Section 2.3 can be determined in 
principle (apart from distance corrections) simply by measuring the mean- 
square pressures 3 and.-% (in frequency bands) or auto-power spectral 
densities GCC(f) and GBB(f), by microphone C inside the flow and microphone B 
outside the flow, respectively. These measurements must refer onZy to the 
acoustic pressure signal radiated by the noise source at point A (see Figure 
3.16). In other words, according to the definition of the amplitude calibra- 
t ion factor, the quantities of interest are the amplitude of the incident (or 
outward-going) pressure wave at microphone C and the amplitude of the trans- 
mitted pressure wave at microphone B. 

In reality, the total signal sensed by microphone C contains contribu- 
tions from the reflected wave as well as ot.her extraneous noise sources, 
namely, free-jet flow noise and turbulent pressure fluctuations at the micro- 
phone. Similarly, microphone B also measures the unwanted extraneous noise 
source contributions. The reflected wave contribution at microphone C and 
the extraneous noise contributions at microphones C and B must therefore be 
removed in order to obtain a true measurement of the calibration facfor. 
Fortunately, in the tests conducted to date (see section 4.3), internal 
reflections have not been detected at any of the points C, corresponding to 
the different ray angles, except for ray angle of $T=14G0 and VT/aT 20.18 
where Snell’s law predicts total internal reflection and, therefore, 
amplitude calibration factors could not be determined anyway. The other 
extraneous noise contributions at microphones C and B can therefore be re- 
moved by using coherence analysis. Thus, provided the signal at reference 
microphone A is entirely dominated by acoustic pressure fluctuations from the 
point sound source, the spectral density of the incident (or outward-going) 
wave at microphone C is given by v&(f) CCC(f), and similarly 
density of the transmitted wave at microphone B is given by 
where v2(f) is the coherence function. 

&;$ :;;;i;;’ 

The required ratio of these coherent components can be conveniently 
expressed as 

Y&(f) Gee(f) = lGA,(f)12 
Y&(f) G&f) IGAB I2 

by using the coherence function definition 

2 
Yxy = E , 

(4B-1) 

(48-2) 

where Gxy is the cross-power spectral density. 
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Thus, the mean-square pressures (in frequency bands) of the incident 
wave at microphone C and the transmitted wave at microphone B, required to 
determine the calibration factor (apart from distance corrections), are ob- 
tained in practice by measuring and squaring the magnitudes of the cross- 
power Spectral densities )GAC(f)l and IGAB(f)l. 
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APPENDIX 4C 
SAMPLE CALCULATION OF AMPLITUDE 

CALIBRATION FACTORS 

Given: 

MT = vT/aT = 0.264 

q/a0 = 0.993 

a0 = 344.370 m/s 

$T = 22.020O 

em = 3o" 

Rm = 1.477 m 

RT = 0.454 m 

r T = 0.356 m 

Calculated: 

RrT/RT = (MTCOS$T + (1 - M& in2QT) ) 3 -1 = 0.806 

RrT = 0.366 m 

tane, = (Rms ine, - rT)/ (Rmcosem - rTCot$T) = 0.957 

8, = 43.748' 

R ro = R,sine,/sinB, = 1.068 m 

coseT = cos+T(l - M;sin$T)’ - MTsi:$T = 0.885 

eT = 27.71° 

DT = (1 + MT coseT)-’ = 0.810 

R 1 
ra = - [RmsinOm + rT [(~~~~~e,)3 ($1 - 111 = 3.710 m stneo 
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Distance Calibration Factor: 

R,$-/RroRra = 0.0338 

10 lOg10(RtT/RroRra) = - 29.41 dB 

Measured Amplitude Calibration Factor: 

CFm = 20 

Calculated Amplitude Calibration Factor: 

CF = 10 log10 {DT~(PT/P~)> 

= 10 lOglo {DT4/(aT/ao)2} = -3.593 dB 
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APPENDIX 6A 
DISTANCE AND ANGLE CORRECTIONS FOR THE FLIGHT CASE 

In the data transformation procedure, when the Doppler frequency shift is 
applied to the wind-tunnel data, 
shown in Figure 6A.1, 

we obtain the flight data SPLF(R,BT). As 
for- a fixed frequency f, these flight data are obtained 

at various emission angles eT relative to soume position s on an arc of 
rad ius R centered at S. In order to predict the corresponding flight data 
SPLF(Rn,eTn) at various emission angles 8Tn relative to nozzle exit position N 
on an arc of radius Rn centered at N, two corrections are required: a 
distance correction which relates distances R and SO, and an angle correction 
which gives eTn in terms of eT. 

