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ratio cf core tip length with externol flow to care tip length without
externol flow in Figure 8

velocity difference ocross stated portion of jet

sound wavelength for standard conditions

nondimensional jet radius porameters; {r - 0)/b

nondimensional jet rodius porameaters for coaxiol equivalent jot; (r, - a) /b

angle from jet flow axis in degrees
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1.0 INTRODUCTION

The noise produced by jet engines comes from three sources — the intake compressor or
fan, the internal engine components, und the jet flow of gases from the engine exhoust.
This report is concerned solely with the latter source, which detemines the jet noise
level threshold of the engine after the first two sources have been sufficiently reduced.

Jet noise results from the mixing of the jet flow with the ambient air, This mixing
process is turbulent in nature, consisting of velocity and aerodynamic pressure fluctu-
ations in the mixing region which produce the noise audible in the acoustic far field.
This far-field noise is reasonably well understood for a single circulor jet and accurate
prediction methods are available, olthough many details remain to be clarified.

However, modern jet engines are no longer pure jet engines but utilize the bypass
principle, The exhoust from such an engine consists of a centrol jet of hot gas that has
possed through the combustion chember (termed the primary jet in this report) which is
surrounded by the cooler, slower bypass flow (termed the secondary jet).

On same low byposs engines, the byposs flow daes not complately surround the primory
flow. This practice is being discontinued with increasing ratios, however, so that for
all practical purposes the secondory bypass oir can be considered to be coaxial with
the primary flow and to completely surround it,

The mixing Hlow pottern from such o couxial jet is much more complex than that fram o
single jet with the odditional complication that there are many more variables to be
considered., Consequently, cccurate theoreticol prediction of the noise is much more
difficult, This difficulty in prediction motivated this experimental study to measure
the noise from cooxiol flows, covering the full range of physical and cerodynamic
porameters to be expected from existing and future byposs jet engines. The porameters
of inteiest include:

Ratio of the secondary (bypass) mass flow to the primary mass flow
Ratio of the secondory flow velocity to the primary flow velocity
Ratic of the secondary flow areo to the primary flow area
Relative axial positions of the secondery and primary nozzles
Primary noxzzle pressure ratio

Temperoture of the primary jet

This report gives the results of en experimental study using model jets in which all the
cbove parometers were exomined. The study included o series of more then three
hundred separcte model jet tests, The deto from these tests were then enclyzed to
determine sound power dulput and directivity pattems of the model jet configurations,




and were scaled to give the equivalent acoustic output for full sized engines. The full-
scale dota are presented in terms of the sound pressure spectrum and perceived noise
level along two sidelines ot 500 feet and 1500 feet from the jet axis.

The dato were olso used to determine the decrease in acoustic output that results from
the use of a bypass flow configuration relative to the acoustic output of o single jet
nozzle which has the same flow charocteristics as the primary jet and the same thrust as
thot of the bypass flow configuration. The effects of area ratio, velocity ratio, ond
the relative axial position of the primary and secondary nozzles on this noise reduction
were examined, Finally, these noise reduction dota were reinterpreted to indicate the
flow characteristics required to give o jet with minimum acoustic output for a given
amount of gross thrust and the acoustic peralty thot results if the actual flow chaorac-
teristics depart from those optimal design conditions.

Section 2 raviews pertinent aspects of the noise generation of jets from circular and
multiple nozzles, and develops a simple analytical model which describes the noise
generation of cooxial jets. Section 3 details the experimental test hardware, instru-
mentation ond the data analysis procedures, Section 4 presents the basic experimental
dota, and Section 3 contains o discussion of the results and the dev:lopment of pre-
diction techniques applicable to full-scale engines. The principal conclusions are
given in Section 6,

Seven (7) appendices are included in this volume, They include o directory of experi~
mental runs, the computer program for dota analysis, some somples of measured jet flow
profiles and o summary of the principsl acoustic doto obtained, The detciled flow and
acoustic doto are contained in Volume 11,

-2-
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2,0 NOISE GENERATION BY COAXIAL JET FLOWS
2,1 Noise Generation of Jets From Single Circular Nozzles

Jet flows generate sound by the turbulent mixing of the gas flow with the ambient atmos-
phere, This process was first properly documented by Lighthiil (References 1 and 2),
who recognized that the turbulent shear stresses resulting from the momentum exchange
produced pressure fluctuations and a radiated sound field. The process of conversion of
jet mechanical energy fo acoustical energy is relatively inefficient. However, because
of the high mechanical energy of a jat exhaust flow, the resulting noise is of great
significance for the design of jet vircraft engines.

In the studies of the properties of jet noise generation, the importance of the velocity
of the jet flow is easily identified. The overall sound power of single circular jet
fiows up to approximately 000 fps i< proporticnal to the eighth power of the velocity.
Althouyh the flow velocity is the most important parameter in the determination of the
sound power oufput of a jet, the physical size and the temperature of the jet are also
iportant, Lighthill showed that the sound output was directly proportional to the jet
nozzle area, The flow velocity is a function of temperature; heating the fiow will
increase the velocity for a given nozz!e pressure ratio, thus increasing the noise.
Alternatively, if the velocity is maintuined constant, the noise wiil decrease as tem-
perature is increased because of u raduction in density. It is possible to reduce the
noise slightly for fixed thrust by heating the gas wnile maintuining the same exit
velocity, as documented by Plumblee et al (References 3 und 4),

The relationship between overall sound power level and jet flow parameters is civen in
Figure 1. The power spectrum can be normalized on the basis of o strouhal number
(fd/U) modified by the ratio (a*/czo) of the critical velocity of sound in the flow to
that in the surrounding ambient air (References 5 and 6). The results for typical jets
are given in Figure 2, The sound field is directional, with a predominant sound
radiation occurring at an acute angle to the jet flow direction, as illustrated in

Figure 3, This directionality is believed to ke the result of the convection »f the dis-
turbances within the flow and the refraction of the sound within the flow field, with
the approximate relationships indicated in Figure 4 (References 5, 9, 10 and 11),
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where
M = jet momentum at downstream station x
FX = jet thrust
n .
r = radius
r = jet nozzle radius
n e
R, = density in plane of nozzle
a = radius of core at downstream station x (0 < o < rn)
Un = nozzle exit velocity -
U~ = centerline velocity at station x (0 <« U_ < U))
[+ . - c -
] = (r~-a)/b
b = width parameter
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The velocity profiles in the flow of a constant density circular jet can be approxi-
mated with the profile given in Figure 5. The flow momentum rate across any down-
stream station, which equals the net thrust of the jet, is given by:

(-]

1 ] 'Y
0 .2 4 b6 .8 1,0 1,2 1.4 1,6 1.8 2,0 2,2 2.4

f=-a

= —p—

Non-dimensional Rodius Parameter,

Figure 5. Comparison of Assumed Velocity Profile for Axisymmetric Constant Density Jet
with Mach 0,7, Data from Laurence, Reference 13.
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This relationship, together with the assumption of a constant coefficient of momentum
exchange throughout the mixing process in the flow, permits an analytical solution of
the constant density jet velocities throughout the entire flow, as illustrated in

Figure 6. This solution was obtained in terms of the normalized axial distance (x/rn)
from the nozzle to the tip of the potential core. The length of the core is a

{function of Mach number, as shown by the empirical curve in Figure 7. When the jet
is surrounded by a moving medium, as for an aircraft in flight, the mixing process is
less rapid and the distance from the nozzle to the tip of the core lengthens, as illus-
trated in Figure 8,

The characteristics of the noise generated along the jet vary with axial position, as do
the parameters of the flow. Theoretical examination of Lighthill's basic theory of
aerodynamic noise generation resulted in identification of the initial mixing region as
the prime noise source for a subsonic jet flow (References 17 and '6). These analyses
indicated that there should be a uniform source strength along the length of the initial
mixing region, where the potential core still exists and the velocity difference across
the mixing region is constant, Further, theory indicates thaot the magnitude of the
noise generation should decrease rapidly, following an x™7 faw, in fully developed
mixing regions downstream of the core tip. These results were obtained by opplying
similarity arguments to the mixing flow properties (mean velocity profite and turbulence
intensity).,

Experimental measurements shown in Figure 9 oppear to validate theory in the initial
mixing region. However, the noise generation does not fall as ropidly as predicted by
theory downstreom of the core tip, perhaps because the turbulent eddies developed in
the initial mixing region decoy less rapidly os they are convected downstream than do
the mean flow velocities, This possible explanation is reinforced by cbserving the non-
dimensional source noise spectra in Figure 10, In the initial mixing region, the fre~
quency of maximum amplitude vories inversely with axiol distance; in the downstream
region, the spectrum appears olmost independent of axial distance.

The basic similarity relationships between the total sound power specirum ond mean jet
flow porameters, and between the local sound power spectra and the local flow relctions
ships, provide a powerful tool for estimating the noise generation characteristics of jets
with complex nozzles or non-standard initiol flow profiles. The similarity lows between
flow, turbulence and noise con encble solutions to the noise of o complex flow by
enalogy to the well known circular jet, once the velocity profiles of the complex flow
are defined, This opproaoch was used for the estimation of the noise charocteristics of
jet flows from mixing nozzles which hove multiple tubes or corrugctions (Reference 5)
ond is applied in this report to jet flows from cooxial nozzles, as discussed in the
following two subsections,
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2.2 Noise Prediction for Jet Flows from Mixing Nozzles

The possibility of modifying the noise of a single jet by changing the nozzle shape was
first discovered by Westley and Lilley (Reference 19), when they observed o reduction
in total noise os the result of inserting tooth-like projections into the nozzle, Initial
full-scale application of this discovery was made by Greatrex of Rolls Royce and
Callaghan, et al, of NASA (Lewis), (References 20 - 24). The concept was reduced
to practice in this country in the 1950's with the use of 21- and 9-tube nozzle sup-
pressors on the Booing 707 series aircraft, corrugated nozzles on the Convair 880 air-
croft and corrugated nozzles with ejectors on the Douglas DC-8 series aircroft. More
recent developments include the multiple chutes proposed by General Electric for the
U.S. supersonic trensport engine,

These devices all act to subdivide the single jet into several smaller jets, [f the
smoller jets are spaced sufficiently for apart so that each jet mixes a3 o normal single
jet, the length of the mixing region Is reduced in preportion to the ratio of the
diameter of one of the smoll jets to the diometer of o baseline circular single nozzle
which has the some area os the total of the small jets, Similorly, the totel acoustic
power of each of the umall jets relotive to the baseline circular jet is reduced in pro-
portion to the nozzle orea ratio, with its characteristic frequency shifted up relative
to tha circuicr nozzle in inverse proportion to the diameter ratio, However, the
acoustic power of the sum of oll the smaller noxzles equals thet of the baseline
circular jet since the sum of the arecs of the smaller nozzles equols that of the base-
line nozzle,

The pawer spectrum levels for o variety of sizes of non-interfering tube nozzles for o
10,000 Ib theust jet is iflustrated in Figure 11, Also included in the figure is the
power spectrum for two cases where the exit velocity wos reduced by lowering temper-
cture while retaining total pressure and the baseiine circuler nozzie,

in general, it is impracticel to space the smoller jets sufficiently far apart to encble
them to mix nomally without !ntecference. Consequently, for most procticst con-
figurations, only the peripheral small jets mix ropidly, os would be expected for
independent small jets. The inner jets tend to recombine, with the degree of recom-
sination criticclly dependent upon the omount of ambient cir which can be induced
into the cantral portion of the flow.
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A simplified sketch of the flow from a circular ring of tube nozzles is illustrated in
Figure 12, Reference 5 gives approximate solutions for the flow from idealized nozzles
of this type and compares the solutinn with data taken by Lawrence and Benninghoff
(Reference 2§), as shown in Figure 13,
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portlon of individual ~~w_
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Downstreom station

Figure 12, Skeich of Two Nozzles in the Plone Contoining the Axis of o Simplifiad Axi-
symmatric Peripherol Tube Nozzle Hlusteating Development of Final Mixed
Jet and the Mixing of the Individusl Jets, (From Reference 5.}

A method for computing the noise for ideal tube nozzles which were equally distributed
within @ circulor envelope was developed in Reference 5, The method consisted of
camputing the sum of the total acoustic power for the peripheral smaoll jots end the
ocoustic power for the slower, larger diometer, combined mixed jet, The velocity end
size of the slower combined mixed jet were relgted to the nozzle exit velocity ond the
diamneter (d;) of the circle which envelopes the tube array.
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Figure 13, Example of Flow Dato and Comparison with Coleuloted Profiles
for Three-Lobed Nozzle ot Mach 0.3, (Dato from Laurence
and Benninghoff, Reference 25.)
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- Figure 14 shows two exaripies of a comparison of the results from the Reference 5 method
with data for two configurations of 12-lobe nozzles, The low frequency peck in the
sound power spectrum results from the combined jet and is lower in magnitude for the
configuration with the larger envelope diameter. The high frequency peak in the cal-
culated scund power spectrum results from the flow from the 12 lobes; its characteristic
frequency is associated with the typical peripheral dimension of the lobes.
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Figure 14, Comparison of Calculated Power Spectra with Power Spectra Derived from

Measured Power Reduction for Two 12-Lobe Nozzles with J-57 Engine.
{(Frem References 5 and 26.)
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An example of the variation in total acoustic power for a series of idealized circular
arrays of uniformly distributed tube nozzles as a function of tube size, and the ratio of
the envelope diameter to the diameter of a baseline single circular nozzle which has
the same area as the sum of the arecs of the tube nozzles, is shown in Figure 15, This
method has not been generalized to the prediction of perceived noise level along the
sideline, although recently it has been applied successfully in an individual case for
the proposed supersonic transport (SST) engine, utilizing the appropriate directivity
functions for the jet noise, Such generalization is required to determine optimum
values for both the characteristic diameter of the tubes or corrugations and the envelope
aiameter for application to perceived noise level for aircraft operations near airports.
It is expected that the optimum values for this case will differ from those indicated in
Figure 15 which apply to overall power level.
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2.3 Noise Prediction for Jet Flows from Coplanar Coaxial Nozzles

The flow from a low bypass ratio coaxial jet nozzle is illustrated in Figure 16, It is
characterized by two basic regions. In the upstream region, the secondary flow shrouds
the primary flow. In the downstream region, the two flows have merged and behave as
a single jet in accordance with the similarity parameters discussed in Section 2.1, The
axial distance to the station separating these two regions is a function of both the area
ratio (B) of the secondary to primary nozzles and their velocity ratio (U /U = 5).
When the secondary flow is large, relative to the primary, the flows will

generally merge downstream of the tip of the primary core, However, as in Figure 16,
when the secondary flow is small relative to the primary, the merger will occur up-
stream of the tip of the primary and only a small amount of the primary jet flow will be
shrouded.
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Figure 16, Approximate Velocity Profiles af Various Downstream Stations for Constant
Density Annular Coplanar Jet with Us/Up = ,5 and rs/rp = 1,5,
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Greatrex (Reference 27) observed that the noise of a coaxial jet should be composed of
three parts:

e Noise of the secondary jet mixing with the atmosphere (shrouded region)

e Noise of the primary jet mixing into the secondary (shrouded region)
e Noise of the large combined jet

Similar concepts were advanced in Reference 5 and approximate estimates were made
of the reduction in acoustic power which could be obtained as a function of bypass

ratio, for a velocity ratio of .5, considering only the noise produced by the combined
jet.

In order to develop quantitative estimates of these three noise sources, it is necessary
to define the extent of the shrouded region and the parameters of the combined jet.
The velocity profiles in the combined jet could be duplicated by a portion of the flow
from a single-nozzle jet which has the appropriate nozzle velocity and radius, Such a

single-nozzle jet may be called an "equivalent jet," in both an aerodynamic and an
acoustic sense,

The thrust of the equivalent jet must equal the thrust of the actual coaxial jet:

= 2.2 _ 2.2 2 [ 2_ 2
Fe LY Ue o npp Up rp + TP Us (rs rp) (2)

where the subscripts e, p and s denote equivalent, primary and secondary,
respectively.

For-a constant density jet, which will be considered here, this equality gives:
]

U?e2 = U%e? 4 U2 [ 2= 02 (3)
ee PP s\s p

At the beginning of the combined jet from the coaxial nozzle, it is postulated that the
flows have merged and vbey the similarity profile for the single jet shown in Figure 5.

Hence, at the most upstream or initial station at which this condition is fulfilled, the
thrust for the combined jet is given by:

@®

-l
Fo= npUlel = np 02U; + 2[ U2e™" rdr (4)

-20-

T e N T S Y WA AT ¥y T oxwah K Y P




L5
o
b
K.
4
X

—— PN et e e B e T
N s mmr e B e e e e s e N G - .

If the flows merge upstream of the primary core tip, the first term in the brackets is
non-zeroc and the equivalent jet velocity equals the primary velocity, If the merger
occurs downstream of the primary core tip, the first term in the brackets is zero and

the equivalent jet velocity equals the jet centerline velocity, These two cases are
illustrated in Figure 17,

a) Flows range upstream of primary b) Flows range downstream of
core tip, Veloci primary core tip,
eloci
A " Velocity
PO ——tt u = u ‘
e p
Momentum i Momentum U <u
of Primary | of Primary e~ P
{
|
|
| = =
*T"'—“”F Ur‘ U, —_———— Ur‘ U,
Momentum l Momentum
of Secondary | of Secondary
Radius } Radius
- -

‘Figum 17. Sketch of Equivalent Jet Flow Profile for Two Cases.

The radius of the seporation boundary between the inner momentum flow due to the
primary, ond the outer momentum flow due to the secondary, may be defined for any
axial station. At the initial station, however, whare the flows merge and initially
obey the similarity profile for the combined jet, the velocity associated with the

radius (r,) Is approximately equal to the secondary flow velocity, Hence, ot the
initial station:

2
-l
v =U5=Uce 2 (9




For case (b) of Figure 17, the momentum of the outer flow at Station 1 may be written
as:

@® 2
npU2 (r2 - r2> = 2npf u? e-(r/b‘) rdr
s \s p c

n

2
= wpbf U¢2: e-(r'/b‘) 6)

Substituting from Equation (5) and recognizing that the tip of the core of the equivalent
jet r = by:
e

r 2
2 = g2 . g2 -2 =
2 r? rp, or rp B (7)

where f is the area ratio of the secondary to primary jets,

From Equations (3) and (7), the velocity is given by:

u U r?
e s
T ) T\T) '
p P - ? '
p
3 U 2
3 e 2 1
] or T = 8 + 3 {8)
’ p

where § is the velocity ratio, Us/ Up.
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For case (a) of Figure 17, Ue = Up and the radius of tha equivalent jet is given by:

u \? [ 2
r:=r;+ 'ﬂi (":"f;), or _r_e_ = 1+ 6P 9
p \p,=

This case of incomplete shrouding occurs whenever the combination of area ratio and
velocity ratio are such that:

r 2 U 2 :
_r:_ -1 - _U‘: <1, or B(1-6%) <1 (10)

10,0 T 1 i \ Y T Y T
7.0} -l
<& 5.0}~ (1 - 6% =1 -
3 o
i ,
3.0 | -
2 Complete Shrouding -~
& (U <U)
S: 3 2.0~ ¢ P -
j L
1 < 1.50. ncomplete
| Shrouding
N ! ' 0 o e -~
l [ T § 1 1 1 3 ) 4 3
3 ol .2 .3 4 .5 N .7 .8 .9

Velocity Rotio, § = us/up

Figure 18, Colculated Regions of Complete end Incomplete Shrouding of the
Primary Core o5 a Function of Area and Velocity Rotios.
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The radius and velocity ratios for the equivalent jet from Equations (7), (8) and (9) are
plotted in Figure 19 as a function of the area and velocity ratios of the coaxial jet.
When the nozzle area ratio is iess than 1, the equivalent jet velocity equals the
primary velocity for all values of the secondary velocity. The minimum area ratio
required to ensure complete shrouding of the primary jet core increases from 1 ot low
values of the velocity ratio to approximately 2 for 6§ = 0.7 and to over 5 for

6 = 0.9. When the area ratio is less than the minimum required for complete
shrouding, the equivalent jet radius is indicated by the dashed lines in the figure.,

This information can be used to construct an opproximate model of the entire flow-field
and estimate the resulting acoustic power spectrum utilizing the general methods of
Reference 5. However, the purpose of these experiments is to develop generalized
curves of sideline perceived noise level, and the detailed computation of power spectra
is not sufficient for this purpose. Rather, it is more relevant to examine the gross trends
in overoll ocoustic power as a function of cooxial jet parameters to obtain guidance for
understanding the experimental variations of perceived noise level.

Far this discussion, the noise estimates for the coaxial jet flows will be compared to
the noise of a boseline single-nozzle circular jet which has the some velocity as the
primary nozzle of the coaxial jet and has the crea required to make its thrust vqual to
thot of the coaxial jet.

The acoustical power estimotes are based on the Lowson and Pao relationships
(References 28 and 29) which consider the total acoustic power (W) proportionality
os:

W~ pAu'M. (an

where u is the fluctueting turbulent velocity which is proportional to the velocity
difference (AU) ocross o mixing layer, and M_is the eddy convection Mach
Number,

For o single jet, ooth u and M ore proporticnol to the flow velocity U, so that
Equation (11) is equol to the simple pAU® Lighthill relationship. For shrouded
flows, however, vu is proportional to the velocity diffarence, whereas Mc should be
proportioncl to a typical value of the cbsolute velocity in the mixing flow, For this
anolysis, Mc will be considered proportional to the maximum velocity in the mixing
leyer.
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The acoustic power for the three principal source regicns can be approximated by:

Equivalent jet: W ~ 2 U8
e e e

Primary mixing W o~ (U - U)‘ Ut AL (12)
with sacondory: ps p p s p

Secondary mixing

~ r2 Y8
with ambient: wsa s Us

where AL is the factor accounting for the lengthening of the primcry jet by the

presence of an external flow, os shown in Figure 8,

The size of the baseline jet which has the same thrust as the coaxial jet and the some
velocity as its primary nozzle flow can be determined from the momentum equation:

r. \2
Ul = y?e? 4yt (,2_ ,z)' or LI 1+ 6B (13
pb PP s \s p t
p
Its acoustic power is proportional to;
2 )8 o 2448 2 :
wb"'b lJp = Up (1 +8°P) (14)

The rotio of the powar generated by the downstream flow of the equivolent jet (cne~
half its totol power) to thot of the baseline jet is from Equations (7), (8), (12) and
(14):

]

il

w r? e 2 3
e e e Vz(bﬁ«t—l) (15)
w, 2:") u; (1+ 6°) P

v 1 e Y V1" T A T & TR B e



Similarly, the power ratio for the primary mixing with the secondary is:

4014
W, k u: (1 + 628) k (1 + 6%B)
and for the secondary mixing with the ambient:
a
wso - rg Us - B+ 88 an
W, 222 U2 (1 6%p) 201 + 62p)

The constant k in Eqiation (16) has a value between 1 and Z, with the lower value
oppropriate when the significant nolse-generating region of the primary flow is shrouded.
The upper value should apply when the primary flow is shrouded only to the tip of its
core. Between these twa cases, intemediate volues shauld apply. For the estimgtes

in this report, k = 2 was used for the area ratic of !, and k =1 was used for the

areg tatios 2, 5 and 10,

A first opproximation of the noise from the unshrouded portion of the primory con be

obtoinad from:
W 2.\ 2
. . po _ [ABeN) (1«8
W = 2 ( - : (18)
3 , b 2-6
r Figure 20 summarizes the estimgies of the redsction in overall sound power level for a

cooxial jet with an area ratio of 10 using Equations (15), (14) and (17). A moximum
veduction occurs at 9 velocity roti of approximately .55. Below that velocity, the
: noise output of the cosxial jet is dominoted by the nuise genercted by the primary jet
e mixing into the secondory jet. Above o velocity ratio of .55, the noise output is
T g dominated by the noise of the equivalent jet with a lesser contribytion by the noise
3 genercted by the secondory mixing with the ambient.

3 Similar colculations have been maode for area ratios of 1, 2 and 5, with the resvits

3 symmarized in Figure 21, The eguivolent jet for an area :stio of 1 hat o velocity equol
| to the primory velocity for all values of velocity ratio, os seen in Figures 18 and 19,

~ 3 Therefore, the iioise of the squivalent jet is almost constant and the reduction is

/ E | primorily controlied by the amount of the primary core which is shrouded,
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incomplete shrouding olso affects the results for oreo ratic 2 for velocity ratios of .7
ond cbove. However, for the remainder of the curves, the equivclent jet velocity I3
less thon the primary and the moximum noite reduction occurs ot o velocity ratio in
the vicinity of .5. These simple theoretical estimates of sound power reduction are
shown in Section 5 fo be in generol cyresment with the expecimentol date, por-
ticulorly for the higher values of areo ratio,
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3.0 EXPERIMENTAL APPARATUS AND DATA ANALYSIS PROCEDURES

The experimental program was conducted using model jets located in an anechoic room
in order to provide free-field conditions. In this section, details are given of the
experimental rig, supporting measurement squipment and the analytical basis for
computer data analysis,

3.1 Jet Flow Porameters and Design of the Experiment

A

The following jet flow and nozzle confipuration parameters must be considered in the
design of the experimental program for determining the noise characteristics of coaxial
jets:

Secondary and primary flow velocities

Temperature (density) of the flows

Relative size of the secondary and primary nozzles

Relative axial position of the secondary and primary nozzles
Thrust

A range of values must be chosen for each: of these which covers the range to be
expected from existing and projected jet engines (Reference 30), In proctice, an
engine designer works with additional factors which are related to those listed above,
such as pressure ratios, bypass ratios and Mach numbers, so these aiso must be con-
sidered. On this basis, the following variation in jet engine purameters was chosen
for investigation in this experimental model study:

e Thrust
The thrust values of jet engines vary from less than 10,000 lbs for the
. sn.atler civil aireraft up to 30,000 to 40,000 Ibs for farge long-range commercial
transport aircraft, Engines with even greater thrusts are under development, Four
; engine thrusts of 10,000 Ibs, 20,000 [bs, 40,000 Ibs and 80,000 ibs were therafore
) used in this program as the equivalent full-scale thrusts,

e Primary Nozzles

: Three ditferent configurations were chosen with pressure ratios of 1.6, 2.5
! and 3.5, The first is subsonic, whereas the latter two are supersonic, The pressure
ratio of 3.5 is higher than that currently used in jet engines or proposed for future
engines, but wos included to give a significant variation in primary nozzle exit
velocitiss,

Arid oo
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e Secondary Nozzles
Present indications are that engines with bypass ratios up to ten-to-one are
being considered. In urder to cover this range, the secondary nozzles were chosen to
give sgcondary to primary area ratios of approximotely unity, two, five and ten, All

the secondary nozzles wsre simple convergent nozzles to be run at subsonic or just
sonic conditions.

e Flow Temperature
On existing bypass jets, the bypass air is not used for combustion., For the
purposes of this program, the secondary flow was therefore assumed to be at ambient
femperature. For the primaryoiet , three different temperatures were used. These
were ambient, 450°F and 800°F. The latter temperature was a limitation provided by
the experimental facility and is slightly fess than conditions necessary to cover the
nomal operating range of present jet engines.

e Flow Velocity

At design conditions, the calculated ideal primary flow velocities were as
shown in Table 1.

Table 1

Calculated Ideal Primary Flow Velocities
for Various Temperatures and Pressure Ratios

Total Temperature
Pressure Ratio 60°F 450°F 800°F
1.6 889 ft/sec 1174 ft/sec 1437 ft/sec
2,5 1201 fi/sec 1590 ft/sec 1943 ft/sec
3.5 1375 ft/sec 1818 ft/sec 2223 fi/sec

e Axial Position
Most existing bypass engines have a primary nozzle that protrudes beyond

the secondary (bypass) nozzle, but the tendency is to reduce the uxia! distance
between the two nozzles in order to facilitate the incorporation of silencing devices.
The experimental facility was therefore designed so thut the secondary nozzle could
be moved axiully relative to the primary nozzle over a range of plus or minus eleven
primary nozzle diameters, In the experiments, asial displacements of 11, 5.5, 0,
=5.5 and -11 primary nozzle diameiers were usec’,
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The complete set of runs utilizing all possible combinations of the above parameters
results in nearly five hundred (500) runs., In the actual experiments, approximately

; two-thirds of these possible runs were undertaken, Taoble 2 summarizes the runs for
| which experimental data was obtained and analyzed. Greater detail may be found
5 in Appendix A,

Toble 2 |

‘ Summary of Runs Comprlefed
- Primary Temperature
g Ambient | 450°F 800°F

\ ) . 1.6 Primaries
: Primary Fully Extended All All 3.5 Only
Primary Half Extended All All None
Coplanar Ail All Ali
Primary Half Retracted All None None
Primary Fully Retracted All None None

3 Primary Nozzles
All = 4 Secondary Nozzles = All Combinations
3 or 4 Secondary/Primary Velocities

3.2 Test Hardware

3.2,1 Jet Rig.
Figures 22 and 23 show the configuration of the jet rig. It consisted of two
coaxial pipes through which two separate air supplies were directed to demountable

coaxial nozzles, Each air supply pipe contained flow straighteners at the inlet end,
,.'“ ‘- composed of bundles of thin wall tubes laid axially within the supply pipes. The con-
E struction of the assembly allowed a limited amount of longitudinal movement of the
i primary (inner) supply pipe within the secondary (outer) supply pipe. By this means,
.- the relative positions of the primary and secondary nozzles could be adjusted. A
means of locking the iniet ends of the coaxial pipes provided the longitudinal con-
Y

straint for the primary supply pipe and nozzle. By supporting the forward end of the
primary supply pipe on a three-point axial suspension system, relative longitudinal
movement could occur between the coaxial pipes, as required to allow for differential

B

: expansion, Additional longitudinal adjustment of the relative positions of the primary
i and secondary nozzles was attained by the use of extension tubes on the primary
i nozzle supply.

