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Abstract

Predicted engine core nolse levels are compared
witn measured total aircraft noise levels and with
current anc proposed fedgeral noise certitication
requirements. Comparisons are made at the FAR-3o
measuring stations and include consigeration of both
full and cutback power operation at takeoff, In gen-
eral, core noise provides a barrier Lo achieving
proposed tPA stage 5 noise levels for all types of
aircratt,  dore specificaliy, core noise levels will
Limt further reductions 1n aircraftt noise levels for
current wideboay commercial aircratt,

Introduction

The need for aircratt noise control can be sum-
marized by the tollowing actions being taken by the
local and federal goverments and communitly groups:
(1) aw trattic 1s bDeing eftectively curtailed by
nignt currews at leading airports, (2) noisy aircratt
are being assessed extra lanuing fees, theredy in-
creasing their gperating cost, (J) tax monies are
veing used Lo provide building insulation tor struc-
tures near awrports, thereby increasing costs to the
public, (4) Costs to the community for airport devel-
opment are increased by lang-control purcnasing of
extra lang and nousing based on noise contours, and
(2) increasing numbers of anti-noise law suits are
being filed ang won oy coamunities and 1ndivi duals
against the arwrport operators ano airlines. Finally
4 loss Of overseas markets can occur due Lo increas-
1ng sensitivity of the population to aircraft noise,
It the noirse 15 not reduced to acceptable and com-
petitive levels.,

Jet and fan noise are generally considered to oe
the primary propulsion nolse sources for current
arrcraft that atfect the community (fig. 1). As
these notse sources are reduced, tne core and air-
frame nolse sources provide a barrer to further
ro1se reduction.  In particular, core notse 15 of
concern tor approach and cutbalk power settings
(refts. 1 ana 2).

In general, the main contributor to core noise
Is considered Lo be tne combustor. In a combustor,
tne quantities responsidle ror producing noise are
be lteved Lo be the fluctuating pressure and tempera-
ture. The levels of tne fluctuations associated witn
the Combustion process ame reiated to the fuel arop-
et purning Characteristics, combustor geometry, fuel
nozzle design ana number, etc. Modeling of core
norse 1s stall an 1ts infancy. Several correlations
of the spectrai content and novse level been agevel-
opued In recent years (rets, J-5); however, none ap-
pear to be completely satisfactoty.

In tnis paper, predicted core noise levels for
subsonic CTUL arrcraft engines are compared with
awrcraft noise levels required oy present and pro-
pOsed nolse regulations 1n order to getermine whether
or not predicted core notse levels comply with these
regulations ana, 1f not, by how much the core noise

levels must be reduced n order to comply., The pre-
aicled core noirse levels are also compared with
measured total awrcratt norse leveis obtamnea auring
certirication flignhts,

Background

core Noise

Core noilse 1s considered to consist of the noise
generated by the combustor, turbine, support struts,
ana internal surfaces (fig. 1). Combustor noise 1s
produced by ihre unsteady combustion n turbine en-
gines (ref. o). That is, the combustion 1s unsteady
with time varying heat reiease that in turn produces
unsteady pressure fluctuations within the engine,
These then propagate gownstream trom the combustor
and give rise to the far-fiela noise. Tne sound
fiela generated Dy the combustion process 1s partly
attenuated oy the turoine, depending on the numoer of
stages, and to a lesser degree Dy the exhaust nozzle.

Reduction of tne unsteady flow (turbulence) 1n a
combustor tn order L0 reduce the source nolse may not
oe practical, since tne combustion process depends on
a4 hign turbulence level for tlame staviiity and burn-
er pertormance optimizatien (ref. o). Consequentiy,
a performance penalty could be expected witn reduced
conbustor nolse,

Turoine noilse sources are assocrated with a migh
frequency generating mechanism. Tnus, taiipipe
acoustic wall treatment could, 1n prainciple, suppress
any objectionable turbine tones or noise levels.
However, 1nteractions detween the turbine generated
noise ana the turbulent exhaust tlow can result in
increased overall noise levels (ref, o).

Strut or obstruction noise 1s caused by the flow
over a solhia surface, resulting in a broadband noise
source. In general the flow velocities are suftfi-
crently low within the engine boundaries that tnis
noise source 15 constaered a second order source,
when strut notrse does become apparent, 11 15 gen-
erally caused by cross flow or rotating flow over an
internal support memoer,

current ana Proposed Government Subsonic CTOL

Aircraft Noise Certification Requirements

Tne tollowing sections sumnarize the present
flight noise measuring stations and the current and
Proposeu government certification requirements for
supsonic CTOL atrcraft,

NOIse measuring stations, - The conventional rAA
notse measuring stations (ref. /) were used through-
out tnis paper to ascertain the predicted core nolse

levels, Tne nominal measuring stations were:
lakeoff: o480 m from start of roll
Approacn: 185 m from runway threshola
Sidelne: dod m (0.0 namy, ) from runway

centeriine (fignt patn)



The aircraft altitude along the flight oath At
tne takeoff measuring station generally varies with
the climd “ate of the aircraft, takeoff run, and
single-ergine out performance requirements. The
following altitude ranges at the takeoff station were
assumed nerein in tne prediction of takeoft core
noise levels,

Altitude at takeoff
measuring station,

Alrcratt type

m
4-engine commercial 213 - 305
J-engine commercial 305 - 488
2-engine Commerical 488 - o/0
General Aviation/Business ol0 - 915

In the prediction of sideline core noise
levels, an altitude of 229 m was assumed for all
aircraft, Experience has shown sigeline noise 1§
maximzed at this alititude.

