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Experimental and a{xalyticul investigations on jet noisc genmration and
suppression have resulted in a verification of the concept that jet noise ie
uniquely related to mean flow velocity distribution in the jet wake, Advancec
have been made in analytical techniques for calculating serodynamic properties
of free jet flow and the related acoustic properties of the flow and verification
of the assumption that negligible attenuetion of sound occurs during propagation

through milti-element jet flows has been achieved,

Investigation of selective water injection 28 a jet rnoise suppression schems
has indicated littis promise for in-flight noise reduction, Studies of noise
generation by high temperature and high pressure ratio jets have extended the
state-of-~the-art in the area of high temperature flow noise suppression, and have
resui.ed in a means for predicting total acoustic power beyond the limits of

applicability ol the Lighthill parameter.
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Noise Suppression Réaatch", Department of the Favy, Bureau of Neval Weapons,
Contract No. Mw 62-0887-4, in accordance vllth the cm'_a proyosn
entitled, ‘Jet Noise Suppression Resm;:h and System Studies“, P61-86, dated
March 1961.

mheohaeetive;otthephAseIpropc-nm: t0 extend the theory of jet
noise suppressios to high pressure ratio and high t-peutv}re flow by demon-
strating the generality of the concept that jet moise is wniquely related %o
the flow veloeity distribution in the wake; to further refine and develop
amalytical techniques applicable to computer solutlons for jet flows and noise;
to investigate significant variables influencing jet noise generation and
suppressor performance; and to evaluate the Feasibility of selective water
injection as an in-flight suppression technique. The advanced knowledge
egchieved through the Buccassful accomplishment of this research program, along
with the findings of the Phase II program on operational noise problems and
effects of suppression on missiocn pertormce,. can be implemented toward the

goal of developing a practical suppressor for military jet aircraft.

The prcblers dealt with in this research investigation have been divided
into the five sections of this report, each of which i.s egsentially self-
contained for the convenience of the reader. BHowever, the interrelation of the
various aspects of the program is maintained by appropriate cross-references
betwzen the variocus sections, and hy the condensation of the overall effort in

the Summary.

vii




a b 3
SN VST MR T 2
. e . .
K . ‘v, . -, .
* A 4 e
- v r b ]
|y . N

AT TR

Ce

sen e e T A g a8

e

<O 0 et P ey o0t W g P B8 WISPR CYI IPPUR L 5 i PRI Y I
B

L
9

Grateful acknouledgenent ix made to Comander A, Lee and Mr. H. Brow of
the Bureau of Naval Weapons under whose guidance this program vas serried out;
40 Dr. R. N. Kendell of Vidys, a Division of Itek Corporation, for his suslyticsl
contributicns o the problem of jet mixing; to Kr. R. lee, under vhose technical
drection this program vas initisted at the Advanced Engine and Techoology
Departmest of the General Electric Company; and to Mr. D. L. Harshaan, Mavager
of Installstion Aerodynemics, Advanced Engine and Technology Department, -whose
guidance md encouregement e;utrib\zbad limiﬁm to the acconplisiment of
the progrem cbjectives. | ‘




e D g

pg

2l |

SIOURY
Experimental and ax_nlytical investigstions on Jet roise generstion and suprression
have been carried ouf; for the purpose of: 1) dezonstrating and axtending the
generality of the concept that jet noise is uniquely related to jet wake mean
flow velocity distributions; 2) furthér refining and dQvaloping snalytical com-
puter techniques for solution of jet flow and moise problems; 3) defiming the
offects of jet temperature and pressure ratio on noise characteristics for mossles
and mosale uppressors; 4) determining the effect of the turbulemt Jet vake on the
radiation of a—ound er~rgy generated by multiple elemsnt suppressors; and 5)
evaluating the feasibility of selactive water injection as an in-flight suppression
devioe, .

The previoualy established techhique for caleulation of sound power spectrs from
serodynamic properties of the jei wake is ou'lined in Section 1 of this rupart, -
It is demonstrated that the method is quite general, being aupplicable tu nosale-
suppressors of various gecmetric designs, PFurthermore, experimental evidence is
presented vhizh indicates that jet noise sound power spectra can be adequately
predicted for the various moszle configurations at flow pressure ratios up to

3.0, and flov temperatures up to 1800°R. Comparison between measured and pre-
dicted overall sound powsr shows that the predictinn method used provides calculated

levels within ¢ 2 db of acoustically measured levels for nearly all nozxle shapes
and flow eonditions tested,

In Section 2, the development of analytical techniques for jet flow field pre-
diction is undertaken in order to provide a working tool for jet noise suppressar
research, Starting from the approach suggested by the theory of Raichardt,
computer programs are developed which represent an advancement of the state-of-the-
art in the analysis of jet flow from complex nozzles, While it is shown that
analytically derived mean fiow velocity profiles for the jet mixi.g 1vogion in

ix
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general agrees satisfuctorily \dth axper.mnt further work is requi.red to bring
computer techn:lquea to thelr full stnta of uaofnnnua '

In Secticn 3, the results of a study on jet ncise generation and suppression at
high flov temperatures, up to those representative of a.t‘tarlmrning Jet engine
opesration, are presented, Sxperimental data on nﬁin gereration by jets up to
flov pressure ratio of 3.4 and temperature wp to 3300°R has bean obtaiped, in- "
dicating that for low pressure ratios and moderate temperatures 1littls flow
density sffect exists, vhile over the full rangs of observation a temperature
depandent flow density effect is found to occur, This effect is such that ;ound
power varies with (PJ/ e “)n , vhers n 1s approximately a linear function' of
temperature, The resvlis of scale model experiments have been used to estadblish
an empirical relatiunsiiv between nossle enorgy flux and sound powsr generation,
applicable to concemtric flows as well as aillploj oonical noszles, Studies of

suppressor nosils acoustical performance at high flow temperature have been

earried ont experimentally, with results indicating th;t suppression i1s temperature
a3 well as pressure ratlo dependent, Jet noiss suppression at high flow Lemperatures

requires further study for the purpose of deriving generalized temperature scaling
laws applicable to all nozzle gaomstiries, since the experimental results presented
indicate that temperature effect on suppression may be nozzle geometry dependent,

The results of the high temperature jet noise :lnvea.tigat«ion point out the need for

flow temperature simulation in suppreasor scale model development directed toward
afterburning jet engines,

Section 4 presents the results of experimental investigations on disr'pation of
sound, generated by a ‘et, in the turbulent wake of the jet itself, No evidence
of sound absorptior has been fowd, and ithus no wodification of the correlation of
aerodynamic and acoustic Jel properties is raquired from this consideration, The
effsct previously referred to by other rescarchers as jet noise "shiolding" is
shown to te the resull of direclivity rather thas sound power chiangs,

b 4
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Selot;tiw, vater injection as a jet noise suppressi.n technique has been ex-
perimentally end analytically inwestigated, with results presented in Section 5.
Studies indicate that the desirsd altsration of jet mixing cammot be achieved
through limited watsr use, and that the suppression thus accomplished is less.
than that expec‘bed.for nniform wixing of air and water, Adverse effects of high
flow temperature and velocity on noise reduction capabllity of water injectiom
have been experimentally demonstrated, and indicate that thir suppressiom scheme
is not practical for in-flight noise reduction,

The knowledge gained in the successful completion of this program on jet nolse
suppresaion research can be implemented, along with other existing techmology,
toward the developmant of a Jet xﬁiu suppressor for application to military
sircraft in flight, Thus, noise reduction for military jet aircraft might indeed
be a practical reality,
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1.0 ' on on the Relationghip Between A
. Properties o_r the Jetj ¥low Field and Resultant No: >

1.1 Introduction ~ T T ' : "

saran Tt

As a rgmlt of a previous Navy sponsored General Electric ressarch progrsa
on jet noise generation and suppression (Was 5§-6160-c) an empirical formula-
tion wvas wa-nmmmgmhmlc properties of a free Jet to its
noise characteristics (Ref. 1). The Mypothesis that the sound pover W"

st various axisl positions in the Jet mixing regiom depends onlyonthe'lm
velocity distxributions at these locations led to a genaral quantitative rela~

tionship for determining sound powver spectra for sismple conical and complex
suppressor nozzles. It vas demonstrated that, within certaln listts of fiow
pressure and tegperature, the mapner in which the flov velocity distrituticns
vary within the jJet because of nozzle 'geoutry Variation does not influeace the
generality of the sero-acoustic sorrelation. |

9

- The usefulness of the previcusly established eorrelation between asro-

- dynanic and acoustic Jet properties depends to a great extent on its applice-
bility to realistic flow temperatures and pressures, and to various noxtle
configurations. While past verification of the theory wes limited to cold flow,
sub-critical pressure retios and relatively simple nozzle designs comsisting of
5 a muzbe of identical elements, the yresent study considered flow temperstures
- zxptom, pressure ratics up to 3.0, and large variety of nozzle designs,
.- in accordance with the progrem work statement in Reference 2. The generulity
of previocusly established empirical constants has been re-evaluated through
correlation of aerodynamic and acoustic data, indicating that the velocity
prcfile formulation can indeed be applied to heated, high pressure ratio jets,
. and essentially all nozzle geometries.
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The previously established relationship between aerodynsmic and tcwstic

properties of a free jet is resteted from Rgfemnce 1

ROV O RO N

X

vhere: .

f(f)-Somdmpereycleitrro"qmcyt. -
_ X = Pupirical constant
&s °'5 “uoa =Lighthill parameter
o = Frequency
u = Local mesn flow velocity
a = Flow cross-section area

x = Axial location along the Jet :’

The essumptions emplqyed are: (1) No noise is generated within the flow
potential core, ard thus the integral f uw)? d(g__)
u

%

must be evaluated over the region a (x) external to the core flow; (2) the
axial distribution of scale of turbulence within the jet is linear, that is,

L 2<X; (3) the relstionship between axial location and freguency of the sound

source is given by: ¢ de = (1.25 )-1.22 (2)

———

x
d
Y

vhere de, nozzle equivalent dimmeter, is defined by:

de = :r- ;_O_ (3)
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and n is the nusber of flow elements in the nozzle; () the total generated
sound power is radisted. l ' .

Prediction of the sound power spectrum is acconplisheﬁ by experimentally
or analytically evalusting the integral in equation (1) at a sufficient number
of x - locations along the jet so that the‘t‘reqmrahgeofiubmst is rully
defined (zqmﬂon (2)). In this section of the report, the experimental evalu-
ation of Jet flow properties is discussed, while the analytical approach is
developed in Section 2.0. - -

-

Under s previous Mavy-sponsored resssrch program (Reference 1) the
validity of this method of sound power spectrum prediction was demorstrated for
;n eight-lobe suppressor noztle, under cold flov and low presswre ratio condi-
tions. For cooplex nou]:e geometries employing elguents aof npn-unitom size
the nozzle equivalent diameter, de’ in the sound source location equation
(Bq. (2)) must be suitably defined. The definition of noziles equivalent
diameter as previourly stated in Eq. (3) is s logical choice in that it is an
aversge elemental diameter, and the total noise is generated essentially in the
region vhere the jet flow exhibits an individual element identity. Furthermore,
the jet potential care length, which is related to the location of the region
of maximum noise ggnera.tion, correlates with the equivélgrrh diameter as herein
defined.

The assumption that the total sound power generated is radiated into the
far f.eld is considered in Section 4.0 of this report, &nd it is shown that no
significant dissipation cf acoustic energy in the sudic frequency range occurs
in the turbulent Jet.
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In order £o deternine the linits of applicability and to further develop
ile correlation described sbove, experimental investigatibzf of flw veloeity
pafiles was caxried out for sev}en nozzle configurstions. Flow temperatures
tp to 1800"R and nozzle pressure ratios up to 3.0 were tested, and serodynsmic
éats vas correlsted with measured sound power spectra, as described in the
following section. |

imental Determination of F eloci (files and Coxrelstion with
Measured Sound Power Zpectra '

Aerodynamic measurements were made in the free jet weke for a number of
nozile geometries and flow gonditions for the purposs of defining the mesr flow
proporties of the jet. Flow velocity distribution vas deternined throughout
the jet wake, and acoustic properties predicted from the flow measurements were
coccpared with measured sound power sMn.

1.3.1  Aerodynamic Measurements

Detajled flow velocity data was obtained throughout the significant
mise generating regions of the jet wake for the varioﬁ‘ nozzles tested using
the research facility shown in Figure 1,1 . The facility consists of a burner
c? the type commonly employed in aircraft gas turbines, followed by a flow mixer
axi pressure and temperature instrumentation for accurately determining inlet
conditions tc the nozzle under test. Air supply capacity for the fecility is
p to 9 1b/sec., and flow temperatures up to 1800°R are achieved by the burner.
Xozzle pressure ratios up to 3.0 vere poseible for the size nozzles tested (up
t0 13 sq. in. exit area) with heated flow. For high pressure ratio cold flow
testing, an indoor facility with higher airflow capability was employed, and

test Instrumentation used vas similar to that for hot flow measuremeat. The

n
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test nozzle was mounted om the facility, shown in Figures 1.1 and 1.2, and the wake
vas surveyed with a combination total pressure - total temperature probe, the

position of which was remotely controlled by mesans of probe actuators mounted

© from a lathe bed. Mmathémwchprm,wmerbumerm added to the

facility (Figure 1.2) increasing flow tempersture capability to 3500°R, but
instrumentation difficulty precluded velocity profile measurements above 1800°R,
and the addition to the facility was used for studies of noise generation at ‘
high temperature as described in Section 3 of ihis repost.

Texperature and pressure data was recorded automatically for probe
traverses at each axial location in the jet wake, and point by point calcula-
tions of flow velocity were accomplished by computer. Since the velocity in the
core region of the. jet is not evaluated in the prediction of sound power spectras,
the prodlem of meesuring supersonic velocities and static pressure gradients in
the core region of high pressure retio jets was bypassed. For the pressure
ratios under consideration, flow velocity in the noise producing mixing region
is essentially alwvays subsonic, while the expansion region with static pressure
gradients and shoek structure is assigned to the jet core in which no noise is
generated. Thus, the computation of flow velocity was simplified in that the

assumption of static vressure equal to ambient pressure could be made.

The prediction of sound povwer spectra from velocity data does not
require knowledge of the velocity distributions at a given axiel location in
the jet; only the flow velocity-flow area relationship is required (Eg. 1).
Therefore, the flow velocity data was reduced to the form of equivalent velocity
profiles. That is, the flow was artificially reoriented to simulate flow from

a conical nozzle for the purpose of simplifying the integration process and



i

Pt o e x o

ST gy~

[E v N

=

o o e

W &

providing & common mesns of presentstion for &1l of the flow dsta fon the
various configurations. This equivalent data is presented in the next sectica,
baving been obtalned from flow velocity maps at each location in the jet, by -
graphically accumulating flow area :ln the order of decreasing flow welocity to
artificially creste an equivalent conical nozzle profile for each nozxle .
geometry tested. From the equivalent profiles, the integration required for .
evaluntion of Equation ) was performed grephically. . 7

1.3.2 Acgustical Measurements
Aerodynsaically predicted sound power spectrs were correlated with

actual noise measurements obtained r& each nozzle configuration. The outdoor
test facility used for flow velocity measurements was &lso employed fur sound
pover evaluation. KNoise measurements vere made under free-field conditioms. A
microphone attached to & remotely controlled boom (Figure 1.} ) was used to
survey the sound field at & radius of 15 feet from the nozzle. The microphone
a Bruel & Kjaer Type 4133, has flat frequency response to 40,000 cps. A '
frequency analysis of the jet noise was obtained for a mmber of angular ioca-
tions Trom the jet axis utilizing the instrumentation shoun in Figure 1.k .
From the directivity .data thus obtained, somnl power spectra were computed by
the process of integration of sound pressures over the radiation area. The
computation procedure assumes thut the ground plane is semi-absorbing so that
maximm error from this source is about 1db, as the difference between assuming
a totally absorbing and totally reflecting surface is 3 db. The location of the
microphone at 15 feet from the jet permits measurementa to a low frequency limit
of 250 cps. The messurement radius was selected so as to provide far-field
conditions for low frequency noise and yet not Le s0 far fraom the source us to

oe influvnced by reflections from nearby structures.

~be-
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14 Plscusaion af Results

Ti_ae serodynsmic and scoustical data obteined for the seven nozzle
geometries tested are presented in this section, and correlation between
predicted and measured sound power spectre. is anle.

1.k Degceription of Wozzle g‘m;mtiom . .

In order o determine the applicabilitr of the acrodynamlc-acowstic
correlation to various nozzle geometrie'n » & mmber of configurations wexre
tested. A list of cc;xfigurations'nnd test conditions is presented in Table Li.
The nozzles are all c:r approximately the same scale, with exit ares ranging
from 9.6 to 13 1n°. The geometric variatiocas {as shown in Pigures 1.5 thrul.8)
include simple circular exit, annular exis (plug nozzle), shrouded anmilar
exit, miltiple exit (segserted), and multiple exit vith elements of unequel
size. The wariety of nozzle configurations provided a means of evaluating the

applicability of tre prediction technique to essentially all typesgnf lw.
. o0

1.k.2  Correlation of Aerodymamic and Acoustic Pata

From the measurements of total pressure and temperature in the jet
wake for the various configurations and test point;_(u summarized in Teble 1.1),
nmean flov velocities were calculated and flow velocity contours were plotted for
each axial location within the jet wake. Velocity contours for the 19-tube
and 1B-segment nozzles sre presented in Figures1l.,9 and1.10. The merging of
the individual flowe, vhich are quite distinct near the nozzle exit, cean be
readily observed as the flow progresses downstream. Equivalent flow profiles
are derived from the velocity contours by accumulating the flow area graphically,
in order of decreasing flow velocity, resulting in the profiles as shown in

Figures 1.1l through 1,16 . The equivalent flow profile curves ensble the various
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nozzles to be cmmered 12 tems of & fictitious simple cireular exit gc.mtn,
but with fiow profiles dWeloping di‘rrerently than for a cimular exit nozzle
The normalized eguivalent protilea and the curves showing the decay of meximm
flov velocity 8s a function of sxial location (Figure 1.17) provide the data
vequired for serodynemic prediction of sound pover spectra by mesns of equations
1laad 2.

The spectra calculated from Jet flow properties are compared with
acoustically measured spectra in Figures 1.18thru 1,23. Since the levels
calculated are pover spectrum levels ‘isomd pover per unit bandwidth), the
values vhich were measured in percentage bandwidths have been comverted to the

same constant bandwidth reference for eese of comparison. FPredicted amd

measured total acoustic power levels for all of the nozzle configurutions and
flow conditions for vhich power spectrs have been determined are compared in
Figure 1.2h, vhere the differences betveen measured and predicted levels are

plotted against flow exit velocity.

Several observations can be made concerning the results of this
jinvestigation. The shapes of the predicted sound power spectra agree very well
with measured values, and the amplitudes agree, in general, within the limits
of experimental accuracy: The spectrum shape results imply that the assumed
distribution of sound sources within the jet wvake is adequate, and that the
evaluation of nozzle equivalent diameter by Equation 3 is valid. The degree of
accuracy achieved in the prediction of absolute noise levels (for spectrw and
total acoustic power) verifies the applicability of the fully expanded flow
velority as the significant nozzle exit velocity, and furthermore indicates

that the empirical constants employed in the correlation are applicable over
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the range of flow conditions tested. .Althom scmavhat groater amplitude
deviation than can be attributed to experimental erro:' is noted for the shrouded
plug nozzle geametry, it is believed that theidiscreps:wy 1 due to generation of
noise (otber than jet noise) by the shroud. The mamner in vhich this noise is
generated has not been investigated here, but the concluslon is in agreement
with the majority of past experience which shows that a2dition of a shroud may,
under some circumstances, yesult in pr;duct:hn ¢! a mmiar of discrete frequency

nolse coxponents. The possibility that nolse ‘genemtai in the imner regions of

& complex Jet is diseipated in the surrounding twbuiest flov is more fully

discussed in Section 4.0 of this report. However, the ajplicability of the
aerodynamic-acoustic co'.rilation to the variety of supzressor configurstions
evaluated confirms the result of that coacurrent stuly ttat no signifidant

abacrption takes plece.

1.5 Concluaiops and Recommendations

The results of this investigation further confirz the hypothesie 'presented
in Reference 1, which states that the noise generatel by s .itt is uniquely
related to the mean-flow velocity distribution withia tks wake.' The technique
for calculating sound power specira from aerodynsmic propertics of the jJet wake
18 outlined, and the generality of the technique is demicstrated for: (1)
nozzle geanétry variations, ir-luding circuler nozsles, pl.ig nozzles, and
suyppressor designs whose indivi.dual elements are rnct )i ejusl in exit dimen-
sions; (2) flow pressure rutio up to 3.0; and (3) flow tecgerature vp to 1800°R.
Jet noise spectrum shapes and levels cen be adequstaly pradicted witkin the

linits stated.
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Extension of the applicabﬂity of the Jet nolse suppression theory to
actual arterbumer temperatures (veyond the scqpe of the present pregram) is
discussed in Section 3.0 of this report, and it 18 probable that the aerodynsmic
preciction technique can be applied to thn cond.it‘.ton, though possibly with
some modification. Toward that gosl, the ‘nalyticul techniques Tor fiow prct:llc
prediction, preaented in Section 2.0, could be alployed vithin the-mits of «
applicability to calculate flou data for correhtion with noise datn at sfter~ .

burning temperatures.

Finally, the equivalent mean flow velocity profiles preiented for the
various noise suppressor nozzles may suggest other geometric designs, more
spplicadble to specific problems, which vould genergtg,delired profiles, and

thus, low noise levels.
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Figure 1.8b 18 Segmert Nozzle Exit Geomstry
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<.0 ANALYTICAL STUDY ON THE PREDICTION OF AERODYANMIC PROPERTIES OF FREE JET

FLOWS )

2.1 ' Introduction

In the preceding section of this report, as well as in Reference 1,
the unique relationship between aserodynamic noise generation and jet flow field
properties has been demonstrated. Thus, from knowledgg of the flow field the
Jet noise sound power. spectrum can be determined by analytical means. In order
to relate 3§t noise to nozzle geometric parameters by the previous.y developed

acoustical theory, a means is first required for prediction of the flow fleld.

The subject of free jet rixing and resultant noise gereration has
been the object of extensive experimental and analytical research for a mumber
of years. In the field of free jets, the most complicated practical problem is
found in the ¢ 1alysis of the free jet flow emanating from sound Suppresscr
configurations. It has been found through research that good sound suppression
performance requires a significant amount of geometric complexity. The
analysis of the comblicated Jet flows produced by such configurations must
depend heavily upon a very simple theory to be at all manageable. Such a theory
is the apprcach suggested and used by Reichardt, and is the one the authors
have demorstrated to be of practicel usefulness to the analysis of the flow

fields from jet suppressors.

In this study the development of analytical techniques for jet flow
Tield prediction is undertaken in order to provide & working tool for suppressor
rescarch. The theory is applied to the problem of predicting aerodynamic
properties of jet flows from suppressor nozzles through the use of a computer

program. This section presents the annlysis and couputer programs that have

11
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been developed around these theories toward the goal of a.na_lytic;al]y predicting
the jet flow fields for complex nozzle geometries, from which the jet acoustical

properties can be determined using existing techniques.

2.2 Thecretical Analysis and Cogputer Program Development

The aneiyrical theory and method presented in this report are exten-
sions of the theory end method originally developed in Reference 1. The
original work pruduced satisfactory results in the prediction of the flow Field
and noise produced 3y elemental jet types (i.e., jets from circulsr and rect-
angular exits). That work waes culminated by a computer program which provided
the means for evaluating the thecry for complicated Jet flows. It is in the
prediction of cocplicated jet flows (such as from the nozzle geometry shown in
Figure 2.1 the: “ke orig .ci work has been found to be marginally satisfactory.
Predicted and experizentally determined profiles for the nozzle showm ip Figure
2.1 are compered 2t 2 number of flow cross sections in Figure 2.2. It is the
task of the study reported here to improve the originsl work in order that

deficiencies can be removed.

2.2.) Thecretics)l Analysis of the Jet Flow Field

This section of the re, - :sents the analysis of an arbi-
trary jet flow field in which the solutions for velocity, shear stress, and
other properties of the jet flow are considcred for the most general case. The
formal end detailed cerivation of the eg ations, which supports the broed

treatment given the enalysis in this section, are presented in Section 2.6.

Th2 principle problem area of this study has been the descrip-

tica of the msn-er in vhieh jets that have dirferent properties (i.e., velocity,
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density, etc.) intermix. More specifically, the problem has been the proper

analytical formlatisn for the rate of jet spreeding (or mixing) under condi-
tions of relative flow. Once the mixing process is accurately described, the
determiration of such properties as velocity, shear stress, and density is

2asily accomplished.