.
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The complete coaxial system was supplied with air through flexible pipes and was sus-
pended in a framework by wire ropes. The ends of the wire ropes were connected via
universal joints to runners extending the length of the framework. The thrust of the
operating jets was applied to a thrust gage mounted on the framework at the rear of the
jet assembly, To ensure thet no gap existed between the jet assembly and the thrust
gage, and to bring the latter into the linear part of its operating range, a pre-load wos
applied to the gege. This was accomplished by securing a known weight to a cable
running over a pulley attached to the rear of the jet rig support structure. The entire
framework was covered with fiber glass to prevent acoustic reflections.,

3.2,2 Jet Nozzles,

Three primary nozzles and four secondary nozzles, illustrated in Figures 24 and
25, were fabricated for these experiments. Figure 24 also shows the primary nozzle
extension lengths, The primary nozzles were designed for pressure ratios of 1,6, 2.5
und 3.5. The internal exit diameters of each nozzle were as follows:

o Pressure ratio 1,6: Exit diometer 0.7495 inches
@ Pressure ratio 2,5: Exit diometer 0.7457 inches
® Pressure ratio 3. 5: Exit diameter 0,7533 inches

The external diameter of the primary nozzles was one inch, except for the last half-
inch near the nozzle exit which tapered from one inch diameter to 0.8 inch at the exit
plane. These nozzles were constructed of stainless steel to withstand the high primary
flow temperatures,

The four secondary nozzles had internal exit diometers as follows:

e Nozzle No, 1: 1.288 inches
e Nozzle No. 2: 1.491 inches
e Nozzle No, 3: 1.955 inches
e Nozzle No, 4: 2,567 inches

These were manufactured from resin-bonded fiber glass. The actual ratio of the
secondary nozzle flow area to primary nozzle exit area can be colculated from the
above dimensions. In practice, the formation of boundary layers resuited in offective
flow oreas somewhat less than the theoretical, The effective flow areas were cal-
culated from o knowledge of the experimentally determined mass flows through the
nozzles and their pressure ratios for a velocity ratio of one.
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The nominal and effective area ratios for the four secondary nozzles are:

(For Velocity Ratio of One)

Effective
Nominal Coplanar  1/2 Extended  Fully Extended
¢ Nozzle No. I: 1 1.2] 1.00 1.00
e Nozzle No, 2: 2 2,39 2,02 1.95
e Nozzle No. 3: 5 5.23 4.98 4.99
e Nozzle No. 4: 10 10.50 9.76 10.00

These volues apply only for the condition when the secondary flow velocity approxi-
inated that of the primary, When the velocities were different, there were small
variations in the effective orea. For all conditions, however, the effective oreas of
the primary aozzles were within one percent of 0,00287 sq. ft., indicating a nozzle
coefficient of approximately 94 percent,

3.2.3 Air Supply.

The air supplies flor the primary and secondary nozzles were obtained from three
2-stoge recipracating air compressors with combined mass flow rotes of 275 Ibs per
minute and with delivery pressures in the range 125 psig to 255 psig. A booster com-
pressor was also ovallable to increcse the pressure from the compressors, with the
lower delivery pressure up to o maximum of 300 psig.

The primary oir supply wos heoted by o gos-fired heot exchanger copable of supplying
530,000 Btu pes hour, With the air flows involved in this program and the length of
line to the jet rig, the maximum stotic temperature ottoinable ot the primary nozzles
was approximately 900°F; this was otteingble only for certain oir flow rotes. As o

. * 0 H Hd
result, o primary flow temperature of 800 F was used for the mojori ty of the hottest
runs, Provision aiso wos made in the air supply system for the mixing of cold cir with
the hot primary flow in order to achieve precise temperature control

The mass flow of air to both primary and secondary nozzles was datemined from the
pressure drop across the orifice, which was mecsured by o mercury or red-oil monom-
eter. The supply line air pressures upstream of the flow measuring orifices and in the
setfling chombers of the primary end secondary nozzles were measured by Asheroft dicl
pressure goges, Models 1082A or 1279A, which have on accuracy of better then

0.3 percent. The flow temperctyres upstream of the flow orifice ond in the nozzle

seftling chambers were meosured with thermocouple probes and recorded on o standord
temperature recorder,
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3.2.4 Jet Traversing Mechanism,

To investigate the jet velocity and temperature p-ofiles (particularly for the pur-
pose of checking the nozzle flows), three probes were traversed across the jet flow
(Appendix B). To accomplish these traverses, the probes were mounted on a carriage
which was driven across the jet oxis by a leadscrew. The leadscrew, in tum, was
driven by a variable-speed electric motor via a speed reducer. The shaft of a multi-
turn potentiometer was coupled to the leadscrew, the potentiometer being supplied
with direct current from a stabilized power supply. When the wiper of the poten-
tiometer was connected to a chart recorder, the position of the probes across the jet
was indicated as @ chart pen deflection.

3.2,5 Anechoic Room.

The anechoic room used for the experiments was cylindrical in shape, approxi-
mately 30 feet in diometer and 21 feet high. To minimize acoustical background
noise levels, the walls of the room were of high transmission loss construction. The
lower section of the walls was constructed of cinder blocks, the courses filled with
reinforced concrete ond plastered on both sides, to a total wall thickness of 9 inches,
The upper wall section was of staggered stud, wood frame construction, composed of
the following layers (from interior to exterior wall surfaces):

1/2-inch gypsum wall board

1/2-inch wood fiber sound deadening boord

An alr space of 5-1/2 inches

l~inch particle board mounted on the outer studs

Access to the room was vio triple, solid-core doors separoted by air spaces.

The bosic anechoic treatment of the room wos o curtain wall of 4-inch thick fiber gloss
spaced 6 to 10 inches from the interior wall surface. The floor of the room was treated
in o similar fashion, ond the suspended ceiling olso consisted of a 4-inch layer of
fiber glass. The basic acousticol treatment was supplemented by additional low fre-
quency absorption in the form of wedges that were located in patches cround the wail-
tioor perimater,

The model jets used for the experiments were exhausted through o muffler to the exter~
nal atmosphere, The muffler wos designed to preserve the acoustical integrity of the
anechoic room and consisted of o bent duct approximately 12 feet long and 4 Feet
square. The duct was lined with 4 inches of fiber glass spaced 4 inches from the
interior walls. A fiber glass splitter vane divided the duct crass-section in half, over
o longitudinal distance of 4 feet, to increase the high frequency absorption of the duct,



The suitability of the room for acoustic measurements such as were undertaken in this
progrom is illustrated in Figure 26, These data show that the octave band acoustic
fevels in the room follow the inverse square law over the frequency band width and
angula positions used for the measurement program.

3.3 Instrumentation

3.3.1 Acoustical Data Acquisition System.

The noise produced by the jets was measured by the system shown in Figure 27,
This system consisted of a microphone mounted on a boom which slowly traversed a
segment of a circie of radius 10,67 feet centered on the secondary nozzle. The seg-
ment ranged between 15 ond 115 degrees from the jet axis, The microphone was o
Bruel and Kjaer (B & K) half-inch plane wave condenser microphone, Type 4133,
aligned to present the diaphrogm at normal incidence to the noise from the jet, The
microphone output was amplified by o B & K amplifier, Type 2603, and the amplified
output fed to a B & K level recorder, Type 2305, and an Ampex two-track tape
recorder, The system wos calibrated using o B & K pistonphone, Type 4220, The
system gain was increased as necessary to bring the signal level up toword the desired
recording level (i.e., about 15 dB below the peak overload point), These gains were
carefully noted for each run, The tope recordings were made ot o tape speed of

15 inches per second to allow frequencies up to and including the 31,5 kHz octove
band to be recorded.

The microphone traverse mechanism contained a microswitch trip mechanism which was
actucted ot S-degree intervals (starting at 15 degraes from the jet oxis). These 5~
degree invervals were maorked on the level recorder trace, using the event morker, and
used to interrupt o 1 kHz tone which wos then recorded on vhe second channel of the

tape recorder. This provided o synchronized index signal of microphone position on
the tape recording.

3.3.2 Acousticol Dato Anolysis System,

The on-line recotdings ot the jet noise were anolyzed ot o Igter date by the
system shown in Figure 28, The first channel of the tape recorder contoined the
recorded jet noise, This wos fed, via un attenuator ond amplifier to ¢ 8 & K lovel
recorder and a Wyle analog-to-digita!l octove band anolyzer. The 1000 Hz signal on
the second channel of the tape vecorder indicated the position of the microphone-
traversing boom at S-degrea angulor increments, This signal operated through o simple
reloy device to trigger the octavs band digita! analyzer ond to indicate the argular
positions on the eveit masker of the lavel recorder.,
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The recorded signal was fed from the tape recorder through an attenuator and a boester
amplifier o the digital analyzer which contains o set of parallel B & K octave band
filters with center frequencies ranging irom 63 Hz to 31,5 kHz, The fiiter cutputs
were then converted to dc levels, digitized and punched sequentially on a standard
8-hole ASCH paper tape punch as a 3-digit number, The value punched is pro-
portional to the input voltage, i.e., it is linear, not logarithmic. Additional
punching included the cverall level, a reference level derived from a separate input,
and a run number which was set by thumb switches on the analyzer. For this experi-
ment, the reference signal and the lowest three octave bands were not used. Suitable
line feed, curriage return and spacing characters were included on the paper tape so
that the data could be printed in a legikle tabular form by a teletype machine. The
paper tape punch could be triggered either manucally or by o separate triggering

input,

Calibration of the system was undertaker using the 124 dB acoustic calibration signa!
recorded directly on the data magnetic tape prior to each run, The digital analyzer
was adjusted so that 124 dB gave a maximum paper tape punch count of 999, A pre-
liminary analysis of the overall sound pressure level was then made using only the
level recorder with the same gain sefting as was used when the recordings were made.,
The gain was then increcsed so that the maximum octave band level would register
near 999 counts, cbtaining the maximum dynamic range of the digital analyzer, For
compatibility, the averall output channel was attenuated by 5 dB to insure that it
would not overflow the counter, These gains and the original recorded 124 dB cali-
bration signal were utilized to calculate a calibration factor in millivolts/dyne/cm
for use in computer decoding of the digital tape.

Systems such as that described above for dota acquisition and analysis do not have a
cempletely flat response ovar the frequency range of interest for this project. Therefore
careful calibrations were made to determine the octave band corrections that had to be
applied to the final octave band analysis produced by the paper tape punch, These
calibrations indicated thar the following corrections had to be added:

Octove Band

Center Frequency (kHz) 0.5 1 2 4 8 16 31.5 | Overdll

Correction (dB) 0 0.5 1.5 1.0 2,0 3.0 4.5 6.0
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The overall correction factor accounts for the 5 dB added in the digital anclysis as
well as an approximate correction for the nctave band correction factors, This latter
correction obviously will be a function of spectrum shape and therefore is not an exact
correction, Hence, whenever calculations were made on the octave band figures (as

in the computer program te be described later), the overall value was calculated from
the sum of the octave band levels,

3.3.3 Thrust Measurement.

The thrust of the model jets was measured by suspending the whole jet assembly
(as shown in Figure 22) from o supporting frame so that it acted as a parallel pendulum,
The assembly was then made to react against a force gage of the proving-ring type.
This gage was manufactured by Wiancko Engineering Company (thrust gage, Type F1021),
It utilized a differential transformer excited by a carrier signal to measure thrusts in the
range zero to 100 lbs. The gage was pretensioned by a constant 5-1b load to eliminate

initial non-linearity ot the iow end of the thrust range. Calibration was achieved by
adding extra known weights to the preload system.

3.3.4 Jet Profile Measurements,

To investigate the velocity and temperature profiles of the jets, three probes
were traversed sequentially across the jet flow. The three probes were modified types
manufactured by United Sensor Control Corporation, Watertown, Massachusetts. The

modifications consisted of stiffening the probes so thet they would not vibrate in the
jet. The three probes were:

o Total pressure probe, Type PT, 1/16~inch diameter
e Static pressure probe, Type PS, 1/16~inch diameter
o Total temperature probe, Type TC, 1/8-inch diameter

The probe pressures were converted to electrical signals by the use of carrier-type
pressure transducers, the outputs of which were recorded on a multiple-channel strip
chart recorder. The total pressure probe was used in conjunction with a 0-100 psig
Statham pressure transducer, Type PG7317C-100-350, whtle the static pressure probe
used a Statham 15 psig pressure transducer, Type P60aTC £ 5D-350, Both trans-
ducers used Sanborn carrier preamplifiers, Model 150~1100AS. The total temper-
ature probe was conr.ected, via a reference junction contained in an ice bath, to the
input of a Sanborn stabilized dc preamplifier, Model 150-1800,

The pressure transducers and associated instrumentation were calibrated as systems by
the introduction of known reference pressures at the transducers, the gains of the
amplifiers then being adjusted to calibrate the chart records, The reference pressures
at the transducers were measured by means of mercury manometers, The total temper-
ature probe system was calibrated by the insertion of known voltages into the ass. ~iated
preamplifier, together with amplifier gain adjustment, to calibrate the chart records.
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The insert voltages were derived from standard tables of the generated electromotive
forces of Chromel~Alumel thermocouples at different temperatures, The probe cali-
bration was checked periodically ot two fixed temperature points by inserting the
probe altemately into a meiting ice bath and into boiling water,

3.3.5 Discrete Tones and the Resulting Hardware Modifications.

With very tew exceptions, full-scale jet engine exhausts produce random noise
without discrete tones, However, discrete tones are sometimes produced by model~-
scale jets. Because of this and the fact that occurrence of discrete tones would
invalidate the data, all runs were monitored aurally, via a loudspeaker amplifier
system connected to a microphone in the test room, The discrete tones thus encoun-
tered and the hardware modifications required to eliminate them will now be described.

The first discrete tone was encountered during one of the equipment~checkout runs,
under the following conditions. The primary nozzle (design pressure ratio (R) = 3,5)
and secondary nozzle No, 2 were installed in the coplanar position, but with no flow
through the primary nczzle, As the secondary supply pressure was gradually brought
forward (through the range to sonic secondary flow at 13.0 psig), the following sounds
were observed. A pure tone was first heard at 4,7 psig; it graduclly grew more intense
until 6 psig was reached, remaining present at apparently constant intensity thereafter,
Between 6 psig and 13,0 psig, several sudden jumps in pitch were observed as the
pressure was increased. It was found that the tone could be completely "turned off"

at will by placing a fingertip (or screwdriver) very slightly into the flow at the exit
plane at any point on the periphery. Stopping the tone opparently depends upon
destroying the perfect circularity of the nozzle exit by the very slightest amount,

From this observation, plus the previously described jumps in pitch, it was concluded
that the phenomenon observed was probabiy a ring tone which is known to depend on
an acoustic feedback mechanism,

An experiment was made to determine whether a small button~shaped spoiler (washer)
could be added at the periphery of the secondary nozzle without adding measurably to
the random noise generation, Using the same conditions as Run No, 109, where there
were no discretes present, a comparison was made of the overail noise (in a 120~degree
sweep about the jet) with and without the spoiler, via on-line level recorder trace.
There was no measurable difference. This test was followed by octave band sweeps
(from the 125 Hz band through the 31,5 kHz band) using tape-recorded data, Again,
with flow conditions set and held constant through the pair of tests, there was no
measurable difference. Hence, it was concluded that the addition of the spoiler did
not generate any measurable amount of additional random noise, and the spoiler was
kept in place on secondary nozzle No. 2 during all subsequent production runs,
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The second discrete tone was encountered during Run No. 125; by a process of elimi-
nation, it was found that the 1one was being produced by the primary nozzle and
cccurred even when the secondary nozzle was removed, It was found that the tone or
whistle disappeared if the operating pressure ratio was reduced from the design value

of 2,5 to 2,45, This was confirmed by one~third octave band traces. Large, spatially-
dependent spikes in several third-octave bands occurred during microphone sweeps

when the audible whistle was present; these spikes disappeared when the whistle
disappeared,

In later runs, it was found that this whistle (with this primary nozzle, and also with
the high supersonic primary nozzle, R = 3.5) returned and could not be removed by
slight alterations of the supply pressure, At this point, it was decided that these two
primary nozzles would have to be modified slightly by adding a small brazing bead to
the inner edge of the exit, This succeeded in eliminating the pure tone or whistle,
again borne out by cne-third octave band sweeps, The presence of the brazing beads
did not add any measurable random noisc, as determined from comparisons of level
recorder traces in those third-octave bands in which tones were absent during occur-
rence of the whistle. All subsequent runs were made with these brazing beads affixed,

3.4 Andlytical Bosis for Data Reduction Computer Program

Upon completion of the model jet experiments, the acoustic data were in the form of
octave band sound levels encoded as a series of 3~digit numbers, A computer program
was therefore written to convert this data to model jet sound pressure levels in decibels
relative to 2 x 1074 dynes per square centimeter, and to scale these levels to the
values for full-scale jet engines. Figure 29 indicates the calculations made by the
computer program ond the order in which they are carried out. The details of these
calculations are given in this section, A description and listing of the computer
program is given in Appendix C,
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Read in run data

Read in acoustic data

l

Convert acoustic data to sound pressure
levels and print

Caleulate sound power spectrum for
model jet and print

Calculate overall sound power level
for full scale jets and print

, ~alelate model jet directivity and print

Recycle for
each run

Calculate model jet mechanical power
and acoustical conversion efficiency

Calcuiate sideline sound pressure spectrum
allowing for aimospheric attenuations

A

Calculate sideline perceived noise levels

Print sideline acoustic results

)

Figure 29, The Functional Flow Loop for the Computer Program.
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3.4.1 Flow Velocities and Thrust.

During each model jet run, measurements were made of the primary and secondary
mass flows and static (reseroir) temperature and pressure, These values were used to
calculate the primary and econdary flow velocities. From Reference 31, the flow
Mach number, M, as a function of the total pressure ratio, R, across the nozzle is
given by:

M = [5 (R*28%7 -1)]0’5 (19)

and the nozzle flow temperature, T, is related to the total temperature, Ty, by:
T =T, (14 MY5) (20)

This temperature can then be usad to determine the speed of sound, a, in the flow
(assuming standard conditions of a, = 1120 feet per second at 31 9°R). Thus:

a = o (/1) B (21)

so that the nozzle velocity, U, isgiven by the product of the Mach number and the
speed of sound:

U= Ma (22)

Although the thrust of the model jets was measured during each run, it was found that
there were some inconsistencies in the measurements of the early runs due to instru-
mentation-drift problems. These problems were overcome in the latter runs but in

order to maintain consistency, the thrusts, F, were also calculated using the measured
primary and secondary mass flows (mp, m,) and the calculated velocities (Up, U)o
Thus:

mg Ug + mg U (23)
9

F =




A check was made between the calculated and measured values and the agreement
found to be very good for ail the latter run numbers, Therefore, calculated thrust
values have been used for all subsequent analyses for these runs,

However, these equations must be modifiad for the runs in which the primary nozzle
was retracted, The actual velocity, U/, at the exit of the retracted primary is
determined by the ratio of the primary nozzle pressure to the secondary nozzle pressure,
The secondary flow is augmented by the mixing between the primary and secondary
flows upstream of the secondary nozzle exit, and its velocity is a function of position
across the nozzle, The flow velocity ratios tabuiated for these retracted cases ure
U;/U,', where U_ is calculated for an ideal convergent nozzle, as previously. Also,
the measured values of the thrusts were used for scaling and tabulation, since the cal~
culated values are somewhat indeterminate because of the flow interaction, However,
they were reasonably bounded by the minimum and maximum expected values given by:

m U'"+mU mU +mdU
| 5SS cpe BB § S (24)
g - - g

where prime indicates conditions at the exit plane of the rstracted primary nozzle,

3.4.2 Sound Pressure Levels.
The measurad acoustic pressure, p, was calculated from the product of the

calibration factor (see Section 3.3.2) and the encoded 3-digit number, The sound
pressure leval (SPL) was then determined using:

SPL = 20logp + 74, dBre 2 x 1074 dynes/cm? (25)

and the relevant octave band correction factors added (see Section 3.3.2), Since
these correction factors are frequency-dependent, the correction factor for the overall
level is dependent on spectrum shape, It is therefore not practical to caleulate an
overall level correction factor, so the measured overall lavel was replaced by the
overall level computed from the sum of the octave band levels,

3.4.3 Sound Power Levels,

Since the acoustic data was tcken in an anechoic room, the sound power radiated
by the jets can be determined by integrating the acoustic intensity, I, over the sur-
face of a sphere centered on the jet, The acoustic data was taken at 5-degree intervals.
The sound pressure, pi, measured at an angular position 8; from the jet axis was
therefore assumed to be representative of the sound pressure over an area A; such that:

A; = 2ne?(Cos (8 - 2.5°) - Cos (8 +2.5°) ) (26)

=5]=-
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This is the area of a strip of the spherical surface (radius r) centered on the jet oxis
at the plane of the secondary nozzle exit, The strip subtends an angle of 2.5 degrees
either side of the measurement position 6; and extends all the way around the jet
axis, The sound was measured at 21 angular positions ranging from 6, = 15° to

8, = 115% so the sound power, W, radiated is:

21 2
W= 3 bPA/pa) (27)
i=1

This summation was made for each octave band and the overall sound power calculated
by summing the octave band powers. The octove band and overall sound power levels
(PWL) were then detemined as:

PWL = 10 log W + 130, dB re 10”" watts (28)

The value of the characteristic acoustic impedance (pa) used in the calculation was
41.5 cgs rayls at o pressure of 29,92 inches of mercury and absolute temperature of
S5199R. The impedance wos corrected for the ambient temperature, T,, and pressure,
P,» measured for each run, so that the value of acoustic impedance used in

Equation (27) was:

pa = 41.5 (P,/29.92) (519/1)%° cgs rayls (29)

The radius, r, at which the sound measurements were made wos measured in feet, so
nrea A; from Equation (28) is in square feet, If the acoustic pressure, P, lIsin
dynes per squure centimeter, the dimensional constant required in Equation (27) is
9.29 x 107 so that it should read:

s
W= 9.29x107° 5 p,2A;/pa, watts (30)

jw}

The above calculations have been fimited to the acoustic power produced by the modae!
jet, Eoch mode! jet hos o different thrust, so for comparison it s convenient to scale
the overall sound power produced by the model jet, PWL , with thrust F_ to give
the sound power produced by an engine with o stondard thrust, Fc. This rg‘quires the
scaling of the model jet by scaling the nozzle exit area, which Is directly proportional
to thrust, since the flow characteristics of the model and scaled jets are the same.
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The scaled power level, PWLg, is therefore given by:
PWLg = PWL_ + 10 log (Fg/Fp) (31)

Throughout the computer program, four standard thrusts with velues of 10,000 pounds,
20,060 pounds, 40,000 pounds and 80,000 pounds were used.

3.4.4 Directivity Patterns.,

Having calculated the mode! power spectra, the directivity index, DI, can be
found using the expression:

DI = SPL - PWL + 20logr + 10.5 - 10log po/41,5 (32)

In this expression, SPL is the measured octave band sound pressure level ot distance

t (in feet) from the jet and PWL is the measured octave band power level. The con-
stant in Equation (32) assumes a reference sound power of 107" watts and a reference
sound prassure of 2 x 1074 dynes per square centimeter.

At this point in the computer program, an indication is given of the level of the noise
floor relativa to the zero level on the directivity. This is a function of the calibration
factor for the sound pressure measurements, and was provided as a system check,

3.4.5 Acoustic Conversion Efficiency,

The ratio of the acoustic power, W, produced by the jet to the mechanical
power in the jet, E, Isone additional measure of the acoustic performance of the
jet, The mechanical power in watts is giver. by:

E = 0.0211 (m, U7 + m Uj) (33)

when the primary and secondory mass flows (m_, mg) are in units of pounds per

second and the velocities (U , U,) in feet per second. Using the acoustic power, W,
determined earlier, the acoustic officiency, 7, is given as:

n = W/E (34)



3.4.6 Sideiine Sound Pressure Levels for Fuli~Scole Engines.

The scaling of the model acoustic data to give *he sound pressure levels on
sideline parallel to the jet axis due te a full-scale ungine requires the following oper-
ations on the model data:

¢ Detemmine scale factor to scale-model thrust to standard thrust.

e Shift model frequency to frequency of standard thrust nozzle by the
inverse of the square root of the scale factor,

e Apply inverse square law appropriate for the desired distance,

e Apply atmospheric attenuation as appropriate,

In scaling the measured data to the equivalent values on a sideline, the physical situ-
ation is as shown in Figure 30, The dota taken on the circular arc (radius r) must be
scaled to lie on the sideline, The position of this sideline is characterized by the side-
line distance L (see Figure 30). For the purposes of this project, two sideline dis-
tances of 500 feet and 1500 feet were chosen. The sound pressure measured on the
model jet ot coordinate (r, 8) is therefore scaled to the point (L, 8) on one of

these sidelines, The sound pressure decreases by 20 log (L/r) due to this change.

In order to scole the results to allow for a change of thrust, the engine thrust must be
increased without altering any of the jet flow parameters. Thus, the scaling is done
purely by changing the nozzle area. The thrust change is then directly proportional
to the change in area, For the same flow velocity and density, the acoustic output is
also proportional to area. Hence, if the thrust is scaled from o model thrust of F

to a full-scale thrust of Fg, the sound pressure level at a fixed radius will change by

10 log (FS/Fm).

For this nrojact, the full-scale thrusts (F:) lie in the range 10,000 pounds to

80,000 pou...s while the model jets had fﬁrusfs ranging from é pounds to 120 pounds.
Similarly, for the 1500-foot sideline, the propagation distonces range from 1500 feet to
6000 feet, compared to a model-jet measurement distonce of 10,67 feet, For these
values, the combined distance and thrust scaling correction varies over a range from
-2dB to -36 dB.

The atmospheric absorption date were token from Reference 32, The data for a

standard day with a temperature of 519°R and relative humidity of 70 percent were
used and are plotted in Figure 31,
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Figure 30, Geometry for Obtaining Sideline Sound

Pressure Levels from Measured Data.
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For the compyter program, it was desirable to fit a curve through the data points,
This resulted in the following empirical equation for the absorption a(fg) in dB per
1000 feeot:

aifsy = 1020

where
bfg) = o + log (Fs/1000) (o) + @y iog (fs/1000))
fs is the octave band center frequency for the full-scole engine
= 0.127
1.338
=0,207

< R
f 4

R
n
i

This exp.x:'on wos chosen solely for convenience in the computer analysis, It pro-
vided volues for air absomption over the tull-scaie frequency range which were in sube
stantiol agreement with values computed by o mare sxnct thecraticol model for the
meawred doto {Refersnce 33), Absomption correctons wers saf requined for the model
doto beccuse the digance from the madal (st to the mesiurad point won ersll,

Combining these factors, the tatal change from the model sound pessnve level, SPLa,
to full~scole sound pressure level, SPlg, s glven by:

WPLg = SPly + 100og (Fo Fy) « Mieg o, Ut - Lelf) /1000 (36}

The change in frequency uccompenying Bix shunge in level is bosed on the use of o
congtant Sirovhol numbar, $, bafore ond siter the scoling process, Thun

§ = $1dAU » constont " (37

i i tppical dimension of the jet, and U is o typicol jet
velecity, We hove wescifiad susdant How conditions in the scoling precess. Hence,
U s unolterss by the woling, Hewever, the arac of the jet i oltered in proportion
to the thrust, so ¢ tyelesl Hinsor dimension changes cocording to the square root of the
!lm;s?. Thas, i £, iso typical frequency of the model jot, cpplying Equetien {37)
yiddds:

b5 = i (FrFg) (38)

This aquation governs the freguency scaling and also is vsed to define the fuli-scale
frequency used in Eyuation (35),
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3.4.7 Perceived Noise Level.

Once the sideline octave band levels have been dete:mined, the porreived poise
levels can be colculated. The method used is specified in Reference 34, utilizing the
equations given in Table II of that reference to caleulate the Noy values, Under
certgin circumstances, the lowest and highest octave bands of sideline sound pressure
fat! wutside the range of 50 Hz to 10 kHz covered by this reference. For octave band
frequencies bolow 50 Hz, the Noy value was calculated as if the octove band fre-
quancy were 50 Hz, Frequencies above 10 kHe wete ossumed to make no contribution
to the peicaivad noise level ond were therefore ignored.

The original model-jet sound pressure measurements were taken in saven octave bands
up to ond including the 31.5 ¥Hzr band., When these duto are scaled to the higher
thrust volues, the upper frequency bund does not olwoys extend above the frequency
centaining the peck in the Noy curves. This rondition often occurred with the

fargest scoled thrust of B0, 000 paunds, sometimes resulting in erroneously low peor-
ceived nolse laval volues. To overcome this deficiency, the model doto were extrop-
oloted by edding faur extra octove bonds above the 31,5 kHz band, assuming o 3 dB
per octove decrease in [eval frum the 31,5 kHx bond. In many coses, the ctmaspheric
ottenuction reduces these exiro bonds to negligible unall levels when they cre scoled
to the sideline. Jn certein coses for the higher scaled theusts, the first of these added
bands has o significant effect on the perceivad nolse level, In order to indicate the
magnitude of this effect, the parceived noize level colculotions were made twice ond
printed out by the computer, The first valus of PNL wor obtained using oll sctava
bands, including the four extie bands. The second velue of PNL (printed in porenthesis)
vtilizes only the origingl seven octove bends of doto.  In this woy, the effect of the
odded bands is cleorly seen for sach cose.
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4,0 DESCRIPTION OF THE EXPERIMENTAL DATA

During the course of this program, the sound from over 310 model jet configurations
was measured and processed by the computer program. An effective presentation of
all of these detailed data could not be made within one cover, Thus, the principal
results are given in this report, supplemented by o detailed tabulation of the results
in Volume II. Appendix A, in Volume I, gives a detailed listing of the run numbers
and ussociated run conditions, This section describes the format of the detailed data
end discusses a few pertitiert points concerning the results,

4,1 Computer Output Data

For each experimental run condition, the output of the computer program consists of
the following major items of information:

(1) The basic run conditions, including such items as mass flow, velocity,
thrust and pressure ratio.

