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Abstract

A semi-empirical moael for predicting the
noise generated by conventional-velccity-profile
Jets exhausting trom coaxial nozzles is presented
ano compared with small-scale static and simulated
flignt cata. The present method is an upoated
version of that part of the original NASA Aircraft
Noise Prediction (ANUP) Program (1974) relating to
coaxial jet noise. That methoa has been shown to
agree reasonably well with model and full-scale
experimerital data except at nigh jet velocities in
the region near the jet axis. Improvements to the
basic circular jet noise prediction have been
developea since that time which improve the accu-
racy, especially at high jet velocity and near the
jet axis, and are incorporated into the coaxial
Jet proceaure in this paper. The new procedure is
more theoretically based and has also been im-
proved by some empirical adjustments,

Introduction

Accurate noise prediction methogs are re-
quired in order to predict the environmental
impact ot airport operations on the surrounding
communmities, das well as tor the realistic design
ot new atroeratt and the development ot nolse re-
du g moditications Lo existing arrcratt,  ine
predtetion melhoy presented neren 1s an updated,
more theoretically dased, version ot that part ot
the origindl MASA Alrcratt Notse Predyction Pro-
graml pertaining to ¢odantal nozzles with conven-
twongl velocity profales (e,g., ynner-stream
velaCity yreater than outer stream velocity).
Ity paper dedis only witn the novse generated by
the exnaust Jets mixing wits the surrounding air
did aoes not cunsiuer other noises emandting trom
Lne enygine such 4s narrow-band shock screech or
internd Hy-generatea noises.

Although the numerous aspects of the mech-
anisins 0t nolse generation by coaxtlal Jets are not
tully understoou, the necessity ot redicting je«t
noise has led tu the development ot empirical pro-
cedures. The NASA Interym prediction method tor
Jet novsel and several uirfterent methods based
on extension ot the duciely of Automotive tngi-
neers (dAL) metnog tor circular Jets< are 1n
current use. Tne NADA interim method has already
been shown L0 agree redsonably well with model and
full-scale static ang tlignt uatad tor low to
moderately-nigh bypass rdatio coaxial Jets. This
interym methoal 1s bases on a circular Jet
methoa (also 1n Ret. 1) which 1s accurate only up
to jet velocities ot about 5¢0 m/sec; however,

¥Hedd, section A, Jet Acoustics Branch, AlAA
Memper .,

*wResearch tngineer, bection A, Jet Acoustics
dranch,

tkesearch tngineer, Mission Analysis Ottace,
AlAA Member,

that circular jet methou has since been improved
by incorporating a more theoretically justified
formulation of source convection effects.4 The
aesirability of further minor improvements in tn.
circular nozzle prediction of static airectivity
ang spectra near the peak noige angle was shown by
the comparisons of Gutierrez.” |t is desirable,
therefore, to incorporate the improved convection
formulation in the conventional velocity-profile
coaxial jet mixing noise prediction procedure,
along with the empirical improvements motivated by
the comparisons of Ret, 5 and some minor changes
in the treatment of flight effects.

For the case ot supersonic primary {inner-
stream) and/or secondary (outer-stream) jets,
brcadband shock/turbulence interaction noise must
also be considered. The purely empirical shock
notse methoa of Ref, 1 is replaced in the current
method by an extensive ot the semi-empirical
metnoa developed in Ref. 4 for circular jets,
wnich s based largely on the theory of Harper-
Bourne ang Fisher.

The tormulations of these preuvictions for jet
mixing and shock noise are presented in this
paper. Tne validity of these improved predictions
¥s estanlished by tairly extensive comparisons
with mogel-scale static data. lnsufticient
appropriate simulated-t iight cata are available n
tne Iiterature so veritication of flight effects
must be geterred,

Symbols

(A1) dimensions are 1n 51 units unless noted.)