The original treatment of the jet flow problem (Ref. 1) used
the Reichardt hypothesis which states that the spreading property of free Jjet-
mixing is dependent only on the downstream distance (3.e., the x-coordinate).
This hypothesis was used in the Reference 1 analysis even for complicated flors
such as those emanating from sound suppressors. There is an extensive body of
literature in existence, some of which is referenced in this report, which
supports the theory that relative velocities determine the rate at which mixing
regions spread. Physically, ‘one may think of the mixing region as one composed
of large eddies {of size comparable to the mixing region itself) which cause
the transport of momentum, energy, and concentration. The size of thezc¢ eddies
is a function of the shear forces forming it and the time per unit distance
available for their formation (convective effect). The first effect is often

described by an expression involving the jet Mach number surh as the one below:

_g% = Cyy 1+ Cpo Mc) (1a)
m

This expression snows that, the higher the Jjet Mach number, the smaller the

eddy size at a given station (“efs. 57 and 58).

Research at Stanford has shown that the velocity profiles for

simple relative jet flows can be predicted by using & simple empirical
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differential eqmtion‘ relating the growth rate %o the relative velocity
difference (Ref. 2). In this research activity, it has been found that the
relative or convective velocity effect on mixing is well approximated by the

equation given below:

gvul-ruz . (lb)
d:bm Ul - 02

During the time when the work of this report was in progress,
no information was available as to ‘the manner in which these two effects were
interrelated. As a consequence, for the purposes of this study, the two effects
were geometrically superimposed to give the following equation:

(v, «1T,)
%X‘_; chl(l+cb2 Mc) '(U—-—-'ﬁ'"i - : (2)

Previousm;.searchers have also found this relative velocity effect. In partie-
ular, Wi‘llis and Glassman (Ref. 3) found a strong relative velocity effect;
however, they were nct able to derive an emplrical equation descridbing the
effects they found. Similarly, Marshell and Beiley, and Weinstein (Refs. 4 and
5) report a relative velocity effect on the spread of the mixing regiom but
azein do not develop equations describing this effect. Kendall {Ref. 1) found
that the centerline velocity distribution, using the Reichardt method, was well
described using the rate of spread given by Eguetion (1) for the case of zero

external flow velocity.

Section 2.2.3 gives the results of this analysis using the

linearly superimposed solution (Fg. {2)) in a comperison of theory an’ data.
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For simple Jets, the relative flow velocity {(or density)
effect produces no difficulty so far as the theory of Re_iclnﬁt is concerned.
It is only vhen more than two simultapeous flows are concerned (such as might
occur in a triple annulus of three different flows or in multi-element Jet exit
shapes) that difficulty with the Reichardt method is found. Before delving
into a detailed discussion of this difficulty, it is perhaps well to give an
example ghowing the practical tim’xiﬁcanée of the problem. The most obvious
example occurs in the syperimposition %echuique for norzle suppressors that is
used in the Reichardt method itself. Consider the suppressor element shown in
the sketch below surrounded in part by induced flow resulting from the mixing

action of the jJet:

. I Induced Flow

/ Suppressor Nostle
)(‘ Contour

Sketch (a). - Suppressor Flow Approximation.

In the approximetion technique used with the present theory (to be explained in

subgeguent sections), the induced flow is conveniently broken up into arbitrary

fictitious jet flows, each having a unique velocity and other properties. The
relative velocity results suggest that all three flows (v,, Vl, V2) spread at
different rates as they contact one another.
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In the rmultitube type of suppressor, a similar situation arises

as the mixing regions of each of the individual tubes interact. Since the
interaction is not uniform, the conve;:tive velocity and hence the rate of mixing

vary in all dimensions.

Anotker example is & multi-element suppressor having both
primary Jet flov and a sound suppressing low-energy secondary flow, all embedded
in a finite external flow field. Such cases as these cause difficulty in the
Reichardt method which in all other respects has proven to be extremely succes-
sful in dealing with the complicated flow fields fround in suppressor nozzle

configurstions.

In his study of jet flows, Reichardt found that the simplified
constant pressure axial momentum equation for turbulent flow
0 :
27 +1 2 (rPw)=0 (30)
7x r 9r
could be satisfied by an elemental exponential equation (es ascertained from

analyzing experimental data of conical free Jet nixing).

242

oy
— %2 e m (3v)
n

if certain arbitrary conditions were satisfied, specifically,

o

(3¢)

2
=0T 27
puv 2 dx :71'
In this elemental relation, there appears the variable bm upon which the rate

of spreed of the mixing region depends. It can be shown that the differential
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equation for axial momentwm (Eq. (3a)) is satisfied by Equation (3b) if, and
only if, the parameter b‘is solely dependent upon the x-coordinate. Here the
varisble b is the same as that appearing in Equations (1a), (1b), cud (2).
That the variation of b n in the other coordinate planes does lead to fallacious

results cen de readily showm as illustrated below:

Sketch (b).- Y dependent b, conflict.

Consider the intermixing of two, twe-dimensional jets, each spreading at a
different rate (Sketch (b)). According to the superpositicn theory, which
results from the linearization of the differential Equation (3a), the momentum
in the mixing region, shown cross-hatched, is given by the sum of the momentum
of tne individuel jets (which spread according to Eguation {3b). In the poten-
tirl core of the jet undergoing the least spread, there is found momentum flux
from the other jet which is spreading faster. This regicm is shown by the
double cross-hatching in Sketct (b). Thus it is found in this particular region

that the momentuz flux is the sum of the momentum flux of che potential core of

iy P




the first Jet plus the mowentum flux spread from the second jet - apd this sum
js greater than the momentum flux from the first jJet alone. Such a result
yields velocities in the potential core of the first jet (i.e., the jet that is
spreading the least) which are greater than those found at the exit plane, a
result contrary to physical reality. This discrepency represents a limiting

condition of prediction for Jets having significant core interference.

The method used ig an implicit solution for the x-coordinate
using the spreading parameter bm as s dummy-dependent variable a5 suggested in
the original work by Kendall in Reference 1. In this technique, the properties
of the jet are deternined for various b_planes, and the x-coordimte, vhich is
nov specially dependent in the b planes, is determined using Equation (2)
above. In the bn planes, the momentum and energy equations are uniquely satis-
fied, and the contiadiction demonstrated in Sketch (b) (which camot occur in
the b planes) is necessarily evoided but the continuity of the x-plane is not
guaranteed. Even if the x-plane 1s continuous, the satisfaction of momentum

and energy conservation principles in & plane of comnstent x is not necessarily

guarantzed.

This particular prodblem area is & cubtle one and perhaps not
too important to the general class of Iree jet flows; and yet it is of utmost
impoxrtance to the successfui analysis of the acoustic suppression phenomens

found in suppressor nozzles.

A closely related subject to the foregoing is the relative
rate of spresd of momentum and energy. Experiucuts of previous years led 1o the

well-knowvn result that energy spreads faster than womentum in free jet turbulent
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mixing. The turbulent Prandtl pumber which relates tle momentum transport to

energy transport is commonly given the value of 0.7 to describe this phenomenon,
The rate of syread of energy can be analytically specified in a manner quite
analogous to the spread of momentum. Reference 15 shows that the Reichardt
technique linearizes the energy and concentration equaticns in the same manner
as the momentum equation. The analysis of concentration spresding, in this
study is limited to concentration spresding at the same rate as energy (i.e.,
turbulent Lewis number of unity). Ther¢ is a spreading parameter b associated
vith the energy spreading as there is a bm in momentum spreading. In this
study, the analysis was extended to relate hh %o bm through Prandtl number.
This was accomplished using the definition of Prandtl number and the equations
for shear stress, etc., that are derived from the Reichardt method. Several
approximations regarding shear stress derivatives must be made to achieve the
stated result which has a simplicity in keeping with the state-of-the-art in
spreading property kf;naedge. The approximate deriva'lc.ion is presented in Section
2.6.1 of this report, and the result is shown to be that the spreading pera-

meters are releted by the square root of Prandtl number:

"n o ffr (1)
LY

‘his result hes been programmed into the computer solutions contained in the

report.

The solution for the properties of the jet $low downstream of
the exit plene has been extended in gene.ility from vhat was developed in

Reference 1. The basic technique involved is the summation of momentum, energy,
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and concentration flux using the seme fntegral form as that developed in

Reference 1. Only the general metkod of deveiopment will be presented herc as
the detalls of the derivation sre presested in Section 2.6.2.

Using the superpositison technique, the momentum, energy, and ﬂ

concentration flux at any peint in spece dovnstream of & Jet exit ecntour(s) can

be written as integrals having the form shown below in Equations (%), (6), and

(1):
—— J— 2,2
M, = %"ﬁ’ 2_ (fuz) . L -7 Fou ) ap (5)
contours -]
H= %’F 2_ (f‘—:‘? 9/ - e‘ra/bﬁ) ) (6) !
contours o
2,2
X = _;7? Z (Fuz,) ef (r-eT /hh) ae (7) _
contours o] g

By means of the energy equation,’ ihe velocity can be exprccsed in terms of
these quantities as shown in Secticz 2.6.2. The resulting expression for

velocity is a quadratic in which ==y the positive root has significance. The

equation is given below.

. o O 1/ "
__=_n_£+(n’3 + ¥ ’2’:0 ) (8) :
“w 2 462 & :
H
where |
;
c. P
£= _“_{ + pn (Bb) 5
2 R !
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Once the veloeity is known, the other properties of the jet such as temperature,
density, enthalpy, etc., can be immediately obteined, The solution far the
velocity and other jet properties has been generalized to the point of handling
n mmber of different gases, esch having 11;5. own molecular weight and specific
heat relationship. This means that the solution is applicable to the study of
hot turbojet exhausts in the smalysis of sound suppressors. The only restric-

tion that is made pn the thermodynsmics of the soluticn is that the jet flows

at the exit be chemically frozen.

In Reference 1, it vas found necessary to include two-dimen-
sional effects in the eguation for shear stress in order to obtain analy:tical
results comparable with experimentation. At that time, the amended shear-stiress
equrtions were not included in the computer solution. This condition has been
rectified and the equation for sheé.r stress, in the course of this inclusiom,
hes been refined. The exact derivation of the shear-stress equations stated

below is given in Section 2.6.3. For the radial shear:

‘t;_ = z (fua) nfos 6 EﬁFrf (r/b )
contours

_ . ) . -(1'/b
‘/_1;_ rr(bnr ) Sf’ as (9)

and a similar relation for the circumferential shear stress with sin € replacing
cos 6. The total shear st any flow-field point is given simply by the square
root of the sum of the two component shears squared. A brief discussion of the
results and comparison with the test data is given in Section 2.3. It is

pertinent to note here that the computer programs can be used as research tools
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in this area as well as in the spreading coefficient problem previously mentioned.
Here the effect of density on shear stress can be analyzed and the correctness
of the present formulation for shear stress determined.

2.2.2 Analysis of Jet Flow Acoustical Properties

In this section, extensions to the acoustic theory presented in
Reference 1 are considered. The refinement of the formulation for the genera-
tion of aerodynamic sound power proceeds from the point in Reference 1 where
equation (A.36) is presented. The more involved derivations are presented in

Section 2.6 of this report.

In the present work, more dependence is placed on the Reynolds
shear stress perameter. This is a favoreble developmexnt in that a suppressor
is likely to have a bigger elfect on the variation of shear stress than on any
other aerodynamic patameter in the jet flow. The development is given in

Scetion 2.6.4 where the result is shown to be

l/2
- A,(('t" P a0
dlnf C(an) /D :

The analyses of this report show that the maximum power is generated at the

terminus of the potential core in agreement with results of the majority of

experimental researchers in this field.

The largest deficiency of analytical techniques for the predic-
tion of jet acoustic power is the inability to accurately predict the reductiom

in acoustic power which is experimentally found with the muitiple-exit or
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contoured exit nozzles. This acoustic attenuastion Lics bHeen found to depend on

both geometric and aerodynamic properties of the jet flow. Tests hav: saown
that sound reduction ezn be produced even with simple jets by placing two

simple exits, such as rectangles, in proximity to each other.

As 2 backup method, in case the refined serodynemic techniques
described above do not suffice to give the proper attenuation, an attenuation
mechanism and an analytical method have been established in this study. The
most obvious mechanism is the well-established attenuation of sound energy
through viscous dissipatinn and 1s the one used here. In the case of a Jjet
Now, the attenuation is presumed to occur in the mixing region where the
apparent turbulent viscosity is the greatest. Such a mechanism has intuitively
satis?ying characteristics vhich explein severel of the experimentally observed

effects. These are:

(a) Sound suppressors which seem to work best are those having
inner jet flows (e.g., the multi-tube suppressar). By
the above notion, the sound energy produced by the inner
Jets is sbsorbed by the mixing regions surrounding these
Jets.

(b) As the jet velocity increases, more of the acoustic energy
is pessed through the mixing region by refraction. This
plus the greater turbulent viscosity produces increased
attentuation with increasing Mach number.

(c) Attentuation of sound energy produced by suppressors is’

known to be frequency dependent. The formuletion that is
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developed in this study is found to have fremm
entering to the second power. ° .

However, the theory of the viscous dsmping mechanism suffers
in two areas. The first and most important is that the phenemenon is not in
agreement with experimental evidence. Secondly, the mechanism does not lend
itself to mathematical formulation since an exact analysis would detail the
history of the wave front from each eguivalent gource in three-dimensional
space. Because of the first deficiency, such an exact solution is not Justi-

fied.

The development of the attenustion phencmenon presented herein
1s based on the Kirchhoff equation for plane waves (Ref. 6). In the Kirchhoff
development used in this report, the viscous coefficient is replaced by the
eddy viscosity, and the eddy Prandtl number is substituted into the equation.
Further, a measure of the length uve: Guich the attemuation takes place is
estimated using the nixing regicn width parsmeter, bm" To account for the fact
thet more of the attemvation would seem to occur in the innermost portions of
the jet (a logical consequence of the theory), a porosity factor is spplied to
the atteﬁuat:lon; ‘this porosity factor relates the attenuation of each source in
the acoustic integration tc its location within the jet flow purely on a
geometric basis. The developments of this theory and the equations below ure

given in Section 2.6.4. These equations are

(a) The attenuation formula is:

qd= e 4Xe (11a)
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(v) The mean length:
X_=C b EM, (12)
(c) The porosity:

£, =R A (13)

The above set of Equations, (10) to (13), plus Equation (2), contain five
arbitrary constants, the determination of which is discussed in Section 2.3.
Some preliminary results obtained using these formulas in the circular exit

solution program are given in Section 2.3 of this report.

2.2.3 Computer Program

The equations of the foregoing section, along with many
subordinate equations, have been written into two separate programs in the
process of the development of the solution. The need for two programs has a
historic background which cen be briefly outlined at this point. The formule-
tion of the equations wes performed early in the study contract and it wes at
that time obvious that the determination of the five arbitrary coefficlents
involved in the solution could be obtained only through a trisl-and-error
procedure using a computer solutlion. Rather than modify the original program

at this point, it was decided to create a small program which would fulfill

the following three goals: »
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(a) Provide an economical means for obtaining the values for

the five arbitrary coefficicuts.

(b) Provide means for ascertaining the correctness of the

relative velocity effect on sound attenuation.

(¢) Provide program logic for insertion into the main program

during 1ts revision.

It became obvious, however, as the programming of the "simple
progran” commenced that the problem had become compiicated to the point where
even a simple circular exit solution required sophisticated and extensive
programming, especially if it was to be used in the revised main program. When
it became obvious, moreover, that the simple solution was too large for the
1620 computer, several of the Tirst goals were compromised and reliance,
instesd, was placed upon the use of the final major program. The circular exit
program, then, as it has turned out, has had the functicn of performing (2) amd
part of (b) noted ebove. It has yielded preliminary values for the five arbi-

trery coefficients, and major portions of the program are being used in the

main program itself.

The simple circular exit program cannot be used for multiple-
exit configurations, that is, double annuli, but it can be used to evaluste the
acoustic attenuation observed when a secondary flow of large expanse (compared
to that of the Jet itself) surrounds the circular jet. This encoumpasses by far
the majority of the experimental date aveilable on jet flows including those

data available on mixing and the spread of mixing regions in jets surrounded by

finite external flow fields.
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In the following sections, the philosophy of the two progrems,
some of the programming methods used, and the broad physical features of the
programs will be discussed. In Section 2.6.5, s more detailed description of

the programs is given.

Preliminary Computer Program

The solution technique of the simple circular-exit proyrsm is,
in general, parallel to that of the mein progrem, and for this reason it will
be Aiscussed only briefly. In the sim;ile circular-exit program, the inverse
procedure is used wherein the solution is first performed for various bm pleneg
and then x is explicitly calculated using Equation (2). This technique offers
the advantage that the flux integrations (which are b dependent) need be
performed but once for any exit configuration (in this case the exit radius);
then the results of these integrations are used for all subsequent running of
that exit configuration. Such a technique cffers a factor of four saving in
computer time compered to doing the integrations each time the program 1s run.

In the main program a similar technique is used. The velocity is obtained

t} rough an iteration procedur «s it is in the main program, and the sound power

calculation is performed explicitly after the x's (and therefore frequency)

have been determined.

Main Computer Program

In this section is presented the philosophy underlying the
computer progrexming of this project and en outline description of the program.
This program combines the gecmetric genurality of the previcus computer program
reported in Reference 1 with aerodynamic generality and sophistication estab-

lished in thiz study. The aerodynamic generality stems from the fact that the
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program can handle any mumber of gases having differert cerpositions and heat
capacities. At present, its only thermodynamic limitaticn ig that the gas ﬂo;s
at the nozzle exit must be chemically frozem. Except for the "moderate compres-
sibility limitation” on the development of the shear-stress equation, and the
inherent thermodynamic limitations placed on the differetisl equation solutiom
(i.e., the original simplified differentisl equation due to Reichardt), the

program mekes no restrictions as to the density, terpersture, and the Mach

number of the cases it can handle. Specifically, the progzram es It rnow stends *
should be capable of providing reasonably accurate solutions to actuel turbpjet
suppressor problems. The only zerodynamie restrictior thet is placed on the
solution is that the overpressure retio of the jet 2t the exit plane be nearly
unity. Actually, the pregram can be used in certsin eircurstunces for the
overpressure cese and for providing approximate sclutions to the ejector flow
problem through clever input to the program. These technigues are discussed in

Section 2.%.

The biggest stumbling block to the progrem éevelopment has
been, as mentioned presiousiy, the technique for the relntive velocity effoct.
Another protlem has been the development of a method for éividing the flow field
so that the integrations in the sound-power calcuiation will have good accuracy.
The program now integrates 200 points (approximately) in a typical quedranmt of
symietry. For most suppressor configurations, this firecess is pnot sufTicient
to provide ac~urate sound-power integrations for freg.=s-cies higher tkan those
found at the termimus of the elemental potential cores. For example, a typical
multi-tube suppressor would require about an order-cf-wzgrilude increzse in the

number of mesh points to obtain accurate acoustic irtegreiicns at the higher
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frequencies. Such an increase is impossible to attain in the present program
because of the memory storage limitations. It is thought, however, that the
200-point solution will provide sufficient accuracy to at least determine the

maximm power output of thes.e sound suppressors.

The program calculate, flow properties and acoustic properties
for a number of bm planes, the number depending upon the length ratio and the
acoustic bandwidth specified in the input. For example, if data are desired
from the exit nlane to a point downstresm corresponding to x/!l‘:"le of about 30
and the acoustic spectrum is to be in one-third octave bendwidths, then about
19 b planes {exponentially sl;aced) will be used. This technique will assure a

high probability of calculating an acoustic puint for each acoustic band.

The program mekes & "pass" through the 200 points of each b
plsne three times. On the first pass, it calculates the flow-field velocity and
other properties such as density, temperature, e‘d; 2 places the velocity values
into memory storage, and then puis it and other property velues on the output
tape. On the second pass (currently bypassed) the program interrogates the
megnitude of the velocity of neighboring mesh points {surrounding the point in
question) to determine wiether or not to subdivide the existing mesh into much
finer increments tc provide a more accurate sclution in a way which avoids the
machine memory-capacity problem. The main mesh can be divided in one of three
ways: a horizontal division by eight, & vertical division by eight, or a
combined horizontal and vertical division by eight to provide 64 points within
the existing mesh. The size of this inner mesh is increased as the program
proceeds to calculate bm planes further downstream. For example, &t an x/Rc,e

of approximately eight, the program divides the major meshes into 16 points
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instead of G4, the gereral idea being, of course, that the mixing regions at

this point are so lerge thet 16 points provide as much accuracy as 6l points

provide near the exit plane. There is also & practical reason for this decrease <
in mesh size. As the program proceeds to ’bm planes ocated further downstream, '
the number of meshes increesses and would soon exceed the capacity of the TO9%

memory. By increasing. the mesh size, the mesh solutions can actually be nested

in the machine logic. Figure 2.3 shows a bm plane and some typical major mesh B
points heving inner mesh divisions at several physical locations in the bm . ;;

plt;ne, end shows how these inner meshes are nezted to conserve memory storage.

. On the third pass, the program interrogates the velocity

points, which are stored in memory, within “the cone of influence” from the. ‘
point in question. This cone of influence has & physical size approximately |
equal to twice the size of the typi;:al mixing region at that point in space.

Figure 2.4 shows the cone of influence interrcgation on a figurative basis. The b
program determines the relative maximwr and minimum of the velocity points in
the bm plane within the cone base circle and uses these relative maximum and
minimum in a calculation of spreading properties of the jet flow and lhe

acoustic properties. From these properties, a unigue value of x and frequency

is obtained for each of the mejor mesh points.

At each point, the sound power which is calculated is assigned

a frequency index which is related to the freguency calculated at that point.
This srad-power calculetion (which at this time is in terms of energy) is
added to all other energy calculations in the bm piene in question having like
frequency indices. These frequency indices have a bandwidth tolerance of one-

tenth octave. At the terzination of a ‘om plane, the sound-power calculations
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are ordered in decressinsg levels of sound power and those sound-power sums

having frequency indices within one-third of an octave of each other are added
and the frequency of this svm is nermalized. Figure 2.5 presents a besic flow
chari for the program, 0';1t11ning the discussion just presented. It in no way
represents the entire logic of the program which is far more extensive. This
flow chart is keyed to the program listing in the more complete discussion of

the program in Section 2.6.5.

2.3 Discussion of Res: lts

This section will discuss the results that have been achieved in this
study program. Included in this discussion are the evaluation of the coef -
ficients, comparison of theoretical velocity profiles with the data, comparison
of theoretical shear stresses with data, and comperison of the theorcrtical

sound-power production with data.

Evaluation of Constants

The anzlytical theory devel-ped in this st.ly involves five
arbitrary constants whick must be determined irom the data existing in the
literature. Two of these coefficients are in the equation which relates the
rate of spread of the mixing region to the axial coordinate und. the convective
Mach mmber (Eq. (2)) and one of each ere in the equations for sound-power
generation, attenuation, and frequency. Iu the evaluation that has been conducted
thue far, the constanis have been found to be ccupled so they cannot be deter-
mined incependentiy, thuc incremsing the difficulty of cbteining values for

the constants.
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The constants for the rate of spread equation have been
determined la.rgely from the work of Lawrence (Ref. 7) following the work orig-
inally done in this aree (Ref. 1). Kendall based the value of the coefficients
in Equation (1) upon the spreading of the flux on the jet centerline vhere the
cylindrical solution is completely analytic. In the present study, the velo-
city profiles for all space have been compared with the dats of lawrence and
the best fit of the velocity profiles has yielded the coefficient value. It
bas been found that the coefficients are only slightly different from the values

presented in Ref. (1). These values are:
Cpy = 13:5 {14a)

Cpp = 1.5 (14b)

The above constant values produced reasonably good predictions of the velocity
profile data at all points in the flow field for the two cases that were run
(refer to Section 2.3). The acoustic prediction at Mach 0.7 is extremely good
concurrently. However, the acoustic prediction at Mach 1.05 was found %o be 2db
lower then the data (Fig. 2.6). This result is directly attributable to the
reduction in mixing predicted by Equation (3) for the higher jet Mach number.

With Cb2 set equal to zero, the prediction of jet noise is seen to be much

better.

The work done by researchers in the field of acoustics has
generally supported the contention thet the frequency of the sound produced at
a given x localion is proporticrel to the eddy velocity. On this basis, the

value of the coefficient would be expected to have a value of 2.0. Using the
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sound-power profiles suck as Figure &-11 in Reference 1 and the results of the

circular solution, the value of the coefficient has been found to be
Cp2 k.5 o (15)

These same data have yielded values for the sound-power coefficient and the

attenuation coefficient of

c, = 1410 (16)
-
:; v
\‘1 =
C, =250 ‘. (17)
:&g i If the analysis were precisely correct, these values for the coefficients would
&‘k(
"' e apply for a1l marmmer of configurations and conditions. However, since the
I analysis is at best approximate, it may be found .n the course of running other
configurations thei minor changes in the value of these coefficients will yield
:{ better overall results.
_ 1 Velocity Profiles
]
1
‘,: Figures 2.7(a) through 2.7(e) present the results of the
i i
i 1 theoretically predicted velocity profiles determined with the theory presented
1
: ~ herein es compared with the data of Reference 7. It is seen that the theory
i |
B - indicates less spread of momentum flux at both high and low velues of the axial
5
§ } distance. Since the theory conserves momentum, the shape of che velocity profile
i e
T ; sugpests that the data are in errcr since the data definitely do not satisfy
L/
YhEE >
:::l';: i N the conservation of momentum conditicn at axial distances near the exit.
e
bRy
ey }
b
AR/
g
L=
-4 ‘93.
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Sheur Stress

The comparison of theoretical and experimental determination
of the shear stress found in simple flows is made in Figure 2.8. It is seen
that the theoretical prediction is in reasonable agreement with the data (in

keeping with the prediction of Ref. 1).