Angle Correct ion 

The angle correction depends on whether Rn is greater than, equal to, or 
smaller than the source location distance xi. The three cases are discussed 
below: 

(1) Rn >XA (Figure 6A.l.): 

In this case, for every Value Of eT, there is a corresponding value of 
8Tn which is given by 

‘in = eT - sin -1 (xi si nBT/Rn) . (6~-1) 

(2) Rn = Xi (Figure 6A.2) : 

In this case, the data SPLF(R,eT) for @T <go0 cannot be used. At 
8-r = 90°, eTn =O” and the observer (0) and source (S) positions coincide. 
Therefore, data at 8T=gO” also cannot be used. a value of BT, 
corresponding to a Value of eT is obtained. 

For eT > gO”, 
The relationship between the two 

angles is 

flTn = eT - (180~ - eT). (6~-2) 

(3) Rn < X& (Figure 6A.3): 

This situation gives a very interesting result. As shown in Figure 6A.3, 
the data SPLF(R,eT) for eT < (180~ - sinB1(Rn/x;)l cannot be used in this case. 
For eT E I180’ - sin’ 1 
by 

(R,/x&)), one value of BTn is obtained, and this is given 

DTn = cos -‘(R,/x;). (6A-3) 
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For eT>{180° - sin-l(Rn/xk)}, two corresponding values of 8Tn, given by 

eTn2 = eT - S 

are obtained. 

8 
Tnl 

= 25 - 

in -1 
lx& sinBT/R,) 

180~ - eT,.,2 

Distance Correction 

(6~-4) 

For all three cases discussed above, the source-to-observer distance SO 
is given by the cosine rule as 

so2 = Rn2 -I- Xi2 + 2R,x4 COS eTnt (6~-5) 

and the distance correction in decibels is 

CR,., (dB) = 10 loglo (R2/S02). (6~-6) 

Using the above corrections, the required inflight SPL’s can be obtained 
from 

sPLF(Rn,eTn) = sPLF(R,eT) + CR,(dD). (6~-7) 
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NOZZLE 
EXIT SOURCE 

-- 

Figure 6A.l Geometry for R,.x:. 
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NOZZLE 
EXIT SOURCE 

Nt----X:+S 

Figure 6A.2 Geometry for R,=xA. 
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NOZZLE 
EXIT SOURCE 

= 180~ - sin” (R,) 
\ 

eT 

/ SP+~R,~TI 

xS 

Figure 6A.3 Geometry for R,*xg. 
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APPENDIX 7A 
TRANSFORMATION OF INFLOW MEASUREMENTS 

TO IWT CONDITIONS 

The purpose of this transformation procedure is to obtain the SPL (for 
a given frequency f) at some desired emission angle 8T and some desired 
emission distance R,T (=lOOd in the present investigation) using measured 
SPL’s obtained at several measurement angles, em, along a linear microphone 
traverse located at a distance rm (=8d in the present investigation) from 
the jet centerline. 

The geometry of this problem is defined in Figure 7A.l. The transforma- 
tion can be carried out in four steps: 

(1) Determine the source location xl corresponding to frequency f. 

(2) Using the tunnel Mach number (MT) and the desired emission angle 
OT, calculate the ray angle ‘C’T and hence the distance x where the ray 
starting from the source at S intersects the line of microphone traverse 
used in the measurements. 

(3) Interpolate the SPL measurements at xi and Xi+1 to obtain SPL at x. 

(4) Extrapolate the SPL at x to the desired emission distance RrT. 

The equations used in these steps are given below. 

Source Location xk 

x:/d = (0.057 Sm + 0.021 Sm2)-* 

where sm = SDm 

s = fd/vJ 

Dm = it1 - McCOS~T)~ + a2blc2+ 

MC = 0.67 VJ/ao and a = 0.3 

Distance x 

cot $T = (CoseT + MT)/sineT (7A-6) 

x/d = xi/d + (r,/d) cot$T 

(7A-1) 

(7A-2) 

(7A-‘3 1 

(7A-4) 

(7A-5) 

(7A-7) 
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Figure 7A.l Geometry for transformation of inflow measurements 
to IWT conditions. 
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Interpolation 

xi/d = (r,/d) cot 8h 

xi+l/d 
i+l = (t-m/d) cot em 

Find i such that xi <x<xi+l and calculate 

h (x = -Xi)/(xi+l - Xi) 

SPL, = h SPLxi+l + (1 -h)SPLxi 

(7A-8) 

(7A-9) 

(7A-10) 

(7A-11) 