A dreqd

C speed ot sound

L nozzle hysraulic drameter

f tunctional relation (Eq. (4))

fFo trequency shitt parameter detined in
tq. (3)

1 1/3-0octave-banu center trequency

M Mach number, V/c¢

n vxponent detined in £q, ()

UASPL overall sounu pressure level,
¢ re ¢U uN/m<

p pressure

K source-to-observer distance

S ettective Strouhal number

SPL 1/3-0octave-band sound pressure level,
aB re ¢U uN/mf

1 total temperature

uoL preaicted OASPL uncorrectea tor retrac-
tion, db re 20 uN/m

] velocity

Y minimum (perpendicular) distance of
observer trom engire axis (Fig, 1), oeg

a Jet angle ot attack (Fig. 1), deg

a tlight level relative to static, dB

o aensity




(] polar angle from inlet axis (fia.ll). geg

' ettective polar angie, #(Vi/cy)V:l, deg

oM Mach angle, 180'-sin‘l (IIAJ). deg

¢ azwmuthal angle (Fig, 1), deg

v moditied (aircratt) directivity angle
(Fig. 1), aeg

w uensity exponent (Eq. (Alb))

Subscripts:

] ambient or apparent

C convection

1] dynamic

e ettective

F t light

15A international standard atmosphere (<88 K

and 101.3 kN/mé)
tilly-expanded jet
K nematic
shock noise
parameter evaluateg at
dircratt
tully-expanded primary (inner) Jet
tully-expanved secondary (outer) Jet

0-90.

N o= C v .
<

Formulatign ot Procedure

The output of this prediction procedure 1S an
array ot SPL spectra at each angle of interest.
(Acoustic power relations are not given explicit-
ly, but power computations may be made by inte-
grating the results numerically over all angles.)
The proceaure calculates the spectra tor shock-
tree Jet mixing noise, including the ettects ot
tlignt. Then, .upersonic Jet shock nolse ettects
(static anu flignt) are calculated separately and
aaged antilogarithmically to the shock-tree jet
mixing spectra. lhe jet mixing noyse and shock
nolse are assumed to be symmetric about the jet
axis. Tne geometric variables describing the
position of the observer relative to the ergine
are shown schematically in fig. 1. The noise
levels predicteg are tree-tirela (no retlections),
tar-tield ang lossless (i.e., the ettects ot
atmospheric absorption are not ngluded).

txperimental noise measurements are otten
made atl a vistance tar enough from the sources to
be 1 the acoustic tar-tield ot each 1nuividual
source, but not tar envugh away to treat the
entire jet plume as a point source at the center
0t the nozzle ex1t plane, When such 1s the case,
comparisons between experimental data ana predic-
tion must take source locations 1nto account. The
methods used to approxiymate these source location
ettects tor jJet mixing ana shock noise are those
ot Ret, 4, using primdry jet conditions. Tne
source position 1s assumed Lo be at 4 primary noz-
2 le urameters downstream ot the primary exat for a
aryrectwvity angle, 8, ot U uegrees dand to vary
VTinearly with 8 to b pramary diameters at
6 » lBU deyrees,

ulsen ana brieaman’/ correlated shock-tree
COld-1 Jow codx1dl Jet norse data tor seconddry-to-
primgry Jet velooity ratios, VoIvy, trom UL
to 1.0 anu seconuary-to-primary area ratios,
A AL, trom U.b/ Lo 43.5, This correlation
was bdsed on extension andg modiytication of the
methuy ot Willigis, et al,8, [n the original
NAJA ANUP 1nterim predyctron method tor Jet
nolse,d the method ot Ket, 7 was moditied and

extended to account for the case of a heated,
shock-tree primary jet. The approe:h developed in
Ket. | ana usea herein is as follows: (1) the
overall sound pressure level, UASPL, and spectra
are related to those ot the isolated primary jet
by means of simple correlation factors; (2) the
directivity is taken to be the same as for the
1soited primary jet, as indicated by tne experi-
mental data of Ref. 7; and (3) the effects of
tlight are taken to be the same as for the iso-
lated primary jet, as veritied in Ref. 3. Tne
prediction methodology is illustrated by a flow
cnart in Fig. 2. The reguired inputs are shown at
the top of the chart, followed by the logic for
calculating the jet mixing noise (single or dual
stream) and shock noise (for either one or two
streams). The equations, figures and table re-
quirec at each step are identified. The result is
a tabulation ot SPL spectra and UASPL as a
tunction of angle,

UUL. - [he effects of area ratio, velocity
ratio anu temperature ratio on the OUASPL un-
corrected for refraction, UUL, taken from Ref. ],
are shown in Fig, 3, where the UUL relative to
that ot tne isolated primary jet, corrected for
temperature ratio,