(2) The octave band sound pressure levels for the modei jet, The data are
presented in seven octave bands with frequencies ranging from 500 Hz
to 31.5 kHz, and an overall level computed as the sum of the octave
band levels, Levels are given at 5-degree angular increments, starting
at an angle of 15 degrees from the jet axis in the flow direction and
extending to 115 degrees around an arc of 10,57 fe-~: radius,

(3) The model jet sound power octave band spectium and overol| level .
This information is the result of an integration of the sound power over
a spherical surface within the angular limits specified in (1) above.

(4) The overall sound power level for full-scale jets with thrusts of 10,000
pounds, 20,000 pounds, 40,000 pounds and 80,000 pounds.

(5) The model jet directivity index.
(6) The model jet mechanical power and acoustical conversion efficiency,
(7) The octave band sound pressure levels, overall sound pressure levels

and perceived noise levels on a 500-foot sideiine. These levels are
given for each of the S-degree angular positions used in the model

sound pressure level measurement (see (1) above). The coordinate defin-
ing position on this output (L) is the distance from the jet to the sideline
at various angles. Two values of the perceived noise level are printed,
as explained ecrlier in Section 3,4,7, The first value is computed from
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the measured plus extrapolated octave band levels, The value in
parentheses utilizes only the seven measured octave bands in the per-
ceivad noise level calculation,

(8, The same information as in item (7) above, but for o 1500-foot
sideline,

This information cceupies many pages of computer output and was condensed for pre~

. sentation in Volume II in the format shown in Figure 32, The data presented include
items (1), (2), (3), (4) and (8) for the 20,000 pound thrust case only. From these
data, two sets of summary plots were made, The first set gives the overall sound
power level for a 20,000 pound thrust engine as a function of mass flow ratio (ratio of
secondary mass flow to primary mass flow), and the second presents the maximum
1500-foot sideline perceived noise level as a function of mass flow ratio. For each
of these sers of plots, each graph represents one combination of primary nozzle temper-
ature, primary pressure ratio and primary axial position. Thus, 28 plots are required
for each set to cover all run conditions measured in the experiment. The complete
set of plots for overall power level and for perceived noise level are given in
Appendices D and E, respectively,

For illustration, an example from each set is presented in Figures 33 (overall sound
power level) and 34 (perceived noise level), Each of these graphs contains a point on
the vertical axis, giving the result for the primary nozzle alone, and four solid lines
for the four different values of the nominal rotio of secondary nozzle area to primary
nozzle area. (See Section 3.2.1 for the exact values.) The experimental points or
each of the four lines correspond to various velocity ratios.,

The experiments documented in this report include the determination of the directivity
of the jets measured in an anechoic room where there was no reflecting ground plane
and the possibility of the jet exhaust being deflected by low velocity air currents was
elimirated, Many of the measurements of directivity paiterns previously reported
were made in the open where the presence of a ground plane can significantly offect
the measured results (References 5 and 35), and a slight breeze can markedly bend

the jet exhaust plume and hence distort the directivity, It is therefore felt that a
useful side benefit from the present tests is a set of single-nozzle directivity patterns
from which all ground plane and cross-wind effects have been removed. Consequently,
a set of directivity plots and sound power spactra for each of the primary nozzles
acting alone is presented in Appendix F,

~aaan

40~




QUN ueaf “ A oyl 0na eiatianindat e
ALIAL POSITION OF PRIwANY wOT, SICONDARY t{nS.} - A, nn4
T TTRR WAV I e A A T T Y LT
SECOMALY Thurfraltaut (&) " &2%,.0800
PRIMAVY PHLSSUME WATIO 3 Yeb0n T
AL #ATIO ] 1+000
VELOCITY RATIO - s 700
PRIMANY YLLOCTITY tFT/SLCE . A83.542
TTTMass FUaw wAY(O (] 937
PRINARY MESS FLO4 (LA/SECT » 217
THRUST (LnS) e Te.w32
ENYIUONRERTAL TENPFQRTYRE (A} 821804
EMYIBAKRENTAL PRESSURE {Th,MGY T T T T e T T agedt e -
ENYIRON® NTAL HUNINTTY IPFR CFNT) & pr.GnN
TCAV TR T IO FATY IR {4770 DY/73 CuT 0 YA
xu;mv-:mn;nn NOISE FLOOK (DA} - Y Y% LU
FCOUSTIU PONCT RO SUOND FOWER CEVYU FOR NOGEL OFY
T FREQUINCY POVER (¥ATTS) POWER LEYEL108) OVERALL SOUND POVER LEVEL+SCALED FOR THRUST
OVERALL 1415353601 120,48 THAUST POVER LEVEL (OR)
180007 T 38046
so0 1,30182F-03 1011 2¢000 153.7
=TT YAl T T T Y 362256403 16878 T A00007 T T T T T 156, 7
2000 2,53556¢F~02 114,80 88000 189.7
= 77T T aged T Ye 12504802 T T 11449
a000 2,TAB16E~32 11444
pE3:1:14 Y BGEbAE<0E T8y - "
31500 $,69123€~-02 108,2
T T TERPERIMENTAL DATS
TABLE SWOW{sG OCTAVE BAND AND OVERALL SOUND PRESSURE LEVEL VARIATION wiTw ANGLE
ANBLE OCTAVE™  BAND SOUNA PRESSUNE LEVELS over
ESY 866~ "~ "To0d 2ot 050 LI 1370 k31T AL
—THY i) B5¥ ALY ~39% TS L2 T 95T
2040 79,6 87,8 925 90,4 84,2 78,0 73,8 9%,9
2.6 1.8 86,1 3w 0.6 8.0 7,9 75.1 95,5
30,0 76,8 84,8 A9,9 90,2 87,4 82,0 17,4 98,0
e L e 2 S T I LIS} 39,1 BY.® a3, T84 F4T
40,0 72,9 Ra, b A&, 7 88,% 87,9 As 2 79,6 91,6
AS.O n.:l n.e LYY wTE 7.3 LIT% Ao —32.Y
84,1 A5,3 86,6 84,48 22,5 92,0
——‘ss‘r"“" &0 Y‘* —Ts. TTTTBaMY 65,7 35,6 83,0 80,6 M2
8040 89,8 7649 82,0 LLI% ] 85,2 83,4 79,9 90,8
L] 89,4 Y61 BI.E L1 LETY) 83.2 008 948
700 69,4 75,6 8n,9 a3.8 LI 8).0 10,4 99,9
L1234 753 I LER LIy 82,8 79,3 A6
(Y.} T4, A0.8 82,4 82,0 YA 29,0
66,3 74,8 80, T LEN 81,8 ) 89,9
68.0 74,2 9.7 82,2 a1,5 TA,0 88,0
67,3 18,7 LIT! L) L1k 4 T, 88,6
88,4 13,8 79,5 a1,5 81,2 11,6 a8,0
65,.% 13,0 5.y -3 P 31,1 75 A7.8
45.5 12,8 78,9 8140 81,90 To.t 87,4
§5.% 12,2 18,7 LI ) LAV ~ 80,9 76,5 aryi
| ROOEL THRAUST = A\ FULL SCALE THAUST »  20000.000
-— Te k114 1) TR UUTAVE BAND SUUND PRESSURE TEVELY
11s1 22.) 44,0 89,1 178,31  Inh.b 102:0 1404,0 2TAS,86 S571,3 11142,%
B798,4  AT.a1 ABLY) TIL SB,RS  A6,AR  TO, T8 6T,7) 40,23 S2,A4  AS,1A 34,88 16,13 18,35 77,98
SIRET S TR TP 61 YEA 80,35 MRS T T3,20 V1,087 bW AETTTRY 98Tk Yo A2, 18T 20,8 T T ed TIRS AT
et a TS 2 73,6y 17,9 sn,81 ATy T T3 en 8 elep N B3 aT.33 3 T0 12,82 -25,28
J000.0 TR Y4 THLS  ANLAGE  6RLAD  TIIA3  TALIR T T71L19  eShi7 T AL 95 TUB2018 T Mlen2 T ?1.72 -10.5¢ 7
RIR, 2 VO,RE TT,T7) I9,)p  RY,AY  AT,GR Y 31 T, N2 TP, TA AT.AY  A1,P0 83,90 sb,Rg 07,49 -, %%
= 233 KW AT YT TR R TR TR NS 73,!!1 YRR 73.“ REAY TR E 37,‘:4 FCILTY \;‘n"—v—r'—"
2121.3  B2,4( 19,8 96 SRLL> BS.AM TILQ) Te2N Tag12 TIL13 _AS.T)_ h0.05 _ S51.29 _ A, TT 13,08
1988 A3, 0y 79,9 9,6 &7 %4 eS8 \T TP s T30 Ta % 1,72 T eALNLT Al 0e T 82.A2 T ;e,p 17,08
1,2 3,20 19,9 Te,4 SR ea 65,09 T1L23 TX.49 797 TLYS AT 39 62,00 %A1 sl o027 |
173041 :3,“ 19,7} ;v .2 «: A2 u H 7.; 7" ;.\ L2 7: A h I3 A 301 Sy o) on S6,36 7 41,9% 22,43 T}
HakI3! 1,00 Rra 1y VKW, * 1,58 LU LR A A
R LA 9% S D 3 n 7 9 Fomase A T aat L ICH l"" r "‘Tu W S eﬂ“‘Tj"ul l.oz RYSHe z“m %t .-‘...—'5:‘,.
1202,9  83,5¢ 19,9 9.0 MAR] ah,03  Tu Tl TR 3700 71,800 ATLTS 82,79 SAST A le 24,96
1824, H.n 7‘.\1 Al . *"."0 RS ) 'lu ) NI a7 atlov 82.31 59.1~ a1.90 26,02
1504, Ay nq TS, TR KR AL Aa,e) Te T Txoaa T2 n,.o AROL A2.01 %6,92 AV T4 aA.0)
00,0 R2.T¢ 19, TA,S &M 10 AA ] «0 n 7; FE AN AN W30 T AKA2 O ALNZ Gy A% 43T 3,08
1408, A2 41 TN LLIS TR ST R T OO !u IR ARA L M [ ITE R LU ST Y S SV LYY S S 1 C T Y
1%, TR 7R 8 YA &K B) TRY EG TR m"""l‘ Lo ‘7,» ST Ve a8 T RA QTTTRY, ;."""'s...‘;‘.""“.;an"‘”.”
RS TS L m, KR T I MY e Yo.w AR LAG A), ot SYAY 42,38 24,22
VAR, T AL T4 Th, " CRoud Al te AR AT Tu,ad 71. Ta,a® a4, %Q Q2 %289 4g,82 22,02 N
VEARLT  ROiat TTo01  TAL2 SALTL ALLW ATivg AT TalRh AvLag M3 R9L25 myLTA N, 30,60

Figure 32, Example of Computer Qutput for One Computer Run,
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4.2 Some Experimental Anomalies

Some of the results of this program depart from the expected trends, These anomalies
are discussed in the following paragraphs.

The first anomaly occurred when the secondary flow velocity equaled the primary
velocity. Evidence of this is to be found in Figures 33 and 34, for Run Numbers 102
to 117, Here, for unity velocity ratio, the scaled power level and perceived noise
level values for the coaxial nozzles are in excess of the level produced by the primary
nozzle alone. One would expect the scaled noise produced by nozzles with a
velocity ratio of unity to be the same as that produced by the primary aione, if any
interaction effect between the primary and secondary flow is neglected. In this case,
the primary nozzle acting alone has been checked extensively and there is no doubt
as to the reliability of the data. In addition, its noise output agrees well with the
level predicted by Reference 5. This indicates that the increase in level is due to the
presence of the coaxial nozzies, The exact cause of this discrepancy is not known,
but an examination of the acoustic power spectra shows that additional noise sources
are present which increase the middle and kigh frequency content of the spectra.

The worst case is illustrated in Figure 35,

Examination of all of the power spectra show that this increase in the high frequency
region of the nomalized power spectra is most significant for the coplanar cold 1.6
pressure ratio nozzle, There is little or no effect for the lower area ratio secondary
nozzles with the half and fully extended primaries, whereas with the coplanar nozzles
these area ratios exhibited the largest effect, Also, examination of all the coplanar

nozzle power spectra for lower velocity ratios indicated that this effect was generally
not present,

These results are consistent with the possibility that the additional source is associated
with the contraction of the external diameter of the primary nozzle pipe from 1.0 to
0.8 inches over a distance of 1/2-inch forward of the nozzle. This contraction in
the primary pipe diameter creates a slightly divergent secondary nozzle for the
coplanar case, with the throat approximately 1/2-inch upstream of the nozzle plane.
The amount of divergence decreases with increasing area ratio, as can be seen by
comparing the area ratios given in Section 3,2 for the coplanar and extended primary
nozzle cases. Consequently, the effect would be expected to be greatest for the
smaller area ratio secondary nozzles, Alsu, the acoustic effect would be expected
to be greatest for flow velocities in the sonic region where the divergence acts as a
supersonic diffuser, accelerating the flow rather than slowing it.

Additionally, os shown in Appendix B, the boundary layer shed from the outside of
the primary noz<le prevents the coplanar nozzles from having completely uniform
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velocity profiles, The turbulence induced by this velocity defect probably causes
additional sound generation at a frequency associated with the scale of the con~-
traction (= 0.1 inch) and with a magnitude which increases proportional to a power

of the secondary flow velocity. A similar condition would undoubtedly be present on

a real full-sized jet engine, although its magnitude may well vary considerably with
variations in internal nozzle geometry, and hence would not necessarily scale correctly
from these model jet results,

The second anomaly is associated with the secondary nozzle which has an area ratio
of 2, This effect is illustrated in Figure 36 for Run Numbers 176 to 187, where the
noise for the arec ratio 2 nozzle is greater than would be expected. Examination of
the nozzle showed that it had been over-heated when the primary was run with high
temperature air, since the inside had become roughened and charred, This roughness
would cause an unusually turbulent boundary layer to be produced inside the mouth
of the nozzle. From an examinaticn of the data, the over-heating appears to have
happened just before Run 148; for all run numbers below 148, the nozzle produces
results consistent with those produced by the other nozzles, but thereafter it appears
to produce too much noise. The results for this area ratio for run numbers greater
than 147 should therefore be treated with caution.

The third anomaly concerns a noise source associated with the two supersonic primary
nozzles, In the majority of the runs with these nozzles, the model directivity pattern
in the higher octave bands (principally the 31.5 kHz and 16 kHz bands) showed an
unexpected increase at angles near 90 degrees to the jet axis, The maximum value
of this increase was usually found near 110 degrees.

This phenomenon is shown in Figure 37 For Run 128, which had a primary nozzle with
pressure ratio 2,5 and temperature of 64°F, togefher with a coplanar secondary nozzle
of area ratio 10 and velocity ratio of 0,38, This figure illustrates one of the worst
examples of this phenomenon, It shows the directivity patterns for the 5 highest octrave
bands. The 31,5 kHz and 16 kHz bands are seen to be 10 to 12 dB high ot 110 degrees
while the remaining bands form a consistent group, dec.easing in level with increasing
angle, It is obvious that such a discrepancy cannot be truly representative of a full-
size jet and that the model datu should be corrected, Fortunately, the peaks in the
forward direction of directivity pattern for both the anomalous octave bands have not
been offected (this was always the case in all runs with this fault) so that the cor=
rection to the directivity and computer corrections could be made,

As part of an evaluation of this phenomena, a one-tenth octave analysis was made of
the sound at 110 degrees from the jet axis and at frequencies up to 25 kHz, This
analysis is shown in Figure 38, It does not show any evidence of a discrete frequency,
but rather a broad peak with a bandwidth of approximately one octave.
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Finally, a check was made to determine the effect of this anomaly on the computed
sound power levels and sideline perceived noise level. The corrections indicated in
Figure 37 lowered the sound power !evel in both the 16 kHz and 31.5 kHz bands.
The resulting overall sound power levels decreased 1,5 dB. The sideline perceived
noise levels were then checked, It was found that the true maximum sideline per-
ceived noise level was not altered by this change in the higher two bands for any of
the full-scale jet thrusts, Similar checks were made on other runs where this problem
was severe, with the same basic conclusions, These results indicate that the scaled
overall sound power level plots, of which Figure 33 is an example, are altered
slightly when the anomaly under discussion is at its worst, but that the maximum side-
line perceived noise level is not aitered. On this basis, all runs which showed this
anomaly were corrected, as in Figure 37, and are noted by an asterisk (*) in the

run number schedule in Apperdix A,

The cause for this anomaly is not known, It appeared in almost all of the coplanar
and extended nozzle configurations, in a few of the half retracted configurations,
and none of the fully retracted runs, It was only slightly in evidence (=2 dB ot
31.5 kHz) when the 2,5 pressure ratio nozzle was run aclone, However, it wos
present in most of the runs of the 3.5 pressure ratio nozzle which was operated at
several pressure rgtios. These latter results, shown in Appendix G, indicate that the
effect is present for all pressure ratios greater than 2.0, generclly increasing in
magnitude with increasing pressure ratio,
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5.0 DISCUSSION OF RESULTS AND THEIR APPLICATION TQ
FULL-SCALE ENGINES

This section reviews the principal experimental results which are relevant to pre-
dicting the noise of full-scale engines and to understanding the noise reduction
characteristics of coaxial jet flows in terms of the cnalysis in Section 2.3, These
results are utilized to develop o prediction method for full-scole engines ond to
evaluate the differences between the noise characteristics of practical fuli-scale
coaxial jet engines and those of idealized single~nozzle engines with o similar exit
velacity.

5.1 Discussion of Principal Experimantal Results

The experimental results will be examinad with o view to determining the noise reduc~
tion characteristics of cooxial jats. The noise reduction of o coaxigl jet is definad to
- be the differance between the noise of the coexial jet and thot of a single-nozxzle jat
which has the some thrust as does the coaxial jet and the some flow conditions os those
; of the primory nozzle of the coaxial jet. This comparisan eliminates the gross vari-
atiens due to changes in primory velocity and temperatura, The following porogrophs
examine the noise produced by the primary nozzles olone and the changes in sound
powst, directivity and maximum sideline parceived noise level resuiting from the
coaxial jet flow,

ORI

5.1.1 Noise of the Primary Nozzles.

Figures 37, 40 and 47 show the sound produced by the theee primary nozzles
with the three pressure rotics and three total tempergiures ae shown, a8 o function of
the flow velocity. Figure 39 shows the meciured overoll sound power fevel for the
model primary nozzles. The dashed curve for the overcll sound power level shows
reatonable cgreement with the data except for the 60-degree, pressure ratio 3.5
3 nozzle, The line con be represented by:

u
PWL = 1236 + 80 log pbe in dB re 107" wath (39)

where U_ is the primary velocity, This curve is 2 dB grecter than that given in
Figure 1,  which is boed principally on doto obtained over o ground plone and assumed
to hove hemispheric rodiction. Since the dota in this report were token in free
sphericol space, the difference might indicate tho! the typiccl ground plone in

Figure | provided some cbsorption ond reflection losses, particfly invalidoting the
assumplion cf ideol hemispheric rodiation,
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Figure 40 shows the same data scaled to a thrust of 20,000 pounds. The dashed line
represents the curve of Figure 39 scaled in accordance with the following expression:

u
PWL = 159 + 60 log ypbs in dBre 107 watts (40)

(20,000 Ibs)

The change in the velocity exponent from 8 to 6 results from the thrust scaling.

- Figure 41 gives the maximum perceived noise level on a 1500-foot sideline for these

jets scalad to a thrust of 20,000 pounds. These results appear to be proportional to US,
Tu calculate the overall power for a thrust other than 20,000 pounds, the results on
Figure 40 can be scaled by ten times the ratio of the new thrust to 20,000 pounds.
However, this simple rule does not apply to the maximum sideline perceived noise
level because it is also a function of the noise spectrum. To determine the magnitude
of this effect, the change in maximum 1500-foot sideline perceived noise level was
calculated for thrusts of 10,000, 20,000, 40,000 and 80,000 pounds. The results are
shown in Figure 42, along with the extent of the scatter, The mean line through the
data has a slope proportional to F*®, indicating that doubling the thrust produces a
maximum perceived noise level increase of approximately 2.5 PNdB,

5.1.2 Reduction in Overall Sound Power Level Associated with Coaxial Jet Flows,

To determine the sound power |evel reductions associated with the various coaxial
jet configurations, the overall sound power level of each coaxial jet was compared to
the overall sound power level of its primary jet operating alone, with all data scaled to
a constant thrust of 20,000 pounds, Figure 43 shows the change in overall sound power
level for the coplanar nozzles as a function of velocity ratio, with the simple theo-
retical estimates of Section 2,3 included for comparison, The data exhibited three
anomalies: (1) an increase of noise for coaxial nozzles of unity velocity ratio, (2)
relatively poor noise reduction performance for the nozzle with an area ratio of two,
and (3) the distinctly lesser noise reductions associated with the primary nozzle with
pressure ratlo 2,5 when operating ot 60°F,

The first two of these anomalies have been discussed in Section 4.2, The third anomaly
is present throughout the data. It occurs for cold flows only, not being apparsnt in the
cases when the jet was heated. A uniform reduction of approximately 4 dB would bring
the cold 2,5 pressure ratio data into line, suggesting that the sound power of the primary
nozzle might be low, However, inspection of Figure 39 shuws the noise of this primary
nozzle to be consistent with that of the other eight primaries, and other data, Thus,

the cause remains a mystery and the data for the cold pressure ratio 2,5 nozzle will be
ignored in the remaining discussions,

The data for the coplanar nozzles with area ratios of § and 10, and to a lesser extent
area ratio 1, show rather good agreement with the simple theory, Further, thers seem
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to be no consistent effects of either temperature or primary pressure ratio on the
reductions of overall sound power level. Hence, it would appear that predictions of
the sound power of the jet flow from modern high bypass ratio fan engines with coplanar
coaxial nozzles can be made considering only the area and velocity ratios of the two
flows.

The effect of extending the primary nuzzle 5.5 primory nozzle diameters beyond the
plane of the secondary nozzle (one-half extension) and 11 diameters (full extension)
is illustrated in Figures 44 through 47, Again, the theoretical estimate of the change
in overall sound power is included for reference, although its derivation assumed
coplanar nozzles,

The results for the nozzle of area ratio 1, given in Figure 44, show on improvement
cver the coplanar performance, This may result from an improvement in its ability to
shroud the core since the theory of Section 2,3 indicated that this nozzle was not
large enough to shroud the primary core, However, with the extended primary
nozzle, the secondary flow should be significantly larger thon its initial dicmeter
when it passes through the plane of the primary nozzle, At this plane, it will be
slower than indicated by its exit velocity ratio, thus extending the shrouding regime
to higher velocit, ratios than predicted for coplanor nozzles in Section 2,3, Unfor-
tunately, there are no velocity profiles available to test this conjecture.

The data for the nozzle with an area rotio of 2 are contained in Figure 45, They
show improvement over the coplanar case, but the scatter is large and the roughness
of this nozzle makes any evaluation questionable, The data for the nozzle with are
ratio §, Figure 46, show little change from the coplanar case, except for a small
increose in scatter, However, the data for the fully extended nozzle of creu

ratio 10, Figure 47, show o decreose in noise reduction relotive to the coplanar case,
The reason for this change in performance is not known; however, the data appear
consistent and the results must be considered valid,

The acoustic performance of retracted primory nozzle configurations con be expected
to differ from that of the coplanar and extended primary nozzle configurations since
the flows and acoustic boundary conditions ore different, During all tests, the
nozzles were operated ot o fixed set of totol pressures such that the velocity ratios for
the non-retracted cases were consistent among runs which had the some primary

nozzle and temperature, However, when the primary nozzle is retrocted within the
secondory plenum, its effective pressure ratio is decreased and its velocity is similarly
decreosed, |ts initial mixing with the secondary flow occurs within the plenum, where
the secondary flow velocity is quite low; however, the noise yencrated by this mixing
is somewhat shielded by the walls of the secondery nozzle,
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Assuming that the primary is retrocted sufficiently that it completely mixes with the
secondory flow pricr to exiting from the secondury nozzle and its noise does not
radiate *hrough the nozzle, the average or effective velocity through the nozzle
would be expected 1o be given by:

4(m +m)
v ¥ —F (41)
9
The acoustic power should be proportional to:
W o~ 42118
Wm ds Ue (42)

This situation represents a lower bound on the expected results which was not approached
with the configurations evaluated in this study. The obvious upper bound is given by

the assumption that oll the nolse of the primory mixing into the siow moving secondary

is radiated through the nozzle and odds to the noise generated by the jet issuing from
the secondory nozzle as it mixes with the ambient, Also, ot low pressure ratis, oddi-
tiunal nolse might be expacted fram the turbulence generated in the plenum os it i3
convected downstream, outside of the secondary nozzle, The true situation for thase
dota obviously lies between thess two bounds,

The basic results for the variotion of axiol position, including the rotracted primary
nozzle cases, are given for the pressyre ratio 3.5 primary nozxie in Figure 48, The
3,5 pressure ratio nozzle wos chosen for discustion bacouse its behovior is recsonabdy
typicol of the average dota in the coplonar and extendad primory nozzle cases, snd
because its Hlow parometers undarwent the teast change in the retrsoted coses, The
chunges in noise level for oil coses in Figure 48 were bused, o before, an the noive of
the primary nozzle oparating ot ¢ fixed (ool pressure ond exhousting inko the anbisn?,

The results Hustrate the smoll incresse in nolse relotive to the coplonar configuration
for the ares ratio 10 nozzle of both extendad positions, o3 previously discussed, Mo
change is exhibited for the retrocted nozzies. For the orea rotio 1 ond J noxeles,
however, asmoll reduction relative do the coplonor cate is found in the retrocted
cosas, as well os in the extended cotes, The more limited doto for the praswee catio
1.6 nozzle indicote slight increnes relative to the coploner cases for the reteected
coses, However, it is not presented in detsil since its flow wos drastically offected
by the secondory plevium pressute, ond is not reprasentative of full-scole engine design
conditions,
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5.1.3 Changes in Sound Power Spectra and Directivity,

The principal changes in overall sound power associated with coaxial jet flows
are also illustrated in examining o few typical sound power spectra. Figure 49 shows
the sound power spectrum for a model jet configuration which has a primary nozzle
with a pressure ratio of 1.6 and total temperature of 450°F, and a coplanar secondary
nozzle with an area ratio of 10. The spectra are given for four velocity ratios ranging
from zero (primary nozzle alone) to 0,88, The spectrum for the velocity ratio of 0,38
is 6 to 7 dB lower than the spectrum for the primary alone in the frequency range above
the peak in the spectrum, while at low frequencies its sound power level is slightly
above the level of the primary alone. The overall sound power level (at model thrust)
is approximately 3 dB lower, This reduction of levels ot the higher frequencies
demonstrates that the low velocity secondary flow is shrouding the primary flow, thus
reducing its acoustical outpui, The secondary flow would be expected to reduce the
high frequencies in preference to the low frequencies because the high frequency
acoustic sources are located in the initial mixing region of the primary jet where the
effect of the secondary flow is greatest, whereas the lower frequencies are produced
downstream where the secondary flow has less effect. Conversely, the increase in low
frequency noise generation is to be expected as a result of the larger diameter
equivalent jet resuiting from the combined flows.

When the secondary velocity is increased to give a velocity ratio of 0.73, the equiv-
alent jet becomes the dominating factor. The spectrum for this jet has a shape that
should be expected of a single-nozzle jet with an exit area approximately ten times
that of the primary nozzle alone, A final increase in secondary velocity to give a
velocity ratio of 0,88 does not significantly change the spectrum shape, but does
increase the spectrum levels in proportion to the eighth power of the change in second-
ary velocity. All of these results are consistent with the simple theoretical model
postulated in Section 2,3,

Figure 50 shows the effect of extending the primary nozzle beyond the secondary,
Comparing Figures 49 and 50, the effect of shrouding the primary can be seen to have
nearly disappeared for the velocity ratio of 0,38 when the primary nozzle is extended
eleven (11) primary diameters beyond the secondary nozzle, The spectra for velocity
ratios of 0,725 and 0,878 appear to have a few dB less power whan the primary is
extended than in the coplanar case,

Comparison at a velocity ratio of 0,88 shows little change in the high frequency por-
tion of the spectrum which should be controlled by the initial mixing region of the
secondary jet, However, the low frequency portion of the spectrum of the extended
primary is lower in level than that of the coplanar case, This result is consistent with
the hypothesis that the equivalent jet for the extended nozzle cases should be defined
by the flow conditions existing in the plane of the extended piimary.
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In Figure 51, the effect of area ratio on the shrouding of the primary nozzle is shown
for coplanar nozzles at a velocity ratio of 0,38, These results demonstrate that flows
from coaxial nozzles with small area ratios have litile apparent shrouding effect,
whereas flows from the !arger secondary nozzles have considerable effect, This
result is in accordance with the simple theory, since a secondary nozzle which has
an area ratio of only 1 or 2 results in a fairly thin layer of secondary flow around the
primary jet, Within a very few nozzle diameters downstream from the nozzle, the
primary flow will have developed into a diameter larger than the original secondary
nozzle diometer. The primary nozzle flow will therefore tend to behave over most of
its length as if there were no secondary flow, It should be emphasized that these
spectra are from the mode! jet, and hence no allowance has been made for varying
thrusts, If they were corrected to an equal thrust, a small shrouding effect would be
seen for the lower area ratios and an even larger effect would be observed for the
higher area ratios. :

Accompanying the changes in spectrum are changes in the acoustic radiation direc-
tivity pattern, Figures 52 through 55 skow the directivity patterns for the flew cases
whose spectra are shown in Figure 49, These results show that as the velocity ratio
increases, proportionally more sound is radiated at larger angles from the jet flow
direction, The 500 Hz and 1000 Hz octave bands do not change directivity very
much, but the remainder are affected, The angular position of the peaks in the
octave band directivity indices move by a maximum of 10 degrees; but at angles away
from the peak, the directivity indices vary by as much as 12 dB in extreme cases near
the jet axis and by up to 4 dB ot 110 degrees from the axis, As a result, the angle at
which the directivity index is zero increases by up to 30 degrees in both cases,

5.1.4 Change in Maximum Sideline Perceived Noise Leve!,

The effect of the various configurations on the maximum perceived noise level
on the 1500~foot sideline is summarized for the coplanar nozzle configurations in
Figure 56, This figure gives the data for perceived noise level in the same format
used for the overal! sound power level in Figure 43, and includes the theoretical
prediction curve for power level reduction for reference, There is much similarity
between the two sets of figures, although the maximum reduction in perceived noise
level for area ratios 5 and 10 is nearly 1 dB greater than the maximum reduction in
power level, All the general comments made previously concerning the change in
overall sound power level are applicable to perceived noice fevel,
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Figure 57 shows the data for one-haif and full extension of the primary nozzle for
area ratio 5, The data appear slightly more scattered than the associated overall
sound power level data shown in Figure 46, However, they appear reasonably well
represented by the coplanar data curve.