Sqund-Power Prediction

Figure 2.6 presents the acousti¢ predictions obtained with the
thecry and the values of the constanis given previously. At Mach 0.7, the
prediction is by all standards excellert. The premature dropoff in sound power
at the low frequencies found previcusly has been eliminsled. At Mach 1.0, the
results have not been quite as satisfactory for reasons suggested before. Note
that the difference hetween theory and data is quite uniform and that here again

the theory seems to be predicting the correct profile and frequency shift.

*
2.h Additional Approximations for »joclor, Overpressure, ag#induced Flow

Ejector Approximation

Because of the problem enccuntered in the mixing rate diffi-
culty discussed in Sectior 2.1, the estension of the analysis to encompass
ejector (i.e., shrouded nozzle configurations) was not performed in this study.
However, sufficient work was done to establish an approximete procedure that
can be used with the existing program to determine the flow-handling character-
istics of ejector-type sound suppressors. The method is approximate because the
theory behind it assumes constant pressure mixing and because it uses a ficti-
tious geometry surrounding the primary flow. This pseudo-geometry is shown in

Figure 2.9, wherein a hexagonal outer nozzle surrounds the primary nozzle, the

.

. .’i
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hexagonal configuration replecing the actusl circular ejector, {such a configu-
ration is of little use in those sound suppressors ucilizing an ejector sur-
rounding a complicatéd exit configuration such as the petal suppressor shown in
Sketch {a). The hexagonal configuretion is necessary to deceive the pcograam
into generating reflected velocity profiles at the hexagonal boundaries which
then approximate a shearless wall velocity profile. Such a solution for simple
ejector geometries should produce gualitative flow-rate ratios for those ejector

configurations in which the secondary shroud length is quite short.

Overpressure Apprq;imation

Bad Did el Sl Wi vsetl DS WA

The overpressure approximation that can be used is again

restricted to simple configurations such as a multitube suppressor andfor to

il

low overpressure ratios. The criterion is the degree of flow interaction and

the attendant shock structuré strength in the downstream flow field. Such

Bl

shock structures obviously cannot be hendled by the existing program. The

Bund

approximation that can be made for these simplified cases is to increase the

exit‘area to one corresponding to the exit Mach number based upon one-dimen-

sional expansion of the exhaust gases to the ambient static pressure. The
modified area coordinstes are then substituted for the physical exit coordinates

in the input to the program.

L B T

Induced-Flow Approximation

o

A possible cause of the suppressicn of jet noise found with

complicated jet exit configurations is the inducement of a f1r- in the mixing

regions. Sucn Jlow inducement theoretically reduces the shear siress and there-

by the noise level. To du, ticate this effect analytically, it is necessary to

input to the ccmputer program a fictitious exit shape, modifying the actual

<95
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suppressor exit shape. In the modified shape, estimated velocity values ave
& 4 used to produce the induced flow. Refeérring to Sketch (a), which is a partial
% i vieif of a petal-type suppressor exit, the fictitious exit shape that is added
is shown by the dasbod lines and the approximate flow in this portion is shoun
\- by the cross hatching., Such a tecknique allows the computer to consider ihe

e ‘f added jet flow as the entrained flow. 7This techniquz rema.ns to be verified

using the new computer solution of this study.

:::,:E: 2.5 Detailed Analyses and Computer Programs
by _
"“ N 2.5.1 Derivation of Prandtl Relation
1 The Prandtl number relates the transport of energy to the
%\‘\::: {ransport of rmomentum. By definition, the tarbulenit Prandtl number is given by
e the following equation:
3:'?:. Pr = Sp7e | (13)
o g v
$ The definition of the eddy viscosity and heat-conduetion coefficients in tkis

equation are as follows:

..,,
4
K
SR - 3
" . O

X & '7 e X - T (19)
R Tl
e Do TI70Y :
k= - ‘; ep V'h (20) |

h /ar 4}

Now as shown in Section 2.5.3, the shear stress is given by

2

Substitution into Equation (1) yields
2
by, (ab P2

= a5

78_ 2 dx

du/dr

(22)




s
-

To put the expression for keiin a similar form, it is necessary to make ihe

following approximatlion:
POl = Py (23)
which will h0ld reascnably well for moderately incompressible mixing. By

analogy to the linearization of momentum flux {xhich leads to (21}, one can

show that

Pvir® = /d bn ) | 9 (Pun®) (2k)

7? \\ JT
where the use of ihie shthalpy spreading parameter bh can be noted. Substitu-

tion into (20) produces the following equation:

bh\ [a (Pur®) o

d 1
ar

Substituting the relations for the transport of momentum and :.ergy (22) and

(25) into {18) wields the following equation:

B n
—
b(dbm) (A,°) =
A .L.[)““ :r(%—:) (26)
by dby |3 o
w [or

Equation (2) shows that dby/dx is approximately constant, at least up to the
end of the potential core. The presumption rmade here is that the by derivative
will behave similarlye If such is the case, the derivative ratio is propor-
tional to the ratio of the spreading parameters. With this approximation and

further expanding the derivatives in (26) (neglecting radial gradients of

density), the following result obtains:

-
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This expression relates the square of the spreading parameter ratio to the

Prandtl number and another term containing derivatives of velocity and enthalpy.

This latter term can be written in terms of legaritimic derivatives
hh 2
m

The approximation which is made at this juncture is that the logarithmie

2 ' (28)

1+ 2! 1nu2
L 2%

e

derivative ratio is approximately unity. This approximation leads to the final
result that the spreading coefficients are related to the square root of the
Prandtl number.

s ¥ Yrr (29)
By,

The validity of the above epproximation would seem ts be most
open to question under isoerergetic mixing conditions where theoretically there

is no gradient in stagnation enthalpy.

2.5.2 Derivation of Velocity eand Related Expressions

At sny point in the Jet flow field the flux of momentum,
energy, and ges concentration are known as a consequence of the theory used in
this study (see Egs. (5), (6), and (7)). These three flux quantities will. be
termed M

£
mean of the product of the unsteady quantities in these flux functious, namely,

, H, and K in the subsequent development. It can be shown that the
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" less then 10 percent. Reference 15 presents an exact treatment of this problem

.
el KL e —

% = ¥ o (30)

H= —— ‘ (31)
b,

Ki = (32)
F vk,

can be vell approximated by the product of the means, The error is generally

and it will not be considered further here. Also, the concentration expres-
sion commonly used for the mixing of two dissimilar geses is extended in this
analysis to an indefinite number of gases without the benefit of a formal

proof, Thus
kK, =1- Z K (33)

where ko is the total concentration of ambient gases at a point and the sum

&
o9

represents the calculated total concentration of jet gases.

From the energy equation, using the Crocco reletive enthalpy

for boundary condition satisfaction, one obtains

h°=h-n°+ v (34)
3

Now using the concentration expression given above, the local specific heat

for an arbitrary gas mixture is given by

cp = cp:l ki + ( - 2 ki) cpo (35)

&

o m
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As will be 'seen, it is convenient to define a mean specific heat in the deriva-
tion of the velocity expression such as

Ta .
e = / cp dat /(Ta - Tl) ) ‘ (36)
P Tl

If the specific heat is related tuv iemperature through a series expansion of
the type

cp = 11 + 12 Tz (37 )
then by (35) there results

¢ =X (31,1 + Ayp ™+ (1 - Zki) °y (38)

o]
and substitution into Bquation (36) yields the follewing equation for the mean

specific heat:

2 .2
e =X Ry (T -T)exn L (0 -17) /2

o .
m Ta - ‘1‘1
2 2
+ (1 - in)E‘o,l (T, =T+ g0 (T - Ty7) /2]
To-0 (39)

Taking the base enthalpy point at absolute zero reduces the above equation to
the one vsed in this study

¢, = Mot AN (1 - Z;;i> ('1\011 * x0,2'1'2>

m 2 2

(40)
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Substitution of this mean specific heat into the energy equation produces
' =z
c. T-c T™i+u .
e h o= Pv P P H (41)
* 2

The following elgebraic manipulations and substitutions cen be performed to

produce a quadratic expressinn in the desired velocity variable:
H-uc PfRg(k)
Pn

P: 3 R l (!&2)
wfpe-ac T °
P, ©
. H-uc P/rg \
Fiea’ﬁe . = ¥, (43)
3 - e
v /2 - epo '.l'o ]
ue P uw -uc_ T
#fu- Py }Mr 2 By © (1)
R
-4
c P
Mo Py \R.m-Moc 7°-0 (45)
2 Rg Po

In this quadratic, only positive roots have physical significance ad the final

equation for the velocity is

° 12

d-E_ o+ /B M T (46)

2F 2

n€2 3

where:
c P
E="g+ B (47)
2 R
4
~101-




For the general ces2 involving gas mixtures of different molecular weights and

specific heat coeffZclents, the solution 1s iteraiive around the variables,

cp and Rs. This is done through the solutior for concentration
n

X =1 (18)
pu
the gas constant
B 2_331 x +(1- Z x,) Rgo | (1}‘9)

and Equaticn (h0) for the mean specific heat, e, * When the molecular weight

n
and specific heat sre constant and equal for all the gases entering into the
problem, then the solution does not involve iteration. In running the progrems,

the convergence af the welocity solution has been repid.

2.5.3 Stear-Stress Derivation

Te derivation hes as its basis, the representation of snear

stress by the well-known equatica for Reynolds stress

- POV (50)

-
-

13

Now it cen readily be shown that the mear of the fluctuating quantities in (1)

can be repleced vith Aifferences of mean quantities. Thus,

TV s U UV (51)

If the presumpiics of woderate incompressibility made in Reference 1 is made

-

again here, thea <:e results of (51) substituted into {50) yields the fundamental

-102-
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relation used for the Qhear stresg in the 'derivation

T= fidzf-!TV—-F;; . (52)

Reichardt found a relationship between the first term of (52) and the radial

gradient of momentum flux in his mixing solution. For an elemental jet, this
relation is

b_/db 2 .
.._—Fw ¢ - -2 ...-E u (53)
2 \dx or
The momentum flux at any point in spece for an elemental jet from the Reichardt

golution is given by

,’-’u2 ) (Fua)e A e -rz/bma o 2 (s4)
Y

and the derivacive of (54) with respect to r yields the following reletion:

aag Eu22 = -2 (Pua)e Are -ra/bma/m Y (55)
T (Y

Substitution of this result into (3) gives a relation for the first term in

quantities which can be evaluated through a computer integration.

The second term is reduced by applying the continuity equation

to the flow field of the elemental jet. In polar coordinates, this expression

is

s -

Pv+2(p¥) + 2P% =0 (56)
r ar Dx

2

=103~

i

ki

o
A

0




POMA S SPA GOINY W AL T 0 6

z-

A e 8 s

At a given x-plane, the grz;dient of mass flux with respect to x can be
considered to be a functionm of r only. Thus, the above differential equation ,
becm 8 simple first-order differential equation in one unknown, having as

its solution
r

pr=1 ZLLB) g (51

r

where the constant of integration is zero. Multiplication through by u leads

r
/ ag fu! xt'dr' (s8)
or
o'

Using again the elemental jet momentum flux relation (54) and taking the differ-

to the result

Hict

entiation outside of the integration, the following sequence of equalions can

r
fﬁhig_ (/ 2 rar (59)
r X u

be written:

Introducing (54%) (with the mean of the product assumed equal to the product of

the means) u cen be eliminated, namely,

-10k-
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Presuming that the x-directed gradient of density is nearly zero justifies the

L B

insertion of the density square root into the derivative. The density expres-
sion may bc removed altogether if it is presumed that the local density is

approximately cqual to the mean density over the integration. Such simplifi-

cation reduces Equatior. {61) to the rollowing (after integration):

-
ton
P4 20w 2 ( pa2
$ ———_ e /2b (F“)A —a_rb -r2/2b2
: tuv’s m {1l -e m
- _ (€2)
5 -
. Performing the indicated partial differentiation and combining terms leads to
- the following final expression for the second term of the shear-stress equation
for an elemental jet in terms of quantities which can be evaluated:
.-
) /
- 2 -r2 /b 2
I_E;_(p av R B | A (63)
: 1’-’ b r ' bma
i Addition of the two terms produces this result for the elemental jet shear
. stress:
.. .2 24 2 2 2 2
v (P)A, [an, e ¥ /oy l+2£—§—--er/2bm (64)
" i bm r ax bm

o
) )
. Py

-105 - &
l N

enod



- T v .mam;mw‘lm)m‘numxmnw“E

‘e 73_-:*,-;,;{;3;:@;"7'3 f .,

5 . The shear stress at a point in the fiow field of a finite ;iet is obtained by
the linear super position of the solutions obtajned for the el;mental Set.
(The exit is decomposed into a matrix of elemental jets.) In the computer -
program, the super position is veplaced by an integration. The radialA and
tangential components of thec shear stress are obtained by multiplying the

integral relation by the cosine or sine of ihe angle between lines connecting

NP

the point in question te the origin and to the elewmental jets being integrated.
(See Fig. 2.10).

i Again utilizing the superimposeble nerure of the equations,
integration over the exii plane produces the total shear in the two coordinate

directions (s and g}

'(""‘2 2, 2

Tt = / fu)e d b, e’r/bm cos O
A
e

Nb r' . ax
—

2 2
2 L U, g_£+l daA (65)

- e
2 2
‘_ bm bm

Integrating in polar coordinates (dA = r'dr'd®) with respect to r' yields

Y“'\
( 2 dbd
Ts = Z f;: )e = m cos © ‘;%f (r/‘bm)
contours 1

1
- ’]}_'g_’_ erf< r - {__ e -(r/hm)QJ e (66)
bm V? m

and a similar expression for @ with sin © replacing cos 6.
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2.5.% Sound-Pover Derivation

In Reference 1, the following equation was derived from the

theory of Lighthill:

P (x)~€v £t / zzg /oy (67)
v

This equation relates the sound power produced within a volume, ‘37, zhout a
point in the flow field to the eddy oscillation frequency and the szear stress
generating the eddy. The volume at the point is, as in Reference 1, sssumed to
have as its characteristic dimension, the mean size of the eddy, C. Utilizing
the relation below (again from Ref. 1) yields the following equation for the
volume in question. The frequency eqm.a.tion derived in Reference 1 is also

used here.

av~ad (68)

£ L ( _3;_) 1/2 (69)
o \ P

The product of these two quantities is then:
_ 3f2
AV £ h»-o U, T (70)
e ——
= (%)

By placing the shear stress and density variables into the integ=ls of (67)

and simplifying, there results

1/2
P, (x)~ Y (77 3) a (1)
a?’ X
0
v
-107-
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This volume integral can be replaced with an aree integral by eonsideri.ng the

sound power to be pmuuce& in unit length.

4P ~Uc 6_'7 e?lla (72)
¢ lnx Fas

o0

From the frequency relation
aJUc/x ' (13)

the following useful equation can be derived:

dlnfdln e -1 (74)
dlnx dlnx
Svbstitution of the last relation into Equation ,72) yields the sound power

r cycle of freguency (or bandwidth). Introduzing the attenuation coefficient
and the arbitrary constant into the equation produces the equation for sound-

power production used in this study

_g¢P o
IImT d‘nU (YF-a an  (75)
dlnx )

The acoustic power developed by free Jjets (sound suppressors

in perticular) has two characteristics: (1) a Mach mmber effect and (2) a

shielding effect wherein the sound produced by eddies internal to the overall
jet structure are apparently masked, shielded, or ettenuated in some manner by
the surrounding flow field. An exact solution would describe the attenvation,

refrection, and convection effects of the sound produced at each point in the

-108-
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flow field. To avoid the difficulties of i:erfoming such e solution, two
paremeters will be artificially introduced into the standard viscous dissipa-
tion formula, which {it is hoped) will prﬁde the desired effects. These are:
(1) the jet porosity which simply relates the point to the jet flow field in a
geometric feshion and {2) an extent effect which should provide a measure of

the time the acoustic energy is under the influence of the viscous dissipation.
Forming an attenuation coefficient
a=e "%ie (76)
where Xe is given by
X,~ b E M (™

and where ¢ X is obtained from the Kirchhoff viscous dissipation equation
o Tef (be i (18)
L3 \3 I
/D oo

This equation is slightly different from the form usually found. Here the
eddy viscosity replaces the kinematit_: viscosity and has been factored out of
the expression through the use of the Prandtl relation. The eddy viscosity in
Equation (78) is taken to be some mean viscosity over the mixing region. To

cutain this effect, the following arbitrary equation has been formed.

X
705 W 3 ™

The local eddy viscosity is given by the standard definition

~109-
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Pe= T/ (23/2x) | (80)

and using ihe 2pproximate relation for the shear stress neglecting density

erfects produces

7e=Fl® 2% (81)
2 dx -

It should be noted that the above relation for the eddy viscosity is an approx-

imation fer the elementel Jet and not for the peneral flow field which would

involve integration of such quantities {as in Section 2.6.2).

In light of the preceding approximations in the attenustion

development, such an integration is not warranted.

Finally, the arbitrary equation for the porosity effect that
has been tentatively used in this study is given below:

£~ =B (e2)

R A
e e

Iz effect, this equation arbitrarily de-emphasizes the sound energy produced by

mixing regions close to the jet axis.

P

S

Clearly, the use of such arbitrary expressions reflects the

camplete lack of experimental knowledge in this area which could direct such

analytical efforts and, moreover, the complexity of the situation, which

discourages a more detailed ana fundamental treatment.
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2.5.5 Computer Program Description

had  bend  Bmg

This section of the report presents the description of the two
prograns that wers developed in the course of the study contract. Of the iwo
programs, ihe second or main program will receive the most attention since it
is the one having the most significance to the analysis of suppressors and,
indeed, is the desired product of the study. These programs are presented in
this section and the reader is asked {r -efer to these sections during the
descriptions which follow. As p.rt of the program description typical input

and outpul for the two programs and the menner in which the programs are used

will be discussed.

Single Circulaer Exit Program

The single cir¢u’ar exit program and its two companion sub-

routines are presented in this section. The first of these sub-routines {(Sub-

routine Flux) is used once for a given exit radius and the second subroutine is

b - I ' - - 4 1 l I¢

used thereafter. The exception to this procedure is if different bandwidths in

the acoustic spectrum are desired or if a different starting point in the bm

dummy coordinate is desired. These cases require that the longer, first-mentioned

subroutine be used (again for the first run only). The running time for the

R e % e T XN X X =P
. S e 3 TR R Tk S S P WA

[ P [ =

progran using the second subroutine is a factor of four less, so that there is

a considerable sdvantage to using it. A typical running time for the program

YIS N

using the second subroutine is about 1 hour on the 1620 computer (evaluating 19

.

bm planes). The second subroutine (Subroutine Short Run) is used in conjunction

21

-2

with the output from the first subrcutice {the output used is & part of the

b
.
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The following brief paragraphs give a functional resume of the

major portions of the program.

Preceding the exit-conditions calculation, input, and normal
program preliminaries, is the sound-power functiom which is the main equation
for the noise prediction. It 13 basically the same as Equation (10). In the
exit-conditions calculation, the properties at the exit plane such as velocity,
temperature, and the fluxes of mass modentum and energy are determined. The

flux values are necessary, of course, in determining properties ia the Jjet flow.

The determination of initial conditions is primarily for the
various integrations whith take place later in the program. Of particular note
is the frequency initialization.procedure. Here the frequency bands are

specified and the sound power in them clear.i to zerc. '

Next follows the determination of the nucber of ba planes
which will be calculated and the specification of limite for the various loops

in program logic.

Entering into the radius loop (wherein the points along a
radial ray are calcuhted.) the flux calculation loop is first found and it is
at this point trat either of the two subroutines to the program are called.

From the flux calculatinn, the velocity is determined.

The calculation of the local aercthermal avcustic properties
is followed sequentially by *he calculation of sound power. The sound-power
calculetion procedure is more complex than need be for this program since, in

the case of a simple circular exit, there is only one mixing reginn and hence
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only ore characteristic frequency in each bm plane. The procedure shown is

b bl bend  peal (N

‘ used in the main program where more than one characteristic frequency is found.
J The radius loop is concluded with the integration of the
2 momentum energy and maess flux in the bm plane. These integrations are used
*f prirarily to check the program's accuracy sihce energy and momentum are theo-

‘ 'i retically conserved. The radius loop is terminated when the velocity difference i
iE - (Jet minus free stream) approaches zero and the program is completed with the i
E: I . calculation of sound power in decibels and the final output. |
Y
. ~ Because the program is quite simple, the only procedure that
j : night require a little explanation is the manner in which the two subroutines
3 _ are used. The program also has an idiosyncrasy in the subroutine trensfer |
- wvhich also bears some explanation.

- |
:ﬁ N Presume that the program has been run once with the first

3 - subroutine and it, is now desired to run it with the short flux subcroutine. It

;s - is necessary, then, to take the output cards from the first running and remove

g - 8l] acoustic cutput deta, This is eesily accomplished since these data are :

? ) readily distinguished blocks of output. The modified output should then consist :

3 . of & sequence of two output data cards followed by a blank card etc., from |

%; - beginning to end. In this form, it can be considered input for the short-flux i
& :

%i . subroutine running of the progrem. Figure 2.11 shows the respective positions i
1 o of the input as it would be loaded in the ~ourse of running the program. Notice |

that the modified output--inmput follows the regular input to the program.

# - A peculiarity mey be found in running the short fiux progrem.

- Since the output does not have the significant figure accuracy carried in the X
§ wa
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machine, the termination of the redius loop previously mentioned does not occur

i
:':ég ; for precisely the same radius with the second subroutine because of a minor

't"“.n' § difference in velocity values. This naturally destroys the correct sequence

§é§t ; - of operation if the machine overruns om a bm plane calcu}ation. The machine

t§:§ ; continually checks the sequence so that such an error automaiically halts the
o machine. To correct this situation (which is found to occur only for the last
‘:::;‘ : few b‘ plane calculations) , 1t is only necessary tc set (arti:!‘j.cially) the flux
:g%‘ j value in the output to zero on the last card of the particular troublesome bxn
E:E:i plane output. (In Figure 2.13 of the typical output, these quantities are

ﬁ%‘ | ‘ circled).

g%‘ ) ‘ Figure 2.12 shows some typical input to the program, which,

‘,‘!; 4 for the most part, is largely self-explenatory. The units are in ft-lbs-seconds
»2:‘5 for all quantities including those for spizciﬁc heat and the gas constant. As
Ezé:’i the program now stands, the proper value for the characteristic radius is the
':::! same as the radius itself. The output is presented in Table I which again is
‘:gsi f larg-ly self-explanatory. The program has been modified so that the decibel

i‘.:? : calculation is performed for as many bandwidths as in the output to the by

i planes (19 in the case shown in Figure 2.13).
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Main Program
The Compressible Flow Mixing. Profile and Acoustics Program and

el g

its subroutines (presented in this Section) is a greatly expanded version of the
original computer program developed in the stuﬁ& reported in Reference 1. The
major contributﬁr to this expansion has been the logic required by the routine
Tor the determination of the spresding characteristics of the jet fiow urnder
relative conditions, snd the routines required to avoid exceeding the memory-
storage capacity <& the machine. Much of the flux integration logic for compli-
cated exit shapes that was developed in the original program has been retained
aud can be recognized in the mejor subroutine to the program - Subroutine FLUX.
It was originally thought that computational time could be significantly
reduced by integrating the flux from simple exits with simplified methods such
as used in the Single Circular Exit program. In particular, the intent was to
cal'c;z%ate circular and rectangular exit shapes in this fashion. It has turned

out though that only the circular exit can be so treated, due to the cozplexity

bk ed bemed B Pl and s

of integrating the shear equations for the réctangular exit in closed form.

b oe-d

Subroutine CFLUX is this routine. It is somewhat different than the sudroutine
used for the Single Circular Exit program, in that the former recognizes the
circular exit es a point source at sufficient removed distances from the exit
(which egain increases the speed of the program). For this reason, subroutine
CFLUX will provide greatly reduced computational times for suppressor exit

shapes such as the multiple tube nozzle.

The following discussion will consider first the mein program
and its self-contsined subroutine and then the principle subroutines to the

. progrem itself. As in the preceding program discussion, the erphasis will be
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placed on the functional asperts of each of the major portions of the pregrem

and little or no mention will be made of the programming logic involved.