1
oL - oLy - 1u log ‘/;—)-

vs plotteo ayainst an area ratio parameter tor
various velocity ratios. The temperature ratio
term 1s an empirical approximation. The curves
shown correspond to the recommended relation
{moaitieg tor temperature ratio from Ref. 7),

1
1
UUL - uuL, = 5 log (Tz-)

A4
A Ve
1+L§.
v, " ALYy

+ 10 log 1—VT ‘1.2—(———? (1)

. z)
R

L Vo

In £q. (1), UUL] s tne UASPL uncorrected for
refraction tor tne isolated primary jet calculated
trom the relations given n appendix A, wnich is

pased on Ret. 4, Tne exponent m is given by
N
2 M
mal.l i Ki < 9./
11

A
n o= b,U; 2 9./

)

The ambient temperature gata ot Ref. 7 are
within approximately *2 dg ot the curves shown,
witn the greatest scatter at a velocity ratio,
Vo/V¥y, ot avout 0.0.

Spectra. - The shapes ot the sound pressure



level spectra fur shock-free coaxial jets were
enerally found to be similar to those ot the iso-

?ated pr}mary Jjet, but with the peak frequency

smfted.’ In Fig. 4 tne effect of area ratio

andg velccity ratio on the frequency shitt parame-

ter, Fg, is shown, wnere

-2
TZVZAZ

. S\, "M .
Fsell-s)\2* — v (3)
L*yvr

In €q. (3), $; s the e:fective Strounal number
for tne isoiated primary nozzle calculated from
Appendix A, wnich 1s appiicaple to eitner a plug
or circular cure nozzie, and the temperature-
dependent term is modifiea from that used in

Ket, 1 to provide prfper limiting behavior, The
previous formulationd did not include tne influ-
ence of velocity ratio and area ratio on tnhe tem-
perature effect, and it was limited to T3/Tp
only siigntly less than 1.0. From Eq. (3$ and
Fig. 4, the non-dwmensionalized frequency ratio
(coaxial to isuvlated primary), $/Sj, can be cal-
culated, whicn gives the frequency shift relative
to the 1solated primary nozzie. The SPL(f) can
then pe obtainea trom Taple I,

UASPL. - Tne overall sound pressure level 1s
obldined by integrating tne spectral results over
the treguency range of interest,

Shock Novvse

The shoch novse, tor each stream which s
supersontc, 1s calculatea separately by an exten-
S1on o the crrcular Jet method developed n
Reto d. 1 s assumed that there ys no interac-
Uien between the two streams,  That method was
evolved trom the mode ]l ot Harper-Borne ang
Fisher  and the experimental results ot deiner
aid Norum.¥  The overall sound pressure level
uncorrected tor retra-tion, tor elther stream
WHICH 1 supersonic, UUL, 4. 1S glven by

>

Ay Iug(

- 1u logl - M, cos v,

=

* t(o - ah) (4)

where ¢ s the angle ot the observer relative
to the direction ot aircratt motionI the Mach
angle 1s given by 6y « 18U - swn™ (1/M,),
ana tne subscript  § = | reters to the
primary (1nner) stream and j = ¢ reters tu the
secondary (outer) stream, The tunction F s
given oy

b« U tor

0.0,

(4a)

b= =U./> tor e8> o"

Tne appropriate nondimensional trequency
paraneter, again based on the Harper-Borne and
Fisher® model, is given by

SS.J -(U'-:;Jv—) VMJ -1 (1 '"0 cos ’)

J

v ¢ v\
x 1+ O.I(El)cos o u.ous(El) (5)

a a

where Uj is the hyaraulic aiameter. Note that
the convection velocity factor is 0.7, instead of the
0.6z value used for jet mixing noise, but the 0.2
value of the turbulent length scale ratio is re-
tained, which leads to tne 0.0l146 factor. The shock
noise peaks at Sg j = 1.0 and varies with log
Ss,j 4s shown in b 49 5. The SPLg j as a
tunction of frequency is chen determ\ned from Fig. 5,
where Sg j(f) 1s obtained from £q. (5). Some ef-
fects of Jet temperature ana directivity angle on
spectral shape ana level have been observed by von
Glann10 and otners for circular jets, and perhaps
such effects are also applicable to coaxial jets, but
they are not presently included. Snock noise is not
projected to be a tactor tor future high-bypass en-
gines, since both the jet stream conditions are sub-
SONIC at takeott and lanuing.