Figure 58 gives a presentation of the effect of axial position on the 1500~foot sideline
perceived noise level, andlogous to the sound power data of Figure 48, The results
are similar, but with slightly more scatter,

In general, the changes in maximum perceived noise level are very similar to those of
overall sound power level, except that there is a tendency for stightly more scatter in
the data. This tendency may result partially from the fact that the maximym perceived
noise level is dependent upon a single angular measurement, whereas the sound power
is o function of measurements ot many angulor positions, Also, the perceived noise
level is more sensitive to the level in o few octove bands, whereos the averall sound
power is a function of most of the octove bands, For both these reasons, the per-
ceived noise level measurement may be inherently more susceptible to minor veriations
in the experimental process,

In oddition, the perceived noise level is offected by any changes in directivity which
are ossociated with the varlous configurations, The effect of the directivity changes
on the variation in perceived noise level olong the 1500-foot sideling, shown in
Figures 52 through 55, is given ir. Figute 59, Zero feet on the sideline corresponds

to the point directly opposite the jet (i.e., ot 30 degrees to the jet exis), The dato
show that the moximum sideline level shifts along the sideline towards zero feet os

the velocity ratio increases. In addition, there is o slight change in the rote of which
the perceived noise level folls with increasing distance along the sideline,

5.2 Prediction of the Noise Choroctoristics of Full=-Scole Coaxin! Jots

The dota and theory presented in this report con be used o the basis for the prediction
of the noise characteristics of full-scole cooxial jets. This socton develops prediction
methods for bath the overc!! sound power level and the 1500-foot sideline moximum
perceived noise level, the lotter being the principol gool of this skudy, The principol
emphasis is on coplonor cooxiol nozzles which cre of cansiderable proctical interest,
For pradiction of non-coplanar cooxial jete, the reader is referred to the discussions in
Section 5.1 which cunsider the effects of axial displocement of the primary nozzle
relctive to the secondary nazzle. Coution should be exercised in opplying this lotter
dota to full=scole geometries which ditfer significantly from the models studied hete,
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The basic predictions for sound power level are developed directly from Figures 40
and 43, The results are given in Figure 60, When Apy= 0, the equation at the
top of the figure represents the relationship found for zero secondary flow (primary
only) from Figure 40 and the basic jet noise scaling laws, The curves which give
the decrease of overall sound power level as a function of coaxial jet velocity ratio
were cbtained from Figure 43. They are based on the approximate data curves,
where given in Figure 43, and are supplemented by the theoretical curves f-om
Figure 21 as required for compieteness.

Figure 61 presents a similar prediction method for the 1500-foot sideline maximum
perceived noise level. When Aps = 0, the equation represents the results for the
primary flows given in Figures 41 and 42, The curves giving the decrease of per-
ceived noise level as a function of velocity ratio were obtained from Figure 56 in
a manner similar to the development of the sound power level prediction curves.

There are two basic potential sources of error in using these two figures for prediction
of the noise of a specific full-scale engine which has coplanar nozzles. First is the
potential error in estimating the noise for the reference primary jet which may be
expected to vary approximately 2 dB about the mean data line. Second, the

model data for the coaxial flows, ignoring anomalous data, show a scatter of %1-2 dB
about the mean curves, describing the decrease of noise as a function of velocity and
area ratio, These two errors might be expected to add in a mean square sense to give
a total error of just under £ 3 dB for a specific prediction.

However, for tradeoff studies leading to engine optimization for noise, these pre-
diction methods should be quite accurate, particularly since the simple theory appears
to be in basically good agreement with the mean of the experimental results.

Figures 60 and 61 again demonstrate that the minimum noise for a coplanar coaxial
jet with a fixed primary velocity and thrust occurs at a velocity ratio of approxi-
mately 0,5, The roise characteristics for a family of engines meeting this criterion
and having 20,000 Ibs, thrust and various area ratios are given in Figures 62 (power)
and 63 (perceived noise).

From one viewpoint, however, the results presented in Figures 62 and 63 are more an
indication of the potential remedial effects of a secondary flow. From a purely design
viewpoint, the approach to optimization proceeds in a different manner, In engine
design, the design thrust is one of the principal specified objectives. For a single
nozzle with a given pressure ratio, the thrust produced is independent of the flow
temperature, However, the noise produced by the jet is not independent of temper-
ature since higher temperatures imply higher nozzle velocities, and hence more noise,
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From an acoustic viewpoint, it is therefore important to keep the jet temperature as
low as possible, which means that a jet total temperature equal to ambient temperature
is the possible minimum, The jet exhoust velocity, and hence the noise, can be
reduced still further by reducing the nozzle pressure ratio as much as possible. There
is obviously some practical minimum to the pressure ratic so that the resultant jet
engine will produce the necessary thrust without becoming unnecesserily farge with
attendant weight and drag penalties. For takeoff conditions and engines with fixed
convergent nozzles, thot practical pressure ratio is most likely to be somewhere in the
region of the critical pressure ratio, or slightly below, so that the engine is still
efficient ot cruise conditions. From an acoustic viewpoint, therefore, a practicol
optimum single jet engine should produce a jet exhcust ot sonic pressure ratio with an
exhaust temperature as near embient as possible.

These conclusions were reached from an examir tion of u single jet nozzle. But for
present-day jet engines, the requirements for optimum conditions actually apply to the
bypass flow of practical bypass jet engines. For modem engines, the secondary flow
temperature is only slightly grecter than ambiunt temperature, ond optimum overall
parformance generally dictates that the pressure ratic at tokeoff thrust be slightly less
thon critical. For such designs, it is very instructive to interpret the noise reduction
results using the secondary flow velocity os o fixed parameter and determine the
amount of the detrimental effect an the sngine's noise characteristics resulting from

o higher temperature, higher velocity primary flow.

Figure 64 shows the predicted increase in overall sound power leve! (A,,) for varicus
volues of aoeo ratio as a function of the ratio of primary jet velocity to secondary jet
velocity, The equation for the predicted sound power leval and the design curves in
the figure is o restatement of the information in Figure 60,

Figure 63 gives o similar presentation of the increase in the maximum perceived noise
lovel on o 1500-foot sideline, developed from Figure 61,
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Tables 3 ond 4 give the velocity ratios (primary velocity to secondary velocity) which
cause either a 3 dB or 6 dB increase in overall sound power or maximun: perceived
noise level on a 1500-foot sideline relative to the noise ot a velocity ratio of 1, It
will be noticed that there is a considerable difference between power level and per-
ceived noise level in sensitivity to the ratio of primary-to-secondary flow velocity,
For example, for a coplanar nozzle with area ratio of 10 and primary velocity ratio
of opproximately 1.5, there is only a 3 dB increase in overall sound power output,
but a 6 dB increase in 1500-foot sideline perceived noise level. These differences
are the penaliies resulting from having o primary velocity 50 percent greater than
that of the secondary. This greater sensitivity of perceived noise level to changes in
velocnfy ratio is due to the fact that the overall power level for fixed thrust increases
in proporﬂon to velacity to the sixtk power, whereas the percewed noise {evel
increases in proportion to velocity to the eighth power.

Toble 3

Primary Velocity Ratios (UP/U ) for a 3 dB and 6 dB Increase in
Overall Power Level from Figure 64

Power Lavel » Area Rotio
Increase i 2 5 10
3d8 1.1 1.7 1 1.40 | 1.52
6 dB » 1.34 | 1.42 ?.70 1.85
Toble &

Primary Velocity Rotios (U /V,) for a 3 dB ond 6 dB Increase in
Sideline Perceived Noise Level from Figure 65

Perceived Noise Areo Ratio
Level increcse ] 2 5 10
3 PNdB 11 1127 1.8 | 1,23
5 PNdB 1.29 | 1,22 { 1.37 | 1.53
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It should be noted that a primary~-secondary velocity ratio of 1.5 is typical of current
high bypass ratic engine design, primarily for non-acoustic reasons, This velocity
ratio is in the region where the noise produced by the secondary mixing with the
ambient and the equivalent jet control the overall sound power characteristics, except
at low area ratios where the primary is inadequately shrouded, These concepts were
developed in Section 2,3, particularly with reference to Figures 18 and 20.

5.3 Comparison of Noise Characteristics of Practical Coaxial
Jet Engines with Optimum Single-Nozzle Engines

If the heat could be extracted from the primary jet, reducing its temperature to near
ambient, its velocity would be approximately equal to that of the secondary. In this
case, no noise penalty would be associoted with the higher speed primary jet and the
resulting engine would have near optimum performance and noise characteristics. The
following paragrophs compare the acoustic characteristics of such an engine with
those of currently feasible coaxial jet engines,

The model jet that comes nearest to this Ideo!izedJet is the primary nozzle with o
pressure ratio of 1,6 and o flow temperature of 60 F. Its ucoustic characteristics con
be compared with those of the coplanar jets, which had orea rotios of 5 end 10 ond
primary nozzles with pressure ratie 1.6 but flow temperoture of 450%. These hvo
coplenar jets hove primory velocity to secondory velocity rotios of approximately

1.35 ond secondary flow velocities of 890 feet per second, The secondory flow there~
fore has nearly the same flow conditions as the 60°F primary nozzle acting alone, so
thot these two coplanar runs correspond cpproximotely to the conditions for the areo
tatio 5 nozzie indicated in Tables 3 and 4, which give o 6 dB increase in sideline
perceived noise level and o 3 dB increase in everall sound power,

Figure 66 gives the acoustic power spectro for ¢ 20,000 tb, thrust jet for these three
configurations, It shows that the coplonor nozzles with the higher temgeroture ond
higher velocity primary jet produce considerably more high frequency noise thon does
the single~-nozzle cold jet. This increased ccoustic power ot higher freauencies gives
an indication as to why the coplonar jet shows o lorger increase in perceived noise
lavel thon is indicoted by the increose in overoll sound power level. This con-
clusion is reinforced by o comparison of the octave band sound pressure spectra shown
in Figure 67 for the position on the 1500-foot sideline which has the moximum per-
ceived noise level, This position is ot on angle of 55 degrees from the jet oxis for
the primary jet clone, but is ot 65 degrees for the coplonar jets, which indicates the
offect of changes in the directivity pattem,
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Figures 68, 69 and 70 present the octave band directivity patterns for these three
jets. The directivity maoxima increase in angle by about 10 degrees when secondary
flow is present. There is also a change in the shape of directivity pattem, so that
the largest angle at which the directivity index is zero increases by as much as

25 degrees. These angular changes are reflected in Figure 71 which shows the 1500~
foot sideline perceived noise level for the three jets, The changes in directivity
cause the perceived noise level to drop more rapidly from the maximum value for the
coaxial jets than is the case for the primary nozzle alone, Thus, at the peck level
the coaxial jets produce about 6 PNdB more noise, whereas at iarge distances along
the sideline in the direction of the jet exhaust, the difference is only 2 PNdB,

The above results have been presented for a 20,000 b, thrust engine. It has already
been shown (Figure 42) that on the average, the maximum perceived noise level
increases by 2,5 PNdB for every doubling of jet thiust in the range of thrust from
10,000 bs, to 80,000 Ibs, This scaling factor generally holds over the complete
sideline curve, as demonstrated in Figure 72 which gives the calculated values of
the sideline perceived noise levels for four different thrusts for the jet with pressure
ratio of 1.6 and total temperature of 60°F.
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6.0 SUMMARY AND CONCLUSIONS

The acoustic output of more than three hundred (300) different mode! coaxial jet con-
figurations has been analyzed and used to detemmine the effect of the slower secondary
(or bypass) air flow on the sound output of coaxial jets, The model data were scaled
to give the sound power output of a full-scale jet engine, and tive sound pressure
levels and perceived noise levels determined along a sideline parcilel to the jet axis.
Noise reductions for coaxial jets were computed relative to a basaline single-nozzle
jet which had the same thrust as that of the coaxial jet and a velocity equal to the
coaxial jet primary, The principal conclusions from this work are as follows:

(1)  The jet noise for coaxial jets with fixed thrust and arec ratio was found to be
minimum when the ratio of serondary velacity tc prime:y velocity was approxi-
mately 0.5. :

(2)  The reduction in jet noise for fixed velocity ratio and thrust increases with
increasing area ratio for coplanar or nearly coplonar nozzles, The maximum
reduction in overoll sound power was found to be 10 dB, ond the maximum
reduction in sideline perceived noise leval was 11 PNB for the nozzle which
had a secondary to primary area ratio of 10, however, the reductions for an
areq ratio of § were opproximately only 1 dB tess thar: those for areo ratio 10,
These experimental results largely substantiota the simple theory of the noise
of coplanar coaxial jets which wos developed in this study,

(3)  These noise reductions were found to bse largely independent of the pressure
ratio of the primary nozzle and the tstal temperature of the grimory flow over
the range of pressure ratios (1.6 - 3.5) and tempérotures (60 F - 800°F)
covered in the experimental progrom,

(4)  While for o fixed velocity and tempersture coadition the overoll sound power
output is directly propurticnal b angine thrust, the maximum perceived noise
level on a 1500-foot s.deline was foiind ¥ increase by nnly 2.5 PNJB ecch
time the thrust wes deubled, over o thrust ronge fram 10,000 lbs, to
80,000 Ibs. The masimum perceived noise level is therefore proportional to
thrust raised to the sower 0,833, when velocity snd iemperature conditions
ore held constani, -

(5) At fixed thrust cnd area raiio, the moximum perceived noise leve! on o 1500-
foot sideline wes found to increase as the eighth power of velocity, whereas
the overall sound power level increases os the sixth power.




)

@

(6)

An engine designed to hove maximum thrust per unit area will generally have
minimum weight and drag per unit thrust, Assuming the secondary flow is
limited by cerodynomic constraints to sanic or nearly sonic flow speeds, the
acoustically optimum engine will have primary and secondary velocities of
approximately 1000 feet per second. This implies that the acoustically
optimum primary flow temperature should be very near ambient and the pressure
ratio no greater than that of the secondary. Although the pressure ratio con-
dition is essentially achieved in cument high bypass ratio jets, the temperature
condition is difficult to achieve, although it represents increased cycle
efficiency.

If oll conditions of conclusion (6) could be achieved with a 20,000 b, thrust
engine, it would have an estimated overall sound power output of 159 dB
relative to 10~ watts and @ maximum perceived noise level on a 1500-foot
sideline of 88 PNd8.

Small increases in the primary velocity relative to the secondary velocity pro~
duce small increases in acoustic output, their mognitudes being o function of
area ratio. Tables 5 and 6 give the rotios of primary velocity to secondary
velocity which results in either 3 dB or 6 dB increase in noise relative to the
noise of an engine which has a velocity ratio of unity and the some secondary
velocity and totol thrust, The tables therefore give the velocity rotio which
results in the specified noise increase compared to the optimum engine discusted
in canclusions (6) and (7). The marked differences between the two tables
results from the differance between the sensitivities of the overall sound power
ond perceived noise level to changes in primary velocity.

Table 5

Secondary-Primary Velc;city Ratie for
Specified Increase in Overall Sound Power

Power Level Area Rotio ;
Increcse ! 2 5 10
3dB 1,14 | 1,17 | 140 ] V.52

6 dB 1.34 | 1,42 1 1,70 ] 1.85




Table 6

Secondary~Primary Velocity Ratic for
Specified Increase in Perceived Noise Level

' Perceived Noise Area Ratio

; Level Increase ! 2 5 10
3 PNdB 1. 11 1.12 1.18 1.23
6 PNdB 1.29 1.22 1.37 1.53

(9) 1t is probable that the noise reduction associated with coplanar coaxial jets
can be increcsed by designing the nozzles to promote more rapid mixing.,
Such nozzles would probobly enable the design of engines with jet noise
charccteristics approaching the optimums discussed in conclusions (6) and (7).

(10) The extension of the primary nozzle up to eleven (11) primory nozzle
diometers beyond the secondary nozzle produced an increase in the noise
reduction for nozzles of arca ratio 1, little change in the nolse reduction
for nozzles of area ratio 2 and 5, ond ¢ decrease in the noise reduction for
nozzles with orea ratic 10,

(1) Significent retractions of the primory nozzle inside the secondory nozzle
tended to decrease the noise relative to thot produced by coplanar nozzles
for all of the secondory nozzles when the primary nozzle hed o high pressure
ratio (3.9), but to increase the noise when the convergent primary nozzle with
o subsonic pressure rotio (1.6) was used. However, the flow conditions for
this fotter primary nozzle were not charocteristic of practical engines, ond it
is concluded that retrocted primaries can be beneficial when properly designed,
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APPENDIX A
DIRECTORY OF EXPERIMENTAL RUNS

This appendix contains a listing of the experimental runs that were made in the course
A of this project.

Tabie A-1 shows the groups of experimental runs associated with the various flow con-

ditions of the primary nozzles and the relative position of the primary and secondary

; nozzles. Half exttended or retracted means the primary nozzle is displaced 5.5
primary nozzle diameters axially from the exit plane of the secondary nozzle, Fully
retracted or extended refers to 11 diameters, Within each group of runs indicated in
the table, there is an equal number of runs for each of the four secondary nozzles,
For each secondary nozzle, the seccndary flow velocity-is varied between that
required to give a velocity ratio (secondary to primary) of one-third, up to a sonic
velocity, Intemediate velocity ratios of two-thirds and unity are interposed between
these extremes if this does not require the secondary velocity to be supersonic.

Table A-2 gives a detailed listing of the actual completed runs, giving the following
data:

e Run Number (numbers in parentheses are reruns; asterisks indicate
corrections were made to correct the high frequency data in the vicinity
of 110 degrees for the third anomaly discussed in Section 4,2)

e Nozzle Position

e Nominal Area Ratio

e Primacy Temperature

e  Primary Pressure Ratio

o Primary Velocity

i e Velocity Ratio (secondary/primary)

| e Mass Flow Ratio (secondary/primary)

| For additional detail, see Volume II,
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Table A-2

Experimental Run Conditions

Primary

Nom, I Primary Primary | Primary Mass Nom, Primacy | Primary Mass
fun Nozzle Ares Tw\p.’*oF Pressure | Velocity | Velocity | Flow Run Nozzle Area | Temp, ~"F | Praswure [Velocity | Velacity | Flow
Number Position rotio | Average Ratio | FtASec Ratio Ratio Nuymber Position Ratio Avecoge Rotio | Fr.Sec Ratio Rotio
101 Primary Noxzle] - & 1.4 899 - - 149 Coplanar 2 450 .6 {nz | o072 | 305
Alons 150 (811) | Coplaner 2 450 16 | 176 | 087 | 409
W2 (Coplanar k “ he | 900 | 0.35 §0.58 151 [coploner 5 456 16 | uz | 038 | 329
10 | Coplanar ! o 16 | 8% | 070 | 093 152 |Coptanar 5 450 e |1 | o2 |ess
104} Coslonar ! b e 1 aM o 1 Lu 153 {Coplanar 5 450 16 v | o8 |om
105 Qemittad - - - - - - 154 (727) {Coplanar 10 450 .6 {nm | o3 |es02
168 | Coplonar z o L6 1 oem 035 | LIO 15 |Coplanor 10 450 16 |1z |om |1ae
107 (705} Coploasr 2 i I N R 156 (729) | Coplanar 0 0 1.6 | 17 | oes [18.38
108 (722)) Coplanae 2 & Le L8210 | 260 ] a7 |himory Nozztel - | 450 25 |uw | - | -
109 Coplanae 2 &4 1.6 893 115 3.25 Alone
110 (708} | Coplonat 5 (3 1.6 872 0.2 1.63 *158 Coptanor 1 450 2.5 1590 0.41 0.68
111 (723)| Coplanar 5 &4 1.8 892 | 070 |37 159 Coplanar i 4% 25 [1s90 | o8 s
112 (803} | Coplanar 5 &4 1.6 894 1.0 5,50 «160 Coplanar 2 450 2.5 1590 0.40 1.48
13 Omitted - .- - - - - 181 Omitted - - - - - -
114 (708) Coplanor 10 64 1.6 895 0.35 3,30 *162 Coplanar 5 450 2.5 1590 0.41 3.07
ns (304'1! Coplonar 10 &4 1.6 899 0.70 7.15 163 Coplanar 5 450 2.5 1590 0,85 5.10
118 Coplonar 10 64 1.6 878 1o 1.03 *1464 (812) | Copionar 1o 4350 2.8 1590 0.40 5.42
117 (726){ Coplanor 10 &4 1.6 881 Lis |14.28 165 Coplanar 0 450 2.5 1590 0.66 110,22
g Primary Nozzle| - &4 2.5 | 1204 - - 166 Frimary Nozzte| - 450 3.5 | 1817 - -
Alone Alone
119 (709)] Coplanar | &4 25 | 199§ 038 | 0.4 *+167 {732) | Coplenar 1 450 3.5 | 1817 | o057 | no2
120 (710)| Coplanar ] &4 2.5 1199 0.73 0.7¢ 168 Omitted - - - - - -
*121 (713)| Coplanar 1 &4 25 | 1207 | 0.84 1.0 *169 Coplonar 2 450 3.5 | 1817 | 042 |38
+122 (714, Coplanor 2 & 2.6 | 195 | 0.8 |02 170 (734) |Caplonar 2 450 3.5 | 1817 | 057 | 1.8
a2 Coplanar 2 & 2.5 | um | o7 | vel a7 Coplonar H 450 3.5 1817 | 042 | 3.00
124 (715)| Coptonor 2 &4 2.5 | nes | oes 2.0 *172 (736} | Coplonor 5 450 3.5 |8z | 058 |48
*125 (717)| Coplonar 5 &4 2.5 1182 0.38 1.67 173 Coplanar 10 450 3.5 |87 0.42 | 5.42
*126 Coplanar 5 %3 2.5 nzz 0,73 3.4 Q)] Coplanar 10 450 3.5 1817 0.58 8.45
127 (719} Coplonar 5 &4 2.5 Nz 0.8 | 414 175 ftimary Nozzle| - 800 1.6 1401 - -
‘128 | Copkanar 10 4 2.5 | v | 038 | 308 Alone
129 | Coplonar 10 &4 25 { vt | o |ees 176 |Coplonar ! 800 S B B B
130 | Coplanar wo | s 25 | s | 0w jsas || 7 e ! w0 e |z 0.7 E80
a1 Primary Nozzle| = o as 1380 R ~ 178 Coplonor 1 800 1.4 1362 0.78 2.03
Alone 179 Coplenat H a0 1.6 | 1364 | 037 | 207
932 Coplanar 1 64 3.5 | 1w | 03 {o0.38 180 (737) | Coplanar 2 800 e |3y | o6y | 362
"1 Omitted - - - - - - 18 Coplonar 2 800 1.6 | 138t 0.77 | 4,53
Q' Coplanar ! &4 3.5 1342 0.7 | 0.7 182 Coplanor 800 1.6 1369 0.3 3.83
*135 (720){ Caplonue 2 & 3.5 | 1370 | o35 {08 183 (738) [Coplanar s 800 e | 132 | 0,69 | BB
*134 (809){ Coplonar 2 L.Y3 3.5 138 0.47 . 184 (739} | Coplonar 5 850 1.6 186 0.77 9.84
037 Coplonar 2 64 3.5 1374 0.74 1.48 V85 {815} | Coplonar 10 800 1.6 1366 0.3 7.67
138 Copluncr 5 84 3.5 | 137 | 635 | 140 186 Coplonat 10 800 e | 1359 | 0.9 [17.68
*139 Coplonot [3 84 3.5 1376 0.67 2.9 187 Coplanor 10 800 1.6 1359 0.77 (21,88
140 Coplanar 5 84 35 | ey | o7 | 3% 188 zl;:ry Nozzle| - 860 2.5 | 1844 - -
*141 (721){ Coplanor 10 &4 3.5 | 1387 | 035 | 2.64 " Coplonr \ oo as s | os | oz
42 Coplanor 10 54 3.5 | 183 | 067 | s.88 ‘oo Coploer ) o vs |1 | os | ras
Qi Coplanar 10 8 a5 | wer | o | eer
“ Primary Norxle| ~ 450 16 s R . " Coplonor 2 800 2.5 1855 0.38 1.84
Alone 192 Coplonar 2 800 25 | 1se | 057 ] 2.8
148 Coplonar i 450 e | v o8 [ 0.8 193 Coplanar 5 800 2.5 |84 | 038 |39
4 Coplonar t 450 ve | s | o7 | LAd 194 (741)| Coplonar $ 800 25 [ a3 | 0.6 ] 898
s Coplanar 1 450 w6 | n | osa | e 198 Omitted - - - - - -
148 Coplonar 2 450 16 | ts | o | ohae % Coplanar 10 800 2.5 | w82 | 0.5 12,00




e . Table A-2 - continved

Nom, Mmryo Primary| Mimary Mass Nom, | Primory Mmary | Mrimary Mos
fon Nazzle Asez | Temp, ~°F Presure | Valocity | Velocity | Flow fua Nozzle Area | Temp, ~% Fremucs | Valocity | Velocity | Flow
Numbee Positien  {Ratio | Averoge fotio | Ft/Sec | Matio | Rotio Number Position fotlo | Averoge Ratle | Fi/Sec [ Ratlo | Retlo
197 | Primocy Nozzle| - 20 38 | nee | - - |l'20 | RilyEomded 10 & 25 | 1208 |02 |53
Alone Primary
8 | Coplanar 1 00 as {28 | o3 |oa || 22 | omina - - - - - -
9 | Coplonar 1 %0 35 [ 2178 | 049 | 108 ||"u3 | FullyEaended 1 ” as [ wm |0 |oz
20 | Coplmer 2 P 35 | 2w {038 | 1u Prinary
21 | Coplawr 2 | mo 36 | 2w | oan |z || |l Bended 1 o 3s | um ) 067 ) 0.5
: *202 (744); Coploor s 80 35 [ 0.3 | AWM oy | Rilytxended | " as | |om |om
: o] Omitted - - - - - - Primary
204 | Coploner 10 "0 35 | 2180 | 038 | 7.2 [['2 | FRullytxtended 2 8 35 w7 | o% |os
: 206 | Coplonor 10 80 35 | N84 | o4s |10.08 Miwary
-
. 206 214 Owirted i _ i _ _ I :sziyxuw 2 & 35 | wun | oes |08
: A5 | Rully Extended | 1 & Le 4 M8 | 035 4032 Hlay Rty Exended 2 & 35 | 10 |0 |12
! Primacy Primary
26y Polly Extended | 1 & o | 8% | 07 | 082 [feyy | RllyExtended 5 & 35 | o |1x
oy Primory
A7 | Folly Extonded | 1 & W6 | 008 | V21 | eash a7) Rully Extended 5 8 as | um | oee |28
Frimory Srimory
N8| Rully Etendad | 1 e Ve | 8% | LM WA faan Rty bosnded $ " s s |om |am
il Primory
29 Rlly Extended | 2 & Lo | 82 | 035 ] 060 Hleye [ Rylly Extended 10 8 35 | |ox |24
mory Pelmory
B0 |y Btended | 2 o Lo | 82 0 LM e ilybcended 10 | 6 a5 | |08 | s
Primary
2| Rlly Extended | 2 & e | 85 [ L0 2T Hfeag | Rl Extended 10 " 35 | wer |ors |sm
Primory Hrimary
22 BllyEdeded | 2 bl Lo | 85 LU 3% ] 0 Rully Extended 1 450 16 | v | ose |os0
mary Primary
W | Bolly Exteded | 5 b L6 | oM [ 0.3 | Le0 | o | Rylly Extended 1 50 4 | ne | om |
mary Primary
24 | Onitted - - - - - = ]2 [Rullyextended 1 450 1.6 | nes |om | s
228 | Fully Extonded & 16 | o5 | o |e09 Primory
Pimary 28 | Fully Extended 2 450 16 | nez o3 | Lo
2 |FullyExtended | 5 o 16 ] wo | L | 2m Primory
Pimary 259 | Fully Extended 2 450 6 | e | om |2m
27 | Fully Extanded | 10 " w6 | w7 |03 |3 Primary
Himary 20 | Fully Extended 2 450 16 | e foss |a02
28 | Fully Extended | 10 & w6 | e | o | s Primary
Frimasy 21 Fully Extended 5 450 1.6 | 1es | 038 | 2.8
729 | Fully Extended | 10 ) 6 1 ms |10 0.8 Brimary
Primary 22 | Omimed - - - - - -
20| fully ttanded | 10 i 1o ] o | L6 124 1] o | Ry Extended 5 450 16 | us | o |7
mary Primory
B Rty Exdended | 1 ® 23 [ 1210 1 0.38 4 032 H1 oo Rty Exiended 10 0 16 | nes | o3 |s.44
mory Primary
2 lly Extended | 1 % a5 | 07b | 0.8 b ae o) fully Exended 10 450 16 | nes | o e
mory Peimary
W | flly Exdended | 1 & 28 1120 | 084 | 0 ] o |ty utended 10 450 we | um Loss fisas
mary Mrimary
W hlly bdended | 2 & 25 | 1209 ) 038 1038 |1 | Ry Exiended | 80 25 | 1605 | o1 |04
v mary Pimary
£ s |fully Extended | 2 & 25 W7 1 0.2 | L3 o | RllyExtended 4“0 28 | 1un | os |ras | -
; mary Primary
i 2% FullyExtended | 2 & 25 | [0 LS [l e 2 ® 25 | e |owo loss | :
- ! Primary Mrimary .
7. i 237 r;nyew 5 [ 28 | 200 | 0.38 | 160 ||, Omitted n - _ _ . _
v o imary
-
. 2 bl buoended | 3 “ 28 | v o |aa ||2m "#.‘.'.’,f,"""“ 5 40 2.5 |60 | o040 | 242
: Primory
w | Omind _ . - - . - |l ey ’t;:mm 5 ) 2.5 | 1005 | vss |4
U0 |Fully Extended | 10 & 25 ) 1208 | 038 2 Hles Ry Extended 10 450 23 |6 o |so
Primory Primory