Skipping past the two inner subroutines for the moment, the
first section of technical importance are the exit area and exit conditions

calculetion procedures. In the first, the total exit area of the nozzle

configuration under consideration is calculated. In addition, the area of each

of the elements making up the nozzle (as in a multiple tube-type suppressor
nozzle} is stored for later use in the flux integral checks. In the conditions
calculation procedure, there are twc technique: and one iteration involved.
The iteration is necessary because in this program only the exit stagnation
pressure and temperature are specified, and all properties are obtained from

these two properties. In the case where variable gamma is being considered, an

iteration on the energy equetion is required to determine the exit statie

conditions. In the first method (constant end identical gamma and molecular
weight for all gases of the system), the iteration procedure is not required

since ithe exit static properties can be obtained from the standard one-dimen-

sioral Mach number relations.

As in the previous program, certzin initial calculations and
zero settirgs must be performed and these are found nexti in this program es

well., The frequency initialization is much the same as before. The velocity

is set equal to the free-ctream velue to e&ssure correct interrogation results.

The determination o. the indices on the major lucps in the
progran logic follow the initial condition determinations, and this in turn is

Tollowed by the major loop of the progranm which determines the set of bm planes

-116~




in which the values for the acoustic and aerodynamic properties of the jet flow

are calculated.

It is at this point, that the control for the bm plane pass 1s
-~ found. The praogram makes three passes in each bm plene as discussed in Section
= 2.2.3. The pass is controlled by the value of a special program signal term -
in this case the coded word is IBPAS. In every pass, the program logic proceeds
to the flow-field matrix which determines the two-dimensional point matrix in
the flow-field bm planes. These points are determined by means of rgdius and

angle loops which speciry points approximately at the corners of rectangles

b}

(refer to the flow chart, Fig. 2.5).

The Section entitled "No Mesh Set on NMDOM" is artificially
included in the program on & temporary basis to insure that the second pass of
the program is bypassed. As noted previously, this section must be bypassed
because the companion subroutine to the matrix subdivision has not yet been

completed.

The flux loop procedure follows next, and it is at this point

frnd Pk frmemd feed

that the subroutines are called into the main program. The various fluxes are

surmed over the number of individual elements that exist in the suppressor

;“‘0&

configuration. Several bypesses are included in the flux calculation to reduce

) the program running time. The first of these, entitled "X zero shear and

e

iteration bypass", is used at the first bm plene calculation which is coplanar
with the exit of the suppressor nozzle and which Is used to associate the exit

velocity with corresponding mesh points in the first bm plane. The second

o ot

bypass is on the shear and velocity iteration calculetions which are not needed

for those matrix points lying within the potential core of the jet >fflux.

Yonms it
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The veleocity iteration which follows is the same as that used
in the greceding program with the addition of a CP and PGC (perfect gas constant)
loop which provides a soiution for gases of different molecular weight and
variable specific heat. Two coefficients are used to describe the functional

relationship between specific heat and temperature.

The next major section of importance is the interrogation loop
wherein these points lying within a circle whose redii are twice the width of
the mixing region are compared to determine the relative waximum and minimum of
this set of points. Since the major mesh points are not subdivided in the
present program the inner mesh points cannot be interrogeted, and for this
reason this portion of the program is now bypassed as indicated in the listing.
Once the relative maximum and minimum velocities in a given mixing region are
known, then properties such as the convective velocity, the local value of the
x-coordinate, the edd)-' viscosity, and the acoustic properties can be determined.
The attenuation calculation procedure is identicael to that used in the preceding
progrem, and only slight modifications have been r=de to the x determination

and the eddy viscosity calculstion procedures.

Tue matrix subdivision section of the program, vhich is by-
passed for reasons previously discussed, contains taree separate routines

depending upon the manner in which the major mesh poirnts are subdivided.

The first two sections beginning with statements numbered 167
and 168, respectively, divide the mejor matrix eitzer circumferentially or
radially, and the sectiocn beginning with stetement 169 performs the division

both wuys. In al) three cases the actual subdivision is carried out by one of

-118-

................




T I NN TP Tw X
et LS e ] mmrmmmmm.mmm

P L)
v .

sl

the self-contained subroutines (subrmxtine mods). This subroutine tells the

.

main program what the mesh size is in the subdivision - for bm planes near the
el exit this division is 8 by 8; for b planes near the end of the potential core
the division is by 4; and downstream of this moint the division is by 2. For

bn planes three diameters downstream of the nozzle exit plane there are no inner

mesh sub-divisions.

Following this calculation procedure, sre the ratio calcula-
tions for the output, sound-power calculations (which are similar to those in
the preceding -program), th-e mass momentum and energy integratiens, and the
- termination of the mesh point angle end radius loops. Next is found the
) acoustic search and addition routine which is another mejor portion of the
program logic and the one which uses the other internal subroutine for the

program - subroutine orders. It is here that the program searches through the

frequency indices that have been determined at & given bn plane (one frequency
index being associated with each mixing region having different relative maximum

and minimum velocities). Those sound-pover values having frequency indices

less than one-third oeteve apart are added together to form the acoustic output

of the program. The band assignment and shift routine on the following page is

N ma—r ot B«

currently not used in this program due to memory limitations. In it, the

machine compensates for the fact that the sound power is being calculated at

BN ey pamke . -

discrete points and not integrated throughout the whole flow field. In the

band assignment and shift routine, the program searches through the bands that

AN

»
L[]
.o

have been specified in the output after the final bm plane has been calculated

et
-~

to make sure that each major frequency (1.e., the major mixing regions) contri-

AR s e Bk i s s

bute Lo each bandwidth once and only once after they appear and before they

!
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. disappear. Finally, all the sound power {rom the various mixing regions ave

Pans o

added at each bandwidth to give the total sound power generated. At present,

since the band assigmment and shift is not operational, this function will have -

s
[SS———1

to be performed by hand, using the output from the acoustic bandsearch and

addit_i on routine.

.
[QUORST

Following the mein program listing, is the listing for sub- 1
routine FIMA and its subordinate subroutines. This subroutine is a complicated T
bit of programming loéic which is necessary tu avold exceeding TO90 machine
memory storage. It also serves to keep the cost of running the progrenm down to
a reasonable level. In this subroutine, the geometric integrations that are
performed for -e;ach matrix point are stored along an axial ray so that for each
position in space the geometric integrations need to be performed but once.
Since there are approximately 19 ’om plane calculations, this technique alone
ﬁresents a 19 toé@aving in computational time. This subroutine also stores
the value of the flux integrations themselves so that subsequent runs with this
particular geometry can be made without re-doing the time-consuming integrations

which (as in the preceding program) will result in a considerable time reduction.

Despite its complexity, the main program is easier to use than
the first. Any number of cases can be considered at the same time, since the
program uses the correct subroutines automatically. Thus, any sequence of
nozzle configurations and aerodynamlic cases for each configuration can be
handled in any sequence desired. It is important that a correct case number
for each configuration be included since it is the case number which tells the
machine which subroutine it is to use. For instance, case No. 1 is reserved
for the first-run integrations which are stored on a master tape. This master

tape wust be used for 21l subsequent running of this configuration.

w]20w
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.:vf‘:‘ 2.6 Conclusions

E:;E:' In the course of conducting this study, several significant areas

T§§: worthy of further analytical and experimental research were uncovered. These
i areas, of course, are refinements to the existing knowledge and, as a conse-
g:;:s: quence, will be less rewarding for the same smount of work than has been exper-

igneed in the past. This is particularly true in the one area that has caused
the most concern in the prasent study = the relative velocity effect on the

rate of spread of jet mixing.

The conclusions of this study are as follows:

5

gﬁé _ (1)  Reicherdt's mixing theory is not adeguate in fully describing
¥
]
f\(‘ i the relative rate of mixing in complicated flow situations.
py ' T
- (2). The jet Mach number effect observed primarily in the data of
)
¢ b
:E,%"‘ Reference 10, are in contradiction to the observed acoustic
Wi
::::,: i results from Reference 1. (Presuming the present acoustic
AR
: theory is essentially the correct one). As a consequence, the
o
)
;’{% - value for the second rate of spread coefficient (constant Cpo)
L)
vaf}'é; is found to be zero at transonic jet Mach numbers.
i !
i
b (3) Experimental evidence indicates that the rate of spread in the
o
R a mixing region is to some degree x dependent. This effect is
e
: { ; not included in the present analysis, and the acoustic predic-
3
S tions for circular exits indicate that such a dependence is
Py <)
}.}‘ { desirable for a more accurate prediction.
*
N\l .
}. LY i
&
A58¢
g |
N
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(5)

(6)

PR TR

The modificd shear-stress equations successfully predict

experimentally measured shear stresse&

The analytical velociity profiles, in general, satlsfactorily
agree with experiment. In this regard, it is roted that the
experimental data of Referenée 7 seem to have a deficiency in
that the data are at odds with the conservation of momentum
principle. ‘ . N

In general, the computer programs pressnted herein are an
advancement in the state-of-the-art in the 'pmdicfion of flyid
dynaric and acoustic properties of interacting free jets,
Further work is required, however, to bring these programs to

their full state of uvsefulness,
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571

SINGLE CIRCULAR EXIT PROGRAM LISTING

SINGLE CIRTULAR ZXIT AERC-ACLUSTIC SOLUTION ROGE~8-3 8380.01
FOeMAT AND DIMENSION STATE%EQTS

SINENSION RAD(1GCD)e !
b SVIST100) +DSPLI2S5)«FRIQII25)+O5(25)1REMAXI2)I «REXMINIZ2)GAN
2AZI2)RGEL2ICPEL2)«TPEL(2) o TTE(Z2)+AVELE(Z IAE(R2) «RHOE(2) o
STALPE (21 +EMOMI2) EMAS(2)

FORMLT (EF 1857

FORMAT (J11C+6F10.5)

FORMATIAT 10e% s E10e3+3110)

FORMAT (2F 1044212042103 218 )

FORIMET (BF1044/ SF10.4.21107:H 3

FORMAT { 47 1044431042E10437 { 40X93i10425:i0e3))

FORYAT (11042EiDe34F10.%)
COMMON NKNSPle CL.SNMTIL
FUNCTION

DSPF (A«BeC) = A%CAWUCCNN®  ATTR#SORTF { (SHEARW® T4 )/ (RHO* w3, ) J%RADJ
IwDERAD/ (D (L4 w54 ) # {1.0~DLNUC)H)

INPUT

READ 703+ NMNCZJCOIMIRADCWRIMAX (1 )+REMAX(2) sREMINLILI I JREMINI2)

S72 READ 701+ PRADLCXCAICFREQ LB «CB2¢P +BMOR +DMINT « (GAMAE (L) +RIE(L )

ICPEIL I« TRPE(LITTE(LIeL=m 342} :
FREQ = O ‘

Pl o= 3.14159

TPl = 6.238318

ARZAC = PI*RADCHRADC

RADL = RADC

SEMAS = Ge

SEMOM = De

SENLP = Qe

EANCZ = Oe

EXIT CONDITIONS CALCULATION

NXP = NMNDZ + 3}

o0 60) K= 1, NKP

GAMEX = {(GAMAE(K) ~ 14)/GAMAE(K)

EMACH = Lex {{LITPE(IKI/PI**GAMEX) ~14 )/(GAMAE(X)=10)
TE = TTE(KY /7 (le * (GAMAE(K) = le ) ¥* EMACH/ 2e)
AVELEIK) = SORTF ( GAMAE(K) # RGE(K) # TE)

SNACH = SORTF (EmMACH)

VEIK) = EMACH % AVELE(K)

RROE(K) = P / (RGE(K) * TE ) .
TALPE(K) = CPE(K) ¥ TTE(K) —CREINKP) % TTEINKP)}
EMAS (K) = RHOE(K) *UE(K)

EMOMIK) = EMASIK) #UE(K) .

IXTA ® Pl #(REMAXIK) *RIMAXIK) = REMIN(K) =REMIN(K)Y)

SENCM = EMOMIK) * EXTA +SZNMOM
SEMAS = EMASIKI*EXTA +SIMAS
EEALP = ENASIK) ¥ TNLPE (K) *«IXTA + SENLP + 00001

UolV = UE(1)
TDIV = TTE(L)

<12}~
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RHODVY = RHOE1]1}
SHDIV = RHQOE(1) * UECY) *UE(1)
601 EANDZ = EANDZ + EXTA

= e et

END EXIT CALCULATION

onn

UMAX = UE(1)

UMIN = UE (NKP)

AVELC = AVELE(1)

URAT = (UMAX +UMIN)/2.0
UCONV = URAT

BM = BMINT

8MOLD = D40

DRADI = RADC » 20,

=0 el EE
.

INITIAL CONDITTIONS LOOP

(e Mo N2l
e e

3

I~

RAD(1) = O,
DO 610 KuP= 1,99
Ky = KJP +1
RAD (KJ ) = RAD (KUP)Y + DRADI
- 610 EVISIKJSY =0,
EVIS(1)%04
=3 XOLD = Qe
W DUCNV = (W0

xd NSC = D ' '
- ) END INITIAL CONDITIONS LOOP t

FREQUENCY NEST INITIALIZATION LOOP

[aNaNaNals)

. DSPL(I) = O :,
DB(1) = O,
b FREQI(1) = 125,
NOCT = 245
FREQJ = 1.259921
DO 560 JFREQ = 2¢NOCT
FREQI(JFREQ) = FREOQI(JFREDG = 1) # FREQJ
DB (JFREQ) = Oe
560 DSPL (JFREQ) = De

t
L

END FREQUENCY INITIALIZATION

nooon

I: [ ]

DSL = D
BMRAT = BMOR #RADC/B8MINT
° NMBMa 3e * LOGF (BMRAT ) 7/ 0469315

Bm LOOP

[—a—k‘
oOnNnn

J

CO 540 I= 1.NMBM

g

. T T e Ny

¢

c CONVECTIVE VELOCITY CALCULATION

c
: UCONN = (UMAX + UMIN ) / 2.0 + DUCNV® (BM-EMOLD) !
. CMACH = UCONN 7/ AVELC

c

B -125-
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EPREADING COSFFICIENT CALQULATION

OXB8M = (CE2} *.(300 + CBE2%( 10 = EXPF (~ BM/{0.2%RADC) ) I*
ICMACH)I* (UMAX + UMINI)IZ(U¥AX -~ UMIN)

1F (1~ 1) 100.591+592
5G1 DXBWMC = DXBM

92 A= AOLD +(DX3M + DXSMO *(B™M -BMOLD) /7 2.

2H = BM /SQRTIF (PRADL)
¥RA = X , (XOLD + 0.0001 )
UCONR = UCONNZUCONY
_DLNUC=LOGFtUCONR)lLGGF(xRQ)
DUCNV =z (UCONN ~ UCONV
UCONV = UCONN
1SET] = BM/ZIRADC*0.15)
NMDOJ = 2 ##]5ETI
1IF (NMDCOJ = 8) 593+994.594
£94 NMDOJ = 4@
593 DOJ = NMDOJ
CERAD = DRAD! # DOV

¥/ X - X0LQ)

NMJUMX 3 (RADC + 2.5%BM ) / DRAD! +3e

TMITY = Q.
TMAST = Co.
TINTRY = Co
FNSS = 1l

TYRE T70S5X«AVELE(1)UE(])«BM.

RADIUS LOOR

DO S10 Us1+¢ NMUMX«NMDOJ
DLl = CDIM
RADJ= RADLIJ)

END COEFFICIENT CALCULATION
FLUX CALCULATION LOOP

CL = RADJ/ REMAX(1)

avTIL = BH /REMAX (1)

SJU = =1,

CAlLL FLUX (SHKWSJ)

EMTIL = BM / REMAX (1)

SJ = De

CALL FLUX (5FSJ)

1F (SF=04,0C1) 522.522.523
523 TM = EMOM(])%5F

M = EMAS{1)#TNLPE(]1)#SHK

SHEAR = EMOM(1)%SY /DXBM

VELOCITY ITERATION

[a{ed 1700
U3 500,
U2 = Be
(V3! 100C00.
GO TO 97
91 AP = TM /Z.0 + CP % P/RG
UN s K/{ 240 ®# 4AP) + SQORTF

L

TNLPE(l) «NMBMe NMIMXNADOS

( H *H/Z(4eD % AP% AP ) + ( T & CRI(N

.
1
[V

}
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IKPIRTTE INKP)IZAP )) Co

Lasar QN cov- R e

N UD = UN -u3
R IF ¢ ABSF (UD) = 1le ) 964 964 92 .
DR 92 U2 a (U2%U3 ~UI%UN /(U2 +U3 =U1=UN)
b 95 Ul = U3 :
. U3 = U2
‘*‘;c‘;‘i 2 . U2 = UN
o GOTo 98
o - 97 RHO = TM /{U3*U3)
o . GO TOC 99 ) _ - .

98 RHO = TM 7/ LUN®UN)
99 Tz P/IRG #+ RHO ) .
82 RG = RGE(1) .

it b
= =3

4 : CP = CPE(1)
§ﬁ§ : 6o TO 91 .
Ot‘,;‘ ~ ] . C
_\,e;e:e‘ ) g c LOCAL PROPERTIES -
!Q% . c
K : 522 TMASI = Os
' h TMl = O.
?:%‘_' ¢ \ !I TNTP] = Q.
kﬁa . RADJR = RADJ/RADC
@3 . SHERR = O
h“"!‘_ | URAT = O
itk ! VMACH = Oe
T GO TO 508

96 GAMMA= CP 7/ (CP - RG)
TNTLP = H /(RHO # UN)
JIY =({TNTLP + CPEINKP) # TTE(NKP))/CP

|
war
Wl

$?E ) AVEL = SORTF ( GAMMA # RG # T)

R - VMACH= UN /AVEL

éé&| i J. c

5 | c EDDY VISCOSITY AND DERIVATIVE CALCULATION
L 4 c .

o " EVISN = RHO % UCONN # 8M /(2.0 #DXBM )
v : DEVIS = (EVISN = EVIS(J)1/(X=XOLD) .

o & EVIS(J) = EVISN

o <

Wil y e RATIO CALCULATIONS

CeE i. c

i RADJR=RACJ/RADC

B o XR=X/RADC

‘o SHERR = SHEAR/SHDIV

' 4 RHOR = RHO, RHODV

TTR = TT/TDIV

URAT =UN- / VD1V
BMR=8M 7%

UCONR = UCONN/ZUDIV

"M‘
por=e

c

; 1 c ATTENUATION CALCULATIONS

" 1 < )

; & IF (RADL = RADJ) le 1¢ 3

ol % 1 R4ADP = RADL

o, : GO TO &
' : JJ 3 RADP = RADJ
ﬂ{i : 2 EFUNC = leC = RADP # EANDZ 7 (RADL * AREAC)
) XEFEC = CX # BM * EFUNC * CMACH

foee




RS

oL

‘utf‘."

??#

AP . n " n— _

n&. .“

ot g -
abist bES

AL <3

e :

i"gr’ i —

o .
& EVISM = EVIStJI+DEVIS*XSFEC/243 .

AN > FRECO=FREQ . . -

Sa1 N o= . :

ﬁ%% ) . FREQ = CFREQ # UCONN 7 X

AR : -

ﬁﬁ% ) c FREQUEN 'Y NEST INDEX .

iﬁg . IFREQ - 3¢ % LOG6F (FREQ 7 125e ) Z+69315 + 1.

2R

R c )

“ c SOUND + OWER CALCULATION -
e ATKRK=FREQ#*FREG*EV]ISM¥ (8¢ /3¢ +(GAMMA=1 ¢ }/PRADL )7 (RHOE (NKP ) % AVELE (N
»ﬁg% 1KP 1 %#3, )

{2 . ATTIN = EXPF (~ ATKRK #XEFEC)

L, \

éﬁ@ T 1IF(1=1) 100+.487.4%98

et ' 487 IF (J~1) 100:493+454

e 493 IFREOQ = IFREQ i

GO TO S

ANy . 494 FRED = IFREO ~ IFREQ

w45 IF { ABSF(FRED) = D+05) 6¢6+5

PNy 6 GO TO (7474747483 eNSC

i : 7 SC =1

&hﬁ NSC = NSC + 1

A DDSPL = DSPF(5Ce RHOE (NKP)+AVELE(NKP))
DSL = DSL + DDSPL

St : GO TO 521

S 8 SC = 0.5

g&g DDSPL. = DSPF (SCe RHOE (NKP)eAVELE (NKP))

Y, : DSL = DSL - D«5 «DSPLO

Q&e - DSPLO= ~ 0.5 «DDSPL

A& DSL = DSL + DDSPL

C ' . GO TO 523

A . . 5 DSPL (IFRED) = DSPL (IFRED) + DSL

ﬁéﬁ' PUNCH 710+ XRe RADJRes 1FREO'NSCoDSPL (IFRED)FRECD

:'Qt‘ N SC = 1.

LN DDSPL = DSPF( SC<RHOE(NKP)s AVELE (NKP))

b ) DSPLO = DDSPL

o DSL = DDSPL

' NSC = 2

fo ¥ IFRED = IFREQ

ik c

*wi ¢ MASS MOMENTUM AND ENERGY INTE GRATIONS

4 ‘€

::{ 523 TMASI = TP] % RADJ¥FNSS % RHO # UN

O TMI = TPl # RADJ#FNSS#TM

TNTRP] = TP] # RADJ#FNSS # RHO # UN * TNTLP
TMAST = TMAST + TRAS]
TMIT = TMIT + TM!
TINTRT = TNTRT + TNTR]
. IF (J=13100.483.484
483 UMAX = UN
AVELC = AVEL

FNSS = 2e
48% FNSS = 6.~ FNSS
GO TO 510
c
c TERMINATION OF RADIUS LOOP
c
. 505 RADL = RADJ
e—— X0LD = X
o
iy
iy
i“
?“ ()
o
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‘ TMIT = (TMIT = TMI/2e J#DERAD /3o
] TMASY = (TMAST = TMASI/Z2«  J)4DERAD /3.
; TINTPT = (TNTPT = INTP1 /26 I*DERAD 7 3.
" ko .
: c INTEGRAL CHECKS
& < -
* B FEMOM = (SEMOM = TMIT ) /SEMOM
FEMAS = (SEMAS = TMAST) 7/ SEMAS
R ENRG = (SERLP = TNTPT ) /SENLP
A ﬁ PUNCH 711 +XReRADJR sURAT « SHERR + SMK + VMACH e SF « SJe DL 1 ¢ UCONR «BMR ¢ DXEMe T
N 1TRINSeNK .
y PUNCH T12+XReFEMOMIENRG +85J «+ (KJPFRICI(KIPI+DSPLIKIP)e KJP =1 4NO
3 ﬂ‘ 1CT) -
GO TO 520 . .
‘ 510 PUNCH 711eXReRADJIRsURAT ¢ SHERR s SHK » VMACHSSF ¢« 5J4DL 1+ UCONR +oMR « DXSMeT
1TR«NS+NK
-4 ¢
! ] c £ND RADIUS LOOP
K c . .
g 520 8MOLD = BM ,
5 ]'] DXBMO = DXBM I
, \ 540 BM = 1.25992145M
] DSPL(IFREQ) = DSPL(IFRLG) + DSL
4 DO 530 KJ = 1.MOCT
-3 u DRAT = DSPL(KJ) /DeTODSCO00DD001 <+l
b . S3C DB (KJ ) = 10e %LOGF (DRAT) # 0.434
PUNCH T13e(K +FREQI(K 1eDSPLE K)eDB! K)eK =1eNCCT)
c
: ] (o END X LOOP
£ - c .
: 803 IF (SENSE SWITCH 2) 801802
L i 801 GO TO STl
h ' 802 GO TO 572
[ [ o4
* - 10D PAUSE
J GO TO 803
END

.y
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SU@RGUTINE FLUX CTALCULATION PRCCEDURE

205
20

202

204

203
221

222
208

224

206

233

214
215

216
217
218
212

231

219
220

SUBROUTINE FLUX ¢ PSle TAU)

COMMON NKoNSeP1eDLICLBMT It o
IF  (TAU) 205. 2014201 )

NSGO = 2

GO TO 2¢2

NSGO = 1

TAU = Qe

XSQ = 1.0/(BMTIL #BMTIL)

EXPOC = (] e=CL )#(]e=CL I#XSO

PNS = 4.

PSIP = De

PSY = O

TPS1 = O.

TTAU = Qe

DL = 0. )
F (CL=1¢)203+204+204

vLz=ClL~1e

NS = 1e # DL + 0499999

VNENS

DL = 1e/( VN )

GO TO 206

IF (EXPOC =204 122242214221

PSIP = 1.

GO TO 208

P51P= 1. - EXPF (~EXPOC)

NS=CLv/OL 14499999

IF(NS) 231.231.224

VN=ENS

OL = CL /¢ VN)

VL = le = CL o

PSIP= PI#VL*(14-PSIP)*0.666664xs&R + ps1p

PNS«XSOEXPOL  TPST

NS=2#NS

DO 212 1S= 1« NS

NK = 1S

vL = VL + DL

TARG = (CL/VL + VL/CL = 1e/7(VL%CLI)Y /2.