Compdrisons with Experimental bata

Tnis section contains 1ymited comparisons ot
the present prediction method with experimental
Jdata tor model coaxral jets. Although there
exists a great dgeal of aduitional experimental
ddta with which comparisons may eventually be
made, the present comparisons are considered to be
sutticient to demonstrate the valhioity ot the pro-
cedure.  Lomparisons with conical nozzle uata are
presented 1n Appendix A to Vllustrate the validity
of the conical nozzle bas s tor tne present method.

Static Jet Miatng Novse

Muttiple srdeline jet noise measurements were
obtawned by boodykooniz, el al.ll tor a series
ot tour coax1al nozzles having secohdary to pri-
mary area rdtios, Ag/Al, trom l.¢ to 3.¢ ana &
common primary nozzle diameter ot 1U0.0 cm. Data
were obtawned at sigelwne distances ot 1.7, 3.0,
5.0 dang 2.0 m. Typical multple sideline data
adgjusted to a common siueline arstance (3.0 m) ano
corrected tor source position as described under
formulatyon ot Procedure are shown tn Fig. 6 tor
tne 1.9 area-ratio coplanar coaxial nozzie. Also
shown dare predictions trom the present methoa and
that ot Ret. l. Al low trequencies the greater
siaeline distances appear to provide more accurate
experimental data as evidenced by the relatively
smooth spectrd ano the generally good agreement
with the present prediction. Similar results were
obtaineg tor the smalier area ratios (not shown)
ang tor the conical nozzle case {shown in Appendix
A). Tms result 1s consistent with the expecta-
tion that the low trequency noise producing region
is gistributed tor several diameters gownstream of
the Jet exit, so that relatively large distances
are required tu redach the geometric tar-tireld. At
high trequencies, there 1s an apparently anomalous
reversal ot slope which 3s worse at large propaga-




tion distances. In1s accentuation of anomalous
behavior at large di-tances is not unexpected,
since at large distances the corrections for
atmospheric attenuation are large and nonlinear
propagation effects might become important. It is
also clear that except for angles near the jet
axis, the 5.0-m sideline (Y/0) = 50) data are of
good quality, ana 1t s the experimental data from
this array which will be used for the remaining
comparisons shown in this section.

In aduition to demonstrating the quality of
the valigation aata, tnis tigure shows how the
present prediction compares with Ref. 1 at primary
high jet velocity., (Uifferences are smaller as
V] decreases.) The imfrovement due to the pre-
sent method for angles of i25° ang less is clear,
However, at & > 145, the superiority of the
new method is cTear only at low frequency; further
improvements may be neeaed. The method of Ref, 1
gave excessively high levels at large angles,
which gave unrealistically high auratin-. o tities
11 effective perceived noice level cal. . :.ions,
ang that problem has been resclved in tne present
method.,

OASPL. - Sicgelne oirectivity patterns for
each nozzle contiguration are shown in Fig. /.
In each case, the secondary conaitions are held
essentially constant at Vv, « 215 m/sec ana
T, = ¢79 K, ang the primary conditions are
varied widely., It can be seen that the prediction
method 1s reasonably accurate n predicting the
notvse directivity tor this wide range ot inner-
stream condytions. It can also be seen, by com-
paring the results tor the various contigurations,
that the ettects ot area ratvo and ot noncoplanar
exits are predictled reasonably well, |t 1s also
signmiticant that the prediction method produces
proper himiting results as the velocity rato,
VIV, ang temperature ratio, T,/T7y,
approach unity, Not only does the present predic-
tion agree with the eaperimental data in this
Fhitting case, bul 11 agrees better with these
udla than does the noise predicted {(Appenuix A)
tor 4 sIingle-stream Aircular nozzle operating at
the eqguivalent mixed-tlow condrtions (velocity,
temperature andg mass tiow rate), The stanuard
deviatiyon ot tne prediction method witn respect to
this data setl s 1.8 db, dnu Lhe dverdage over-
prediction 1s 0.5 us. ULata tor tne other sideline
distances (not shown) show swmilar agreement.