Mt




Table A-2 — continued

Rom, Prlmmy° Primary { Primary Mass Nom, | Primary Primary | Primary May
fun Nozzle Arec | Temp, ~ F | Pressurs | Valacity | Velocity | Flow Run Nozzle Area | Temp, ~% Pressure | Valocity | Velocity | Flow
Mumber Position Rato | Averoge Ratio | Fi/Sec | Ratio | Ratio Nuymber Position Ratio | Avaroge Ratio | Ft/Sec | Rotlo | Ratio
*274 Fully Extended 10 450 2.5 1604 0.65 .62 || 330 Fully Retracted 2 74 2,23 | 146 0.40 0.7
Primary Primary
275 (751)] Fully Extended 1 450 .5 1802 0.42 0.64 || Fully Retrocted 2 4 181 906 0.9 1.66
Primary Primory
278 Fully Extended | 450 3.5 1800 0.58 0.98 || 332 Fuily Retracted 2 74 12 02 1.47 2,49
MNimeey Primary
277 Fully Extended 2 450 3.5 1800 0.42 0.2 || 3 Fully Retracted 5 n 2,20 | 141 0.40 1.7
Primary Primory
«278 (732)] Fully Extended 2 450 3.5 1800 0.58 1.07 |} 334 Fully Retrocted 5 re3 1.5 872 1.8 3.68
Primary Primary
279 Fully Extended 5 450 3.5 1798 0.42 1.52 {§ 335 Fuily Retrocted 5 i3 1,32 ns 147 4.98
Primary Primory
+280 Fully Extended 5 450 3.5 1800 0.58 .19 ] 3% Fully Retracted 10 74 .23 | 148 0.40 .20
frimary Primary
281 Fully Extended 10 450 3.5 a3 0.42 8.17 || 137 fully Retracted 10 74 181 904 0.% 6.3
Primory Primary
282 Fuily Extended 10 450 3.5 1802 0.58 7.% 1] 238 fully Reyracted 10 7 .32 705 1.47 8,85
Primary Primary
283 284 | Omltted - - - - - - 39 Fully Retractad 1 3 3.06 1330 0.37 0.46
25 [RullyExtendsd 1 200 16 [ wnr | oz |Lm Primary
Primary U0 Fully Retracted | 74 2,09 | N4 o.M 0.09
piid Fully Extended 2 00 1.6 1324 0,37 1.33 Primary
Primary 341 (7283} Fully Retrocted ! 74 1.85 1025 1.0l 112
287 (754)| Fully Extended 2 800 1.4 176 0.49 2.92 Primary
Primary 42 Fully Retracted 2 74 3.06 | 1331 0.37 0.74
288 |FullyExtended 2 800 1.6 | | oz |a.se Petmary
mary 343 Fuily Retrocted 2 " 209 | N4 0.84 1.43
29 Fully Extended 5 80 1.6 | 1w | o | as7 Frimary
Primry 34 Fuily Retrocted 2 74 185 1024 1.0 1.68
290 |Fully Extended 5 200 16 | M | 069 | 7.63 Primary
Frimary Us Fully Retrocted 5 74 3.06 | 1331 0.37 1.62
91 |RllyExtended S 0 1.6 | 1 | o | 882 Primary
mary 348 Fully Retracted 5§ 74 2,09 | o9 0.83 3.0
292302 | Omitted - - - - - - Primary
4303 (753)| Fully Extended 1 800 2.5 2182 0.39 0.62 47 (764} ;\llly Retrocted 5 74 1.85 1024 1.0 3.87
Primary timary
304 Fully Extended 1 800 3.5 2188 0.49 0.9 || M8 ::llly Retracted 10 i) 3,06 | 1338 0.37 2.8
Primary mary
205310 | Omined _ - . - - = Jlae Rty Retracred 10 H 2,00 [ s | o.8s | 608
Primary
Ay herected ! H 182 s 037 |07V 1 4y | ylly Retcacted 10 u nes | w2 | ro2 | oese
Primory
MRl i1 " e VR I X TR R Y | I D B . - ol -
213314 | Omited R - - R - - || 400 2]l er;md.d 1 &0 16 | s | o | 043
33 Fully Retracted 2 74 1.82 us 0.37 0.99 409 Half Extended | 16 a4 1.0 1.04
Feimary Primar:
e |rily torocted 2 ) v | oes o sl e e | oes | ras | 1o
mory Prinar
Y
317-3191 Omitted - - - - - = {4 |Holbextended 2 6 16 | e | 038 | ouss
30 |Fully betracted n 129 | 64 | o.M |4 Primary
Pelmary #2  [HolfExtended 2 o0 w6 | ew |0 |12
321322 | Omitted - - - - - - Primary
n Fully Retracted 10 n 1.52 853 0.37 3.83 || 413 Half Extended 60 1.6 a7 1.0 .12
Mimary Primory
U Fully Retrocted 10 74 1.9 &% 0.9 2.70 || 414 (756)| Half Extended 2 [ hé [ 2 1.1 2,59
Primory Primary
325327 | Omltted - - - - - - 413 Half Extended 5 ] 16 88 0,18 1.84
378 (832)| Fully Reracted 1 7 160 ] me | o | 1.6 Primary
Primary 416 Half Extended 5 40 14 883 0% J.28
329 (762)| Fully Retrocted 1 7% L] 0 | 147 | 168 Almary
Primary 417 (824)| Holf Extended  § 40 14 887 1.0t sS4
Primary

L
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Table A-2 — continued

Nom, Mimory Primary | Primary Mo Nom, | Mimory PNimary | Primory Mo
R Neoxxle Aroa | Temp, ~°F | Presture [Valoclty | Velocity | Flow L.E3 Nouzle Aroa | Temp. ~%F | Pressurn |Velocity | Valoclty | Flow
Number Posttion Ratio | Average Ratio | Fr/Sec | RaHu | Ratlo Number Position Mitio | Average Retio | Ft/Sec Ratlo | Ratlo
a8 Holf Extended | & &0 1.6 | o7 | 116 | 598 430 Half Extended | 2 440 1.6 | ne7 | 0.3 | o9
Nimary frimary
N Half Extended | 10 s 1.6 %7 | 038 | 2. 451 Half Extended | 2 40 16 (e | o | 242
Primory Himary
€0 Half Extended | 10 80 16 | &7 | 0 |e2 452 Half Extended | 2 40 14 | nes | 0.7 | 3M
Primary Nimary
a Half Extended | 10 40 16 | s | vo1 | e 43 Half Extended | § %0 6 | e | 03 |24
Primary Fimary
{22 Half Extended | 10 &0 Lé [ LK [N 434 (759} | HalF Extended | § 450 1.6 18 0. | e
Primary Primaey
“n Half Extended | 1 & 25 | nss | 038 o2 48 Malf Extended | 8 @ 16 | tes | 0. | 743
Primary Mimary
“24 Half Extended | 1 & 25 | ue | o | 080 45 Half Extended | 10 440 e 1 ne | 038 | 538
Primary Aimary
428 Half Extended | 1 I 2.5 | 1202 | o8 |08 487 Half Extended | 10 &0 6 |1 [ om |82
Primory Primary
ux Holf Exterded | 2 & 23 | 1202 | 038 |0 458 Holf Extended | 10 “@o 1.4 | Uss | .80 {1509
Mimary Primary
u7 Half Extended | 2 60 28 |12 | on lin “s9 Half Extended | 1 440 28 | wot | o0 |os
Primary Hrimary
un Omlted - - - - - - %0 Malf Extended | 1 40 28 | uw | 683 | om
w19 | Mallbxended | 5 s 25 |12 | 03 |ra Pivary
Nimory 441 ol Extended | 2 @0 s | wor | ce0 | oo
% | Halltxianded | 8 &0 a5 |08 | om |02 Pinary
Primory 9442 (826) | Mol Extended | 2 &40 2.9 5w | 04 | Loo
Wl | Holftxtendad | 3 s 28 L | oe |2 Rinaey
Primary 443 Half Extended | 3 @0 2.3 [ W00 | 040 | 240
W | Holfturended | 10 " 28 [0 |0l |27 aid
Primary gy Half futendad | 8 “@0 PRI TT T WO PR Y
“wn Holl Extended | 10 0 28 {1208 [ om |aW nid
Mimary 448 Hall futended | 10 &80 2.5 | ol | 040 | 810
Mimgery
If Extonded | 10 . . .
e :',.:,; 40 13110 0B T8 el tateded | 10 “w s | Wt | vas | rer
hrivary
Holl Extanded | 1 \ i . .
R Peih ® 33 pn 0% 0 oy it ieedsd | ) w 3 | [oa |om
Nimary
1F Extended . . .
bl i ' © 13 1R 108 103 s |uelt e |t w 3 | we Loy |on
Nivary
7 ended . . .
W : ® 3300 0T 108 1 g |Metttarendsd | 2 @ 1w | e jom
Miswry
rended . 1 . .
“ ’;L'f,; ? ® 18 | 0¥ o e Mall (arenied | 2 “0 38 [loe | om | uw
Nivuey
feutondsd | 2 ) . .
R P ® B3 |1 10 LI ] g [efeieded | S | w0 1 | [ oa |re
Moy
wtonded | 2 . .
M ® 33|17 1 0B LY i i atended | 8 “w 3 {um [on |m
Finwry
het mzf,;"" ’ 0 A AT Rl W [Hall tatended | 10 40 s L 0@ 14w
Nionry
ut :',::;W s w e A e R N Malt Larended | 10 s [we | 0.3 !mg
Nimary
B 1 . N ]
w8 mmw [] © 3 {10 |[om lan 59230 | Onines . - . . . .
“ Hatt Exronded | 10 ® s (1 oM |lu 04 Hell Betractud | » T A I N BRI R
Primacy Mioary
NS | Nalftatended | 10 “ as {1s | o | 303 (N3) ) Holl Retaared | 2 IR A A L
himary Nimnry
NG| el Eatended | 10 © as [0 [on en 308 (4} Held Ratreered | 2 n LI | W | oM L 2u
Niwwry Almery
“r Half Butended | 1 “#o e e | o4 |09 307310 | Omitred - - - - - -
Primary su Half Rarvecrod | $ » | wsy | s oy |20
48 [ MallEarended | 1 “0 e (e jonm | Pimery |
Nimary 32 Hall Ratenered | 3 x 1.0 | e | oW |l
H“e Hell txrended “w 6 {nes lo@ 1o PMonry
Prisary $13- 81 | Omitred - - . - . .

R
A_é\.‘..
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Table A-2 - concluded

Nom., Pimory Mimacy | Hrimary Mt ‘] Nen, "Illluy° Prlocry | Miwery Ham
A Noazls Arca | Temp, ~°F | Premurs |Valocity !Velocity | Flow [ ) Nozzle At | Temp, ~F | Mrowwes [Valecity | Velocity | Flow
Nusber Posltion fotio | Average tatio { FAec | Rotlo | Ratle Nusber Poaitlan fatie | Avarge Rotie | R/3ec | atie | Mate
15 Half Satrected | 10 ] 192 | s | 0.37 | 352 || ~404 (84)| Mimory Neaste! ~ N 40 | wso - -
Nimary Al
s Malf Beiracied | 10 n .29 | 647 | 0.M | 768 || %03 {Pimey Newsle| ~ " 5.4 | 150 - -
Aimary Alene
317518} Omitred - - - - - - 408 [vimary Nozzte | - N 7.8 14 - -
sie Half Ratrected | 1 » 223 e | o0 | 049 Alane
Nmary 1
“0 Walf tamucted | | x 14t m o L
Mmory |
- Helttargcted | 1 | 20 Wi ox o re e
Almary
n Half Retracted | 2 n L7 N | 0.0 LY
Mooy
m Ml Rewacied | 7 x 1.4 | ™ oW |
PMinery i
SU | Heltlavecred | 2 L L2 e (L jum
Niwary )
w2 | et tamecond | 3 x an jumw o |im
Mimary :
1
oYy Half tateecred | 3 » 14| e jow [awm
Niowsy H H
5 Halt Retwated | 3 ! » LI ] i L |3
Nisary I !
S| el betmcted [m » o [am
Niowry i
3 Halt Soisicred | 19 » 4l | e | ow la4m
PNinary : i y
30 Wit teweend (16 | 2 (R IR S R RUSE R0
Nmary ' .
3 Mett Ravecend | 1 ™ e M e owm
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APPENDIX B
JET FLOW PROFILE MEASUREMENTS

Measurements were made of the total pressure, static pressure and total temperature
profile at the exit plane of the model jets prior to initiating the acoustic tests, These
tests were conducted primarily to check the velocity profile at the exit of the primary
and secondary jets. In addition, the data provided an independent check on the
thrust measurements. A few profile measurements were also made well downstream of
the exit plane to investigate the spreading characteristics of o coaxial jet. Typical
results from these measurements are presented in this appendix. The instrumentation
ond apparatys used has been described in Sections 3.2.4 ond 3,3,4,

B-1 Test Conditions

Test conditions fer which significant flow profile data were obtained are summarized
in Toble B-1. The first series of runs were made without any secondory nozzle. The
remaining ryns were made with both nozzles in place, although in some cases there
was nro air flow through one of the nozzles. 1t is apparent that only a smoll number of
the possible configurations were used for obtaining flow profile data,

B-2 Test Results

Figure B~1 presents o sample of the raw doto tcken directly from the chart recorder,
showing o total pressure profile mecsurement for o primory nozzle with a pressure ratio
of 1.6, Dato of this type is the basis for the colculation of flow velocity, Figure B-2
shows the velocity profile ot the exit plane of the nozzle with pressure ratio 1.6 as o
function of totol temperature of the flow. As would be expected from cerodynamic
considerations, the boundary loyer tends to become thinner with increcsing temper-
ature. Note that the obscisso is broken to expand the scole within the region of
interest, Figure B-3 shows a similor set of profiles, except that in this case the flow
totol temperature is held ot approximately BS0°F while the nozzle pressure ratio is
chonged, It should be noted that these three profiles were made by three different
nozzles, not by one nozzle with a varying pressure ratio,
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Figure B-1. Typical Graphic Record of Total Pressure
Profile for a Primary Nozzle with Pressure
Ratio 1.6.
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Figure B-2, Effect of Temperoture on Boundory Loyer at the Exit of
Primory Nozzle,
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Figure B-3. Typicol Flow Velocity Profiles Through Exit Plane
Boundary Loyer for the Three Primary Nozzles,

Planum Pressure

- 39 psig
.g 35 paig
§ 2 pig
4

Q.

5

K] L. _

g =037 40,37

Radial Distonce (inches)

Figure 8-4, Typical Profile of Total Pressure ot Exit Plone of
Supersonic Nozzle (Pressura Rotic 3.5) Qpercting
at Otf-Design Conditions.

3 if
8-4



The complete velocity profile for the supersonic nozzies was found to be very sensitive
to changes in pressure ratio. Figure B-4 illustrates the changes that occur for the
nozzle designed for a pressure ratio of 3.5. The correct plenum pressure for this
nozzle is 37 psig, which unfortunctely waos not incli*ded in the series of uns, How-
ever, the figure still indicates that the discontinuities in the velocity profile decrease
as the correct pressure ratio is approached.

Figure B-5 shows the total pressure profiles for the flow from the secondary nozzles
with a primary nozzle in position but without any airflow through it. The profiles
were made on o single iraverse across a diameter of the jet, For presentation, the
profiles for both sides of the jet are placed on the same groph. A slight lack of
symmetry which decreases with area ratio is displayed on these figures. This was due
partly to off-center fitting of the primary nozzle which was rectified by improving the
location and fixing of the primary nozzles. Note that on the figure for areo ratic 10,
a dashed line is included to show the profile that wos mecsured when the primary
nozzle, without any dirflow through it, was retracted inside the sacondory nozzle,

In this case, the fluw af the exit plane is essentiolly uniform across the whole dicmeter
of the ncazle,

The remoining figures show measurerients made with airflow in both the primary and
secondary nozzles, Figure B~4 shows the total pressyre and total temperature profiles
at severol oxiol pesitions for a nozzle with area ratio 10, The primary nozzle wos
designed o run at a pressure ratio of 2.5 but for this series of traverses wos actually
run ot 2,1, The secondary nozzle wos operated ot a pressure ratic of 1.5, There is
evidence of the operation of the primary nozzle beiow its design pressure ratio shown
by the discontinuous form of the totol pressure profile ot the exit plone within the
region of the primory flow, It will also be noted that there is o sharp dip in the total
pressure profile ot the edge of the primary nozzle caused by the finite thickness of

the edge of the primausy cozaie end the houndary loyer shed from the inside und out-
side of the primary ncxzle. As the profile Jtoticn is moved downstream, the evidence
of the shock structure in the primary flow grows wecher and the mixing process between
primary ond secondoy flow becomes cpporent, Figure 8-7 shows ¢ similor series of
profiles for the primary nozzie with pressure ratio 3.8, Ajgin, the nozzle is operating
slightly off design pressure ratio, It is olso apparent that ihe rate of decoy of total
pressure in o adiol direction is much mere rapid then the decoy in tempercture. This
is o characteristic of the mixing process in jet flow.,
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The profiles measured with the primary nozzle fully extended or fully retracted did
not show particularly striking features. The only case illustrated (Figure B~8) shows
the total pressure and temperature profile across the exit plane of the secondary
nozzle (area ratio 10) with the grimary nozzle fully retracted. The primary nozzie
was run of o temperature of 790 F. There is a very sligh* bulge in the pressure and
temperature profiles at the exit plane, which indicates that considerable mixing of
the secondary and primary flows has taken place, Profile measurements made with the
primary fully extended were distinguished by the absence of any significant difference
between these profiles and the profiles obtained for the primary alone. This is not too
surprising in view of the relatively long distance (8.5 inches) between the secondary
and primary nozzles.
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Figure B-8. Total Pressure and Temperature Profiles at Exit Plane of
Secondary Nozzle (Pressure Ratio 1,89, Area Ratio 10)
.with Primary Nozzle (Pressure Ratio 2.5, Total Temper-
ature 790°F) Fully Retracted. - -
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APPENDIX C
COMPUTER PROGRAM FOR DATA ANALYSIS

Section 3.3 of this report has given details of the analytic methods used to process the
experimentally-obtainad data and to scale them to obtain results applicable to full-
scale jets. The details of the programs used for accomplishing these analyses are
given in this appendix.

The data obtained from the experiment was in two forms. The basic data giving flow
conditions, pressures and temperatures for each run was noted on run sheets and then
transcribed and punched on FORTRAN data cords. The remaining octave band and
overall sound pressure data obtained from the traverse of the jet sound field was stored
on magnetic tape and later processed by an automatic octave band analyzer which
punched the data on eight-hole paper tape, A preliminary program was therefore
required to reproduce this data on FORTRAN data cards. This reproduction program
was written at the Control Data Corporation (CDC) Data Center at Los Angeles to run
on a small CDC 160A computer. This was a machine language program and is not
reproduced here.

The main portion of the data processing was done using @ FORTRAN program written
for the CDC 6600 computer at Los Angeles. Details of this program are given in the
following pages. ..e program was wri*ten as a series of subprograms. The connec-
tions between these subprograms are shown in Figure C-1. A brief description of each
of these subpreyrems is then given, followed by a complete listing.

C-1 Controlling Program A1901

Purpose

This is the controlling program for the reduction and unalysis of the model jet acousti-
cal deta. It accepts the model data and scales it to equivalent full size bypass jet
engine exhaust noiss data.

Argument List

The elements in the argument list for this routine are control information required by
the particular CDC 6600 Computer System on which this program was run,




_| Subroutine
§ AQUIRE
} : \
; Subroiitine
| STEPI
‘ Subroutine
: STEP2
Controlling
Program
A1901 Y
: | Subroutine
: STEP3
: | Subroutine
: Subroutine > OLLER
é STEP4
_ | Subroutine
{ HEAD
} Y
Subroutine - | subroutine
STEPS - PLOT2
o~ Function
FCTION

Figure C~1, Basic Flow Diagram for Complete Data
Reduction Computer Program
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Common Storage
/DATA1/

FF contains one-third octave band center frequencies (these are set in a DATA state-
ment).

MI, L1, LC, M2, L2 are constants (set in a DATA statement) utilized in subroutine
OLLER for perceived noise level calculations,

/DATA2/

ICH is a counter used in subroutine AQUIRE (set as a DATA statement),
Pl is the constant .

ABO, AB1, AB2 are constants used in function FCTION (set as DATA},

/DATA3/

The items in this common dota store are os defined below as input to this routine
(except that at input, the first choracter is repeated; e,g., RRM at input is eqriva-
lent to RM in DATAZ).

/DATA4/

RC is the value of specific acoustic impedance (pc, cgs rayls),

R is the radius of the boom (ft) of the traverse microphone,

VM is the velocity of the microphone on the boom (ft/sec).

DT is the time to take one sound level reading with the traversing microphone (sec).

TH contains a list of the angles relative to the jet axis at which sound measurements
were made,

XR1, XR2 are the two sideline distances.
THR1, THR2, THR3 and THR4 are the four full-scale jet thrusts.
F contains the octave band center frequencies.

All the above data were set as a DATA statement,

/DATAS/

N, NI, NC are integers controlling the amount of the experimental data that is used
in the analysis (set os DATA),




T

V is storage space for the experimental data.
DBMS is the instrumentation noise floor.
IND is used in subroutine STEP3.

Unnamed Common Storoge

Used as required throughcut the computer program,

et

Method
See Saction 3.3.

oy 00 R

Qther Routines Used

This contralling program uses subroutines STEP1, STEP2, STEP3, STEP4, STEPS, PLOTZ,
OLLER and HEAD, and function FCTION. In addition, certain plotting routines are
called which were incorporated within the software of the computer system used,

: _ Data Required

Some of the invariant data used are set within this pragram. The remaining data
required is information concerning the flow conditions of the runs being unalyzed.
The date Is required in the following order:

. NJOB;  The total number of runs to be processed.
. MCASES: Not used in this particular version of the progrom,
Js Any integer. This is used purely to ensure that o reod error will be

produced should the data cards get out of sequence,
RRN: The number ossignad to the particular run,

AAP; Axial position of primary jet with respect to the secondary jet (in
inches).

§ IRARE Primary jet temperature (°R).
TIT2: Secondary jet temperature (°R),

PPR: Pressure ratio ocross the primory nozzle,
‘. AAR: The ratio of the area of the secondory nozzle to the orea of the
4 primary,
VVR: The static pressure (reservoir pressure, psig) for the secondary nozzle.

Immediotely after this number is read in, it is used in conjunction
with the data in VVI1 to calculate the ratio of the secondary nozzle
velocity to the primary nozzle velocity. This velocity ratio is then
stored in this location.




VVi: The static pressure (reservoir pressure, psig) for the primary nozzle,
Immediately after this information is read in, it is used to calculate
the exit velocity for the primary nozzle. This velocity is then
stored in this location,

RRMM:  The mass flow through the secondary nozzle (lbs/min).
EEMi:  The mass flow through the primary nozzle (lbs/min).
TTHR: The thrust of the model jet (Ibs).

e The ambient temperature (°R).

PP: The ambient pressure (inches of mercury),

HH: The ambient relative humidity (percent).

CCF: The calibration factor relating millivelt sutput of the octave band

anaiyses to sound pressure (dynes per cm?/millivolt),

T78: The angle {in degrees) from the jet exhaust axis at which the total
sound power integration was begun. In the present series of tests,
this was constant at 12,35 degrees.

Further dota is then required for subroutine AQUIRE.

Printing

This routine prints the number of experimental runs to be processed, followed by the
invariant doto set within the program. As each run Is processed, it prints out the dota
previously read in (as in the preceding section). Additional cutput is produced by
subroutines STEP, STEP2, STEP3, STEP4 ond HEAD,

Miscellaneous

There is o limit of 200 on the total number of experimental runs that can be processed
in any one run on the computer,

C-2 Subroutine AQUIRE

Pumso

Reads in, checks and converts to floating point form the sound level data from each
experiment,

Argument List
NR: The number of the run for which acoustic data is sought.
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VX: Storage for the acoustic data as processed by this subroutine.

ISTOP:  This is set equal to +1 if an error is found in the data (in which case
the controlling program A1901 does riot attempt to process the data),
Otherwise, ISTOP equals zero.

Common Storage

For details, see Controlling Program A1901.

Method

The routine searches for the character "L." Having found one, it checks to see if the
next three (3) characters from the run number NR. This process is continued untii the
correct run number is found. The following thirty=six (36) churacters are then pro-
cessed in groups of three (3) to form millivolt values corresponding to measured sound
pressure levels, It searches for 21 groups of such data and processes them.

Dato Required

This routine requires 21 groups of forty (40) characters. Each group should begin with
the character *L." The next 3 characters in each group constitute the run number,
The remaining twelve (12) sets of 3 characters correspond to 12 sound pressure level
readings. These 12 are a reference level, ten (10) cctave band levels (up to 31.5 kHz
band) and the overall sound pressure level. The 21 groups of 40 characters are the
sound levels at S5-degree intervals, starting ot 15 degrees from the axis of the jet,

Miscellanecus

There cre three (3) error stops in this routine, They oscur if (1) there is oo much dota,
(2) there i3 too little date, or (3) a charocter other than a numeral or "L" is found, In
the first two cases, ISTOP is set equal to unity. In the second, the whole computer
run is dborted,

C-3 Subroutine STEPI

Purpose

Converts the millivolt sound level recdings to decibel readings relotive to 0.0002
dynes/cm?,

Common Storoge

See Controlling Program A1901.
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Method

The data obtained by subroutine AQUIRE is converted first to sound pressure in dynes
per square centimeter (arrays X and V) and then to sound pressure levels re 2 x 1074

dynes per square centimeter (array Y). In this conversion, the following correction
factors determined from the instrumentation checkout (see Section 3,2,2) were included.

Octave Band
Center Frequency (kHz)

Correction 0 0.5 1.5 1.0 2,0 3.0 4.5 6.0

0.5 1 2 4 8 16 31.5 Overdll

The reference level ond 63 Hz, 125 Hz and 250 Hz octave kands are ignored since
they cre not relevant to this experiment, In addition, the overall level is calculated
from tne sum of the octave band levels, This volue replaces the experimentally-
determined value which will not be correct because of the coupling between the
spectrum shape and the correction factors given in the cbove tuble,

Printing

The octave band and overall sound pressure levels in decibels for the model jet are

printed for twenty-one (21) angular positions at S-degree intervals, starting 13 degrees
from the axis of the jet exhaust.

C-4 Subroutine STEP2

Purpose
To determine the total power radicted from the model jet,

Common Storage
See Controlling Program A1901,

Method

The radioted sound from the jet is assumed to be cylindrically symmetric about the jet
axis, The total sound power (in watts) is therefore found by integrating the sound
intensity over o sphere centered on the jet nozzle. This integration is corried out
both for overall sound power radiated ond for the power in the octave bonds The
power level is then determined by converting to decibels relative to 107" watts,

14y
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Finally, the overall sound power level is scaled to give the values for full-scole
engines with 10,000 lbs, 20,000 Ibs, 40,000 lbs and 80,000 Ibs thrust,

Printing

The overall and octave band sound power (in watts) and sound power level (in dB
relative to 107"3 watts) are printed for the model jet, The overall sound power levels
for the four (4) full-scole jet engines are listed.

C-5 Subroutine STEP3

Purpose

To calculate the directivity pattem for the jet noise.

Cemmon Storoge
See Controlling Program A1901.

Method

The overall end octave band directivity are caleulated based on the definition of
directivity as the differance between the actual sound pressure level ond the sound
pressvce level thot would pertain if the total sound power cutput of the jet were
radiated equally in all direetions,

Printing

The overoll ond octave band directivity indices are printed, clong with on indication
of the noise fioor for that particular octove band.