Extrapolation 

(R$/d12 = (rm/dJ2 + (x/d -xg/d)2 = ((rm/d)cosec~T~2 (7A-12) 

I++ = (Rf/d) /{MT COSQT + (1 -MT~ sin2QT)‘} (7A-13) 

sPLRrT = SPL, - 20 log10 (Rr-+~T) (7A-14) 



APPENDIX 
LIST OF SYMBOLS 

S(r) 
a 

DF 

CFmo 

cFm 

c.R 

d 

D 

f 

G  Gxy XX’ 

H 

k0 

kX 

m 

M 

MA 

4 

MTo 

n 

OASPL 

speed of sound in parallel sheared flow 

speed of sound in uniform flow region 

amp1 i tude cal i brat ion factor 

low-frequency, monopole calibration factor+ 

high-frequency or geometric acoustics calibration factor 

distance calibration factor 

model-jet nozzle diameter 

Doppler factor (1 +VcosB/a)-’ 

frequency 

auto-, cross-power spectral density 

height of aircraft flight path from microphone 

acoustic wavenumber, w/a, 

axial wavenumber 

exponent of relative velocity 

Mach number 

aircraft Mach number 

axial eddy convection Mach number 

minimum tunnel Mach number 

azimuthal mode number 

overall sound pressure level 

+In Section 5, Cm 
measured amplitude 

is the monopok cazibration factor; ei?sewhere Cm is the 
cailibration factor. 
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P 

PO 

PI 

PR 

pT 

P 

PR 

Q 

r 

r T 

R 

Rm 

R XX’ RXY 

Rr 

RvJ 

Re 

S 

sm 

S/N 

SPL 

t 

T 

V(r) 

acoustic pressure 

ambient pressure in anechoic room 

free-jet intake static pressure 

reservoir or plenum static pressure 

tunnel or free-jet test section static pressure 

total pressure 

reservoir or plenum total pressure 

volume source distribution 

radial coordinate (cyl indri C 

free-jet (or tunnel) nozzle 

nondimensional radial coord 

microphone or measurement r a 

al) 
radius 

natc, k,r* 

dius 

auto-, cross-correlation function 

radiation (or wavenormal) distance, relative to uniform flow 

distance between observer and aircraft engine at reception time 

distance between observer and aircraft engine at emission time 

source strength 

modified Strouhal number 

signal-to-noise ratio 

sound pressure level 

time 

temperature 

mean velocity in parallel sheared flow 

"In Section 5, korT s RT; elsewhere RT is the distance along a ray path. 
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VJ 

Vr 

VREL 

VT 

vTO 

X 

X’ 

Y2 

6 

A f 

0 

em 

K 

x 

5 

F(r) 

P  

T 

Ted 

=cv 

Trn 

T ref 

0 

#xv 

primary-jet exit velocity 

ray speed 

relative velocity (= VJ - VT) 

tunnel or free-jet velocity 

minimum tunnel or free-jet velocity 

axial distance or axial coordinate measured from 
the free-jet exit plane 

axial distance measured from primary-jet exit plane 

coherence function 

vorticity thickness of shear layer AV/ldV/dr~,,, 

frequency analysis bandwidth 

polar angle of wavenormal direction (except em), 
referred to downstream flow direction 

microphone or measurement angle referred to domstream 
flow direction 

nondimensional radial wavenumber defined by equation (5-3f) 

wavelength of sound 

model-jet pressure ratio 

mean density in parallel sheared flow 

mean density in uniform flow region 

time delay 

calculated time delay using diverging flow model 

calculated time delay using vortex sheet model 

measured time delay 

calculated time delay for internal reflection peak 

azimuthal coordinate 

phase spectrum corresponding to cross-power spectral density 
G  XY 
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- 

9 

w 

Subscripts 

A,B,C,D 

d 

F 

FJ 

IWT 

J 

m 

0 

par 

q 

S 

T 

Superscripts 

V 

Functions 

Jn 

w(z, ,z2) 

ray angle referred to dmm8tream flow direction 

radian frequency 

quantities pertaining to signals at microphones A (reference 
microphone), B (along transmitted ray), C (along incident ray), 
and D (along reflected ray) 

dipole 

flight 

free jet 

ideal wind tunnel 

primary jet conditions 

monopol e 

ambient conditions 

partial profile 

quadrupole 

conditions at noise source location 

free-jet exit or tunnel conditions 

temporal order of source distribution 

Hankel functions of the first and second kind 

Bessel function of the first kind 

Wronskian 2122’ - Zl ’ z2 

6 D i rat de1 ta function 
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