Spectra. - Spectral compariysons tor these
same condaitions dare shown n Figs, 8 to L1, tor
ared ratios ot l.¢, 1.4, 1.9 and 3.¢, respective-
ly. In each case, spectral comparisons are shown
et arrectivity angles ot 45°, 907, 1¢5° and 145°,
Generally the agreement 1s guod except at high
trequer 1es near the Jet ax1s; however, this prob-
lem appedrs to be partialiy with the experimental
data, as giscussed earlyer 1n reterence to fig, b,
rather than only with the prediction, but turther
study of this issue appedrs Justitred, There is
some tenuency to overpredict the low-trequency
NO1se dand underpredict the high-trequency noilse
tor the Cdse where the conditions Oof the two
streams approach equality, This problem 1s not &
major one however, since the I1ntegrated measure,
overall sound pressure level, 1s reasonably accu-
rate, 4and this 1s not a cdase ot interest tor real
engine cycles,

Shock Noise

While shock noise is not likely to be a sig-
nificant tactor for tuture high-bypass engines, it
should be included for generality and for the
predictions ot the noise tor older, lower bypass
engines and possibla future supersonic transport
engines. Theretore, limited directivity and spec-
tral comparisons with the static experimental re-
sults of Ref, 11 at supersonic primary conditions
are included.

UASPL. - Sideline directivity patterns are
shown in riy. 12 for coaxial nozzles having area
ratios of 1.2, 1.4, 1.9, and 3.2 and a primary
nozzle diameter of 10.0 ¢cm. In each case, the
secondary conditions are held essentially constant
at Vg = ¢l6 m/sec and T, « 278 K, and
tne primary conditions are varied, At a fully-
expandea primary Mach number M} « 1.4, two
temperatures, T} « 1130 K (Fig. 12(a)) and
6UU K (Fi1g. le(b)), were tested, procducing primary
Jet velocities Vy = 790 ana 570 m/sec,

Kesults are also shown in Fig. le(c) for a lower
Mach number, M} » 1.15, at 7} « 590 K

and V) = 490 m/sec. In each case the pre-
dicted s$hock noise i1s indicated by the dash-dot
curve, predicted )et mixing noise by the dashed
curve and the tota: predicted noise by the solid
curve, The high Mach number, icw temperature
conditions have the strongest relative contribu-
tion of shock noise; this provides the most
significant valication ot the shock noise predic-
tion, ang the agreement is yood. At the low Mach
number, there i1s an overprediction ot total noise,
espectally tor tne large area ratio, which will be
turther discussed on a spectral basis in the
tollowing section. The comparisons at high Mach
number 1nuicate not only that the level of shock
noise 1s predicted reasonably well, but that the
mixing noise levels are predicted reasonably well
even In the presence of shocks in the flow tield,
specitically for the high Mach number, the stand-
ard dgeviation 1s 1.9 db and the average over-
prediction 1s U.b dB, about the same as in the
SubsONIC Case,

Spectra. - Spectral comparisons tor these
sae conditions dare shown in Figs. 13 and 14, tor
the Ll.¢ ano 3.¢ area ratio nozzles, respectively.
Al the high Macn number, i appears tha’ the shock
noise 1s predicted reasonably accurately, and com-
parisons at the ntermediate area ratios (not
shown) are consistent with these results. for the
large area ratio (+1g. 1) Lhe shock noise at low
Mach number 1s overpredicted. Tnis very well
could be due to the large mass tlow of the second-
ary mpinging on the primary, causing an ettec-
tively lower primary pressure ratio and Mach num-
ber. Perhaps the most 1mportant result of these
comparisons s that the jet mixing noise predic-

tion validity 15 demonstrated to an inner-stream
Jet velocity ot at least 790 m/sec.

fl\ght titects

The method presented herein was shown in
Ket. l¢ Lo predict the static-to-tlight UASPL in-
Crements tor jet mixing noise to within a stand-
aryg deviation ot 1.5 ab tor tull-scale tlignt
tests, It woulo be desirable to show that tne
present method also agrees reasonadbly well with



simulated-flight model-scale results; however,
no appropriate data are available in the opun
literatyre. verification of flight effects must
await the publication of sufficient simulated-
flight cata, or alternatively, full-scale flight
data may provide a better source of validation
data.