C-6 Subroutine STEP4

Purpose

To colzulote the jet mechanicol power ond acoustic conversion efficiency.

Common Storcge
See Controlling Program A1901.

URYY
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Method

The mechanical power is defined in Section 3.3 ond is coiculated in wotts, The
acoustic conversion efficiency is the ratio of the toral acoustic power to the jet
mechanicol power,

T AR P A = R oG ST AT T WY

C-7 Subroutine STEPS

Purpose
To colcuiate the sideiine overall and octove band sound pressure levels and the side-
line perceived noise levels.

Common Storoge
See Controlling Program A1901,

Method

The theoreticol basis for this subroutine is given in Section 5.3, The four {4) extro
octove bonds are odded in this reutine, aswuming o constor? decrense in love! of 3 dB
per octave above the 31.5kHz Lond. The routine ollows for attenuation due fo dis-
tance {inverse squore law) ond otmaspheric oftenuotiza, Two sidaline distances

{300 feet und 1300 feet) ond four Fuli-scaie jet thrusts {13, GO0 the, 30,000 i,
40,000 lbs ond 80,000 ibs} are considered. Tha pesitions an tha sidelines corraspand
to five-degree angle increments starting ot 15 degress from the jet axis. The sitenu-
ation effects are celeulated in the main port of this rautine. Subroting DLLER is used
to colculate the perceived noise levels.,

Orrer RBoutines Ured

This raytine colls subroutines OLLER, HEAD and FLOT2, ond funclion subroutine
FCTICIN,

gt b e aeias e e e

Printing

Subroutine HEAD prints the sideline sound level infommation. {For further deicils see
the wecificetion for subroutine HEAD,}

'8
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C-8 Subroutine OLLER

Purpose

S

Calculates the sideline perceived noise levels (PNL in units of PNdB), given the side-
line octave band sound pressure levels.

Argument List

F is o one-dimensionol arroy giving the center fraquencies of the octave bands.

TriR is the thnust of the model jet,

THEI is the tarust of the full-scale engine.

SL iz the two~dimensional arroy containing the sideline octave band information.

PN is the array which contains {on exit from the routine) the sideline pereeived noise
tevel {PNdB).

Camnmon Storage

See Controlling Program A1F01.

Merhod

Outlined in Society of Autamotive Engineers “Definitions and Procedures for
Computing the Perceived Noite Level of Aircroft Noise, * Aetospoce Recommended
Practico (ARP} 855, doted Octobar 15, 1954,

Miscelloneous

{1}  The noy curves (tables) exist only for frequencias in the tange S0 Hz < f <
10,000 Hz, The routine cllows for lower frequencies by extending the noy
curves os o constost (independent of frequency) below 50 Hz. At frequencies
cbove 10,000 Hz, the contribution to the perceived ncise is assumed to be
negligible,

{2)  If ony octove bond wund pressure level should exceed 135.0 d8, the routine
ploces 777.0 PNdB in the oppropricte ploce in the PNdB tcbie,

C-9 Subroutine HEAD

Purpose
Prints the sideline octove bend und overall sound preswre levels and the perceived
noise levei.

| NS
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Argument List
THR is the thrust of the model jet.
THRI is the thrust of the full-scale jet.

SL is a two-dimensional array containing the octave band and overall sideline sound
pressure levels,

FN is a one-dimensional ciray containing the sideline perceived noise leveis.

AL is a one~dimensional array listing the positions along the sideline at which the
sound levels, et cetera, are determined,

Common Storage

See Controlling Program A1901.

Printing

This routine prints sideline sound pressure level and perceived noise levels ot twenty-
one (21) positions along the sideline. These positions are at 5-degree intervals from
the jet axis, starting at 15 degrees from the axis, For each sideline position, the
printing consists of:

(1)  The distance in feet to the point on the sideline at which the sound levels are
calculated.

(2)  The perceived noise level at that point, The first value is obtained by including
elaven (11) octave bands in the perceived noise level calculation, The value
in parenthesis is the value obtained without using the top four (4) octave bands,
These are the bands that were extrapolated in Subroutine STEPS.

(3)  The overall sound pressure level.

(4)  Eleven (11) octave band sound pressure levels. It should be noted that the
center frequencies of these octave bands will vary because they are scaled from
the model frequencies by the square root of the ratio of the model thrust to full-
scale thrust,

C-10 Subroutine PLOT2

Purpose

Plots the perceived noise level on the 1500-foot sideline for full-scale jet engines
with thrusts of 10,000 Ibs, 20,000 Ibs, 40,000 Ibs and 80,000 Ibs,

153
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Argument List

X is the distance from the jet to the point on the 1500~foot sideline.

Y1, Y2, Y3 and Y4 are the column arrays containing the perceived noise levels for
the four (4) full-scale jet engines,

RN is the run number being analyzed.

Method

The four (4) sideline perceived noise levels are plotted and labeled appropriately.
The scales are not marked on the axes, but the vertical axis has ¢ range of perceived
noise [evels from 50 PNdB to 130 PNdB while the horizontal axis gives distance along
the sideline in the range ~1000 feet to +6000 feet. The zero point on this axis cor-
responds to the point on the sideline nearsst to the jet, i.e., the point ot which o
line from the jet, at right angles to the jet axis, intersects the sideline.

Othar Routines Used

Subroutines PLOT, SYMBOL and NUMBER were used. These were part of the
FORTRAN operating system on which this complete computer program was run and
therefore were not provided as separate routines with the program card deck. Sub-
routine PLOT is the routine for drawing lines and moving the pen and subroutines
SYMBOL and NUMBER are the routines for writing Hollerith characters and numbers,
respectively, on the graph,

Miscellaneous

The output from this routine was plotted off-line on @ CALCOMP plotter.
C-11 Function FCTION

Purpose

Used in computation of atmospheric attenuation,

Method

Calculates an attenuation factor {rom a measured attenuation curve as outlined in
Section 5.

R
C-12




e —n e — e s e T T

i
{
§
Argument List
J is an integer indicating the frequency being considered.
THRI is the full-scale jet thrust.
Common Storage
See Controlling Program A1901.
i
;
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PROGRAM Al90) (TNPUTQUYPIT s TAPERD=INOUTyTAPELLSAUTRPITTAYET)
REAL MlgyM2elL12L29LC
: C snaae
: CUMMON/DATIZ FF(24) M1 (28) 4L 11(26) sLC(24) 4M2(24),L2{26)
. COMMON/DATZ2/ [CHePT 480,481,482 :
COMMON/DAT3I/ RNGAP,TT1¢TT2vPRIARIVRyVIeRMMIEMI s TRy ToP oA+ CFo TR
COMMON/DATS/ RCoRsVMyDToTH(21) 9 XR)19XI29THR] 9 T4329THRI, THIGsE (16}
COMMON/DATS/Z NeNLeNCoMeV(13921) »DBNS,IND(11)
C Frond
DIMENSION BUFF (1024&)
DIMENSION $o(l}
EQUIVALENCE DO (1) +RN)
C (222 2]

COMMON EMeEM2eV2eX(12021)9Y(12021) 9A(2]1) oW (11) 90w (1]1),D3(11,21)
COMMON CE(1)#SLLY]1S, 'S (15921 o ALY (21)9ALD(2])
COMMON PNIT(21)4PN12(21)yPNL3(21) 9PN14(21)9PNLIT21)sPN2(21)
COMMON PN21(21) 42822021} 4PN23(21) 9PNR4(2])
COMMON SL1I1(15+21)sSL12(15+21)9SL13(15021)9SL14(15,2]1)
COMMON S1,21(15¢21) 95L22115+21)95L23(15:21) 95L2%¢(15,2])
C ®oped

DIMENSION RIN(200) ¢AAP(200),YTT1(200)sTTT2(200),PPR(200)*AAR(290),
TVVR(200)9VV1(200) yRRUM(200) ¢EEML(200) s TTHRI(200) ,TT(208) +PP (200) sHH
2(200) sCCF(200) 9 TTR(200) ¢+ JJ(200) +XK{273),0D8N5(200)

EQUIVALENCE (JJ(1)oHH (1)) o (KK{1) eV (1))

C #upus

DATA (AB030.127032)4(AB]1=21,338286)4(AB22=04207140)

DATA ((TH(1)91=1921)%1540920409230003000435¢01%000945,005000:,5%3¢0s
160.0265,007000073o0‘80.0'35-0|90c009500910000!105000110.00115.0)

DATA (R=10e667)¢(VM2142)¢(DT=04273)y (RC=4145)

DAYA (N=21) 9o (N1l=2l)y[NC=21)y (M3664)

DATA (ICH=B1)s(PI1=3,14159265)

DATA (XR1=20040) 9 {XR2=15004.0)

DATA (THR1=1000040) s (THR2=20000,0) s (THI3=4000040) ¢ (THR&=30000,0)

DATA ((F{I)9I1=1414)363,00125,0¢250409500091090,00200040040000¢%0
100,041600060431500,0463000,0,12%000,04250000,04500000,0)

DATA ((RRKII) 9 [21940)3%4T41Ss4r TAPYGHE COs#"NTAT94HNS T¢*HAE RyoqE
1SULy4HTS 094rF JE94HT NOGGHISE ¢ 4HEXPE 4HRIMEY4uNT, ,4H4¥IRE, 4H PER
2914"FORMy4hED Us4NNDERY4H COMy4HTRACAHT FO94Y THy4AE FA144A, Se4H
JROSRY4HAM We4HRITT44HEN 44HOR Te4rHE Co4HICe 14HO600,864e F1,4448T
4 y4nTEST a4 ON L 4H12/19443/76A44H, )

DATA ((FF{l)91=21+24155040963,0180+09100¢09125¢04160¢04200.04250000
1315,00400¢04300¢00630406500,09100040+1250¢041500409200040¢25000043
1150400400000950004046300,048000,0910009,0)

DATA ((M1(I)91=1924)%0,04347840,04057+2(04035331)40403533692(0,033
1333)90403205140,03067546(0.030103)97(0,02996)92(04042285))

DATA ((Ll(I),I=1024)ggl.0960.005500.5300051900“8v09“6.00“400o42000
ls(aUOO)036u003“.0'32-00300QL?(?900)03000031t0’3700061.0)

DATA (T CTT v T=21924)29) .01 1R5BH BT 320 79,851 717, 104 76,9607 3,965 744
191994463912¢040)944,29459472)

(ATA ((M2(I)9[=1124)=15(04030103)99(040299601)

DATA ((L2(1)01=11264)552,005140949¢094740946,004540483,00%2¢0,41004
1504000) 93800036,0932¢09304092(2%60)93040031400344003740)

i C #oane

DIJENSTON OUTLLAB(483) sOUTBLA(2905)

H EQUIVALENCE (QUTLAB (1) ¢FF (1))

t EQUIVALENCE (AP o TAP) o (ITTEyTT2) s (IARGAR) 9 (1VReVI) 9 (T IMMy RYM)
) CALL PLOTS{IUFF102697)

‘35;6
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CALL PLOT(04000,393)
t READ (60s1) NJORINCASES
; 1 FORIMAT (215)
; WRITE (619600)
i 600 FORMAT (1nl)
: WRITE (6)s2) NJO3
2 FORMAT (10As34HANALYSIS IF JET NOISE EXPERIMENTS./710X¢33(14=)/7/10
X Xe28HEXPERIM
IF (NJOB,GT,200) 34
3 SToP
4 WRITE (6193) (DD(I)eI=17420)
5 FORMAT(10Xs38HLISTING OF STANDING DATA FOR ALL: AUNS./10K938 (TH~) 2
1710X449HSPECIFIC ACOUSTIS IMPEDANCE JF AIR AT STDe CONDSeglixXs2Hs
o 29F10.4/10X928HMICRNAPHONE B00M SWEEF 3521u5:3z&:zd. 2F10,8210X025HM
3ICROPHONE SWEEP VELOCITY35X¢2H= 9F1044/10X9334TIME BETWHEEN SEQJEN
4TIAL PRINTOUTSy)2TXe2HE ¢F10,.4)
WRITE (6l¢a) (DD(I)-I=62o67)
FORMAT Ky 24HFIRST S ISTANCE+36X¢ 242 oF
iMD SIDE-LINE DISfANcEv35KoZH: .Flo.‘/lox.saqfxisr TdRUST REFERENCE
NG + F1/
3LINGsR25Xe2N= 'F10.4/IOK;36HTHIRD THRJST REFEQEVcE FDR SCALIN6026Xo
—42v= sF10,4/10Xe35HFOURTH THRUSY REFEIENCE FOR $eALING P5Xy2He 4F1g
5,4//77/)
WRITE (61e7) (TH{T141=1421)
7 FORMAT (10XsS54HANGULAR PISITIONS OF MICROPHONE 7O JET STREAM (THET
18)90//7 TXe2lE&,17777)
WRITE (6103) (:(I)ol=4110)
. &

17F9,1/1H1)
00 10 I=1eNJ0B
READ {60+111) JyRRN(D)
111 FORIMAT (159F10.0)
1READ {6009) AAP (1) oTTTYI(R)oTTT2(1)¢PPR(I)PAAR(I)SVVR(T)oVYL (1) sRRM
M)
9 FORMAY (8F10,0)
READ (60929)EEMI(TI) o TTHRII) & TT (L) oPP(T) oMH(I) 9COF (1) pTTRI{T)
29 FURMAT (7F10,0)
10 _CONTINUE
DO 16 1=14NJOB
RN=RAN(1}
TTI=TTTI(])
IF(AAP(]) 4GE,=0,5) 4009401
601 VIs(VV1(]) ¢ 14,6)/7(VVR(]I) + 14,6)
PR=y]
PPR(1).V)
80 10 402
400 CONTIWUE
PR=pPR {1}
VIS (VVI(]) ¢ 14,6)/1446
802 CONTIMNUE
VR (VVR(]) ¢ 14,6)714¢8
Viz(G,0%(viweg,2957]) « 1,0))6%0,5
VRE (5,09 (VRP#(0,2857] = 1,0))#%0,5
YVi(li® TTV1E2)/¢1en & (V14#2)/65,0)
VVR(I)e TTT2(11/7(1,0 ¢ (VR##2)/5,0)
YV1(1)1=1120,0%(yV1(11/529,0})0%0,5
VVR(1)131120,0%(VVRIT}/520.,018%0,5
Vizylayyl(l)

v 27
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B

vvl(liy=v)
VYR(11=VReVYR(T}

IF{AAP (1) 4GE4=0.9) 4054406
495 THITTHR(I)

GO TO 407
— 405 CONTINUE

THR=(VVI(T)®EEML (1) ¢ VVR(T)#RRMM(1))/(6040%#3242)
$37_ CONTINUE

HOTEeasseseTHE NUZZLE VELOCITIES ARE CALCJLATED FI0M THE MEASJRED PRESSYRE
RATIQS ANR STATIZ TEMP [ e e
cuLCULAT@D SECONJARY VELOCITY WILL BE #30NG IF THE PRIVARY
TEMPERATJRE CIPFsRS pROM THE SECONDARY TEVPERATUIE. _ £0R

COPLANER NOZZLES AND EXTENOED SRIMARY,THRJIST 1S CaLCULATED
0 N e

(2} oOponNno

THRJST,.
YVR(1y=yVRI{L)/V]

RRAM (1) =RRH4M (1) 7EEML (1)
EEN(T)=EEMI(]) /60,0

EM1=EEM] (]!
Y=TT(])

PaPP (1)
H=HH (1)

CF=CCF (1)
T8=TTH(])

DBNS=(CCF{1)/0.,053246) %e2,0
DBNS=95,6 ¢ 10,0%AL0G10 (IINS)

D03NS(I1=08NS
IF(TYT2(1)120,25:20

23 IAPzITY2=1AR=[VRSIRMM3]1 0 NONE
GO_T1Q 30

20 ENCODE (Rs 9309 AP)AAP(])
ENCODE (Re9804TT2)1TTT2( 1)

ENCODE (849809AR; AAR( )
ENCQDE tA49809VYR)VVR (1)

. ENCODE (B+980sRMM) RRAM (1)
980  FORMAT (F8e3)

32 CONTINUE
WRITE (614600)

WRITE (61911) (0J(I)sl=ls8)
11 _FOIMAT (104 }oHRJN NUMIE4SnXy2H3 o+ FB.3/)10Xe874AXTAL PISITION OF

1PRIMARY WHT, SECUNDARY (INS.)s13Xe2Hm 4AB  /]0X+234PRIMGRY TEWIER
2ATJRE (R)+37K92H2 4 FB,3/10X¢25HSECONUARY TEU2ERATURE (R) 436X 2Ma

3¢AY 710XK122HPRIMARY PREISSURE RATI0e3YXe2rz FB8e3710Xes1N1AREA 34
GTID50Xe2H3 4AB 710Xe 1 44VELOCITY RATI0,46X924= ¢AS 710%,254Pq]

AL, —————

SMARY VELOCITY (FT/SEC)135Xe2H48 ¢ FB8,3)
WRITE (619)2) (NI(I)sIn941Y

—— R 1-3
12 FORMAT (1044 15HMASS FLOW RATI0¢45X9243 ¢AB  /1oKe29HPRIMAy MASS
1FLON_(LB/SEC)  931Xs243 s FAs3/10Xe124THRUST (1 BS) s 4RX42HS , ©8,3

2/710% 4 29HENVIRONMENTAL TEWPERATURE (R)931Xe2Hm ¢ FB,3/10X130HENVIRO

AITY (PER CENT)927Xy24= v FB43/710Ks35HCALIBAATION FACTOR (MV TO Oys
SSQ CM) ypPOXe2Ha 4 FA,3)

i WRITE (614970} O8NS
. 973  FURMAY (10X I2AINSTRUMENTATION NOISE FLOOR (33} 4 28X 24%

1 FBL3y 4/7/748X 43(lHaly 2///)
IFLTIT2¢8)) 35540435

35 ve=yvR (D)
RMMERRMM (T}

15
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40 CONTINUE
NRNaINY (]N)
15 CALL AJUIRE (NRN#V4ISTOP)
IF{ISTOP,EJ,]) 164777
777 CONTINUE
CaLl STEP]
CALL STEP2
CaLy STEP3
CALL STEP4
CALL STEPS
16 CONTINUE
_CALL PLOT (0,09 Defis 9299}
WRITE (61417}
17 FORMAT (1Xs1QHEND OF Ruyn)
STOP
END

SUSROUTINE AQUIRE (NRsVX,ISTOP)
DIMENSIUON vV (13922)+11(80)sVX(13+2}))
COMMONZDATEZ IGH
ISTOP=(Q
LWL
Hrhal
1 IF {ICGH,GT<B0) 236
2 READ (6043) (IIt1)e1=14980Q)
3 FORMAT (80R1})
ICH=]
& JeIl(ICH)
ICHallHe]
IF _(1:FEQ. 1RL)IGs]
5 Nxzxg S NKl=Q
0O 8 J=143
IF (ICH.GT«80) 6¢7
6 READ (60493) (I1¢J}slx}efin}
1CH=)
T NX & NWX®l0ell{ICH]=DTY
8 ICHzICHe)
IF (X EQeNR) 1649
9 IF (MKGEQsl) 1410
10 IF (KJ=22)30:31:34
WRITE(61+990) NK
gg FURMAT [1n0, LOX JOHRUN NUMBERy ]Sy X 18MINSJFFICIENT naTa, )
32 (SToPe}
‘60 10_34
3] Jssy
JE21
g K=zl
00 33 _JmJSe b
K=Ke )
DO 33 I=1s1}3
VX{Ien) BV {{eJ)




B e e

33 CONTINUE

36 RETURN

A4 IF(RIL6T,23) 315437

35 WRITE (61+997) M+

997 FORMAT {1HO09]QXel0-NRUN NJMIEReI592Ky 44700 MJCH DATA,)
60 10 32

37 JsSsp
JE=22
WRITE (6179996)

996 FORMAY (2X49B8HBEWARE. THERE ARE 22 PIECES OF JATA IN THIS RN )

80 10 32
Cadsseanopnes
c THE aBOVE YHREE CARDS SHOJLD RE REPLACED BY THE STYATEMEVT*wSO T2 18 ew
[+ iF THE OPTION OF PROCZSSING 22 PIECES OF DATa PER RJN IS REJJIRED,
Codaansonanse
16 KIzKlel

IF (NX)2732542T
86 VIKIsKJ} = 0.5
.60 10 28
27 VI(KIeRJ)SFLIATINX
28  Nxsmp $  Mg=2
00 25 J=1,s3
1T JF_11CHeGTeB0L 18029 . —
18 READ (60+53) (I11t1)elzled))
1Crz1
19 Is{1(ICH)
JCrmICHe)
IF{1.tQs JRL1H5,423
55 KJEK.J+l
60 Y0 s
23 1¥{1.61.36!) 21924
24 NXsNX®lQel=27?
25 CONTIMNUE
G0 1O 16
21 WRLIE {61122}
22 FORMAT (10X+2THINPUT ERRIR IN SUBRe AQJIRE)
S10p
END

. 160
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——— SUSROUTINE STEP)

REA( Mx.MaoLx.LanLc
9
COWMONIDATll ICHoPIoABO'AdloABE
3/ BNsAPLTT 2PR, AR, VR V1 4RMMeEMLy THR
COMMON/DAT4/ RCyRaIVMGUTyTH(2]1) s X1 e X2+ THR] Tﬂie.ruia,rni‘.r(x‘;
LOAMONZDATSZ Nadl sNCeMeV {13421

COMMON EMIEM2sV29A(12921) Y (125211 0A(21) oWl eoW(11),01¢(11,21)

—_
COMMOM PNIL1(21)4PN12(21)9PNII(21)ePN14(21)9PN1121)sPN2(2])

COMMON BN2L (211 4 PNI2(213 PN23(21) e N24 (2]
COMMON SLII(15;21).SL12(15-21)oSL13(15-21)oSL14(15.23)

DO 200 J=ls2)
V{3,150.5

Vi4eJ1=0.5
20,5

00 100 1=2+13

DO 100 Jsleh

Jdop

ViTed)sV(IrJIeCF
CONTINUF

D0 1 I=s)y¢N}
K»}

X({leX)=v(2e1)
Y{laK)sAlQOIO(X(IvK)®X(19K))I*10s0¢T4,0

DO 1 JUsdyld
LEJe]
X{LoX)avidel)
YiloX) ®wALOG]OIX{LoK)#X{LyK))®10:0¢T4,0
1 CONTINUE
DO 2% 13=]eNC
CQOOODOO
[ THIS LOOP INSERTS_THE FOLLOWING JCYAVE BANC CIIRELTION FALYIQAS
c 250H2 08,
c looond 0,598,
[ 2000nl *1,524,
C 400QmZ *1,028,
c sooond *2,0)8.
C 16000M2 *+3,00,
c 31500KE 4,524,
[ OVERALL +he0DB,
CQOQQOQQ

YU 641312Y( 6413) ¢ 0.5

YO 7413)2Y0 7413) o .S
Y{ B8sl¥leyl B84]3) ¢ 14D

Y{ 9413)2Y0 9413) ¢ 240
Y{)0sI3)uYlineldl o 3ep

Y{lla13)aY (11913} o 4,5
Y(x?;xlle(layli) 6,0

‘.x.,...

Vi 7413} X( 64131 3 Xt 64137 %(1040%%(0,5720.0))
Vi 8¢13) 8 X{ 7.1J) = XK{_ Tel3)®t1d.700(1,5/20,0))
VI 9eld) 2 x{ 8y1J) = X B¢13)0(10.0¢®(},0/20.0))
Vilyel3d) = Xt 9413) 8 K{ 94131%(10,7¢%(2,0/2042))
Vi11013) 2 &{10¢l3. & x(10eINN®(10.D®®{3,0720.01)
V24130 = x{11,03) = X(11s17)2¢10s90%®16,5/20,0})
VO3 I3 3 at12efH m N(12+1119(10, 20 16,0/20401)
25 CONTINE




B e i

e Ty,

i
{
:

I
4

e i e, n 1o

00 9 Ial,nNC
SUM=0,0

00 &8 xa5,11
g SUMISUMe]10«0%e(Y(Ky1)1/10,0)

Y(12111=1040%AL00L0 (SUM)
9 CONTINUE

WRITE (61+2)
2 FORYAT (10K 7HEXPERIMENTA ATA Z10Xe 79MTAALE SMOWING DCTA

® AND OVERALL SOUND PRESSJRE LEVEL VARIATION d1Tw ANILE ///)
WRITE (61042) (F(l)elaselo}

12 FORMAT (6X¢SHANGLE ) 7X,0310CTAVE FAND SIJND PQESSJRE
JEVELS +1TXsAHOVER /6X4SH{DEG) s SXeT(F6,0e4K) 03K, 3-40LL /)

t

DO 3 I=s]sNC
Jal

WRITE(DL %) THIJ) o (Y{Ks])eK=5412)
FORMAT (S5XoFtels SXeT(FbyaleaX)02XsF6,1)

>

CONTINUE
WRITE {81+93)

S FORMAT (277777)
DO ¢ JsiyN

XXay(24J)
VideNavilde N

VIl3sJ)axr
6 CONTINUE

00 ¥ J=),él
XRSX (144}

X{tlyJYex(l12s )
L XRLETWIELEL.

RX2Y(144)
Yi{)animY {12y ))

YilaeJdVexa
¥ _CONTIHYE

RETURMN
END

'h2
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SUIRQUTINE STEPD
REAL M]oM2eL1sL29LC
COMMON/ZDATLZ FR(E%) M1 120) 011028} 5L 0124) M2(26),12124)

COMMON/ZDAT2/ ICHePT,490443] 482
COMMON/DATI/ NRyaBPyTT)yTT2¢PRsARs YRV 4RMMIEXI 9 TR TP o4
COMMON/DATSZ RCysVMiOToTH(21) 1 XALaXI29THR] o TH429 THIZ, THRAGF (14}
COMMON/ZDATSZ NaHlsNCsMaV (13421}

COMMON EMyEM29V29A(12421) 0¥ (12021152 (21) o0 (311906011} ,21(1L,20)
QM¥MOn 1)e3LL L (1S 2415921108012 1002821

i COMMO PNIL(21)9PN12(21)97N13i21)9PN1AI21) 9PN (211 09N2(21)

. COMMON PN2] ¢21)22NRR (211 358N23121) 4PN28(21)

COMMON SLIL{13921) 0350120195210 eSL13(15921)950L38(15,21)
COMMON SLEL{)5+21) 981220155213 :5023115921) 05024¢(13,21)
RUSxRC929.,92/P®SIRT{T/519.0)
Ye=12.50P1/18040
00 1 i3}l nC
T11=12
T2 = (TH{]. «2,3)2P1/180,
Al1)3P[®2,0%R®R®((QS (T)])=C0s (T2))
1 CONTINUE
Wlil=g,0
[+]¢} 3 Jas,ll
WiJy20.0
00 2 I=s3 NG
Wloizdt ) ekt eI} ®ntJe]L0atT)
2 CONTINYE
Mgl nuw())19929,03E=7/78CS
Miljmwtl)end gy
e PYE N AL 0GIV (MY 1))010404130,0
TYCONTINUE
PH(;)=10;Q'AL0610(10.900(9!l5)110,0)010,0"(’4(5)/1@,@)oLQ&ngligll_”
AT1/10401410,000 {590 (8)710,0)010.0%%(P4{3)/10,01¢10,0%0(2u(13)/1000)
gel0.0%eiPw(l1)710.0))
WRITE (61+443)
AS FORMAT (I1nl///514 ACOUSTIC POWER AND SJUND PO4ER LEVEL £I] MODEL I
ET
WHITE (814 )
& FOINAT 1//5K s QNFREGUENCY 3N : | 2HPOWER (dATTST 16K 9 1 5HPOAER LEVEL (D21 7)
WHITE (6]1106) Wij)eiut])
6 FUIHAY (&Ko THOVERALL o8L4C1245¢TReF T417)
DO 10 1351}
Jale}
WRITE (6]198) FUJled{]ledd(])
10 CUNTINUE
B FOIMAT (901F6.D 8RyF12,5,TRsF7,])
WRITE t6)1+l00)
100 FOIMIY (///esrt OVERALL SIUND POMER LEVEL.SCALED FOR THRJIST/z7%,;64T
SHRUST v 6K 1 59PFaE 3 LEVEL (O )
vigieruil) o 192AL0R1OITHH]/THAY
WRITE (&1910)) TRl .wid)
Wi2)sruii) « 108 0610 (T4R2/TN])
VRITE (8)4101) YARZ,d (@)
Mi21=Pu()) » 1098100101 T4R3/THKR)
SHITE (0)+10)) THRI(WLQ)
Wi2)=PWt]) s 10%8LORIN(T4He/THR)
WRITE t6lolul) TG ()
JOI FOUNATY (TA4F6,048K,F7,))
WHITE (8]e7)
T FOIMAY LesllL2d) -
HE Tudy
EnND

63
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O o

s oA DA AU BT

SUIHOQUTINE STES3
REAL MioM2oL} el 20LC
COMMON/DATL/ FF(2%),M1(28) 0 1128) s LCI26),42(38}, 2124}
COMMONZDATE/ ICHePIeABDyAd) 482
COMMONZDATI/ RNeAP TTL TT2,PQ,8R, VR V) 3 R4MeEU] TR, T,0,4e0F, 18
COMMOMZDATY, RCoRoVMDTy TH{21) o XRL o X2 THRI s TH20 THIA TR0 F 1 14)
B OMMONZDATS 2 Nt o NCerda ¥ £130250 2 JBNSSIRLLLY
CO¥MON Eu-iua-va»xtxa-axx-v(12-213.A(e:>.u«xxtaaftxi).axtxx.e:»
MMON eelisdn 14200 0021021
COMMON PNllzex).Pulataxag9N13t21)cﬁﬂlitzxt:9%x(21!;3natal)
e COMHON PNAL(P1)e¥N2DE21140N2302110ON24127)
COMMON SL!I(15.2!)-5L12(X:.2)l’9 (X5a81)tiLl’{15u213
ONM0t
DIMENSION ESLL] (209)
EQJUIVALENCE (ISLLME)DeSLidita)
CONQALIG10{R)920eV0)0ed
00 1 I=)sl1i
CCeri( 1)
DO 1 _Jelng
Dlile 28y (1,31-CCsCoY
et BN INUE
MRITE (61+2)
B FORMAT t)n)/)10KeSHTAULE, OF DIRECTIVIYY INQICSS.230R023008 1 20208K.
ToBMTHETAes 3R THIVERALLARe6MB00 s SRs5HI €4l SLe5M2 HI, SLssH
___23“551, iﬁtg*g_&ﬁéi_Ns_hﬁladnaé__A}zﬂﬁllss 4l 21
DC 3 Jwlen

e ENCCOF £X10, %, 10010 00 adiadededd)
& FOIMAT (1)(Fa.24 81))

it e b et tmmer ey

Qg -
RETE (61D ?H¢&)|KSLL1(l!.(!SLLll!)at-Sc.x)
-.sn*gqﬂﬁl_ilﬂiitktlliskﬁliiAﬂ3_3
3 CONTINUE
——R8 20 Ixlall
© Pl =DBNS«Pul]) *CON
20 coNtInNUE
WHITE (61211 PNilleiPailivieselll
21 F03Y 14/ 4258 0650 TRABJLATED VALJES ARE D0U3TFY, 1F yHEY ASE LESS
#THdy THESE VALUES o//7160.81F1042))
BE Tyan
(%)
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SUIRJUTINE STEfe .