PH] = ATANF(SQRTF(le = TARG#TARG )}/TARG)

IF (PHI) 21642154215

PHI= Pl + PH]

EXPAR = VL#VL#XSQ

1F(23.=EXPAR) 2314231216

PS] = PNS¥EXPF (~EXPAR)#PHI®VL

GO TO (217.218)NSGO .

TAU = PNS¥EXPF (~EXPAR)I#(le+2e*#EXPAR ~EAPF (IXPAR/24) I *¥SINF(PHT)
TPSI = TPS] + PRSI

TTAU TTAU + TAU

PNS = 6. had PNS

CONTINUE

PSI = PSIP + (TPSI#2,=-PS]  )%XSQ¥DL/(3.%P1)

GO TO ( 219.220) + NSGO

TAU = ABSF((TTAU- TAU/2 1%DL/ (3. %P1 #BMTIL))
RETURN

END
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c SHORT RUN SUBROUT INE
s SUOROUTINE FLUX € PSIeTAU)
H COMMON NK+NSePle CL«BMTIL
- 220 FORMAT (5F10e6) .
- NS = O : .
R ' § . N = O
o i RADI = O
iR 3 BMD = De . _
Py . , IF {TAU} 21342060206 .
i % . 213 READ 220+ XR.RADJRs SFeSJeSHK
o = RADI = RADJR = CL _
5 IF (ABSFtRADI) ~ 0e01 ) 205+205.202
. - 206 BMD = xR - BMTIL
e, g 1F (ABSF (BMD) ~ 0¢C05) 2014201202 .
R - 202 ©AUSE
“:\’ = TYPE 220.RADT «BMD«XRIRADJRCL
o PS1 = 10 -
:a'\‘v:t TAU = 040
N . GO TO 210 ‘
T . 201 PS1 = SF
S I TAUs SJ
’:‘:*'. GO 70 210
R 3 205 FSl = SHK
K TAU = =le
RN 4 ! 210 RETURN .
avy . . E"D
1 . ‘
) ) )
;‘I{}Q
. ,
oy
.
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S . MAIN PROGRAM LISTING ' )

COMPRESSIBLE FLOW MIXING PROFILE AND ACOUSTICS PROGRAM = VIDYA~83-4

SUBROUTINE ORDERS (NoV IPN)
DIMENSION V(300)¢1PHI100)
- ' {N =N
- DO 1 InlelLN
1 IPHLL) = )
< 2xs=0
. ’ 00 & Jw2eiN
IF (VlJ=13=ViL)} Jed s
3 VT = ViJ-})
Vid=1) = Vi)
viJ) = VY -
i1T = 1PHIJ-1)
IPH(J-1) » }PH{J) 2
IPH(J) = 1T
K =1
4 CONTINUE
tF (X) 6462
¢ RETURN
END -
LIST
LAPEL

‘aaw

- MATRIX INDEX AND MODULAR OVERRIDE SUBROUTINE

OGOND s

SUBROUTINE MODSIMFRST) -

COMMON P1ePIZ2PRADL +PRASQ«FREQU ¢+ IMMBM ¢ XE s NESToNUMILEAV ¢PH] o ALPOR -

TA+SIGeCOIM ISAP BMINT¢RADC ¢ SF e SHeSUR SJUC ¢ MODSG « NMDOM « MODP

MODP= (M0ODS\=-1 ) /29 *

MFRST = |

VK {MDDP=(WNMDOM~1 1121842184217 ' .
217 NMDOM=NMDOM#2 )
218 MFRST=MFRST + MODP

MODX=M00SG-25#MODP

RETURN

END

LIST

LABEL

LISY

XEQ .
CARDS COLUMN

LIST

DIMENSION XE(50)e ALPO(S50)e LEAV(SO)e NUM(S0)e KN
1(50).1SAP(S0) o XITAIS0) «GMWIS0)+sPTE(SO)«TTE(SO) ¢ENTLP (SO +PGCE(S0)e
2CPEISO ) «GAMK{SO ) «RHOE(50) ¢EM IS0 ) +WE(SO )¢ ACK(SD I +EMAS(S0)1+EHI{S0) e SF
A(501eSHIS0)eSURISO) eSIC (SO 16K I50) «GKON(S0)eSPLI2S)eDB(25) FREQI (2
3512 1SSHI20)NREU( YeKAFP (25 )¢ 1SPLIBS)DSPSIBS)IIETA{2:50)1eUN(20+420
S)eIFEX(20020) ¢UZ(206207+DXBMOI20120)¢UCONVI20¢20)1+EVIS(2020)0SFL
S5120420)1eXOLD(20¢207eUN( o o DeUZIC ¢ 3 DPeUN2C o o )HUZ2HE
T o o JeDSPL12D425¢28) - v

1ASIGeCDIM ISAP¢BMINT ¢«RADC 1S5F ¢ SHe SURSJIC e MODSG «NMDOM « MODP

COMRON PlePl2PRADL ¢+PRASGIFREG e IMHIBMIXE ¢ NESTeNUMLEAV«PHI « ALPOWR

(R I I I NN,
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.1 FORMAT(611042F10e4)

besil &3 k2 OmE DD

2 FORMAT (2F10.4) : : ) )

3 FORMAT (2F10e4¢3110) )

& FORMAT! 80MH} . COMPRESS]
1BLE FLOW MIXING PROFILE PROGRAM///65H
2 INPUT DATA//7)

4 FORMAT (18H _ OPFBeS4 1 TH 1PE11eSelaN
1 OPi11e841%H IPEL1e4//) -

8 FORMAT(19HD NClal3.13M NCFej3el2H LPHIs
113.12H 1SYMe]2414M NESTRI3413M4 INDX=13 //10H ‘
2 RADCaF 643494 COlMaF6ed¢8M

8 FORMAT(]13MH0 XE(1242H)aFBe 2. TR ALPO

1(122H)2F 748, ™ LEAV(IZ:2H)al3e 7H NUMEI2e2H)a]3eTH KNt

1ASE NUMBER-~ 13 //) :
302 FORMAT (iM )

-
! 2242H)2 {34 TH 1522 (12,2M)813) .
9 FORMAT (23M0 DALP(1241H.1202H)aFTeqTH RACTI241H, :
FI202H)3F Ted s TH  DALPLI201He12:2H)aE 708 TH RACI211He1202H)aFT44)
% 10 FORMAT(76H} OPERATING CONDITIONS FOR
a 1 CASE NUMBER I&
a 11 FORMAT(  &1M1 EXIT CO
INDITIONS/Z7 98M * CONTOUR STATIC VvELO
2CITY MACH MOMENTUM ENTHALPYZ 93
! 3 TEMPERATURE NUMBER FLUX
a FLUXZ/ $5M 0EG RANKINE 7T
5/SEC LB/SQ FT LB/SG FT/Z7019M4
g 6 12411H OPFBe2¢ N FBe2s OM FBe3e SH 1
TE9¢3e 6H 1PE9e3))
12 FORMAT (1]10M0 RADIUS ANGLE VELOCITY TEMP MO
IMENTUM ENTHALPY RADI AL TANGENT I AL TOTAL /Z110H .
g 2 FLUX FLUX
3 SHEAR SHEAR SHEAR /Z110M Ft
ARADIANS FT/SEC DEG R LB/SQ FT LBs/FT SEC L850 FT
S LB/SQ FT LB8/SQ FT//7)
5 13 FORMAT{ 9M IPEL10e 35K OPFS543¢3H ° F6eledtt FhelelP
1SE1243/)
14 FORMAT(STH . ASR
1z1PE11¢4//)
E 1S FORMAT(612 ) ]
16 FORMAT(SF10+8 ) -
17 FORMAT (69HD EXIT AREA OF C
IONTOUR NUMBER [22H = F10e8 )
i 18 FORMAT (940 CONTOULR TOTAL T
1EMPERATURE TOTAL PRESSURE/ 91K
2 QEGREES RANKINE L8
3750 FT//7(18BH 12+ 30
! 4 FBe2¢ 24M r8.2/))
19 FORMAT { BOM] . CONTOUR MOLECULAR WEIGHY
1 LAMBDA ONE LAMBDA TWO /89
l 2 FT2/52-DEGR (FT/75~DEGRISG//720X13+16
AXF6eIe12XIPEIOsI¢10XELIDeD )
20 FORMAT (OXF1003¢5XES 3 5XFGeAsAXFB4¢IPSEI2e3 )
23 FORMAT (AOM SOUND POWER SPECTRUM ///29X nr
! 1REQUENCY FREQUENCY SOUND FPOWER v x
2 W INDEX ' o8 REF 10=i3w 2000024
3 13 1PE104I LPF10e8 ) ‘
i 300 FORMAT (40H] PSUEUDO AXIAL LOCATION=-T SUD MeF9,3.25M4 FT c




XTI

o
LA

.
o
W

PRI

&
L}
mereiae

303 FORMATSTGHS : ~ SOUND POWER -

SR W TN YIS

1 INDEX AND MASS FLUX// 11%(% - PSUEDO AXIAL LOCATION s i
20UND POWER LEVEL INDEX MASS FLUX VELOCITY TO THE 8TH )
20UND POWER LEVEL INDEX FREGUENCY INDEX  VELOCITY TO THE BTH
3~ INTEGRAL/106M FEET {FT LB/S0
4 SEC)SQ . FT##10/SEC#%8/77)
304 FORMAT T 76M1 COMPRESSISLE FLO
IW MIXING PROFILE PROGRAM/Y - -
23an CASE NUMBER-52/
3 aoM PSUEDO AXIAL LOCAT
AION = F9.5:3H FT//7 T9M RADIUS
S ANGLE TOTAL PRESSURE/ 80H
6 FEET RADIANS INCHES MG GAUGE)
308 FORMATI2INH . 9«32 13H FGe3e 19N .
1 FTe3) . : . - _
307 FORMAT(21343F10e5:4F102 3 : .
309 FORMAT(G6H X(12¢2H)aF8eSe 9t SPLICI2e2M)1PE1 104 ¢8H FM(I2

1¢2H)Z1PE11e4e BM UBI(12:2H)In]IPEL1l e4//)
329 FORMAT (10X«F10e2:F10+29
. 330 FORMAT (1109 -
; DSPF(AB) = A & B #SARTF { TUZRO*TUZRO#TUZROFTAL)
! . Plale1415927 .
PlZx6.2831853
NT2 = 2

-

INPUT DATA READIN AND PRINTOUT

oOn

READ INPUT TAPE NTZ2 +1S5NTINTAINTSNTENTTNTB

READ INPUT TAPE NT2¢1eNCI sNCF ¢ INDXINESToLPHI « ISYMeRADC +COIN
READ INPUT TAPE NT2e36 (XE fﬂ)!ALPO(K’ CISAP LK) LEAV(K) s NUM(K) ¢KNIK)
1eKx] ¢NEST)

FLPH] sLPHE

WRITE CUTPUT TAPE NT3e8 - .
wRILE OUTPUT TAPE NTJ'-ONC!OKFQLW!'lSYMoNEST.INDXOR‘DCOCDl“
SEMAS=De . -

SEMOM=0e )

SENLP=20.00001 . .

AREAC=P 1 #QADC#RADC .

EANOZ=0e

DO 319 K=2.NEST

NUMK=s NUM(K)

READ INPUT TAPE NTR2e¢2«¢ (DALP (NeK ) +RA(NK)oNu ] s NUMKY
ISAPE=ISAR(K)

FLEAV = { EAVIK) :

WRITE OUTPUT TAPE NT3e¢B8eKeXE(K) KQALPO‘K’OKOLE‘V(K)QK'W"(K)
T KNI ) oK« | SAPIK)

NUMK=NUM (K ) .
WRITE OUTPUT TAPE NT3+9, CNQKOOALP(NOK)QN‘KQRA(NQK)QN'lcml

Py

|
:
:
;

T R

EXIT AREA CALCULATION

GO TO (315:316+3171¢1SAPE
315 XITA(K) = ¢25#(RACI«K) + R&(NUM&cK))*QALP(loK)
' DO 313 N & 2¢ NUNK
- 313 XITA(K JaXITAIK 1+ +259(RAINGK) + RA(N=10K))#DALP(NeK)
! XITA (K) = XITAKISFLEAV
GO YO 319

W g i G gl gin | [RE-ec Soe SN SN
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» 316 XITA(KISPISRACT oK) #RA LT oK) )

ok GO TO 219 ) '

ﬁ; 317 S1 « RA(IeK) ¥RAIZK) +RATIKIFPRALL oK) ~2o9RA(3¢KISRALI¢K)HCOSF (DA

et § ILPL1))

il S2 = RACIWKIVRACIeKD +RALZ0KIRA(24K)=208RATE oK) #RA(2eK)#COSF (DAL

it 1P (2K 1)

; XITA(K)=S1#82 -

i WRITE OUTPUT TAPE NT3:17eKeX1tAK)

‘&@- 319 EANOZ=EANOZ + XITA(K )

B c

A :

;@i c . EXIiT CONDITIONS

i © DO'999 NG = NCIeNCF

<% READ INPUT TAPE NT2+307¢0CTONOCT s XINT s XOR +PRADL +FREOB +CMW P S CP

i READ INPUT TAPE NT2016¢(PTE(K)¢GMWIK) ¢ TTE(KIGETALK L 12ETA(Ke2) 0

‘o 11 eNEST)S )

Q? s WRITE QUTPUT TAPE NT3¢10¢NGCeOCTDINOCT o XINT o XORePRADL ¢« FREGB+PSeCMU e

;“d ice

DO 119 K=1.NEST
119 WRITE OUTPUT TAPE NTI¢18K PTEIK)TTEIK)
IF(ETA141))12041204321
121 DO 120 K= ] «NEST
WRITE OUTPUT TAPE NTJIe19¢KGMWIK)ETA(K e ) sETAIK2Y
120 CONTINUE

;\',
Q ENTLO = (ETA(14114ETAL] «2)/2e#TTE(L 1ISTTELL)
'é&a LBPASH]
"ﬁ' DO 113 K=l NEST
:‘3 IF(ETAT{1e13)1101110112 .
] 112 ENTLPIK) = (ETA(Kol)*ETA(KQZ)/!.*TTE(K)SGTTE(K!
%. PGCE (K ) =45690 ¢ /GMW (K)
e PGC = PGCEIK)

Q. IF (PTE(K)-PS) 32!v32l.322 P
o 322 TEKaTTE(K)*(PS/PTE(K) 14404286 *"
. 115 CPE(KISETA (K1 1+ETAIK42)#TEK N
S CP = CPEIK) .
3 STENIa(ETA(Ke 1 I+ETAIK 42 )/2.¢TEKIHTEK . ) .
ﬁﬁ LBPASE2
e GO TO aTe i
o 111 PGC = 49690e/ CMW
%V PGCE(} )»PGC
pied ENTLP (K )= TTE(K)4CP
o cPMCP
ENTLO = CP#TYE(1) ’
Py 378 GAM = 14/(]¢-PGC/CPY
GAMK (K ) xGAM .

ACH2 = 2,%((PTE(K )/PSina(l, -x./cAuo~:.»/ccan - 3o}

GO TO (407.408)+LBPAS ]
407 TEK = TTEIK) 7/ (le+ (GAM=1o )#ACH2/24e)
408 RHCE (K ) xPS/(PGCH*TEK)

SV2 = GAM & PGC % TEK

Pt foed i el bt ol Pl ed bl pal Dt gy KRG BNE BN

o GO TO (1164¢3B81)+LBPAS

S H 383 STENZ=ENTLP(K)/(1e+ACH2/2¢#GAM/RHOE (K} EPS

sz 1 DSTEN=STEN2-STENI

5 § TEK*DSTEN/CPE (K 14 TEK

K, IF (ABSFIDSTEN-10.7 116¢1164¢11%

B 321 CPE(K) = ETA(KMII4ETA(KIZI#TIEK)

- 1 CP = CPE(X)

'.:S LBPASs |}

0“‘: i 3

iy l

e ~135- :
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+
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W : 2
€ -

. * . .

_"‘i;‘ e - GO 70 378 : . Lo . .

t§§~ 116 EM(K) = ACN2 # GAM * PS ~ _ : . -

ik - UE(K) = SORTFIACH2 # SV2) : : ’ :

ey ) ' © SVE(K) = SQRTFISV2) -4

e ) ACHIK) = UE(K)ZSVE(K) ‘
' ) EMAS{K) = RMOE (K)#UE(K) ‘ ' "1
oy _ ENTLP(K)=ENTLF IK) =ENTLO

Y 113 EHIK) = EMAS (K)RENTLPIK) T

hié GAM = GANK(]1) . . . ’
e . PGCaPGCE(1) .
ol ASRw PS #GAM #GAM #PGC *SORTF(GAM #PGC # TE(1) IRTELL) ’ .
EEAY . VD]V = UE(INOXY

‘ . TOIV = TTE(INDX? B T .

" " RHODV=RHOE ( INDX ) .

;gg' . : SHDIV » RHOE(INDX) # UE(INDX) + UE(INDX) . -

A WRITE OUTPUT TAPE NT3¢lle (KeTEK o UE(KT o ACHIK)EM(K)EHIK

i . 1reK= 1 ¢NEST) ) . .

3444 WRITE OUTRUT NT3  «144ASR . . .

Aol - DO 122 K=24NEST :

REMAS=RHOE (K ) % {UE (K)=UE (1))

- . SEMAS®=SEMAS +REMAS*XITA(K) ’

S5 SEMOMRSEMOMAREMASH*XITA (K)# {UEIK)-VE L))

53{ SENLP»SENLP+REMASHENTLP (KI#XITAIK) )

S c
ggg c END EXIT CALCULATION
QJ:‘; § c
ot c FREQUENCY NEST INITIALIZATION LOOP
it - € '

W IF (NOCT) 51345134514

Tl %13 NOCT = 10

e T S14 IF(OCTD) 51545154516

Wy S1S OCTO = 1|

W 316 SPL(1)e0
) : 08(1) = O

et : FREQIt1)= FREOB

$¢§‘ NOCFD = 10#% NOCY )

eyt 0CT = NOCT .

4 NOCT = OCT#0CTD .

?&ﬁ ) FREQJ=EXPF (0+69315/0CTD)

ﬁgg DO %61 JFREQ=2.NOCT

- FREQ1 (JFREG)sFREQ] ( FREQ~] ) #FREQJ
DB(JFREQ =0,

/ ' 61 SPLI(FREQY = 0,0
: Not Operational
SOUND POWER INITIALIZAYTION

.

IEEER. ]
(e Nells]

N DO 151 Nx14NOCY
~ 0O 151 K=2(NMBM
DO 151 M=z1MIXT

151 OSPL(INKiM) 3 =]

VELOCITY INITIALIZATION LOOP .

DO Si1 M=},20
DO 511 iI=1.40
B11 UN(IeM) s O,
L

=136~
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INFTIAL CONDITIONS

o

TEIL » @4 7878 LPMID + | e
1714800

itikp=Q

THE J=0

&F17=te

RETIavle

1SET » O

.{WVOJ'.

1SE78 » O

PEL = o

“AD. « O

NMJMX = | )

OrL=0. . . .
'HAT o 3 .

! SETY = O

FREQ « 0,01

XO0LO = Do

DUCNY » O

STMP u Do -

X=0e

RADL*RADC

e ]

ek

2553

L3t

PAIEN ]

o

INDEX REGISTER OETERMINATION

ann

| 4

IF (XINT) S4:94,95
.94 XINT = COIM 7 4¢ + 04,01
3 95 IF(XOR) S17.317:516
i 517 XOR = 10e

5318 BMRAT = XOR & RADC 7 XINT
NMBM = OCTD # LOGF (BMRAT) /7069315 + 20

3 BMINT = 0075 & XINT ) -
w am = Ce
DS1GZ=RADC 7/ 1D,

B M LOOP

anon

DO 183 KA=1.NMBM
1HPAS = |}
IF (KA=1) 99¢99.100
100 MHPAS = ]
0 7O 118
WO MUPASE2
$18 RACO = 20 %BM
U 1G«DSIGZHSET2 i
00 127 11s1+«NOCFD
i re? DRSS 1H1=0e
LSIGP & DSIG/840
IMALT = Oe

- ek

=

:;" IMIT « D
Arhd INIPT ® Oe .
5 { triNe =l
&
""' (YE R R 2
. Mijaa0

o,

witi it OUITPUT TAPE NT3¢200«BMNC
witi ik OuIPuT TAPE NT6+300BM¢NC

£
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s N Nel

OO0

NOoo

WRITE OUTPUT TAPE NTT7:300¢BM«NC

LiNE3=S

LINEG=8

LINET=8

WRITE OUTPUT TAPE NT3
WRITE QUTPUT TAPE NTG6.12
WRITE OUTPUT TAPE NT7.

FLOW FIELD MATRIX

998 S16=0.001#DSIG

1DPAS u [BPAS+H]
fut = SI6G

RADIUS LOOP -
° DO 286 M3l NMIMX

DPHI = PI2/FLOATF (LPHI#IS)
pPH] = DPHI #SET2

ISSY = IPIL#(M-1) + | = ISYM

ISSM({M) = [SSY
OPHIP=DPHI /840
PHIs0e

ANGLE LOOP

DO 152 1=1.18S8Y
m=0

MMz0

MAT = )

IFEX = O

NVPAS = ) .
DERAD = DSIG
OEPHI = DPH!1

NO MESH SET ON NMDOM

NMDOM = 8

0 o oaon

[N aNql

BYPASS REGISTER ~FLUX SUMMATION

GO TO (153+205:505) «1BPAS
508 GO YO (204+288).MBPAS

FLUX LOOP

153 SFT = Oe
SHEAR = Oe
SHEAC = O
SHEAT = O
™ = EMtL)
H = EH(1)
CALL FLMA(NCsleMeKA)
DO 9T7IK=Z«NEST
Ke24NEST=IK

IF (SF(K) = ¢999) &l11.a11.412

412 XNC =}

S

A A .“.-“H-. .-, -

ar

ARSI c iy Cam o s
NPT An%}i Y "A"‘“A‘“ﬂj




%
»

GO TO Al .} ’ “e
411 KNK & KN(XK) ’ . CT
413 TM = TM ¢+ (EMIK) =~ EMIKNK ) IRSF IK) ’

H s H+ (EH(K) = EHIKNK) I* SHIK)

G K I=EMAS(K) ¢ SHK) ‘

X ZERO SHEAR AND 1TERATION BYPASS

GO TO (320+349)4MBPAS *
328 SHEAR = SHEAR +(EM(K) ~ EM(KNK)) @ SJR (%)
SHEAC = SHEAC + {EMIK) =« EM(KNK)) & SJICIK) <o -
SHERT = SORTF(SHEAR # SHEAR + SHEAC ® SHEALY .
349 1F(SFiKI~064999197497¢324
97 SFT=sr T+SFIKG
Ke ]
324 1F(SFT-0e001)2724523+52)

’ f -

POTENT 1AL CORE BYPASS °

o0n

272 UNI(} MI=UE (K)
TNTLPSENTLP (K}
QHO = RHOE (K)
GAM = GAMK (X)
SHEAR = Oe -
SHEAC = D¢
SHEAT s Q¢ .
15 = TTE(K)/(1e +(GAM=] ¢ 1 /72 o HACHMRACHN)
ACHM = ACH(K)
GO TO J82
823 GO TO (102¢334)M8PAS

- I ! “ ! . ; ! | ' .
oo

f S

END BYPASS

VELOCITY 1TVERATION

nonnOD

334 U3 = SO0
IFEX(l «Myu] .
GO 710 98

162 U3 = UN(]leM)

98 U2 = Oe
Ul = 100000
GO 70 103

104 APETM/2 ¢ D+CPMERS/PGL :
UN(TaM) HZ(2<0%AP) + SORTF (HEN/ (4 QRAPHAP ;. + (TMRENTLO 7AP))
UD = UN(laM) = U

(ABSF {UD=1e¢) 1051054107 .