Concluding Remarks

An improved semi-empirical model for predict-
ing the noise generatea by jets exhausting from
coaxial nozzles with conventional velocity pro-
files is presented and compared with small-scale
static ana simulated-flight data. The prediction
ot jet mixing noise is based on the extensive
experimental study and empirical correlation of
0lsen and Friedman (1974) for the effect of the
secondary (outer-stream) relative to the isolated
primary (inner-stream) jet. The isolated primary
preaiction used as a base in an imprcved NASA
methoa for conical nozzles (1980). The effect of
a primary nozzle plug is included in the predic-
tion, but is not validatea in the present paper.
The shock noise for a supersonic primary is as-
sumed to be unaffected by the secondary flow and
is calculater from a model based on extension of
the method of Harper-Bourne and Fisher (1973).
The predictions formulated for both sources cover
the full angular range from O to 180 degrees.
There are no inherent limitations on the range of
the prediction methods, and comparisons with
static mode) gata are presented for primary jet
velocities ranging from z00 to 795 m/sec. These
comparisons indicate that the overall sound pres-
sure level is predicted within a standard devia-
tion ot 1.8 dB.

Appendix A

Single-Stream Jet Mixing Noise Preaiction

igrmulation

The coaxial jet noise prediction presented
nerein uses tne noise of tne hypothetical isolated
primary jet as a builaing block. This appendix
presants tnese primary Jet relationships, wnich
are based on Ref. 4, with minor improvements and
witn tne adaition of plug nuzzle ettect from
Ref. 1. The overall sound pressure level, without
correction for refraction, UOL), is given by

2 4
‘ °a Ca
UUL1 = 141 *+ iU ]09 ( ) (E_-_)
PISA ISA
+ 1u log + 1u log + 10 logl —
:Z a Ca

- 15 log [(1 * M. COs 0}2 + U4 Mé]

2A

—

- 1u log L1 - m, cos vj * 3 log (Al)

=
N

®

—

Where

Vo = vl[l - (vo’vl) cos a]2/3 (Ala)
3.5
3(v. /c
u-—-—(—e—e)—"—s'-l (Alb)
0.6 + (Velca) *
M. = U.02(V; - V¥, cos a)ic, {(Alc)

Tne modified directivity angle, #, is angle of

the opserver relative to the direction of aircraft

motion. The aigle of attack, a, is the angle of

the upstream axis of the jet relative to the

direction of aircraft motion. For flyover direct-

ly over the observer, v = & - a. Spectrai

relationships are given in Table I, where

SPL - UOL is Sixen at various corrected angles,
"= 0(Vy/cy) as a function of the

logarithm 02 the effective Strouhal number, S.

For tne single stream case, S = 5], wnere

W[ o 0.4

T 0.4(1 + cos e*)
1 | .
X (T') i1 - "0 cos v)

a
V,-V -V
[1 . u.az( L ‘)cos o] + 0, 01538(‘1 °)
a
Y1 "1
1+ 0.62 c_ cos o] *+ 0,01538 '
a

(A2)

Table [ differs somewhat from that given in
Ref. 4, in order to produce a more accurate pre-
diction &t the peak noise angle and near the jet
axis, based on the comparisons of Gutierrez,

Validation

Since minor improvements have been made with
respect to Ref. 4, some of the comparii ns shown
therein witn the aata of Tanna, et al.*” are
repeated nhere using the modified prediction. In
aadition, sing'e-stream results from tne facility
providing tfe gata used to validate the coaxial
predlctlon are compared witn the single jet
prediction.

In Fig. Al spectral comparisons with the data
ot Kef, 13 are shown at directivity angles of §7,
8o, llb, and 155 degrees for jet velocities from
U.8 to 2.55 times the ambient sonic velocity. The
agreement 15 reasonabiy good. Furtner comparisons
are made in Fig. Af with the data from various
sideline distances*! for a coaxial nozzle with
flow in the inner stream only. Tne agreement is
guite similar to the coaxial results of Fig. 6.
Tne comparsons snow tnat the conical nozzle static
Jet noise data from the same tacility which pro-
vided noSt ot the coadxial gata utilizeg herein is
in agreement witn tne prediction.
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