REay »jer2el0L3107 o
COMMONADatls £F 1R e sl 11283 0L CI2A)H2(202,(2123)

CﬁWHduzsafgs i ;;ido;;b&.aﬁ?
xhL’,_zﬁf::T“‘!frg:h‘ﬁlﬁﬁxyﬁtéibﬁ“bii i !Nagfl_‘,‘u&_"ls

PN DT TP rA%1 28424 THR 19 TAd 9 THR gy TridasF 101
;{éghlgf ﬂlhl‘§&ﬁ“‘“‘!é"“ —_—
400 EseEm2:VIeRi3SeRiieY 120210 1A 121 vﬁtlilcﬂttll)'3:(}1.g;)
SO <1 e MRS U AN SIS VES SR NETY T3 XSRS EI SR L

$0 ey ?%22*3112331 FEI RV ILET I aPNIG (21 ) oPNL (21 ) ¢ PN2 (2D}
.,.m“£§= éllxahpglgljt?%*}ii;;:“&?‘téli

,.\.
n e 51 13 G b S 2152 oBLENI15902)) 050 l‘(%%;éi‘
..;2 0% 1 2LE18a200 8 2204502002 5020518220 055023

EQ T8 L ENCT fRud ga)

e&h_ﬂkﬁigizskii RATLATES LY 00 U L

§F jleum (2, oo NaRE ) 0e}B

‘..é&-wu-ggi:} Ve = D4 s
9718 30
10 CONYIMUE

ﬁﬂéeEH:ORkﬂ
deylave

2 EﬂatOA'sfu}:vs*vl-e*a‘vzcve;
SRR VEL 183 L —

RITE (8146} E%.Ctlll
a reeugf 16171 10% 20hJET <CECwpNiCAL 9335&. I 242 ¢ L3645 7
TEV0K 21 NCONVERSION EFFICIINCY 24 2R o El8a5)
RE TUSN

Eng

Y}’x"

+
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PR L g

SUHRQUTINE STEPS
REAL H]eM29L19L.29LC :
COMMON/NATI/ FF (24) oML (P8) 4L 1 {24) 9L C(24) gM2(24),L2(24)
COMMON/DATR, ICHIPI ABQ,A31,AB2
COMMON/DATI/ RNGAPoTT) o TT2+PReAR VR V] sRMMIEMI 9 THRy ToP e e CF, TR
COMMON/DATS/ RCoyRIVAIDTTH(21) 1XR19XR2eTHRI s THR29 THI S THR4sF (16)
COMMON/DATSZ NeNLaNCoMa¥{13521])
COMMON EMiEM2eV29X (129211 0¥ (120211 0A(21) oW (11)9PA{11),D1(11421)
COMMON CE (1) eSLLL(15+21)9811.2¢15s2])19AL1(2)) 9ALR(2])
COMMON PNLLI(21) 9"N121211+PN13(21) oPNE4(21)9PNLI21) 9PN2(2])
COMMON PN21(21) +PN22{21)+PN2L21) #PN24(2])
COMMON SLI12 (159212 9SL12(15921)95L13(15+21)¢SL14(154215

> PP

DO 3 I:] ,NC
ALLITI=XR}/SIN (TH(T y#21/180.0)
AL2(I)=aXR2/SIN (TH(I 1®31/1804.0)
WZ1=8L0G10tALL{TI/RIA2D,0
WZ2=AL0G10(AL2(Y)/R)P2040
00 1 Jslell
SLLITJeRyaY (Jsl)=WZ]
e SLLR G 112V (19 1) =K
1 CONTINUE
DO & J=ls%
JleJell
Jesje 10
SLLI(JIsI)=SLLL(J2e 1) =340
SLL2(Jle1)sSLie(JasT)=3,0
-3 4 CONTINUE '
kL §51125512=551325514=:552]1:55822=552355524=040
. - : WZ1=AL1(]'/2000,0 :
¥ WZexAL2(]11/1000,0
D0 2 Jz2,415
ALF = 10,**FCTIION(J,THRY)
SF = 104#ALOGYI0(THR1/THR}
SLIJ(Je 1N =SLL L Jdel) «ALF®#uZ] +SF
SLR1{Je1I=SLL2(Jr]) ~ALF*4Z2 #SF
, ALF = 10, #%FCTION(J, THR2)
g SF = 10,0ALOGL10(THR2/THR)
Y SLIZ(Jel)=SLLLEIs ) wALF&N2] 4SF
. SL22(Jr1)=SL1L2(Je 1) =ALF#4Z22 #SF
L ALF = 10,*4FCTION(J, THRI)

3 SF = 10.#ALDG10 (THR3/THR)
) SL13(Jel)=SLL1(Jel)=ALFoNZ] &SF
e SL23(J11)ESLL2IJVI ) ~ALF# 422 +5F
f ALF = 10.#*FCTION()4THRS)

X SF = 104#ALDGLO{ THR4/THR)Y

e SL14a¢Jel)eSLLL(Jel) ~ALF®4Z] +SF
g SLZ4 (v T11=SLL 21U Y =ALF®AZ2 +5F
. $S511255)1+10,0%0 (S0 1 Je0)00,1)

$512=25512+10.0%0 (S 12(Js1)®0,1)

P §513=5513410, 040 (SL13(Jst)%0,L)
K 5S14u5514410.08# (SL14(J9f)®0,1)
E §$S21=582)1+10.0%0(SL2  (Jel)®0,])
: §522=5522+v10. 040 {SLZ2 U #0, 1)
4 $523=5823+10, 0% (5L 23(Je11%0,1)

$52425524+10. 00 (5261 J0 ) ®0,1)
ALF B 10, 9%%FCTIONCSe THR)
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SLLIGJeI) = SLL1(Jel) = ALFawZ)
SLL2(Jel} = SLL2(Je1) « ALFO®NID

2 CONTINUE
SL11(1+1)=AL0OGl0(SST1L) #10,

SL12(191)=ALOGLOESS12) #*#10,
— SL13(191)=010G10($S513) #10,

SL14(191)=RALOGIQ(5814) 2l0,
SLEN1(141)=AL0GLO{SY21) #10,

SL22(1¢1)=ALOGlO{SSE2) #10,
SL23J1+1)=AL0Gl0(SS23) #10,

SL2a(191)=AL06G10(5524) #]u,
3_CONTINUE

CALL OLLER (FoeTHRSTHR]I)SL119PNI])

CALL OLLER (FsTHRsTHRI4S 13,PNL3)
CALL OLLER (FeTHRITHR4,5 . 149PN14)

CALL OLLER (FaTHR3THR2,5:.124P0N12)

CALI. OLLER (FoTHRsTHR1+SL21,PN21)
CALl, OLLER (FyTHRyTHR2,S.22,PN2Z)

CALL OLLER (FoTHR#THR3,S(234PN23}
CALL OLLER (FeTHR1THRS,S5! 24,PN24)

CALL HEAD (THRyTHR],S5L11+PN1]1vALY)
CALL HEAD (THRsTHRZ2,SLL12+PN129ALL)

CALL HEAD (THReTHR3,SLI3+PN13yALL)
CALL HEAD {TARyTHRA4SL14+PNT14sALL)

CALL HEAD (THR2THR]14SL214”N210AL2)
CALL HEAD (THRyTHARZ,SL22+PN229ALE)

3 CALL HEAD (THRyTHR34SL23+PN24AL2)
CALL _HEAD (THRsTHRGsSL244PNP4sALR)

CALL PLOT2(ALZ2+PN214PN22¢PN2IIPN244RY)
 RETURN

&‘2’:,; B

END

s B e T

TR

14
s




T et YRS TN U

SU3ROUTINE OLLER (FyTHRyTHRI,SL,PN}

REAL MleM2eL19L2sLCeLCC
COMMON/DATL/ FF (24) pM1(24) 9L 1(24)eLC(26) o M2(24]4L2(28)

DIMENSION F(1)eSL(15s1)e?NI])
DO 5 1=]1,21

DO 100 J=évl5 . .
IF(SL(Je])e5T+13%+0) 1014100

101 PNUL)I=TTT747
60 Y0 5

106 CONTINUE
XMAX=5M8X=0e0

DO & J=2,15
FREQ=F {J=1) #SQRT (THR/THR])

IF(FREQ.GE+100000+0) 4926
26 1F(FREQeLTe5040)2746

2 AW2AMR (S (Jy1)=ak0)
AWE]0,088AN

SMAX=SMAX+AW
IF (AWeGToX%AX) 3014

3 XMAX=AW
14 IF(J,EQe11) 30431

30 AWaXMAXe 0439 (SHAK=XMAX)
SLI2y1)=40.0+33, 3%A1 0610 (AW}

; ‘ 31 CONTINUE
i : 4 CONTINUE

AWRXMAXY (38 { SMAK=XMAX)

g : PNLT) =40’0033o3#ALOGJ_0(m
2 : § CONTINUE
RETURN

27 FREQ=52,0

§' : 6 DO 7 n=l,24
! ; IF (FREQeGToFF(K)) T8
7 CONTINUYE

STQP
8 Klzx=})

K2=K
FlafFF (K1)

FaafFF (K2)
Y1=LC(K])

YazLe (x2)
LCCzyle(v2=y])#(FREQ=F])/(FR=F])

IF (SL(JyI)oGEWLCC) 9lg
9 AM=M2 (K1) +(MA{K2)=M2(K]1)I#(FREG«F1)/(FR~F])

ALO=L2(K]1 )+ ({L2(K2)=L2(K]))®# (FREQ=FL}/(F2uF1)
60 10 2

10 AMSM1 (K1) + (M1 (K2)=M1(K1))®(FREQ=F])/{F2=t])
ALl X1+ L1 (K2 e 1(K]) )@ (FREQ=F]}/(F2«F])

60 T0 2
END.
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SUSROUTINE HEAD (THRyTHRIsSL4PNeAL)

DIMENSION AL (L) oPN(1) oSL(15s1)0FM(14)
REAL MleM2el1lel29LC
COYMON/DAT3/ RN
ggﬂMQN/QAT:/ RCoyRIVMeDT  TH(21) 3 XR19XR2s THRL s T4R2y THRIL THRAE (14)
10 J=lslé
FM())eF (J) *SORY (THR/ZTHRT)
10 CONTINUE
WRITE (61s1) RAN+THR,THAI
1 FORMAT (6(/) 1H1ls 10X 104RUN NUMBERy F10400 #(/)
#* 10X 1SHMODEL THRUSY = s F10e3y 5X _20MFULL SCA'E T
YHRUST = 4 F10e3477/7 5K 2HLey 7% SHPND3.y S5X95MHOASPL, 12K 45HOCTAVE
2 BAND SOUND . PRESSURE LEVSLS )
WRITE(61497) (FM({1)s1lzbe14)
_7 FORMAT (29Ky1)1(FBe1)/)
DO 2 Ials2l
WRITE (6]106) AL(I)oPNIT)oSL(201)9SL(LoI)5(SL(JoT) 0 Jn5,15)
2 CONTINUE
6 FORMAY (1X9FT,1eFTo19)1H(sFS,191H)eFTols11(FBe2))
RETURN
END

FUNCTION ECTIGN (J2THRI)

REAL MlsM2rLYlyL2elC

COMMON/DAT2/ ICHPT4490,481,482

COMMON/ZDATI/Z RN9APyTT1oTT24PRIARIVRVIIRMMIEML s THRy TyPoHICF 1D
e GOMMO/DATSZ RCeR 2

FREQ x F{J=])*#SQRT(THR/THR]I) #4001

XI=ALQGLlO(FIEQ)

FCTION = ABO+XZw(ABLl¢AS24XZ)

RETURN

END
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SUBROUTINE PLOT2 (Xs Y1e Y2e Y3s Yés GV}

DIVENSION X(21)y Y1(21l)s Y2(21)s Y3(21)s Y4(21), ICHAR(4)
JCHAR(1) =94 10KS JCHAR (21 =4H POK § ICHAR (3} x64 40K
ICHAR(4)=4H 30K

DQ 75 f=ls21

X(I)ESQRT(X(I) %42 =« 2250000,0}
1S _CONTINUE

DO 76 I=17s2]
X{[)z=X(1)

76 CONTINUE
CALL PLOT(T.00 0+0y 2)

XD=T.0
=17

CALL PLOT(XDy0s0 3)
CALL PLOT(AD0403s 2)

XDaXD=140
1 CONTINUE

CALL PLOT(040s 0¢0y 3)
CALL PLOT(0,0y Be0y 2)

YD=8,0
DO 2 I=1,8

CALL PLOT(040v YDy 3)
CALL PLOT(040% YDs 2)

YOxYD=140
2 CONTINUE

XP=z,001%X({1l)+1040
YP=0,18Y1{})=b5,0

CALL PLOT(XP+,054YP,3)
CALL PLOT(XP4,359YPw,3992)

CALL SYMBOL (XP+432y YP=,4Ty 164 ICHAR(1)y 09 &
CALL PLOT(AP, YPy 3)

00 3 =221
AP, 001%X(1)+140

YPz0,18Y](1)=5,0
CALL PLOT{XPy YPy 2)

3 CONTINUE
XP=,00)®x(1)+]ls0

YPa(Q i#V2 (1) abeg
CALL PLOT(XPe,05+YP,3)

CALL PLOT(AP®,35)YPayl13¢2)
CALL SYMROL(XP+,32y YP=y2ly o160 ICHAR(2)4 Q9 &)

CALL PLOT(AP, YPy 3)
DO 4 [=2,21

XPa,001%X{1)¢le0
YPag,l#Y2tl)=b,0

CALL PLOT(APy YPy 2)
4 CONTINUE

APB, QUL #A{1)+]e0
YPa(.1%Y3{]1)=8.0

CALL PLOT(RP+,0597Py )
CALL pLOT(Xp‘.B‘S'YPo,l),e)

CALL SYMBOL{XP*,32y YFe, 05 )by ICHAR({I) 4 00 &)
CALL PLOT(ADy YPs 3)

D0 %0 [=2+2)
XPe,0019X(1)+140

YPu,1%Y3(l1a5,0
CALL PLOTIAPy YPe 2)
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50 CONTINUE
XP3,001%%x¢(11¢1.0

YPE),10Y4(l)=5,0
CALL PLOT(XPe4NS4YP,3)

CALL PLOT(AP+,359YP¢43%42)
CALL SYMAOL(XP*,32, YPe,31s 164 ICHAR(G)y 09 &)

CALL PLOT{XP, YPy )
_0Q 60 I=2+2]

XP=,001ex(liel,0
YPug, levse (]1=5,0

CALL PLUT (AP, YPe 2
.50 CONTINUE .

ICHAR(])= &HRUN ] ICHAR (2)® 4NHNO,
CALL SYMBOL (.25, 8,5y 1% ICHAR(1)s 04 &)

CALL SYMDOL(999.9 99949 o164 ICHAR(2)y 0y o)
CALL NUMBER{999,9 9994y 16y RNy 03 =1}

CALL PLOT(10¢0¢0004=d)
RETU]N

EnD
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APPENDIX D
SUMMARY OF OVERALL SOUND POWER LEVEL DATA

This appendix contains a set of 28 graphs which present the overall sound power level
data, scaled to a 20,000 pound thrust engine, as a function of the ratio of secondary

mass flow to primary mass flow, Each graph corresponds to one of the principal groups
of runs defined in Table A-1,
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Overall Sound Power Level (dB re 16713 watts)

Owaroll Sound Power Level (dB re 10.13 wad, o}

¥ L] ¥ R B L T 1 H 1
Experimental Run Numbers  102-117
190k Primary Nozzle Temperature = 64°F
Primary Nozzle Pressure Ratio = 1,6
Primary Nozzle Coplanar with Secondary Nozzle
180t Approximate
Vel, Ratio (Us/Up)
e 035
170 Area Ratio s 0.70
i 12 5 10 A L0
o \ ® 115
1604 i
b
150F
140}
-y -k b i A i L S . ot
2 4 6 8 10 12 14 16 18 20
\ 4 T T T — - Y T T T
Experimental Run Numbers  119-130
190k Primery Nozzle Temperature = 44°F
Primary Nozzle Pressure Rotio = 2,5
Primary Nozzie Coploner with Sacondary Nozzle
180}~
0 Approximate
Vel, Ratlo (U /Up)
Areo Ratio e 0.3
5 10 8 0.73
ol 1 .
ff P AN A 0.8
160f-© ¢
1501~
140
i i - T L L I Iy A . o
2 4 6 8 10 12 14 14 18 20

Rotio of Secondary Man Flow to Primary Mass Flow

Figure D-1. Variation in Overall Sound Power with Bypass Ratio for Thrusts

Scaled to 20,000 Lbs,
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Experimental Run Numbers  132-143

190 Primary Nozzle Temperature = 64°F i
F Primary Nozzle Pressure Ratio = 3,5
. Primary Nozzle Coplanar with Secondary Nozzle
%
Q; IBOL- Area Rotio Approximate 7
‘o 12 5 10 Vel, Ratio (U/Up)

V’/ / ® 0.35
170 j ® 0.7

s A _0.75 .
o—————.J

Ovwerall Sound Power Level (dB re 1

_ 160} 4
: 150p -
140} N
vl ' } -y i 1 1 ! I )
2 4 3 IC 12 14 16 18 20
r -y g T —r Y - Y p— T
Experimentol Run Numbers  145-15
I9OL Primary Nozzle Temperature = 450°F
Primary Nozz!e Pressure Rotle ~ 1.6 T
Primary Nozzle Coplonar with Sacondory Nozzle
180r- Area Ratlo Approximate i
1 2 5 Vel. Rotio (L /Up}
ARV . * 0.38
g ™. e 073
170} yd / . o

N a 0,68
P Oﬁ..J \\‘
160} /,_L/.—‘———-———‘—L/ :

Oreroll Sound Power Level 143 ce 1075 wotts)

1404 -

A L - A L I i
: é 8 10 12 14 16 18 20
v Rotio of Secondary Ma Flow to Primary Moss Flow

Figure D-1. continued ... Variation in Overall Sound Power with Bypass
' Ratio for Thrusts Scaled to 20,000 Lbs,
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T

b
;_,‘;; Y Y — — h ™ T T T T
;(A Experimental Run Numbers  158-165
l 190k Primary Nozzle Temperaturs = 450°F
: Primary Nozzle Pressure Rotio = 2.5
—_ . Primary Nozzle Coplanar with Secondary Nozzle
£ Area Ratio
S
3 2 5 10
o 180 e Approximate
's Vel. Ratlo (U/Up)
‘o b e 0.4
bt B 0.66
8 1704 /
t Z—-—"/
3 ¢ —
% IGOL
[
v
[
&
= 150}
|4
$
]
140}
- A N e ) ) U A | A A 1
i 2 4 é 8 10 12 14 14 18 20
.,i. v T v il Ad A 4 T T T T
: Experimantol Run Numben  187-174
190k Primary Nozele Temperoture  « 450°€
Primary Noztle Pressure Ratle = 3.5
g Arco Rokio Pdmory Nozzle Coplunar with Secondary Nozxrle
3 ! 7 S5 10
1804 R
b e "":»-""’ / Appronimate
\ T . !
o = P e Vel, Rotio (W /AU)
] al ® 0.42
;
§ 100
(=3
j
= 150}
¢
Q
140}
F 'y 3 5 1 1 ) 'y H i L
2 4 6 L] 10 12 14 13 18 2

Rotio of Secondory Mau Flow 10 Primory Mass Flow

Figure D=1, continued ... Variation in Overall Sound Power with Bypass
Ratio for Thrusts Scaled to 20,000 Lbs,
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Ouweral! Sound Power Level (dB re o3 walts)

Civeroll Sound Fower Lawel idB re m‘” waltsh
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Experimental Run Numbers  176-167
190+ Primary Nozzle Temperature = 800°F
Primary Nozzle Pressure Ratio = 1,4 W
Primary Nozzle Coplonar with Secondary Nozzle
1804 Area Ratio Approximate ~
Vel, Ratio (U/Up)
® 037
| 0,70
1704 A 0,77 b
p
160F ﬂ’——_—-——j
1504 -
140 L- T
i i Iy A L Iy L A " L
4 6 8 10 12 4 14 18 20
v i 4 A L Al T T RS T T
Exparimental Run Numben  189-190
190k Primory Nozzle Temperature = 800" i
Primory Nozale Pretwure Rotio ~ 2.8
Primary Nozzle Coplanar with Secondary Noszle
Acea Ratlo
180l b2 08 10 ~
3 .,o/V / T Approaimete ‘1
o s p . Vel Retio (U AU
<o =a _ . 035
120k e . 0.8 -
N
MOA" )
an- b
10} -
Y A i A A ' i £ - i
2 4 -] 8 10 12 14 16 18 N

Rotio of Secondory Meu Flow 1o Peimory Mass Flow

Figure D-1. continued ... Variation in Overall Sound Power with Bypass

Ratio for Thrusts Scaled to 20,000 Lbs.
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Experimental Run Mumbens 198205
. Primory Nozzle Temparature = BOO"F
190 _ Area Ratio Primory Nozzle Pressure Ratio = 3.5
~ 12 5 Primary Nozzie Coplanor with Secondary Nozzle
§ /"/// / 70 ‘ -
o 180p- "/ e s Appreximaie
ol - / Vei. Ratio (U/Ug)
- g e 0.38
e N A : e 0.48
2 170} .
®
3
)
1601
2
§
: = 150+
g
$
o -
o '&0 |~
A 1 i I i i A A by R
2 4 [} 8 10 i2 14 1} 18 0
v ¥ h§ Li v T A d ki L T
- Experimentol Bua Mumben 215.-230
AWQJ_ Peimory Nogsle Tempectuer = 0%
Primosy Nozsle Pretwre Retio - 1.6
- Priswry Nozelo Fully Sutended
| A
::‘ Approsisiy
2 Vel. Rerio (1A, Up)
4 & 0.35
N . * 02
. ?, " o Asen Ratio a L0
: s ® .13
' }
f:
3 £
3 (%]
. o}
1 Fy i 3 £y L A A 1 2
3 L3 é £ 10 1?2 e 16 18 0

fatio of Secondary Man Flow 1o Primery Meu Flow

Figure D-1. continued .. . Variction in Overcll Sound Power with Bypass
Ratio for Thrusts Scaled to 20,000 Lbs,
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Experimentai Run Numbers 231.242
190k Primary Nozzle Temperoture = 66°F
Primary Nozzle Pressure Ratio = 2.5
- Primary Nozzle Fully Extended
%
* 180}-

) Approximate
o Vel, Ratio (}/ Up)
- Area Retio ® 0.38
e m 0.72
@ 70l 1 2 5 10 :

z — A 0.85

= —

. § v/

5 3

3 160F

&

B

[

2

3

= 150

[

$

@)

140
1 1 i H 1 L 1 i L .
2 4 6 8 10 12 14 16 18 20
ot T L] 1 1 ] T T T 1
Experimental Run Numbers 243-254
1904 Primary Nozzle Temperature = 66°F
Primary Nozzie Pressure Ratio = 3,5

% Primary Nozzie Fully Extended

o 180} Area Ratio

D Approximate
© 1 2 35 10 Vel. Rato (U/Up)
v e . 0%
Q 70k L | 0,68
= e - A 075
o
g x/\\.__‘

-
§ 160f
&
Y
c
&
- 150
g
4
. e
, MoL
; ) ) 1 5 : i 1 !
3 4 6 8 12 12 14 14 18 20

Ratla of Secordary Mass Flow to Primary Mass Flow

Figure D=1, continved ... Variation in Overoll Sound Power with Bypass
Ratio for Thrusts Scaled to 20,000 Lbs,
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Experimental Run Numbers 255264
150k Primary Nozzle Temperoture = 430°F
Primary Nozzle Pressure Ratio = 1.6
— Primary Nozzle Fully Extended
B
3 180y

a2 Approximate
's Vel. Ratio {U;/Ug)
. Acreo Rotio e 039
0 2 5 » 0.7
8 170 LAY A 088
F / s
(-3

p
3 oS
< .Z__.y
'o
3
= '50‘
4
g
O
140}
1 N i L. L i - 1 1 | .
2 4 5 8 10 12 14 16 18 20
Y T Y — T =T T T T T
Experimental Run Numbers  267-274
190k Primary Nozzie Temperature = 450°F
Primary Nozzle Pressure Ratio = 2,5
= Primory Nozzle Fully Extended
;
180} .

c_? Area Ratio Appreximate
e 1 Vel, Ratio {U/Up)
v e 0.40
g 170 s 0.65
K
s
$ 1601
&

°
8
= 150
2
3
Q
140~
i ) i 1 i ! ol i A A
2 4 é 8 10 12 14 16 18 20

Ratio of Secondory Mauss Flow to Primary Moss Flow

Figure D-1. continued ... Variation in Overal! Sound Power with Bypass
Ratio for Thrusts Scaled to 20,000 Lbs,
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Overall Scund Power Leval (dB re |
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Experimental Run Numbers  275.282
190 Primary Nozzlie Temperature = 450°F
r_ Primory Nozzle Pressure Ratio = 3.5
Primary Nozzle Fylly Extended
Area Raiio
1801 ? /IO Aporoximote
/ Vel, Ratio (s/Ug)
F e 0.42
m 0,58
170}
160}
1504
1401
1 1 L 1 I 1 I 1 1 L
2 4 6 8 10 12 14 i6 18 20
A t ¥ 1 1 1 L | ] 1
Experimental Run Numbers  283-292
190k Primary Nozzle Temperature = 800°F
Primary Nozzle Pressure Ratio = 1,6
Primary Nozzle Fully Extended
180
Approximate
Area Ratio Vel, Ratio {(/Up}
| 2 5 e 0,37
" 0,69
170 . .
t_ // /// A 0,76
160
150
1404~
] 1 1 L H i 1 I - |
2 4 6 8 ¢ 12 4 16 18 20

Rotio of Sazendory Mass Flow to Primary Mass Flow

Figure D1, continuved ... Verigtion in Overall Sound Power with Bypass
Ratio for Thrusts Scaled to 20, 00G Lbs,
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Overall Sound Power Level (dB re IO"‘3 wotts)

Overall Sound Power Level (dB re 10~]3 watts)

R 1 T T L4 3 1 1 1 L]

Experimental Run Numbars  311-326

190k Primary Nozzle Temperaiure = 74°F
Primory Nozzle Pressure Ratio = 1.6
Primary Nozzle Fully Retracted

180 Approximate
Vel, Ratio (Us/Up)
e 0.37
8 0.9
1704 Area Ratio
T2 5 10
160} /
b <
1501 -
140}
) i | i L S 1 i b -
2 4 6 8 10 12 4 16 i8 20
¥ L L) i T T 1 T ) A
Exparimental Run Numbers  327-338
190k Primary Nozzle Temperature = 74%
Primary Nozzle Prassure Ratio = 2,5
Primary Nozzle Fully Retracted
180~ Area Ratio Approximate

Vel, Ratio (U /Up)

1 2 5 10
: // \ s 0.40
% B 0.99
170 / A 147

D
160k

140~

i 1 1 1 | b Il |

1 1
2 4 6 8 10 12 14 16 18 20
Ratio of Secondary Mass Flow to Primary Mass Flow

Figure D=1, continved ... Variation in Overall Sound Power with Bypass
Ratio for Thrusts Scaled to 20,000 Lbs,
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Experimental Run Numbers  339.350
190 Pr{mury Nozzle Temperoture' = 74%F A
Primary Nozzle Pressure Ratio = 3.5
= Area Ratio Primary Nozzle Fully Retracted
3 12 5 10 P —————
] 180+ e Approximate 7]
‘s / Vel. Ratio (U /Up)
; ° / . o
g e ® 0.85
4 3 op A 1.0 '
€
5
3 $ 1e0- .
: 4
R o
€
. §
3 = 150k .
: g
: s
\ o
] 140f .
; X 1 ! k. 4 oY ) 1 !
5 2 4 6 8 10 12 14 16 18 20
( T T T T T T - T T L
it Experimental Run Numbers  407-422
3 ; 190 Primory Nozzle Temperature = 60°F N
:fz’; : [ Primary Nozzle Pressure Ratio = 1.6
B - Primary Nozzle Haif Extended
. %
B * 180}
: pd Approximate -1
) 's Vel. Ratio (U/Up)
] 'é Area Ratio e 0.35 J
. ; a7 1 2 5 10 | 0,70
¢ = o / s 10
S (] ® 1,15
Eool =
L : H
1 i 3 160}~ 4
S &
Ly T b
: = 1301 b
. g
3 s
¥ 6
&
& { 140k 4
1 ] L i J I ) i — L
3 2 4 6 8 10 12 14 16 18 20
t,} Ratlo of Secondary Mass Flow to Primary Mass Flow
ik
&
Figure D-1. continved ... Variation in Overall Sound Power with Bypass
W
i Ratio for Thrusts Scaled to 20,000 Lbs,
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Experimentcl Run Numbers  423-434