107 v = (UZ‘U3-U1’UN(l'M)/(UZ*U3~Ul'UN(‘Q’§’
Ul s U3
vl s L2
UZ = UN(LeM)

- GO TO 108

103 RHO s TM/ (U3 # un
S = PS/7(1TOD ¢ #RHOD
GO TO 109 .

108 RHO = TM / (UN(T M) @ UN(TeM))
1S = PS/{PGC * RHD) .

o Do foomd  fund

-
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. 109 1F(ETAL1:12) 1041040114 : o ' : "
c . : _ _
< : . CP AND PGC 1.OOP
c

- 114 TOTLK = D¢
. CPMsa0e
‘ CP=0e
PGC = Oo. .
DO 521 NK = 2¢ NEST ' '
GKON (NK) = GK(MCK)/(RHOMUN(L %))
PGC » PGCE (NK ) #GKININK ) +PGC
CP = GKON (NK) ® (ETAINKs1) + ETAINKe 2)0TS ¢ ETA (NKe J)/(TSe
1751y + CP
CPM=GKON (NI ) # (ETAINK 1 14ETAINIK217208TS)  +CPN
S21 TOTLK = TOTLK + GKON (NK)
PGC = PGC ¢ (le ~ TOTLK) # PGCE €13
CP o CP + (le - TOTLK) @ (ETALl+1) + ETA (1e2) @ T8
CPM = CPM ¢ (1o =TOTLK)I®(ETACL¢1) ¢ ETA(142)#TS)
GO 7O 104

- L ]

[
- < LOCAL PROPERTIES
c -
108 GAM e CP 7/ (CP-PGC)
. TNTLP = MZIRHORUM{TeM))
t SV = SOATKE (GAmMm @ PGC & TS
: TY=TINTLP/CP
ACHM x UN{1.M) 7/ SV
382 TPGs PS#{1e+{GAM~10)/2.8ACHM & ACHM) #8& (GAM/ (GAM=]¢) )]3S
TP & TPG ¢+ PS . .
HGIN = TPG/70.727
WRITE OUTPUT TAPE NT6e13¢SIGePHIeUNIL iMeTSeTMoHe SHEARSHENC ¢« SHERT
IF (SENSE SWITCH S) 213.216 ° o9

<O

-

3R CTRRS Ty e e ou

2123
214
4193

)?"- "-‘.r
Ln 4 _(
7 ,2.44¢;

,a

WRITE OUTPUT TAPE NT6¢303¢S1G+PHEI HGIN
GO TO (414+415)eM8PAS
UZEleM) = UN(Lem?
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X BYPASS AND MESH BYPASS

Al4 GO TO €562¢172+206+207)¢ MAT

INTERROGATION LOOP

OO ONO

204 MXPLN = |
UMAX =0.
UMIN = UN (1eM)
MDM =z RACO/DSIG + 1l
JDI » RACO /7 { SIGHDPMI) 41
MMIN = MAXOF (M=MDMe1)
MMAX = MINDF (M+MDM+MRADL)
IMIN = MAXOF(1-1D1e¢1)
I{MAX = MINOF (1+41D1«155Y)
DO 181 MP = MMIN, MMAX
11 =CCIMIN =108 (MP=1))/7(M=1) +}
12 2 ((IMAX ~1 )18 (MP-1) )/ (M~1) + 3
DO 181 1P = {112
GO TO (883.882)MXPLN
UMAX = MAXIF(UZ(IPMP) ¢UMAX)
UMIN = MINIFIUZLIP«MP) ¢UMIN)
GO TO 881
UMAX & MAXIFE (UNEIPYMP ) JUMAX)
UMIN = MINIF (UNCIP.MP ) JUMIN)
1F (NMDOM=-B) 333+181.181

; . Thi

255

bond  pod Dol o

882

86823

881

INNER MESM INTERROGATION

ooh

IFX = CIFEXO(MP41IP)
INDl = IFEXO(MPIP)
CO TO 1127+:19241930194)IFX

MODSG = INDI

CALL MODI(MFRST)

DO 195 MPP=MFRST84+NMDOM

GO TO (B84.:885) «MXPLN

UMAX = MAXIFIUZ] (MODXe 1P MPP ) UMAX)
UMINz MINIF(UZ1 (MODX e 1P ¢MPP ) JUMIN)
GO 70 198

UMAX = MAXIF (UN] (MODX
UMIN = MINIF (UN] (MODKX
CONTINUE

GO T0 181"

MODSG = INDI

CALL MOD{IMFRST)

DO 196 IPPaMFRST+3+NMDOM
GO TO {886+867)«MXPLN
UMAX = MAX]F(UZ] (MODX [PPMP ) ¢UMAX)
UMIN & MINIF(UZ] (MODX¢ IPPeMP ) o UMIN)
GO TO 196

UMAX = MAXIF (UNI (MODX
UMIN=MINIF (UN] (MODX
CONKT INUE
GO TO 181
MODSG = INDI .
CALL MQRD(MFRST)

333 /7100 + 1

192

omend $rnsed | W) Poamd Soe ol

885

88a

195

193

887

886

196

194

Bl Pt et s fed Beamed e

N T e D Py N o " A o
S A R e s 0 SRR

¢« [P sMPP} JUMAX )
e JPsMPPUMIN)

o [PP o MP ) UMAX)
VPP IMP ) +URIN)

T

-

A .




i

!

[T a.

r

DO 198 MPPzMFRST «B«NMDOM.
00 198 1PPx MFRST « B¢ NMDOM . -
60 TO (£38.889) MXPLN :
889 UMAX 3 MAXIF(UZ2 (MODXo IPP +MPP ) sUMAX )
- UMINz MINIF (UZ2 (MODX IPP+MPP ) UMIN)

GOTO 198 o
888 UMAX = MAXIF (UN2(MODX « 1PPMPP) s UMAX ' B
UMIN = MINIF (UN2 (MODXMODX +IPP JMPP ) JUMIN)
198 CONT INUE —

181 CONTINUE

[
c .- CONVECTIVE VELOCITY CALCULATION
C

187 GO TO (281+282) MXPLN '
281 UCUNN = (UMAX + UMINI /2.0 . :
CMACH = UCONN/SVE(L)
* DXBM= (CBLI* (] 4CB2R (] o=EXPF{=XOLD/ (2 %RADC ) } ) #CMACH ) # (UMAX+UMINI Y/
1 tUMaX-UMIN)
IF (KA=3) 875.873.6872
873 IF (XOLD) B8744874.87%
874 MXP{N = 2
GO YO 255
282 LCONPa (UMAX ¢ UMINDIZ2.
CMAP= UCONP/SVE{1)
DXBMOC JoM) & (CBI*(UMAX+UMIND IZ(UMAX=UMIN)

X DETERMINATYION

(e Naly

X = (OX8BM +DXBMC(ls M) )/2.4DN
GO TO 876
875 X=XOLO(!«M)+(DXBMO(1+M)+DXBM) 72.04(8M~-BMOLD)

876 TAU=SHERT(1.M)/0XBM
DXBMO(1+M) = DXUM : .

E0DY VISCOSITY ANO CONVECTIVE CALCULATIONS

(s Wz Mgl

XRA = X/(XOLD+0.0001)

IF(KA~2) 34543454346 .
345 UCONV (I +M) = UCONN
346 UCOVR = UCONN / UCONVI] M)

DLNUC = LOGF (UCOVR)I/LOGF (XRS)

UCONV (] M) = UCONN

EVISN = RHO # UCONN & BM /(2.0»DxXBM)?

DEVIS = (EVISN =~ EVIS(leM)} /7 (X=-XOLD}

EVIS (i1+M) = EVISN

ATTENUATION CALCU.ATION

onn

IF(RPADL - SIG) 19941994201
199 RADP = RADL
GO TO 202
201 RADP e 516
202 EFUNC = 140 ~ RADP#®#EANDZ 7 (RADL ® AREAC)
XEFEC  CX % BM & EFUNC # CMACH
EvisM = EVISN + DEVIL XEFEL."2¢0
FREGO = FREQ
FREQ & CFRLEGC & UCONN 7 X

S0

~ . - - - -

'(%S‘“J"Iw#" " X.“y‘-n LIPL S T VL N IR -

\ & { ) ? oy AN ~oe .
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e
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ATKRK = FREQ # FREQ # EVISM # {84/3¢4(GAM=14)/PRADL ) Z(RHOE(1)#SVE

1(131%%3.0) .
ATTNEEXPF (~ATKRK#XEFEC)

¢ )
c FREQUENCY NEST INDECES
) [
] IFREQ = OCTD # LOGF (FREG / FREQGB) / 0469315 + 140
NFREQ = 10 #» LOGF (FREG/FREGB)/0669315+1¢0
\ NFREO = 10 # LOGF (FREO/FREQB ) /70469315 4140
}' GO TO S62
i GO T0 215 )
c . This section now bypassed
- c MATRIX SUBDIVISION
: (4
L 205 [F (NMDOM -B8) 355,355,125 .

356 IF(IFEX{LeM} =200) 35243824129
+ 3%2 1F (IFEX(1.M)} 35443560353 .
I - 353 INREJ = INREJV + |
NREJ(INREJ) = MODFLIFEX(i eM)=34100) +1 »
354 IF (M~1) 12854125129
T 129 IF (1=1) 12541254133
1 133 IND! = §
I1: ((l=108(M=-2)3/(M=1)+1
X SFSGR = SFTLI:M)=SPT(11¢M=1)
} IF CABSF{SFSGRI~0e1) 15211524138
. 135 INDI = INDI +} )
152 SFSGP = SFT{1vM)=SFT(l=1eM)
i IF (ABSF(SFSGP}I~0e¢1)12%41252158
] 158 IND! = INDI +2
4 NVPAS = 2
GO TO 125
337 GO TO {125¢162+41684¢169)41N0Y
] 167 IFINI = [FINI+} .
IFEX (1eM) = JFINL o .
MODSG w IFING
SI1G 3 SIGHISETI=Te3)I#DSIGP *
] MAT = 2
DERAD = DSIGP  #DEL
CALL MODS(MFRST)
" 1F (NMDOM-B) 33615624562
. 336 DO 203 MMaMFRST ¢8 ¢NMDOM
' G0 TO 153
172 UNI(MODXeT oMM)SUN(TvM)
j GO TO (416+417)¢MBPAS
41T UZ1(MODXel eMM) = UNIIM )
) 416 SI1G = SIG + DERAD .
; GO TO 128
1 203 CONTINUE
GO TO S62
168 IFIN = IFIN ¢ 1
] IFEX(I M) [FIN+100
!‘ MODSG= I F INI
PHI=zPH] +(SET1=7eS)#DPHIP
DEPH] = DPHIP #DEL
MAT = 3
l CALL MODS (MFRST)
IF (NMDOM~8) 229¢562¢562




EEPRRFIIEE T 1t

229 DO 209 '{MsMFRST +8¢NMDON
) GO TO 153
e 206 UNJ (MODX s IMoM I sUNLT oM)
S GO TO (A1B.419)¢MBPAS
' 419 UZ1 (MODX ¢ IMeM)IRUN(] s M)
2168 PHI = PHI + DEPMI
GO TO 1258 . - .
209 CONTINUE
GO TO S62
169 IFIN2=1FIN2+1
JIFEX(TeM)e1F IN2+200
MODSG=IF IN2
SIG = SIG + U{SET1»T+5)4DSIGP
PHI = PHI +(SETI-75)#DPHIP
DERAD = DSIGP #DEL
. DEPH! = OPHIP #DEL -
MAT=4
CALL MODS(MFRST)
IF (NMODOM=8) 223:562:¢562

D0 212 IM=MFRST +84NMDOM
GO 70 153
207 UN2 (MODF (MODX eIMeMM) » uUni ] eM)
GO0 TO (5014502)MBPAS
S02 UZ2{MODXs IMeMM)IaUNTT] M) . .
801 Pril w PHI + DEPHI
GO TO (2%
212 CONTINUE
SIG = SIG + DERAD
211 CONTINUE
MAT = )
GO0 TO %62

SOUND POWER FACTOR

o0n

1285 TU2RO=TAU/RHQ#TAU -’
CESFLUT M= DSFLtLeM) + DSPF(DERADDEPHL)
GO TO (5624:344)« NVPAS.

RATIO CALCULATIONS

A0 0n

562 RR = SIG/RADC

SR1=SHEAR/SHDIV
SR2 = SHEAC/SHDIV
SR3= SHEAT/SHOLIV
RHOR = RHQO/RHODV -
URAT = UN(]eM}/Z7UDIV
TIR=TT/TOlVY
TR=TS/TDIV
BrR = BMsX ’

.- “WRITE OUTPUT TARE NTI31200RRePH] +RHORVURAT ¢ TReTTRISRI +SR2SRI

INTERMEDIATE BYPAS REGISTER

[a X N3]

«

GO TO (152:541+215)+1BPAS
54, GO TO (3464%4152) oNVPAS :
c

-y

ey PN REW e owess

223 DO 211 MMxMFRST +«BeNMDOM ’ .

e g

e b

LAL 2 i ¢

28

BT ettt i 3

N

-
> .




g b te

c . SOUND POWER CALCUL.ATION -
{ o
215 FRED = NFREO - NFREQ -
. IF(ABSF(FRED)22602260351

357 MIXaMIX +} . -

: FR» FREQ!KA-H!X)*UCGNV!IvH)IUCONN*X/XOLD(l.N!
1FRs= lOo‘LOGFtFREQ/FREQK(lFﬂEO))/069315 +1e
1DIF = IFR-NFREQ - :
IFCIDIF ) 35843624358

3se 1F(DSPL(NFREG.KA.MIX+!) 3623624362
XF(MIX-ZO)363¢3640364

363 MiIX = MIX +1
GO TO 357 . .

Ta62 DSPL(NFREQQKA'NXX)=OSPL(NFREO.KA-H!%)+DSLGCAIP12*?LPNIIA§R

364 DSPS(NFREO)éDSPslNFREO)+D$L*CA/PIZ#FLFNtIk5R
DSL=0e * -

e GO TO 1356+506) L FINL :

356 DDSPL = DSFL(IoM)iDXBM{a—1I(l--DLNUC)WUCOHNilTTN
NFRED = NFREQ

226 QDSPL = DSFL.(l-M)*Dxamu-?/(1.-0me)&ucoumA1m
1IF(1=1) 273273276

278 F(1~155Y) 2764273273

273 DDOSPL=DDSPL/2e

276 DSL = DSL+DDSPL
US=UNLL M) w8
UB!-U8!+UB*DEPHI*DESIG .
WRITE OUTPUT TAPE NTB-ZO~QR-PﬁXsTAUtDXDBqATTN.DLNUC.DDSPLoFRtOoX

GO TO 166

244 TMAS] =SIGHRHOUNI1+M) 4DES1G#DEPHL
TMI s TMASTHUNL T oM)
INTP1eTNTLP#TMAS] . : "
GO TO (284+278)+NVPAS .

284 1F(1=1) 277277283 \ ) .

. 283 1F{1-1558Y) 2784277277 )

277 TMASI=TMASE/ 26
TMI=TMI /2 . ‘
INTPI=TNTP1/20 )

278 TMAST = TMAST + TMAST {
THIT & TMIT + Twl : )
INTPT = TNTPT + TNTPI
IX=X/7CDIM% 26

233 GO T0O (166+203+209+212) «MAT

C
TYERMINATION OF .ANGLE LOOP

c
166 XOLD(IMm) = X
LINE3=LINEJ+]
LINEGSLINEG+]
LINET=LINET+]
1F (LINE3~40) 24142014204
241 WRITE QUTPUT TAPE NT3.300¢BM«NC
244 IF(LINEG6~4O? 2624208242465 -
242 WRITE OUTPUT TAPE NT6+300+BMeNC
24% IF (LINET-40) 243+243,152 .

ot kY

~15-

et i

e o R D A R R S MR Yoot LA oA

1
I
I
]
]
]
1
%
i
]
1 E MASS MOMENTUM AND ENERGY INTECRATIONS
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243 WRITE DUTPUT TARPE NTT7+300+BMING
152 Phil>»FPril+0Pl

TERMINATION OF RADIUS LOOP
5162516+0516~-8UG

286 BUG=0e

GO TO (998.998.,2881)+8PAS
2808 RADL = SI6

MRADL & M

6MOLD = 8mM

GO TO (326+325)«MBPAS
325 BM = BMINT

“ GO0 7O 327

326 BM=-.FREQY # 8M - .
LFin =2 ’
G0 YO 357

*

ACOUSTIC BAND SEARCH AND ADDITION

CALL ORDERS (NOCFD+DSPS+!ISPLY
JK a3
JMl =t
JEND=2O
JOFSG=310/0CTD
NOJ=NOCFD=-1
NOUP=NOCFD
4599 DO 433 JMauml +NOJ
IF(DSPS(UM) 4534452458
478 JPz M+
DO AS51 J=UP«NOIP
GO 10 (45740455 ) 0K
457 TF(DSPSIVIY «iwe4544455 ..
LS4 NFSIGENO P .
GO TO a%6
485 ISPLD=ISPL(JI-]ISPLLILM)
IF(ABSFUISPLDI~JUDFSG) 45244524451
452 DSPS(Ui4)1zDSPS{UMI+DSPS(J)

1SPLIIM I 2 (DSPS (I RFLOATF (ISPL( ) ) +DSFS(UMIMFLOATH (ISPL L UM) 17 LOSPS

1(UMI«DSPS(UY)
1SPL(J)==G9
DEPEtJIa-]e
JEND=]

4%) CONTINUE
JSI1G=M]
IFCJEND)Y 374:374¢453

493 CONT INUE
LD TO 374

456 NOJ-NFSIG=}
NOJPENFSIG
JMl=sa
=2
GO TO 459

374
INNER INDEX OLTE&RMINATION

327 NMUMXS (20, #8M/RADC+10. 1 /7SET2 +1le
IF (NN X-20 ) 6304600.601

b e




601 SET2 = SET2e2, , e
ISET = ISET + 1§ :
MRADL® (MRADL+1)/2
NMDOJ @ SET2
GO TO 327
NNDOJ = 2 ## SET

600 ISEY] = LOGF { BM/(CDIN # 0e1%3)

SETI w2##1SET]
IF (NMDOM=B8) 5315324532

531 NMDOM= SETI12

532 QEL = NMDOM
SETIs1SETI :

TERMINATION OF BM LOOP

* DO 141 IFREQ=1.NOCT . .
WRITE QUTPUT TARE NT3+5.8MSPSLIFREQ) «IFREQ.UBI

141 CONTINUE
185 CON,”NUE This section not operational
BAND ASSIGNMENT AND SHIFY

n &

383 DO 386 1F=1«NOCT
KS16 =« O
MIXT=20
DO 386 M= ] MIXT .
CALL . ORDERS (NMBM.DSPLKAFP) i
00 386 KAs 2.NMBMP K
MIXTeMIXMIM} .
NORAT = .
IF (DSPLIIF«KAIM) 3914395:395
391 IF(1F=1) J95:395:665 .
668 IF(DSPLIIF=1iKAM) 393:394+394
393 IF(IF=2) 395:395.666
666 IF(DSPLIIF=2¢KAM) 395439642396 k .

1 396 NDRAT=2

|

|

|

I

]

1 ©  wRitE outeur Taee NT3.303
o
]

]

]

]

394 IF (IF=(NOCT=1)) 667¢39%5.395
667 IFIDSPLIIF+]«KAWM) 397,3984268
397 IF(IF=(NOCT=2)) 5681395.393
668 IF(DSPLIF+2:KAaM) 32954399+399
395 GO TO 392 ’
398 GO TO (6616621« NORAT
« 661 DSPLIIFKAM) & (DSPLIIF=1+KAsM) 4 DSPLIIF +14KAWM) /20
.l 662 DSPLIIFJKAM) n (DSPLIIF=24KAeM) + DSPLIIF+]l +KAM})I/20
399 GO TO (£63+664)s NDRAT
663 DSPLIIF«KAM) w (DSPLIIF=1+KAIM) +DSPLIIF+2/KAIM) /20
654 DSPLIIFIKAM) = (DSPLIIF=2¢KAIM} + DSPLUIF+2¢KAIM) )/ 20
KAD = KAFP(KA+])=KAFP(KA).
IF (ABSF (KAD)=1) 285¢385+386
385 KAPP = KAFP(KA+})
- KSI1G = )
IF (DSPLUIF+1+KAPPM)) 387.387.:388
387 DSPLIIF+]1+KAPP«M) = DSPL(IFKAPP M)
388 IF(DSPL{IF=1+KAPP+M) 3891389.391
369 DSPLIIF~1+KAPP M) o DSPL(IFKARPP «1M]}
392 DSPLIIF+KAPPe=) M) = (DSPLIIFJKAPP~1 M} + QSPLIIFIKAPPw.1)1/2¢

386 CONTINVE
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1F{KS1G~1) 390.383,383
390 DO 384 [F=]NOCT
DO 384 M=2]1,.20

DO 384 KhLx24NMBM
SPL (IF )= DSPLIIF«KAWM) +SPLIIF)
SAFD =SPL(1F)/0.000000000000¢ +le
DB(IF)=10%LOGF (SAFD)//0.268
384 WRITE OUTPUT TAPE NT3¢23+JFFREIC(IF 1«08 %) .
CALL COPY{(NT6+1) N
.CALL COPYI(NT7s1)
By CALL COPY (NT8e1)
e END FILE NT4 .
3 ‘ 999 CONTINUE - . . .-
1 : REWIND NTA4- : . _
§ ) . °  CALL EXIT .
; END
X - -
3
&
X
:" : )
G |
N
o
3?% ;
o | -
it
gﬁé .
an’.
=l
2 ’gli
N .
(h ) .
AKX
L |
Pcroe 3
NS
AN -
[) \: It
Do &
Wl
:s‘ 3] ‘
A% % -
1‘"§’
R
W
5 i
ﬁs* : 18
) : - -
Atk :

a2l
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SUBRDUTINE FLMAINCIeMeKA)Y
COMMON PlePI2+sPRADLAPRASOFREQUs IMH e BMyXE +NEST e NUMLEAV +PHM] 4 ALPOD,
1RAISIGICDIMIISAPBMINT«RADCsSF1SHeEJRSUC :
DIMENSION MML(B)eKAL(B)eSFI30)¢SH(30IsSURIIV)IeSJCIIDISFPL o 1eS
IHRL o )eSJUCPL o JeSJRPL o« 3} '
IF(NC=~1199420450C ° . '
20 IF(l=1) 992125
21 IF(M=1) 99:22.,28 !
22 l1AL=}
. 1IF{KA=1)09:23.27
23 FRLO=LOGF (FREQJ)
RAB1=RADC/BMINT
SET2=14
LU YESRE B . .
1FGm
MAXM=0
MIT=t
24 KAL(MIT)=L .OGF (RABI#* (SET2=¢5)/FRLO+1.9999
IF(KAL(MIT)I-NMBM 125440426
29 MIT=MIT+]
SET2=SETR+SET2 )
GO TC 24 . N
26 KAL'(MIT)=NMEM
GO TO 40
27 REWIND NTS
1JU=NMDOJ
MLO= | . -
GO YO 34 :
28 MIT = (M=~]1)¥NMDOV
IF(MIT~MAXM) 30430429
29 MAXMIMIT
MML ( ISET)sM .
1FC=} - °
GO TO 40
30 MLO=MLO+MJIU -
IF(MLO=-MML (1AL ) 32+ 3243¢ -
31 luusmoure
MLOTMLO-TJUR(M=1)
MU= TIUR (3=M)+ (MML(TAL)~1) /72
1AL= 1AL+
32 MITaMJU=]
CALL FILE(NTS«MIT)
34 MUUsTIU
IFC=0
GO TO 38
35 IF{IFC)99:36
36 DO 37 MAT=2.1JV
37 READ TAPE NTS5« MIT
38 READ TAPE NTSoMlTvMATo((SFP(KAPQK)OSHP(KAPQK)QSJCP(KAP-K)QSJRP(KAP
1K) o KARPEMIT MAT ) «Ka2NEST )
33 DO 39 K=2.NEST
SFIKIESFP (KAWK)
SURIK)IESURP (KA
SJCUIK)=2SJICRIKA W)
39 SH(K)=SHP (KAWK)
WRITE TAPE NTé4e (S5FIK) ¢SHIK)+1SIRIK) eSJICIK) +Ku2NEST)
RETURN
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"a41 IF (MODF (M242) 99.42+44
. 42 IF(MODF(12¢2) 99+43+44 : -

" 201 BO=BO#FREQJ .