190k Primary Nozzle Temparature = 60°F
Primary Nozzle Pressure Ralic = 2.5
Primary Nozzle Holf Extended
1801 Area Ratio Approximate
1 2 5 10 Vel, Ratio (Uk/Up)
. o 0.3
— » 0.72
170p / A 0.85
:i
160f =
150F
140
e L i 1 Il 1 1 4. H
2 4 é 10 12 14 16 18 20
1 T T i T T T T T
Experimental Run Numbers  435-446
190l Primary Nozzle Temperature = 40°F
Primary Nozzle Prassure Ratio = 3,5
Primary Nozzle Half Extended
180}~
Arec Ratlo Approximate
P2 5 10 Vel. Ratio (L/Up)
— ® 0.3
70k a8 0,69
170 & 075
160
150f
1401~
L I 1 i L 1 ! 1
2 4 6 10 12 14 16 18 20

Ratio of Secandary Mass Flow to Primary Mass Flow

Figure D-1. continved ... Variation in Overall Sound Power with Bypass
Ratio for Thrusts Scaled to 20,000 Lbs.
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: Experimental Run Numbers  447.458
£ 190k Primary Nozzie Temperature = 460°F .
! Primory Nozzle Pressure Ratio = 1,6
¥ e Primary Nozzle Half Extended
i £
§
o 1801 Area Ratio Approximate T
! Vel. Ratio (U/U
)
: 2 3N R it
: = / m 073
-E 170k ' A 0,88 1
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: 5
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Experimental Run Numbers  459-486
190+ Primary Nozzle Temperature = 460°F N
Primary Nozzle Pressure Ratio = 2,5
- Primary Nozzle Half Extended
% Area Ratio
* 180} | 10
°..;’ 180 Approximate i
=] Vel. RoHo {Lk/!Jp)
v J e 0.40
g 170 ® 0,65 A
A K] ¢ —
; 3
% § 160}~ 1
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E
3 : 4
; § = 150} '{
A ! J4
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! | é
, I R
. ! 140
3
:
! L L L ; e ! ) ) L ]
2 4 6 8 10 12 14 16 18 20

Ratio of Secondary Mass Flow to Primary Mass Flow

Figure D-1. continued ... Variation in Overall Sound Power with Bypass
Ratio for Thrusts Scaled to 20,000 Lbs.
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Experimental Run Numbers  447-474
8 . Primary Nozzle Temperature = 460°F
190 Areo Ratio Primary Nozzle Pressure Ratio = 3,5
_ 12 5 10 Primary Nozzle Half Extended
;
hd 180f- Approximate
1 5 Vel. Rotio (Us/Up)
2 o 042 "
< a 0.58
: 3 170f- i
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1 §
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e
¢
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Exparimentcl Run Numbers  503-516
ook Primary Nozzle Temperature = 70°F
190 Primory Nozzle Pressure Rotlo = 1,4
g Primory Nozzle Haif Retracted
, :: 180}~ Approximate
=) Arec Rotlo Vel, Rotlo (U /Up)
v s 0,37
3 8 1o} /l 2 5 0 " 0.9
]
5 - /
§
3 160}
i o.g K
S :g D :
3 = 1501
3 :
3 140
.' i ' A A " 'y A 4 — A
P 2 4 B 10 12 4 16 18 20
"._\. Rotio of Secondary Mais Flow to Primory Mo Flow
k. Figure D-1. continued .,. Varlation in Overall Sound Power with Bypass
Ratio for Thrusts Scaled to 20,000 Lbs,
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Experimental Run Numbers  519-530
190 Primary Nozzle Temperature = 70%¢
Primary Nozzle Pressure Ratio = 2.5
g Primary Nozzle Half Retracted
3
) ‘BOL Arec Ratio Approximate
‘o 1 2 5 10 Vel, Ratio (Q/Up)
- [ .
5 ; e 0.97
2 1o A 147
E;
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Experimental Run Numben 531542
i 190k Primory Nozsle Temperature = 70%F
Primory Nozzle Presiure Rutio = 3.5
f ,g Areo Ratio Primory Nozale Holf Retracted
| 12 5 10
: 180,
2‘ / Approximote
o Vel. Rotio (U /Up)
\ ® , e 0%
3 P & 0,95
; g o /;; a 102
3 g 160}
: I
a v
2
= 1504
o
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; F i A 1 A 3, A 1 3 L
2 4 [ 8 10 12 1] 16 18 20

Rotio of Secondory Mo Flow to Primary Mot Flow

Figure D=-1. concluded .., Vaiiation In Overall Sound Power with Bypass
Ratio for Thrusts Scaled to 20,000 Lbs.
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APPENDIX E

SUMMARY OF MAXIMUM
PERCEIVED NOISE LEVEL DATA

This appendix contains a set of 28 graphs which present the maximum perceived noise
level data on the 1500-foot sideline, scaled to a 20,000 pound thrust engine, as o
function of the ratio of secondary mass flow to primary mass flow, Each graoph cor-
responds to one of the principal groups of runs defined in Table A-1,
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Experimental Run Numbers 102-117

= 130} Primory Nozzle Temperatyre = 64°F

z Primory Nozzle Pressure Ratio = 1.6

L= Primary Nozzle Coplanar with Secondary Nozzle

:

; 120 Approximate

5 Vel. Ratio (Uy/Up)

z e 035

'? 8 0,70

4 nor Area Ratio A 1.0

b ® 115

b ! 2 5 10
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< 100}

3

W

3

§ 04 /
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Exparimental Run Numbea 119130

€ 9130 - Primary Nozzlie Tempeenture = 84%F
2 Primary Noztle Prenwce Rotlo = 2.5
= Primory Noztle Coplonat with Secoadury Nozzle
f 120 ¢ Apptonimate
2 Acea Ratic Vel, Ratlo (U Api
b4 b2 5 10 M
«® 0.7
w MO ¢
§ vy \ a 0.2
3 )
‘ >
2 b
310 A
3
g
z °r
3 e}
=
'y 'y i Y Iy 1 'y Y K i
2 4 (] 8 10 12 L] 18 18 &

Retio of Secondaiy Mo Flow to Primery Mo Flow

Figure E-1, Variation in Moximum Perceived Noise Level on o 1500-Foot
Sideline with Byposs Rotio for Thrusts Scaled to 20,000 Lbs,
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Experimental Run Numbers 132-143

& 130k Primary Nozzle Temperature = 64°F
‘Z’ Primary Nozzle Pressure Ratio = 3.5
< Primary Nozzle Coplonar with Secondory Nozz!e
f:
S0 Approximate
k] Areq Ratio Vel. Ratio {Uy/Up)
2 o 0.35
3 w 0.7
2 nof a 075
$
]
a
e b
5 10F
v
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3
g "
%
I 5 A e 4 A I ) V) i
2 6 8 10 12 14 16 19 20
A v mi Y Al T T L4 + 1
Experimenie] Run Numben 145186
g 1l Primyry Naprie Temperature = 450%
g Peimary Nozzle Prauyre Botlo - 1.4
S Primery Nozale Coplenar with Secondury Nozg¢te
§ N -
. 1% Apsrosimote
) Vel. Retip { \
Z Arew Retic N ° Res'!,};u%
s .
o A " oa
s T V2R RN a 0.8
) ” ; h -
& ’ ) 5 e
E ; NN
h: ¢ "
v
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'y e
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2
'l 'y i 2 i Fy - i A i
2 4 [) L] 10 1?2 1l 14 8 &

Redio of Secoadory Maws Flow fo Primary Mens Flow

Figure E~1. continved ... Variction in Moximum Perceived Noise Level on
o 1500-Foot Sideline with Bypass Raotio for Thrusts Scoled to
20,000 Lbs.
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Experimental Run Numbers 158-145
s 130 Primary Nozzle Temperature =  450°F
z Primary Nozzle Pressure Ratio = 2,5
= Primary Nozzle Coplonor with Secondary Nozzle
:
= 120 Areq Ratio Approximate
2 2 | Vel. Ratio (th/Up)
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o b
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Esperimentol Run Mumbeny  187.374
& 130 Pimory Noztle Tesperutyre = a%0°F
g Primary Nozzle Prsvwre Butle - 3,8 .
> Prienety Noxzele Coplomar with Sivoadsy Nozile
§ :
, A ; . ey
) 120 *0 Ratio " Appeoimaie
8 28 19 Vel. Patlo it Adp)
: e SN . 0.8
S nop e / 5 . eW
g -"’
i I
3 '
3
-
3
)
8
K
s 80
-3
i Fy 1 ] i —h 'y i X A
2 4 [ 8 10 12 14 16 18 py

Rehio of Secondary Mo Flow o Primary Alacs Flow

continued ... Varigtion in Maximum Perceived Noise Level on
a 1500-Foot Sideline with Bypass Ratio for Thrusts Scoled to
20,000 tbs,

Figure E-1,
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Experimental Run Numbers  176-187
= 130k Primory Nozzle Temperature = 800°F
» :—2- Primary Nozzle Pressure Ratio = 1,6
: e Primary Nozzle Coplarar with Secondary Nozzle
:
-: 120 F Area Ratio Approximate
,g 1 2 5 10 Vel, Ratio (U;/Up)
z ! \ e 037
3 / s 0.70
2 nor / A 0.77
: /
v
£ , »
g 100 b /\I /
ég 90 -./— .
E
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Experimental Run Numbers  189-196
8 430 L Primary Nozzle Temperature = 800°F
3 : Primary Nozzle Pressure Ratio = 2,5
& Primary Nozzle Coplanar with Secondary Nozzle
$
<o} Area Rati
7 rea Ratio Appreximate
g 12 s 10 Vel. Ratlo (Us/Ug)
- 0 0,38
¥oop /// . 0.5
8 e
& \
g
5 100 Ny
o
A
I
§ 90 |
j ¥ sof
. 2
i
: ! L ) ! I ] ! A i )
! 2 4 ¢ 8 10 12 14 16 18 20
: Ratic of Secondory Mass Flow to Primary Mass Flow
E
l Figure E~1, continued ... Va ation in Maximum Perceived Noise Level on
‘_ a 1500~Foot Sideline with Bypass Ratio for Thrusts Scaled to
} 20,000 Lbs,
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Expecrimuntal Run Nuwhes 198-205
- = 130k Primeny Nozzle Tempercture = $00%% >
z Primury Nozzle Prassurs Ratio = 3.5
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! ol 3 g A
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Experimental Run Numbars  215-230
g 130} Primary Nozzle Temperature = &6°F __
z Primary Nozzle Pressure Ratio = 1,6
% Primary Nozzle Fully Extended
©
gl
8 120 Approximate T
‘s Ve!, Ratio (L};/Up)
% e 0.35
© e 0.70
e .
.g 10 a 1.0 i
& , * 115
8 Area Ratio
% 100f ] 10\\ .
& / ——
2
§ 90 | -
3 o} -
z
1 L o L 4 1 1 | 1 Il
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Ratio of Secondary Mass Flow to Primary Mass Flow

Figure E-1, continued ... Variation in Maximum Perceived Noise Level on
a 1500-Foot Sideline with Bypass Ratio for Thrusts Scaled to

20,000 Lbs,
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Maximum 1500 Foot Sideline Perceived Noise Level (PMdB)

Maximum 1500 Foot Sideline Perceived Noise Leve! (PNdB)

t T L4 R ] L i Ry 1 T
l Experimental Run Numbars  231-242
130 & Primary Nozzle Temperature = 86°F
l Prim3ry Nozzle Pressure Rotio = 2,5
l Primary Nozile Fully Extended
1207 Approximate
Vel, Ratl
Arec Ratio ® 0?3%*/%)
P2 05 . t'l:;g
o VR a O
/ // //
e /
100 | // e s
b
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| [ 1 i 1 1 e - I &
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Experimental Run Mumbers  243-254
130k Primary Nozzle Temperature = 66°F
Primary Nozzle P.essure Rotfo = 3.5
Primary Nozzle Fuily Extended
120
R Approximate
i Area Ratio Vel. Ratio (Us/Up)
12 5 0 ® 0.3
nof / e oss
p
100
i)
0k
80
i L ) ) ! ] L 1 L 1
2 4 6 8 10 12 14 16 18 20

Ratlo of Secondary Mass Flow to Primary Mass Flow

Figure E=1, continued ... Variation in Maximum Perceived Noise Level on
a 1500-Foot Sideline with Bypass Ratio for Thrusts Scaled to
20,000 Lbs,
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Maximum 1509 Foot Sideline Percaived MNoise Level {PNdJB)

Moximum 1500 Foot Sideline Perceived Noise Level (FINdB}

1 L4 A ¥ ¥ 1 1 H ¥ L
Exparimental Run Numbers 255-256
130 b Primary Nozzle Temperature = 450°F
Primury Nozzle Prassura Ratio = 1.4
Primary Nozzle Fully Extended
120 Approximate
Vel. Rotio (Us/Up)
e 039
0.73
noy Area Ratio A 0.88
! 2 5 1w
v
100 | / '
’ ,/,/./4/‘
90 -4‘
80 F
1 1 | - ! L. 3 o 1 1
2 4 ] 8 10 12 14 16 18 20
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Experimental Run Numbers 267-274
130 ' ) Primary Nozzle Temperature = 450°F
Primary Nozzle Pressurs Ratie = 2,5
Primary Nozzle Fully Extended
120 | ’ Area Ratio Approximate
2 5 10 Vel, Ratlo (U /Up)
e U.40
i m (.65
D
100 -
90 |
0
o 1 A i L ) : ] i
2 4 é 8 10 12 14 16 18 20

Ratlo of Secondary Mass Flow to Primary Mass Flow

Figure E~1. continued ... Variation in Maximum Perceived Noise Level on
a 1500~Foot Sideline with Bypass Retio for Thrusts Scaled to
20,000 Lbs,
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Maximum 1500 Foot Sideline Perceived Noise Lavel (PNdB)

Maximum 1500 Foot Sideline Parceived Noise Level (PNdB)
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Experimental Run Numbers 275.282
130 L Primary Nozzle Temperature = 450%F
Primary Nozzle Pressure Ratio = 3,5
Primary Nozzle Fully Extended
120 F Area Ratio Approximate
1 2 § 10 Vel. Ratio (Us/Up)
-~ e 0,42
/ s W 0.58
wer <,
100 |
90
80 |
1 o ek ke i L 1 1 1 |
2 4 6 8 10 12 14 16 18 20
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Experimental Run Numbers 283-292

1204 Primary Nozzle Temperature = 800°F
Primary Nozzle Pressure Ratio = 1,6
Primary Nozzle Fully Extended

120 r. Approximate
Vel. Ratio (U /Up)
. .37
Area Ratio : 8.69
o 2 5 A 0,76
100 |

o

9k

Il 1 s - Il I 1 1 I el

2 4 6 8 10 12 14 16 18 20
Ratio of Secondary Mass Flow to Primary Mass Flow

Figure E-1, continued ... Variation in Maximum Perceived Noise Level on
a 1500-Foot Sideline with Bypass Ratio for Thrusts Scaled to
20,000 Lbs,
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Experimentol Run Numbers 311-326

R Primary Nozzle Temperature = 74°F 4
Primary Nozzle Pressure Ratio = 1,6
Primory Nozzle Fully Retracted
i Approximate 7
Vel, Ratio (Us/Up)
e 0.37
s 0.94
- Arec Ratio 7
] 2 5 10
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I R il L L L 1 1 | i
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Experimental Run Numbers 327-338
1 Primary Nozzle Temperature = 74°F _
Primary Nozzle Pressure Ratio = 2,5
Primary Nozzle Fully Retracted
B Approximate 7
Vel. Ratto (s /Up)
e 0.40
a 0.99
[~ Area Ratio A 1.47 §
10
1 b e 1 I I ! It 1 1
2 4 é 8 10 12 14 16 18 20

Ratlo of Secondary Mass Flow to Primary Mass Flow

Figure E=1. continued ... Variation in Maximum Perceived Noise Level on

o 1500-Foot Sideline with Bypass Ratio for Thrusts Scaled to
20,000 Lbs,
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Experimental Run Numbers 339-350 !

= 130} Primary Nozzle Temperature = 74°F
g Primary Nozzle Pressure Ratio = 3.5
& Primary Nozzle Fully Retracted
;
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2 Vel, Ratio (Us/Up)
5 Area Ratio e 037
'§ e 0.85
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Experimental Run Numbers  407-422

2w} Primary Nozzle Temperature = 40°%F
E Primary Nozzle Pressure Ratlo = 1,6
= Primary Nozzle Half Extended
§
8 120 - Approximote
£ Vel. Rotlo (u/Up)
3 s o0
| 0
3 110 L’ A 1.0
& Areo Rotlo ¢ 113
% 100 b 1 2 5 10
e
, % v L
i R4 .
i § 90 b
é b
8 sof
i 2
1 —dn i 1 b ] i " L Il
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Ratio of Secondary Maw Flow to Primary Maws Flow

Figure E~1. continued ... Variation in Maximum Perceived Noise Level on
a 1500-Foot Sideline with Bypass Ratio for Thrusts Scaled to
20,000 Lbs.
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Experimental Run Numbers  423-434

2 130 L Primary Nozzle Temperature = 60°F

Z Primary Nozzle Pressure Ratio = 2,5

a Primary Nozzle Half Extended

%

- 1201 Approximate

2 Vel. Ratio (Us/Up)

z e 0,38

2 8 0.72
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Experimental Run Number:  435-446

B 30} Primory Nozzle Temperoture = 80°F
Z Primary Nozzle Pressure Ratlo = 3.5
& Primary Noxtle Hotf Extended
$
= 1201
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%l 12 3 10 » 0.9
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Rotio of Secondary Moss Flow to Primory Moss Flow

Figura E-1. continued ... Variation in Maximum Perceived Noise Level on
o 1500-Foot Sideline with Bypass Rotio for Thrusts Scaled to
20,000 Lbs,
LNT
gz 0 Y




T T =T L L T T T ~r T
Experimental Run Numbers  447-458
& 130k Primory Nozzle Temperoture = 460°F
";_9 Primary Nozzle Pressure Ratio = 1,6
o. Primory Nozzle Half Extended
H
- 120r Approximate
_g Vel. Rotio (U/Up)
z e 0.38
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> not Area Ratio a 0,88
¢
o
§ 1 2 5 10
&
<
£ 100 /
)
v
3 7
g7
€
£
§ 8of
2
;- A I & A — s i J I
2 4 4 8 10 12 14 16 18 20
T ¥ A4 T 4 Lg T 1 A} Y
Exparimentol Run Numben  459-444
% 10 b Primary Noszle Temperotyre = &6
: Primary Nozzle Presuce Rotlo = 2.5
& Primary Nozele Holf Extended
§ 10} -
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Rotio of Secondary Yo Flow to Primcry Mo Flow

Figure E~1, continued ... Veriation in Moximum Perceived Nolse Level on
a 1500-Foot Sideline with Bypass Ratio for Thiusts Scoled to
20,000 Lbs,
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Expecimentol Kua Mumbea  503-516
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Mrimaey Noxale Prewsuen Rotie = 1,6
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2oko of Secendery Man Flow ic Primary Mo flow

Figure E-1. continued ... Voriction in Moximun Perceived Noise Level on
a 1500-Foot Sideline with Bypass Rotio for Thrusts Scoled to

20,000 Lbs,
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i : Experimental Run Numbers  519-530
’ = 130} Primary Nozzle Temperature = 70°F
; b Primary Nozzle Pressure Ratio = 2,5
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| t
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Experimental Run Nymbers  531.342

& 1wl Primgry Noszle Tempeesture = 70%

g Primacy Nozele Prouute Rotio = 3.8
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Retio of Secondery Maw Flow to Primery e Flow

Figure E-1, concluded ... Variation in Maximum Perceived Noise Level on
o 1500-Foot Sideline with Bypass Ratio for Thrusts Seoled to
20,000 Lbs.
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APPENDIX F

PRIMARY JET SOUND POWER SPECTRA AND
DIRECTIVITY DATA

This appendix contains twelve (12) graphs which give the sound power spectra and
directivity datc measured for the three (3) primary nozzles. For each nozzle, the
power spectra are given for three (3) temperatures, followed by three (3) grophs
containing the associated octave band directivities for each temperature condition,
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Figure F=2, Divectivity Pattern for Run Number 101
(Pressure Ratio 1.6, Temperature 60°F).
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Figure F=-3. Directivity Pattern for Run Number 1 g4
(Pressure Ratio 1.6, Temperature 450°F).
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| APPENDIX G
© 3 NOISE OF A SUPERSONIC NOZZLE

OPERATING AT OFF-DESIGN PRESSURE RATIOS

It is to be expected that supersonic nozzles of jet engines, if designed for high-speed
cruise at high altitude, may be operating ot off-design pressure ratios at takeoff,
Therefore, it was of interest to explore the noise generated during off-design oper-
ation to determine whether any anomalies may be present, A small number of explore-
tory runs were conducted for this purpose.

it was felt that if any onomalies (such as discrete tones) existed, they would certainly
be apparent in a cold flow (i.e., 60°F). Therefore, the exploratory runs were mode
with a cold flow, using a supersonic nozzle designed for pressure rotio 3,5, When
discrete tones occur in o test, even if they ore not detectable by ear, they ore very
apparent from spikes in tha directivity pattern for the octave band in which they
occur. The computer peintout dota from these runs was reviewed and no pure tone
anomalies were found.

Seven (7} runs were performed within a sne~hour pariod, using operating pressure
E ratos ranging from 2,0 to 7.8, ond repecting the on-design pressure ratio condition,

- . Since the computer printout of the dota lists the design pressure ratio but not the
operating pressure ratia, that information is given in the table below. (For oll other
runs in the project, operating pressure ratio and design pressure ratic were nominally

the some,)
i Primory Supply Opercting
L Run Number Pressure, psig Pressure Rotio
< 600 14.6 2.0
. 601 1.9 2.5
o 602 29.2 3.0
" \\ E 6-03 36. 5 3.5
3 } 504 43.8 4,0
- 605 63.0 5.4
3 605 99.5 7.8
’\ | Run 131 provides another dato point of on-design cperotion for the same nozzle, How-

ever, it wos run Gt u different time, with o lower supply temperctyre, ond hod o
slightly higher moss flow ond o 2.1 dB higher ccoustic power when compared to Run 603
in this series, Therefore, it is not used for comparison with these sequential results,
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The directivity index values are shown for alternate runs in Figure G=1. There is a
generai trend to a sharper directionality (without shift in angle) as the operating
pressure ratio is increased, but there are no apparent anomalies or dtsogreements with
nomal jet noise data. In terms of the octave band spectra ot 0 = 45° , Figure G-2,
there is no significant change in spectrum shape for off-design operaﬂon.

Figure G-3 shows the effect of off-design operation on the model scale sound power
generation with the U? slope mean data line for the primary nozzles for reference.
Figure G-4 shows similar data for the 1500-foot sideline maximum perceived noise
tevel, Here, the U® slope dato curve for the other primary nozzles olmost fits,
indicating that the off-design conditions affect the power level more than they uffect
' the perceived noise level, The reason may be that the sharper directivities for the
nozzle, when operated above design velocity, tend to reduce the relative amount of
noise radioted to the sideline,

D R o i

It should be mentioned that in all runs except Run 600, the original dato showed
broadband noise in the 16 kHz and 31.5 kiHz bands, which was removed in the same
way as in the production runs for on-design cases (see Section 4.2), It is known thot
over-pressure operation of o convergent nozzle con produce what is called “shock
cell noise," Reference G-~1, and has even done so on full-scale engines operating
ot altitude, Reference G-2, Such noise is charactarized by discrete tones of
highly directional noture, whose fundamental frequency (for o staticnory jet) can be
predicted ¥om:

S — (G-1)

-R 2
3d(R-R)

where .
f, = fundamentsl frequancy, Hz

= operafing preswre rotio

>
[

critical pressure ratio, normally 1,89 (but should be design for o
convergent divergent nozzle)

@ = ombient speed of sound, ft/sec
d = jet exit diameter, it
The original data (before correction) was reviewed, Anomolies were noted in fost of

the runs for the upper two octave bonds of dota (end sometimes in the upper three
octove bands: 8 kHz, 16 kMz ond 31.5kH2) at 8 = 100 - 110 degrees.

The results for 110 degrees ond the upper threa octave bands cre given in Figure G-5,
No anomalies in the directivities ware observed ot the two lower pressure ratios,




Tty 7 St N T TP K 4 I w7 s aim s

ppeasy~a ”:"'/‘""’mmfm@

i 20

Angular Position (Degrees)
8? I0.0 12!0

Dlrectivity Index (dB)

-10

Operating
Run No. Pressure Ratio

— 400 2,0
602 3.0
o—e 603 3.5 (design point)
a8 504 4.0
A——a 406 7.8

Figure G=1, Directivity Index for Overall Sound Pressure Level for a
Supersonic Nozzle Operating at Off-Dasign Pressure Ratios,

A s NI e S R P e 4 W an S o

PR L

St ey mame meeryem A Yeecgfet am e s wo SeoNRen A DA el Teers



e T T T ! T T

Ry

i \\\\\\\\\\\\ \\\\\ }
-0 \\\}\\\\\\\\\ \\\\\\\\N

“r \\\\ Spectra Shown
a ‘ \\\‘\ For Runs: _
/ =

602

=30 [~ 603 =

Refative Sound Pressure Level (dB re QASPL)

604
4 605
B - 606 .
-40 ! ! 1 1 [ L
) 1 2 4 8 16 32

Frequency (Hz)

Figure G-2, Octave Band Sound Pressure Spectra at 45 Degrees to Jet
Axis for Supersonic Nozzle Operating at Off=Design
k- Pressure Ratios.




,}50 ! T T i) 1 ki {
e 145 - -~
T
e
ot 140 | o~
f<a]
A
)
> i
3 A\
§ 135 - Ve u® Slope -
& 7 Curve from
?, 7 Figure 39
b Design Velocity
T 130 4
$
O

J |
125 1 ] 1 L. L L. I

1000 1100 1200 1300 1400 1500 1600 1700
Fully Expanded Jet Velocity (ft/sec)

Figure G-3. Effect of Off-Design Operation of the Sound Power Generation
by a Supersonic Jet Nozzle.

r b A8 L A s byl st R DD (X 0 2 b



=
o

%\ 7 t { { { i E

Z

&

© ’
g .,

9 105 - -
k]

z 7

-

2 /

]

;:‘: 100 b / A\ Ut Slope _
© Curve from

£ 7 Figure 41

$ 7

»

5 i/ Design Velocit

8 ol Y ;
&

3

E

g Ve

‘g 90 <1 1 i l ! ] i

2

1000 - 1100 - 1200 1300 1400 1500 1600 1700
B Primary Nozzle Flaw Velocity (ft/sec)

Figure G-4, - Effect of Off;Design Operation on the Maximum Perceived Noise
Level on a 1500-Foot Sideline. Scaled to 20,000 Lbs Thrust.

. -."
i AR P
o\ '




115

T 7 T T T ! T
O
’
’
’
1o -
Octave Bands 4
"‘E O BkHz====~ i e
% ) / e
g 6 -
& 532 kHz — — R4
: ,
» il
g loor ~ -
= /
[ Ve
3 s
9
2 )
8 I U® Slope -
o for Reference
o
[
3
&
(V2]
o)
c
a 9}k .
®
>
2]
k3]
o)
85 / -
4 y
80 | | ] ] 1 | i
1060 1100 1200 1300 1400 1500 1600 1700
Primary Nozzle Fiow Velocity (ft/sec)
Figure G5, Octave Bond Sound Pressure Level ot 110 Degrees, Showing Onset

of the Third Anomaly Above 1200-ft/sec from Measured Raw Data.




Therefore, the U® slope reference line has been fitted through these points,
Between the pressure ratios of 2,5 and 3,0, the anomaly just appears in the top two
octave bands, with an increase of about 10 dB. At the design pressure ratio of 3.5,
the 8 kHz octave band begins to increase; by a pressure ratio of 4,0, it is approxi-
mately 12 dB higher than might have been expected. Above the pressure ratio of
4.0, all three bands appear to be increasing with increasing pressure ratio more
slowly — on the order of U® or less.,

These data clearly show that this anomaly is a function of pressure ratio and begins in
the vicinity of the design pressure ratio. The two higher frequency bands were
offacted at a slightly lower pressure ratio than the 8 kHz band — roughly in
accordance with the expectations of Equation (G-1). However, the 1/ 10th octave
analysis shown in Section 4,2 did not indicate that pure tones are present, but that
the phenomenon is at least an octave wide.

Although the actual optimum pressure ratio for the nozzle is probably slightly
different than 3.5 because of boundary layer effects, it is considered that it could
not be beiow 3,0 since the nozzle thrust coefficient was about .94, indicating a
relatively thin boundary layer.

To obtain better insight on the problem requires additional runs using noise, schlieren
photography and pressure probes as investigative tools,
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