. * A e L
I TSGR ST INE UL S N I L P )

I e WAL . ~ (S

- i M s ’.’-" " ‘—‘\\\\‘ 3

12=1 - .
IL=3SETY -

43 JLell+}
M2sM2/2
12x1272 . ol
60 TO 41 . :
44 KALI=KALCIL)Y . - .
MITaKALI=-KA+1 ’
CALL FLUX (MIT)¢SFP+SHP SJCPSJRP
WRITE TAPE NTSKAWKALL ¢ LISFPIKAPIK) ¢ SHP (KAP K3 ¢ SJCP (KAP (K ) o SJRP (KA
1P oK) oKAP=KA JKALT I 4 K2 NEST? -
IF11=1SSY) 32.:49.99 . : , {
49 END FILE NTS L -~

exmsd

‘60 YO 33 : .
80 READ TARE NT&e (SFIK)SHIK) +SURIK) +SIC LK) JKB2oNEST) .
RETURN : 4
99 HALT !
END .
SUBROUT INE FLUX(MITSFP iSHP «SJCP«SJIRP)
COMMON P .P12(PRADL +PRASQFREQJ s IMHBM s XE sNEST e MUMLEAV«PHT +ALPO0 .
L]

1RAVSIG.COIM,I1SARP .o !
DIMENSION SICC «+SIRC  ooeVIH JeTIL YeCMX( 3« VAQL Y« TADK 1.SA

IRO(  1eSACO( I eXE{30) «NUM(I0 )+ LEAV (3014 {SAPI303«ALPO(301.0&LP (804
230)RA(BO30)«SFPL  «30)eSHPL 430)¢SUCPL. «J0I+SURPL 20

DO 193 Kx2.NEST .
NODE = 2 . -
80=6M

DO 201 1B=j«MIT

SIC(18)I=040 °

SIR(18)x0.0

Vi(iB)=0.0

TI(18)8%40 -
CMX (18 3 =BO+XE {K) . -

NUMK= NUM(K)
LEAF=sLEAVIK)
1SAPEalSAP(K)

30 PLAL=PHI-ALPOIK]

31 ABPA=ABSF (PHAL)
IF (ABPA=P1)34.34.:32

32 PHALSPHAL~SIGNF (PL2.PHAL)

33 GO TO0 31

34 COSPRA=COSF (ABPA)
RADOz2SORTF ( IRA(NUMK 1K )=SIGI# IRAINUMKIK)=S]IG)I+2. #RAINUMK K ) ¢S |GH

1{1.-COSPA))

IF (RADO-=D+0005 # COIM) 35+3%.36

RADO=040 .
3% NODE = | ’

GO TO (44:+736¢43)¢]SAFT :
36 COSTO=(S516-RAINUMKK)I*LOSPA}/RADD

1F (ABSF (COSTO)~1e00138437437
7 TGz (P I-SIENFIP1.C0STO) /26
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c
c
Cc

SINTD= 0.0
GO YO 39
38 SINTQ = SIGNF (SORTF (1e ~COSTORCOSTO)«PHALD
40 THO=ATANF (SINTD/COSTO)
IF1COSTO) 15141524152
151 THO=THO+PI
GO TO 154
152 IF(THO) 15315441548
153 THO=THO+P12
154 GO TO (394143439 1SAPE
CL=RADO/ZRAL] «K)
CRA=RA (1K) -
CALL CFLUX{MITeVI¢T1+SICeCLCRAD
DO 210+1Bx) M7 ]
S1R{18)2SIC(18)I#COSTO
. SICEtI1BI=SICLIBINSINTD
§1C(18)1=SIR(IBIASINTO
SIR(1B)xSIR(1B)I*COSTO
GD TO 143
39 DO 203 18=1.MIT
RADX = RADO/CMX(IB)
T WAD (1B 1n1e~EXPF (~RADX#RADX)
GO TO (41442}« 1MH
a1 TAO(1B) =1 e=EXPF (~ (RACX#PRADL )# {RADX*PRADL 1)
42 SA 2 (05862 3%ERRORF (RADX) + RADX # (VAO (1B )=1eD)I%CH

SARO(1B)=5A #0570
SACO(IB)I=SA #+SINTO

203 CONTINUE
LEAF INTEGRATION

aaq DO 134 JUsllLEAF
DO 134 N=? JNUMRK -
86 PHAL = PRAL ~ DALP (N.K)
47 ABPA = ABSF (PrAL)
1F (aBPA ~ P1) 50.50+48
48 PHAL = PHAL -~ SIGNF (P12 PHALY)
49 GO YO a7
50 COSPA = COSF (ABPAY)
RAD = SGRTF((RA(NsK)-SXG)*(RA(NoK)-SIG)+2.*QA(N0K)'SIG¢(lo~

1COSPAY Y
IF (RAD =D+0005 # SIGY Sle Sle 52
1 NODE = 1
6o TO 132
52 CO5Y = (SIG-QA(NOK)*COSPA)/QAD
1F (ABSF (COST }1»1eD)154¢53453 .
53 TH a{P1=SIGNF(PL1¢COST )23/2¢
SINTY = 0.0
60 TO 62 ’
54 SINT = SIGNFISORTFlle =COST # COST)+PHALY
56 TH‘ATﬁNF(SINT/COST)
1F(COST) 161 +1624162 . R
161 THETH+PI1
GO TO 59 *
162 1F(TH) 16359459
163 THeTH+PIZ
99 GO T0 {60+62) +NODE
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Wk . 60 NODE = 2
9@;!2'@: ’ . . DTH = 0.0
;ggfe . GO T0 121
"%ﬁ . . 62 DTH = TH - THO
;2%‘;,, : . 63 ABDTH = ABSF(DTH)
- IF (ABDTH ~ DTHM)1214121.6%
© ] 63 IF(ABDTH ~ P1)664664101
o ¢
ﬁ% c 0 -~ 360 CORRECTION
A ¢
f:;.:,"z , 101 THO = THO + SIGNF(P12.DTH)
et 106 GQ TO 62 .
5.‘!5, c .
c INITIATION OF AUXILIARY INTEGRATION -
RO ¢
‘&e 66 LQ2ABOTH/DTHM+1 ¢ :
M\\» ° Q=0
st : ) 68 DTH=DTH/Q
:,” ,5 RCRC = RADO#COSTO —~ RAD*COST
.n‘;_ RCRC = RTRC + SIGNF(0,00000001 ¢« RCRE)
. 70 ABLE=(RADO#SINTO-RAD*SINT)/RCRC
o c 71 BKR=RADO#*SINTO~-ABLE*RADO#COSTO
[ b
;E:,;:: g AUXILIARY INTEGRATION
&
‘2:;524 ‘ 75 DO 92 L=1.L0 .
AN 76 TH=THO + DTH
77 COST = COSF(TH)
G . 79 SINTaSINF(TH)
":*'4: 80 RAD=BKR/(SINT-~ABLE®*COST)
iy DO 204 18x1MIT
,_,.:;:,r. RADX=RAD/CMX{ 18)
**{t'f: 81 VA = 1, - EXPF (~RADX # RADX) :
L 83 SA =(0.88623 * ERRORF (RACX) + HADX # (VA=Te0) )#CN
= B4 SAR = SA ®# COST
‘2"‘%' SAC = SA # SINT
i © 86 VItIBI=Vi(1B)+(VA4+VAO(1B))#DTH
;,'.:,el 69 SICIIB)I=SICIIB)I+(SAC+SACO(1IB) I#DTH
-,ce:,!‘ 63 SIR(IBI=SIR(IB)I+(SAR+SARO( 1B} )#DTH
Sy ) GO TO (90491)1MH '
W, 90 TA=—EXPF (~RADX#PRADL ) * (RADX#PRADL})+1e
TICIB)=TI(IB)+(TA+TAQ(IB) )#DTH
e TAO(1B)=TA
z‘ofg 91 VAC(IB)=VA~
S SACO(1B)=SAC
‘e{s SARO(1B)*SAR
“:“‘ 204 CONTINUE
P X 92 THO = TH

93 GO TO 132

c
C MAIN LINE INTEGRATION
c

121 DO 205 18=1.MIT
RADX=RAD/CMX(18)
VA =<EXPF (~RADX # RADX) + 1le
122 SA =(0.688623 * ERKORF (RADX) + RADX w (VA=1.0))

SAR = SA * COST
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124 SAC s SA # SINT
VIUIBIsVI(IB)I+ (VA+VAO(1B) I*DTH

126 SIR(1B)IsSIR(IBI+(SAR+SARO(IB) )*DTH
SIC(IBI®SIC(IB)+{SAC+SACO(18))#DTH
GO TO (127¢128)¢1IMH

127 TA==EXPF {~ (RADX*PRADL ) *# {RADX¥PRADL ) }+140
TI(IB)aTI(IB)+(TA+TAOLIB))*DTH
TAC{18)=TA

128 VAO{IB)=VA
SACO(1B)eSAC
SARO(1B)=SAR

2085 CONTINUE
THO = TH

132 RADO = RAD
COSTO = COST

134 SINTO = SINT

143 SFE(IBIK)=VILIB)
GO TO (1914192) IMH

192 Ti118)=V]IL(1B)

191 SHP(IB«K)=T1(1B)

SJUGP(IB«X)=SIC(1IB)
193 SURPtIBK)IaSIR(1B)
RETUR!
END
C
c

SUBROUTINE CFLUX (MITeVS5+:TSeSSCeCu: .
COMMON Pl P12 1PRADL (PRASQFREQJ v IMH M« XE
DIMENSION ARR(&D)1VS(I0)I+TS(I0)1+S5C(3I) XE(20) ¢ SFLL(A0)
1SJ=}
DL1=20e .
DL2=4. v
EXPOCutle=CLI¥ (L o=CL}
CLi=lesCL
CL2=CL+CL1
CLi=CL=CL1}
VLuABSF(CL~14) -
DLuMAXIFICL/DLY ¢ (CL=10)/0L2)
VLOsvL,
Bu0.16666687
A%043333333)
SFQu0e
SFL(1)=0,
o INCREMENTS AND AREAS
1F(CL=1e) 2034204.204
204 NSl e/DL+¢9999
VNsNS
Dl=le/VN
ARR(11)=0¢
GO TO 206
203 N5=CL/DL+.99999
IFINS) 23142314224
224 Vi=NS
DiLxCL/VYN
ARR (1 )=k | #EXPOC
206 NS=NS+NS+]
DC 215 IS=2«NS

1
» 4
B o o 7 DOy AN DS




vi=vi+DL
VLS=VL#VL
. . ’ CPHI2=CL I/VL+VL/CL
SPHIZeSQRTF (4 +~CPH]I2#LPHI2)
PHISATANF (SPHI2/CPHI2)
IF(PH]I) 21442154215 .. .
214 PH1=pH]+PY -
CTHE2=CL2~VLS/CL -
THE=ATANF (SORTF (4« ~CTHE®*CTHE2) /CTHE2)
IF(THE) 217275278 .
217 THExTHE+#] -
275 SFLU1IS)s(DESFO+AMSPHIZ2)#DL, +SFLI1S=1)
. ; SMFO=SPHI2
H C=A .
A=B :
8=C .
v 215 ARR (IS InVLS#PH1+THE-VL/CLI*SPH12
: c FLUX INTEAGRATIONS AT SEQUENTIAL B PLANES
BO=BM
DO 233 IB=leMlT
V1=0. -
Ti=De
SiCa0e
BO=80+XE(K)
IF(BD) 260+2380,281
280 XS5G=1000000.
GO TO 296
281 %3Q=CRA /BD N
" XSQ=XSG#XSQ
201 BO=BO#FREQJ
1S=]8J+}
1S0x)
DLJsDL#FLOATF L 1SJ)
VL=ABSF(CL~1e} . -
vLsvL+DLJ/2 :
272 VLS=VL#VL
EXPAR=VLS#XSQ
EXFY25EXPF («EXPAR/2¢)
EXPV=EXRV2&EXPV2
ARD=ARR(]S)-ARR(180)
V1=VI+ARDREXPY
GO TO (270271 ) 1MMH
270 Ti=T]+ARD#EXPF (~EXPAR*PRASQ)
271 slIC =S1C +EXPV® (] ¢ +EXPAR+EXPAR-EXEVZ , #(SFL (1S)~SFLL1ISO))
150=18 .
viasVL+DLJ . R
FS=XMINOF ( 1S+ SJNS)
IF(1SO=NS) 272296296
296 VS(1B)i=VIi/PIeXS0
YSI1B8)=TI/P] XS0
SSL(1B)I=SIC/RI#XSQ
IF(ARR{1)) 233+233.208
298 VSI18)x]e~EXPF (~EXPOCHXSA I+vS(1B)
GO TO (2994¢295)¢1MH
295 TS11B)=VS(1B)
GO TO 233
299 TSI1B) = ] e~EXPF (~EXPOCH#XSJ #PRASQI+TS(1B)

R RTIUE AL LA 2
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233 CONTINUVE
RETURN
END
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LIST OF SYMBOLS

i A area
' Ab area of circle having a radius egual to xc’e
An nozzle exit area
5 ca acoustic constant
. Cbr
! constants
cbz
e ' -
: Cf frequency constant
qx length constant
Bf porosity parameter for attenuvation
H enthalpy flux function (Eq. (7))
K concentration flux function (Eg. (7))
' -
L Mach number
Hc convective Mach number
Mg momentum flux function (Eq. (5))
P pressure (static)
Pa acoustic power
_ Pr Prandtl number
R geometric radius (circular nozzle exit radiug)
R’ flow-field coordinate
Rc largest radius of the mixed flow field
Rq gas constant
T temperature
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it
LK % -
bty H
ek |
s zl;& 4 - r3 .n
?Qﬁz ' . 1] bounding velocity
Hgﬁi Uc <onvective velocity
A : .
s B v volume
Qi o - ’
BN
N l X, - attenuation length measure
&
E@%; ) a acoustic velocity
ik -
:&ﬁ,L l bm momentum spreading parameter
; ':Lsg ) - -
e - R
l bh . enthalpy spreading parameter
;&:r:l‘
535;& c - coefficient-
y, o
’i':.'r,(a" A
ﬁgﬁj l o specific heat
B -
- c mean specific heat -
S Pq
:}E}?’ ‘ . £ frequency
A
}bﬁﬂ fm frequency at point of maximum noise production
st .
ﬂﬁg ’ fs freguency determined by Strouhal relation
o '
ﬁyﬁ enthalpy
B .
MO .
. - relative enthalpy (Eg. (A.17))
B ﬁ
gﬁ% x local concentration
[
(Y .
&%; E ke eddy heat-condution coefficient (Eq. (A.3))
KM ’
Q4E§ b o radial coordinate (polar) (for elemental jet flows) (Fig. 10)
RRAN |
3}
?;!'%’ ‘ B r' variable of integration (Fig. 10)
R
?m‘ ! s polar coordinate (radial) (Fig. 10)
X 315
-

t temperature (variable of integration)
u local mean velocity, (x-directed)
u' fluctuating component of the x-directed veloccity

local mean velocity (r-directed)
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S
i %; v fluctuating component of the r-d@irected velocity
“ % w watts '
I i x axial coordinate

' av space correlated mean eddy volume
] a attenuation energy ratio, coordinate angle (Fig. 10)
3 o Kirchhoff attenuzation parameter

Y ratio of specific heats
i A specific heat coefficients

eddy viscosity coefficients

i S bl 2 Kby -;:Wi.m“‘ o
3
o

3: 4
195

P density
T shear stress
‘ ) angle coordinate {Fig. 10)
1 , g velocity parameter (Eg. (8b))
3 g eddy characteristic dimension
H
: Subscripts
}
3 1) .
! adjacent gas flows
j 2
! e exit
i
. i _ gas (concentration) index
i
! i,J3 tensor components
i
3 o ambient
! m maximum
i
i
i n exit element index :
i =
‘ xr relative (enthalpy) (Eq. (A.17)) 33
; s . . g'(;
i vector directions o
|
i Superscripts
: )
i o stagnation o
s ‘;_‘:-’
' - mean }:j
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Y. Vertical division by four.

2. 4 by 4 division

3. Nesting cf two 4 by 4 division in memory storage.

4. Horizontal division by four.

No division ’
Points interrogated for the 4 by 4 {nner mesh sub~-

S.
) C> C)<:>() division.

Note: Cross hatching indicates area of integration. -

—.—-.

Boundaries for
4 X 4 inner
mesh

T
i

Boundaries of
integration for
major mesh points

?ig‘m 203

l o '

zz;ajor mesh points

- Matrix division, integratioa, and
superposition for bx plane.
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Distance Radius Velocity Shear ©Enthalpy Mach Momentum Slhear
Ratio Ratio Ratio Ratio Flux _ Numbex Flux Flux
45.1204 0.0452 <G.0000> <0.0000> 1.000 <Q.0000> <0.0000> <B.0000

.0500 .2690 .0510 17.4339 9920 o .0-
45.1204 -.0122 .0409 0.0000
Frequency Sound Power
1 1.250E+02 0.000E-0QD
. 2 1.574E+02 C.00DE-DO .

3 1.984E+02 C.OQOE-00

4 2.499%E+02 1.281E-01

5 3.149E+02 2.896E-01

6 3.968e+02 0.000E-00

7 4.999E+02 5.445E-01

8 6.299E+02 8.029E-01

9 7.9378+02 0.000E-00

10 9.999E+02 8.989E-01

11 1.259E+03 8.248E-01

12 1.587E+03 7.191E-01

13 1.999E+03 6.402E-01

14 2.519E+03 5.794E-0l1

15 3.174E+C03 5.332E-01

16 3.9995+03 0.000E-00

17 5.039E+03 5.984E-01

18 6.349E+03 4.734E-C1l

19 7.999E+03 4.394E-01

20 1.007E+04 4.0445-01

21 1.269E+04 3.727E-01

22 1.59%9E+04 3.616F-01

23 2.015E+04 3.807E-Q1

FPrequency Sound Power DB 24 2.535E+04 ¢4.152E-01
1 1.250E+02 0.000E-DO 0.0000
2 1.574E+02 4.912E-02 116.8336
3 1.984E+02 0.000E-00 0.0000
4 2.499E+02 1.281E-01 120.9943
5 3.149E+02 2.896E-01 124.5344
5 3.968E+02 0.000E~DO 0.0000
7 4.999E+02 5.445E-01 127.2737
8 6.295E+02 8.029E-01 128.9594
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3.0 Investigetion of the Effects of Flow Temperature and Pressure on Jet -
Noise Generation and Suppression o

3.2 Introduction

In order to apply Jjet unoise suppression concept; to afterburning engines,
an wderstanding of jet nmoise generation and suppressio;x at high flow tempera~
tures must be developed beyond the present state-of-the-art. The validity of
the correlation between free jet mean-flow velocity profiles and noise genere-
tion aad suppression by heated jets has been demonstrated in Section 1 of this
ruport, but the flow tesperature range investigated does not extend to levels
acnieved by aft«erbxn‘ners.‘ This section describes the resuits of acousticel
investigations, carried out in addition to the originel scope of the vesecarch
program, for the purpose of providing Mfomati;n on noise generation by high
taperature jets, for both simple cirzulsr nozzles and suppressor configura-
tiuns. The results of this study provide basic information on noise gene'ration'
by high temperature jets, and give further insight to the problem of evaluating® ®

neise suppresser performance by means of cold flow scele model tests.

Experimental investigations have been carried .ut to evaluate the "jet

noise generated by a conical nozzle cover s range of flow temperatures avd

essure ratios, extending up tu & temperature of 3300°R and pressu'xe ratio
3.4. The jet noise specira and overall sound power levels a;:e presexted, and
the cffect of Jet density on noise generation ic describ;ed. The results of
itz high temperature scale mcdel conical nozzle tests, as well as coacentrie
jev and full scale engine data have been used to establish an empiriczal rela-
ticnship between nozzle energy flux and total sound pover generated, applicable

to concentric jet flows of urequal velocities and temperatures as well as to

- 186 -
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conicel nozzles at ail mressure ratios ard temperatures.

Scele model acousticel evaluations of suppressor-nczzle noise reduction
performarnce at high tesrerztures have teen accomplished, with results indiczting
that jet roise suppressor action is temperature as well as pressure ratio
derverdent. D2is cbiained indicates thot ncise reducticn may be more difficult
to achieve et high {iow temperature, and that suprvressor scale model evalua-
tions must be carried out with hested ficw or suiteble substitute gas. Further
experixental actit .ty in the aren of Jet rolse gereration ezd suppression-at
flow temperziures ir tke afterburner range is recomnended for the purpose of
defiring generalized fexparature scrling levs applicable to &ll nozzle conﬁ'g—

uwrations.

3.2 Noise Géneration by High Temparature Jets

Experimental investigation~ on noise generation by jets operating at
temperatures up to 3300°R have becn carried out utilizing a free-field acoushic
test facility (Figure 3.1), dezeri ed in Secticn 1.3.1 of this report. Tests
were conducted =ith a conical neczla 3,85 inches in diameter at the exit,
operating at pressure ratios of 1.7, 2.0, 2.5, 3.0, and 3.k, varying the flow
total temperaturs from 560°R to 3300°R for each pressure ratio condition, Sound
pressure specira were measured along a circular arc at 15 feet from the nozzle
exit, and at various angles from the discharge direction. Sound power specrta

were computed ty integration of the sound prassures over ihe hemispherical

radiation surfacse.

3.201 Instrumentation

The flcw conditions which were controlled and monitored during the
experimental investigation were total pressure and total temperature at the

inlet to the rn2zzle. &n 8 inch diameter flow section precedirg the nozzle
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The measured total acoustic power levels and sound power spectra are

s & £
“E i

E :
§§§ inlet contained a static pressure tap and three IR vs IR-Rh thermocouples
§§E X _ which vere continﬁously monitored during the tests, The area ratio of
k ‘ approximately 4:1 from tﬁe measuring section to the nogzie throat provided an
’gg ; effective plenum upsream of the nozzle inlet,
R ] f
ee{ : Acoustic measurements were made using a Bruel and Kjaer type 4133 condenser
‘_"! microphone system which was calibrated by means of a B & K pistonphone. The
'§§§ microphone system frequency response was flat to LO keps, covering the entire
gsg'( % frequency range of measurements without need of response correction. Microphone
:;"! ‘ output was filtered through a B & K 1/3 octave spectrometer, over a x:ange of
:EE:’ i band center frequencies from 200 to 32,000 cps. Graphic representation of the
;: :f ; sound pressure spectra was obtained by recording spectrometer output with a
:'.':'f B & K*level recorder. Sound power spectra and overall PWL were computed from
,'gig . the press;lre level spectra obtained at a distance of 15 feet from the nozzle
EE;;E and at angles of 20, 30, L0, S0, 60, 75, 90, 110, 130, and 150° from the flow
w'h ! direction,
af
:"3;; 3.2,2 Test Results

i

i

i presented in Figures 3.2 and 3.3a through 3,3d, for the range of nozile flow
"Qg con”itions investigated, In Figure 3,2 the overall sound power levels are

f plotted against flow velocity ror the purpose of comparison with the Lighthill
eighth~power parameter: ki’awaco‘s « The flow velocity used is a calculated
value, assuuing that the flow fully expands isentropicly from the measured
total pressure to the ambient static pressure of 30 in. Hg. 4s would be
expected, excellent agreement with the Lighthill equation is obtained at

moderate pressure ratios (up to 2,0) and relatively low temperatures (up to




approximately 1700°R), The limits of applicability of the Lighthill parameter
are ciearly visible in the figure, and a flow temperature influence, apart
from velocity, is apparent. Thus it is seen that for estimates of jet noise
total power at high flow presst;re ratio and/or temperaﬁure the Lighthill’
relationship is inadequate, Figure 3,2 shows that at low fiow temperature

U290 over the range of pressurs

(560°R) sound power generation increases as
ratios from 2,0 to 3.4, while at a flow temperature of 3360°R the overall

sound power is proportional to approxjanate]y 06. Examination of the increase
in sound power resulting from wvelocity increase due to flow temperature rise
at constant pressure ratio shows that at a pressure ratio of 3,0 sound power

increase is proportional to 2 from 1100 to 3300°R,

This variation of the velocity exponent from 2 to 20 suggests that the
Lighthill parameter might take the form: k(?j/(’a)nAUBc;S . In Figure 3.4
the effect of jet density on sound power generation is shown, Over the entire
range of flow conditions investigated the sound power is observed to increase
in roportion to jet density squared, considering the data in a rather gross
manner, A detailed observatton, liowever, indicaies that for a given flow
temperature the sound power varies with (? J/Qa)n , where n is temperature
dependent, The magnitude of this temperature dependence is demonsirated by
the substantial change in slope of the sound power vs jet density curve,
progressing from temperature of 560 to 3300°R, The jet density ratio exponent
n is plotted as a function of flow total temperature in Figure 35. Values
of n vary from +12 to -6, and it is observed that the relationship between
n and flow temperature is approximately:s n« TO'B « For low pressure ratio
jet flow at moderate temperatures the flow density effect on jet noise generation

is negligible, However, the resuits of the investigations described herein
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extend Imowledgs of thz behavieor of jet noise generation to a broader range of
flow conditions, including high temperature and hipgh pressure ratio flow which
is likely to be experienced in advanced propulsion systems,

3.3 Correlation of Jet Noise with Nozzle Energy Flux

Results of the scale model investigations on noise generatim by simple
circular jets operating at temperatures up to 3300°R han-been used to establish
a reneral empirical relationship between total acbustic power and Jet stream

power,

Figure 3.6 shows normalized power levsl, {PWL - ]m.ogml), plotted as a
function of nozrle total energy flux. The scale model conical noxzle data
presented is that described in Section 3,2, and turbojet eugine noise data is
included to demonstrate the generality of the relaticnship. For simple conical
nozzles the energy flux, € , is given by:

€ =, (W/a) (1)
where ht is the flow total enthalpy per pound oi fluid,

A tentative method for including noise generation by concentric flows in
this correlation has also been deweloped, and three ccncentric flow examples
are included in Figure 3.6, A table of nozzle flow conditions is also given
in the figure, The dual stream concentric flow nozzle utilized in obtaining the
noise data is shown in Figure 3,7. Flow parameter variations tested included a
heated high velocity outer flow with cold inner flow, and a case with nearly
equal flow velocities but with substantial temperatwre difference between the
two streams, The confirmation of the validity of the correlation for concentric
flow requires additional experimental investigation, but results obiained thus

far are extresmely encouraging, The correlation developed is as follows:

-1%-
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Let;: l = f1ow 2rea, ftz

= total enthalpy, Btu/lb
« static enthalpy, Btu/f1b
" migm flow, 1b/sec

= stream number

= relative velocity correction Sactor

[ Y
dN!ﬂﬁf*ﬁ'

= flow velocity, ft/sec
0%/2gd = flow kinetic energy, Bti/1d
NS E = stream total power, Foau/sec

t
€ = energy flux, Btu/ftsec

The stveam namber, N, is defined by the following sketch of typical concentric

nozzles:

' ( ]

g - - ¥=1

o L - . >N=2

., = N =3

- . etc,

- Yor each stroan (N =1, 2, = = =)

T hy = hy + (0y%/2g3)% (2)
where g = 2y 2 )

! Uy - UNfl) /% 3

- Now, the total stream power is

1 Ey =5 hu™y (L)
and

1

1 € = Eyfhy (5)
By pzoper subsuitutions

€ =73
! ¥ &
E - 191 -
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For a single stream, Eq. (6) reduces to the simple form of Eq. (1). The
significance of Eq, (6) is that for consideration of concentric flows it i
necessary to sum the energy flux for each of the jets, The iuner jet flux is
defined herein as the relative flux with respect to the surrounding jet; thus
the inner {lux is based upon the static enthalpy plus the relative velocity

head,

The efficiency of conversion of jet stream power to acoustical power is
seen in Figure 3.6 to be uniguely related to nozzle enzrgy flux, Good correlation
betyeen medel and full scale engine data has been demonstrated, thus indicating
that the nozzle energy flux parameter is quite general and valid in application

to the problem of jet noise estimation,

3.4 Effects of Flow Temperature on Jet Noise Suppressor Action

" The value of cold flow scale iodel investigations in the development of
Jet noise suppressors is well recognized, both from the standpoint of time
requirements and hardware expense and conmplexity, Up to the present time, jet
roise suppressor investigations have been carried out under the assumption that
noise reduction achieved in cold flow tests can be dirsectly related to expected
full scale suppressor noise reduction by Strouhal number scaling. Furthermore,
experience has shown that jet noise suppressors in general pe-form poorly at
low pressurc ratios, with noise reduction performance (compared to an equal
area conical nozzle) improving as pressure ratio increases, In order to apply
scale model techniques to the development of a suppressor for afterburning
turbojet engines, it was deemed necessary to investigute the effects of high

tempersture flow on suppressor performance in order to determine the validity

of scaling laws and the Mach number effect on suppression,
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Scale model suppressor noise investigations were carried out utilizing

the nozzles shown in Figures 3.8, 3.9, and 3.10. These suppressor nozzles are
of approximately the same flow area as the ‘conical nozzle described previously
in this section, and are described in detail in section 1 of this report.
Measurements of total acoustic power were made in the same manner as for the
conical nozzle, though over a somewhat more limited range of flow pressure

ratio and temperature,

Comparisons of total acoustic power generation have been made for’the
suppressors and conical nozzle, For convenience, the conical nozzle data is
replotted in terms of PWL vs .ressure ratio, for various temperature;, in
Figure 3,11. Figure 3,12 presents corresponding data for the three suppressor
models: (1) 8-1lobe, (2) 19-tube, and {3) 18-segment with plug, In order to
determine the effect of flow temperature on sippression of jet noise, the data
of Figures 3.,]1 and 3,12 has been cross plotted in Figure 3,13, which shows
overall FWL as a function of flow temperature for the four nozzles operating
at thres pressure ratios: 1,8, 2.4, and 3.0. It can be readily observed that
for each of the suppressor nozzles the noise reduction (the difference between
the conical nozzle and suppressor nozzle curves) at constant pressure ratio is
temperature dependeni. Furthermore, this temperature dependence appears 1o be
different for each suppressor, Note that at pressure ratio 1.8 little noise
reduction is shewn feor cold flow, and that as temperature is increased the
suppression capability increases and then finally declines. At flow temperatures
near 1000°F, only slight Mach number (pressure ratio) effect is cbserved, and
for pressure ratio 2.4 little temperature effect is evidenced. It is fortuiteus
that turbojet engine suppressor development up to the present time has besn for

engines operating al pressure ratios near 2.4 and temperatures near 1000°I,
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since noise reduction at pressure ratio 2.l shows little temperature dependence,
However, at low pressure ratio (1.8) cold flow test results would not provide

a satisfactory estimate of sound power reduction experienced at increased

Lemperatures,

While no general peans of correlating suppressor performance for all types
of suppressors, for various temperatures and pressures, has been developed,
the results of the investigation have several important implications, First,
evidence has been presented to show that jet noise reduction is not simply

pressure ratio dépendent for a fixed configuration, Furthermore, the variastion

in noise reduction performance as a function of flow temperature for different

suppressor configurations indicates that model suppressor evaluation must be

ultimately performed experimentally at flow temperatures and pressures

representing full scales conditions, Finally, the need for further research into

e

normalization of suppressor performance for temperature and pressure effects

- e
‘gﬂf

-

)
.

Tl

i

i

j is emphesized,
1

i

3.5 Conclusions and Recommendations

o o ERE

Resulis of scale model experimental investigations on noise generation by

by
1.*%

A S
%

-,
-

-

Jjets from conical and suppressor nozzles have been presented for flow temperatures
ranging up to 3300°R. The following important conclusions are swmarigzed:

1) XNoise generation by conical jets is not adequately described by the
Lighthill equation except for low pressure ratio and moderate temperature flow,

2) A temperature dependent flow density effect on noise generation by
conical jets has been found to vccur. Total sound power varies with ((J/e.)n .
where n is temperature dependent,

3) An empirical relationship between sound power and norzle energy flux

has been developed for conical nozzles, including concentric flows, for the
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range of pressure ratios from L. ® 3.k, and temperatures up to 3300°R.
;) Jet noice suppressor acoustical performance is temperature as well as
pressure ratio dependé:at, so that scale model Suppressor development mst

include final experivental evaluation under flou conditions representing full

scale engine temperature as well as pressure ratio.

It is recommended that further ressarch effort be directed toward extending
the génerality of the energy flux concept to complex nozzle designs, includirg
further verification of applicability o concentric flows, Jet noise suppression
research should be continued for tne‘puerSc of devcloping general laws for

scaling temperature and pressure ratio effects on noise reduction performance
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B L9 | Introduction

Gowal] ool feiel el

i A major sssumption of the jet noise suppression theory relating the

aerndynanic and acoustic properties of jet flow 1is that all of the stream-

A
Sy

-
o
e o e

)
A Iind Lo,

generated noize raliates, without significant loss, into the far field. For

:i;ﬁi: 5 | . ! complex suppressor-nozzle designs, the validity of this assumption can be

é::::g: j v} questioned, since sound sources assogiated with the inner flow elements are
}‘gsé surrounded by high velocity, turbulent flow. There erists some cxperimental
Ly j g evidence thet acousiic energy 4s dZzsipated in the highly turbulent jet mixing
‘ & ! region. Yn Reference 1, jet nolse éata is presented showing thet sound levels
N

s

measured in the far ficld of a reclangular array of nozzies is higher when the

measuring location is criented along the long side of the multiple tube config-

Ty

gg?%& E 4 uration es compared to the short ent of the array (Figure 4.1). This effect,
E:;;?: § g referred to as shielding, irdicates that perkaps the sound generated by inner-
:' ‘ i most elements of a suppressor i, uzstle to propagate through the turbulent

“ : g regions created by surrourding suppressor elements. Although theoretical

g;?:gj * E Justification for significant absorption of audio frequency sound in a jet wake
e ! R is lacking, it is importani that the possibility be investigated since positive

evidence of sourd dissipation would require modification of the correlation

betwoen ucoustic and nerodynanic properties of the jet wake. TFurtheruore,

W.M...-
/b

absorpticn of acousiic ensrgy in th2 jet wake could explein in part the increase

in noise reduction bty & suppressor &s pressure ratio is increased.

L5 S

Experiments have oveen conducted in an effort to determine whether or

not discipstion of sound does oceur, or wuetner the noise reduction effect
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referred to as ghielding is a directivity rather than power level change effect.

-

- Experimental Procedure

The deteimination of the magnitude of sound energy absorption in
turbulent flow, as related to jet noise suppression, requires that the power
level of a source be determined after propagation through a turbulent jet wake ..
compared to the source power level in the absence of the turbulent Jet. -
Ideally, » discrete frequency sound cource, which could easily be distinguished
from oroad-band jet noise, could be located within a Jet wake, and sound power !
level change could be determined in a reverberant room fcr various jet veloci-
ties. However, the problem of locating such a sound source within a jet weke .

without altering its acoustic output is gquite difficult. - -

An alternative method for evaluating sound absorption by the jet wake
involves placement of the sound source putside the Jet boundary while posi-~
tioning the acoustic pickup within the wake. While this scheme eliminates the
source variation problem mentioned above, it presents the difficult problem of
extrecting the pure tone source signal from the jet noise and jet pressure
fluctunticns especially for high Mach flow. Even more difficult would be the
evaluation of convective effects on the sound p'ropagating through the jet flow.
Since the sound path through the wake would depend on flow velocity, comparison

of levels measured with and without flow would be exceedingly difficult.

In a third possible approach to the experimental investigation, the
high intensity pure tone sound source can be lccated outside the jet wake, and
a survey of sound pressure level is made by traversing a microphone along the

Jet boundary, but not in the flow, on the opposite side of the wake. Free
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field acoustic enviromment is required, and effects of changing soumd path length
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due to convection of the signal in the jet flow can be minimized by locating

i 7
\‘ ‘ §
e S
B ¥
k ‘,‘_‘,; % ‘.
L .
t‘ k4
o

*

]
kSe! |
(" ¥

the sound source sufficiently for from the jet wake. Because of the decressing

JrROPn

flow velocity in the jet in the downsiream axial direction, a focusing of the
sound propagating through the flow would occur as described schematically in
Figure 4.2. The sound waves entering the woke in the high flow velocity regiom
near the nozzle exit are convected further downstreem than waves entering in
the lower velocity regions of the jet, thus forming the shadow zone neor the
nozzle exit and somewhat focusing the rays at a downstream location. In order
to evaluate the possibility of sound d'ssipation, the intensity of the trans-
mitted sound must be messured over a suitably long region of the jet so that a

valid overage sound pressure can be determined, considering bcth the shadew

zone and region of apparent amplification.

Experimental investigations were conducted following the three

previously described prccedures, but concentrezting on the first and third

o
s e s s A ik s o

methods. The second scheme, with the soind pickup within the jet wake,

presented considerable difficulty in extracting the pure tone sound from the

Jet pressure fluctuation and thus it was abandoned.

The acoustic sigral for which attenuation effects were to be eval-

bllifh  ERaald

uated was produced by a Mariman generator (Figure 1.3). The device consists of
a 3/8 inch diameter convergemt nozzle which discharges at pressure retio of 4.5
fnto & 1/2 inch diameter cavity. The generator produces a high intensity
discrete tone. The frequency of the whistle is a function of the cavity depth
which can be varied by a piston in the cavity. The acoustic power ievel

produced 1s on the oxder of 150 db (re 10743 watts) over a frequency range of

1200 Lo 9000 cps.
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Experiments ca the dissipation of sound with the source within the
jet were carried out using the apparatus shown in Figure k.. The Hartmen
generator was located in a cylinder within an annular jet so that the Jet flow
would not affect its accustic output. Measurements of reverberation sound pres-

sure level were made in a reverberant room, for various source freguencies and

nozzle pressure ratios. Aversge pure tone sound levels were determined by

slowly moving the microphone within the roou and repding its output, separated
from jet noise by means of a narrow band f£ilter, with an acoustic integrator

{Ref. 2). Static pressure was measured within the Hartman generator enclosure,

and the meximum variation from ambient was 2.5" 1120 at nozzle pressure ratio
P/Po = 2.2. This small change in pressure could not affect ihe whistle perfor-
mence. Results of the investigation are shown in Figure 4.5, where reverbera-

tion sound pressure level for the whistle tone is plotted agsinst nozzle pres-

sure ratio for various pure tone frequencies. A small decrease in sound level

is observed as the jet flow begiuns, but this reduction does not appear to

increase as flow pressure ratio is raised. If the sound energy is dissipated

in the turbulent flow, then the wiore turbulent higher pressure ratio flow

should provide increased noise reduction. Since this is not the case, a plau-
sible explanation for the slight decrease in sound pressure level is that the
supply pressure to the Hartman generator decreases slightly as nozzle airflcw

is initiated. Since rather small supply pressure variation can affect the

waistie output, this is believed to be the source of the noise reduction. In

the succeeding evperiment, supply pressure was monifored much more closely so

as to preclude such an occurrence.
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Further experiments vere_coﬁdncted to determine if sound in the
audible freguency range is attenuated during propagation through the turbulent
flow exhnusting from 2 nozzle. As in the previously described work, a hipgh
intensity, pure tone sound source (Hartmen Generator) provided the acoustic
signal, ard a 3-1/2 inch diameter conical nozzle was utilized to create the
turbulent weke. ’The expérimental set up was as shown in Figure 4.6. The sound
source vas located k-1/2 nozzle diameters downstream of the nozzle exit, and
gseveral diameters to the side of the stream. On the opposite side oi the jet
wake a microphonc was treversed over & distance of approximately & nozzle
diameters. Thus, by positioning the turbulent {low between sound source and
acoustic pickup its effect on the ncoustic signal could be determined. In
order to meesure only the direct sound and eliminate reverberation, the
Acoustics Laboratory anechoic room was uitilized. The roam is capagle of
handling the airflow from the 3-1/2 inch diamcter nozzle operating at pressure
ratio up to 2.4. To test whether attenuation tié&bgh the stream could be
measured in this facility, a mecbanical sound barrier 6" in diameter was posi-
ticned between sound source and microphone in the approximate location of the
Jjel weke. The attcnuation measured using the mechanical barrier in place of
the Jet wake was 13 db; sufficient to indicate that reflected and refracted

sound is at a level low enough so as uot to obscure attenuvation throug . vhe

stream, which might be of lesser magnitude.

Source frequencies of 2.5, 5.0, snd 9.0 keps vere used, and nozzle

pressure ratios up to 2.4 were tested. So as to cbtain a usable signal to
noise ratio, & Panoramic Sonic Analyzer with 25 cps filter band width vas used

&3 a signal filter for the microphone output.
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A plot of sound pressure level along the microphone traverse path,
for three nozzle pre.ssure vatios, is shown in Figure 4.7. No’.r.e that “"shielding" x
occurs in the region near the nozzle exit, and amplification is experienced -
fu;'ther dswnstream due to convection of the signal in the jet wake. Results
indicate that the peak amplitude measured is independent of flow velocity, but
that the flow has a pronounced influence on directivity. Thus, if dissipation
of sound does occur, it is insignificant in magnitude in the audible frequency
varge. The results indicate that the "shielding” of noise from one Jet by the
lcw from enother as reported by other researches is a directivity effect, and
that the decrease in noise experienced at one.position is accompanied by an

incresse where the sound is convected downstream.

4.3 Conclusions

The results of the experiments described indicate that little, if any,
sound is absorbed by the turbulent Jet wake, in agreement with the work in
Ref. 3. Thus, no modification of the correlaticn of aerodynemic and acoustic

jet properties is required from this consideratica.

The shielding effect of a jet weke has been shown to be a result of
directivity raiher than sound power change. The problem of measuring the sound
pover of & jet in the presence of a shielding wake, requiring exceedingly
precise acousiical measurements, has been bypossed by substitution of a pure

tone sound source for the jet noise source.
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5.0 AN EVALUATION QF SELRCTIVE WATER INJECTION AS A JET NOISE SUPPRESSION TECHNIQUE.

5.1 Titroduction

Conventional techniques for jet noise suppressicn besically rely on sud-

e df

ivision of the main nozzle flow intc a number of separate streams in such a

mapner as to produce favorable jet mixing through interaction of the elemental

Jets. The veloeity profile t}}eury indicates that the soun? power generated by
a free jet depends only on the mean-flow velocity distribution in the mixing
region of the weke. II indeed the noise generated at a given axial location
along the jet is primarily dependent on the veloclity profile at that position
and sufficiently independent of past history or the flow and the meens enployed

to achieve the velocity distribution, then a miker-type suppressor could effec-

g

tively be replaced by another scheme which would alter the mean-flow velocity

)
8
§

profiles without first subdividing the main Jet. By injecting water sprays
®

."i”*

- ¥
LT 50

into a heated jet, the temperature and velocity of the flow can be lowered 1? ke

selected regions of the wake, altering the velocily profiles. Wnile it is

Pased  pedl  Paed poad beed pmed

known Lhal spraying large guantities of water into the jet wake will reduce the

| sound power, generated (Ref. 1) the quantity of water required is such that
.
this means of suppression cannct be considered as practical for in-flight uvse.

}_ However, by proper utilization of limited water flow, it is possible to alter
4 the mean-flow velocity profiles rather than accomplish a gross veloccity redue-
‘i' tion for the entire jet. It is the suppression effect of this means uvf water
1 injection which has been investigated and is reported here in fulfillment of
‘ the proposal vcrk statement (Ref. 2).
l
-
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Tue objsetive of the investigation was to determine feasibility of the
selective water injection concept for jet nocise suppression. As previously
stated, the noise reduction achieved by non-uniform introduction of wate: -
sprays should be greater than reduction by thorough mixing eand evaporetion of
the water in the Jet wake, if the scheme is to be successful. Thus, as a .
standard for comparison, ‘a theoratical calculation of overall power level
reduction wes made fcr a jet with completely mixed and evaporated water. The
results are shown in Figure 5.1, and are based on the assumption that acoustic
power depends on the eighth power of the flow velocity. The cbange in flow

-

velocity was determined from heat baiante celculation for the air and water

mixture.

5.2 Experizental Procedure

The experimentsl spproach adopted was to measure noise reduction for a
heated jet with water injection as compared to an unsuppressed jet. Rather
than meke a complete surveyof the sound field for sound power determination,
it was decided to messure the more significant acoustic parameter of sound
pressure level reduction at the angle of maximm Jet noise radiation (40° from
the jet axis). On the basis of noise directivity studies reported in References
3 and 4, it is seen that the one point sound pressure spectrum meesurement at
the angle ¢f meximm nojse can be used to estimate the sournd power level

spectun.

The roise measurement system consisted of s Bruel and Kjeer type 4133
microphoze {with flat fiequency response to 4O kcps) located 15 feet from the

Jet nozzle at an angle of 40* from the jet axis. Microphone output was frequency

- 228 -




(3 “:"
2

¢
i
L}
¢
'

,ﬁ

2

T
S

»

L AT

)

g

L ﬂ'l’.".,

!‘amg

analyzed by means of & Bruel and Kjaer spectrometer, and recorded ona B & K

level recorder.

The test facility used was an outdoor free field test stand, with no
significant reflecting surfaces except the ground, and capable of continucus
heated flow. The test nozéle employed was & 4 inch diameter convergent design,
and is shown with water spray tube configurations in Figure 5.2. Flow pressure
and temperature were measured, as well as water and air mass flov. The airflow
measurements Jere used to monitor the effective nozzle area, thus providing a
rough indication of water evaporation upstresm of the nozzle exit. A number of
spray tube configurations were employed, with weter inlet locations at two
dismeters upstream of the nozzle exit for initial tests and twelve diemeters
upstream for subsequent runs. The tubes were immersed radially into the air-

stream, and were equally spaced around the circumference of the air duct.

Eight tubes, with an orifice 0.050 inches dia. in the end of each, were
used in the configuration with tube location 2 diameters upstreem. Immersion
depths of 0 (tube ends flush with nozzle wallj, 2 inches, and alternste tubes
at 0 and 1 inch were tested. Waler flow was veried from O to 3.5 gallons/minute
for airflow conditions of: (&) nczzle pressure ratio = 1.8, total temperature
= 14oo°F, and (b) pressure ratio = 2.7, total temperature & 1240°F. Sound
pressure level reduction at the position 15 feet from the nozzle and at an
angle of 40® from the jet exis wes determined by comparing runs with and with-

out water flow for & fixed airflow condition and spray tube geometry.
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%& 3 : For the tests with water injection at 12 nozzle diameters upstream of the
al "

of - S

'Qg % exit, 6 tubes were used. Water wes introduced through a single 1/8" diameter

B ;

_; hole in the end of each tube, and in an alternate scheme water was sprayed

ol

‘Sﬁ i through 8 holes 0.045" dia. located along the length of each tube. Water flow
;"S*Q 3

:$Q 3 rates up to 27% of the airflow {by weight) were achieved for flow temperatures
nr ! :

"'c up to 1340°F and over a range of pressure ratios fram 1.35 to 2.15.

P -

nhy N

'éﬁx - 5.3 Discussion of Results

o) |

‘i::‘ - :

AR

A ) Initial investigations of noise reduction by means of selective water
?;;ﬂ ) injection, utilizing the spray tubes located 2 diameters upstream of the nozzle
' *

;:;" exit, indicated that little evaporation of water occurred in the flow region

A

e

L near the nozzle exit. Even at the maximum water flow rate (13% of the sirflow)
§$‘1 only 4 db sound pressure level reduction was achieved, as shown in Figure 5.3.
§§:§ Besed on the theoreticel curves in Figure 5.1, for complete mixing of the
LK

) % water with the heated airstream, a 6 db sound power level reduction would be
(] \j’ ;

Qﬁa : expected. While it appears that this amount of suppression at the source might
o
£
{52 be obtainable in practice by complete mixing of water and air, the configura-
o}

tion tested did not achieve noise reduction as intended by alteration of flow

velocity profiles. No change in airflow occurred as water flow was increased,

indicating that only & limited amount of evaporation could have taken place in

R T P,

the nozzle, since formation of steam would effectively decrease ihe flow area

A
st s van e

svajlable for the heated air.

Txamination of the sound pressure reduction spectra (Figure 5.3) reveals

that at the highest pressure ratio the noise reduction was shifted to a lover
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frequency. This is explained by consideration of the increased jet velocity,

since the water droplets were transported' further downstream (toward the loca-
tica of lower frequency sound sburce) before evaporation and resultant cooling

and deceleration of the flow.

In order to achieve more complete vaporization of the water injected imto
the flow, further tests were conducted using the sprey tubes located 12 nozzle
diemeters upstream of the exit. Comparison of suppression for the two spray
tube designs {one hole in the end of each tube compared to 8 smaller holes
spaced along the tube) showed no significent difference between ihe coarse and
fine sprays. Rather, noise reductic;n was found to depend essentially on watexr/
air ratio for a given airsiream p'x:essure snd temperature. Overall sourd pres-
sure level reduction as a function of water/air ratio is shown in Figure 5.4,
and it is apparent that suppression 1s a linear function of wateryair ratio
over the range tested. Comparing the curves for equal pressure retios dut
varying temperatures it is evident that n;ﬁ.se reductl increases as the flow
temperature rises, and s maximum reduction is achieved, after which the addi-
tional temperature rise adversely affects suppression. Interpolated deta from
Figare 5.4 for uater/a.ir ratio of lS% is replotted in Figure 5.5 to indicate
the effects of water residence time in the airsiremm {fiow velocity effect).

It is the combined effects of increase in flow temperature causing: 1) nare
rapid veporization of water, 2) decreasing droplet residence time, and 3) pro-
viding less noise reduction cepebility (as shewm in Figure 5.1 which cause the

maximization of suppression noted in Figure 5.h4.
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The calculation adverse effect of temperature results from the fact thet
for a given water air ratio the flow temperature change accompanying complete
mixing and evaporation is essentially independent of initial temperature and

thus, percentage-wise, the cocling effect decreases with incresse in initial

temperature.

The effects of water injection on the jet noise scund pressure level
spectrum are shown in Figurs 5.6. Reduction is achieved over a wide range of
frequencies, and it is significant that even at low pressure ratio suppression
is.accomplished in the high frequency region (for the test results shown, the

sound pressure level spectrum peak occurs at 1250 cps)-.

5.4 Conclusions

Results of the selective water inje¢tion investigation indicate that the
desired alteration of Jjet mixing cannot be achieved by this means in order to
affect noise reduction. Although the mean-flow velocity profiles can be sitered
tirough use of selective sprays, the Jet mixing is not greatly influenced and

the suppression accomplished is less than would be i)ossible through uniform

mixins of water and air.

The adverse effect of high temperature and flow velocity on noise reduc-
tion capability of water injection and the large water/ixir ratios reguired

indicate that this scheme might not be practicsl for spplication to existing

aircraft and engines.

Effects cn nozzle aercdynsmic performance have not Leen measured, but

losses would be small if weter evaporation and resultant ccooling of the flow
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occurs primarily external to the nozzle, as 1is indicated by test results.

Jet noise suppre-ssion by means of water injection is umusuzl in that high
freguency ncise reduction can be achieved, and furthermore, suppression cen be

accomplished for low pressure ratio flow.
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