A 10a reauction i1n altitude was assumed in the
takeoff noise predictions for cutback conditions
(85a of maximum fa~ speed). However, a minimum
altituge of 213 m was maintained as a lower iimit at
the measuring station.

Current and proposed nsisc rules. - In fig-
ure ¢, the current rAR-Jo (1¥/78) awrcraft certifica-
tion requirements (also called stage 3), in terms of
the effective perceived noise level as a tunction of
arrcraft ygross weignt (soliwd line), are shown for
the take-off, sideline, and approach measuring
stations (ref. 7). Note that for the takeoff condi-
tions (fi1g. & (a)), three lines are shown for the
large commerciral aircraft. These lines soparate tne
Alrcraft Dy the number of engines, witn those air-
Cvdft having four or more engines certified at
higher noise levels than those having three or two
{1n descending order).

Also snown in figure 2 are the lower proposed
EPA certification requirements (ref. 8), generally
referred to as stages 4 and ». Note tnat no noise
rule aifferentiation 1s made with respect to the
numoer of engines on an aircraft fo- tnese proposed
stages. According to reference 8 the noise ievels
10 EPNdS tor the proposed EPA stage 4 norse rule is
given by the following relationships:

lakeoft: 7 log W * 50
Stdeline: 12 log w + 29
Approach: 7 1og W * ol

Swmi lary, the noise leveis in EPNAB for the proposea
tPA stage 5 no' e rule 15 given by:

lakeott: 7 log W+ 51
Swdeline: 12 log w + 25
Approacn: /7 log W+ 57

These relationsnips apply to aircraft with takeoft
weights from 4530 to 453,000 kg.

Finally, to place the certification reqire-
ments 1n a more complete perspective, the original
FAR-Jo (LlYo¥) noise regulation i1s shown for com-
parison witn the present and proposed noise rules.
Ine original noise rule 1s commonly referred to as
stage 2, wiih tne unregulated phasc referred to as
stage |,

Acoustic Data Base

As part of tnis study, measured total aircraft
noise levels obtained during FAA certification
flights are used for corparison with predicted core
noise levels ana ooth current and proposed aircraft
noise certification requirements (ref, 8). A brief
description of tne aircraft/engine types included in
this paper 1s given in the following table,

Alrcratt tngine Number Nominal
of aircraft
engines gross
weight
kg
8-707 J1io “ 115-149,000
UC-8 | Narrow Jrio 4 145,059
8-727 pbody JT80 3 77,003
8-737 JI80 2 52,131
-y JTso 2 49 Hod
B8-747 CFe, JT9 4 317,316
0C-10 P Widebody JT90 3 276,655
Lioll RB211 3 144,923
Learstar YFo02* 2 14,500
oUU wveneral
Lessna Aviation olls0 2 5,213
500

*Sumlar to YF102 engine.

Core Engine Characteristics

Tne nominal full-power core engine charac-
teristics are given in the following table (refs.
vy-13):

tngine Keference Combustor Combustor Max imum
to-ambient temperature core flow
pressure ratvo, Wos
Prat;:. T‘_.IT3_. kg/ sec
3. a
CFo 9 28 1.96 113.5
RB8211 10 28 1.96 95.7
JT9 11 19 1.95 138.7
JT80 - 14.5 1.77 0.7
YFLl02 12 12 2.20 18.1
JTiso 13 1.5 2.30 8.2

In order to provide 1nput into the core noise
prediction procedures for less tnan full-power oper-
ation, the preceding core engine parameters were
examined tar simlarity. The combustor-to-ampient
pressure ratio, P3/F,, and the core flow, w,

lues were plotted as a function of fan speed based
on nformation available in the appropriate refer-
ences,  The variation of compustor pressure, P,
and core flow, w, with tan speed 1S shown 1n figures
3 and 4, respectively. The soliva curves shown in
the figures represent mean value: for the indicated
parameters,

The JT30 core engine daca shown in figures 3
and 4 and 1n the preceding table are unpublished but
were made available to the authors for inclusion
nerein through the courtesy of Pratt and whitney
Aircratt, Swymlar core data trends with engine
parameters were assumed for the JT30 usea in the
8-/07 and OC-8 aircraft,

Ine variation of thrust witn fan speed 1S shown
In figure 5 based on data given in reference ¥ for




the Cro-50 engine. [t 1s also stated in this refer-
ence thee during approach, the engine 1§ operated at
a tmrust level of 3Ua of maximum, with a correspond-
ing fan speed of bha of maximum, In the absence of
otner data, it ‘s assumea here:n that all the en-
gines operate at this condition during aoproach.
Furthermore, it 1s assumed that during cutback at
takeoff, all the engines operate at a fan speed of
852 of maximum with a thrust level of oda of maximum,

In general, the combusior temperature ratio,
[4/13, decreases very gradually with a reduction
In fan speed over the range of fan speeds of in-
terest. Consequently, herein it 1s assumea, for
convenience, that for the 85a fan speed cutback
condition, the Tg/T3 ratio is the same as that
at full power, ?or approach, on the basis of data
in references ¥-13, the T4/1; ratio was taken to
be 91.5a of that at full power,

core Noise Preaiction

Spectra

The spectral shape used for tne prediction of
core noise 1s given in reference 5 and dentified as
the “spectral enveiope." This spectral envelope 1S
4 Droader spectrum than that frequently ascribed to
combustor noise only. The peak of the spectrum 1s
assumed Lo be at 400 Mz statically and 1s assumed to
be shifted 1n flignt by a Doppler snift in frequency.

Uverall Sound Pressure Levels

The predicted noirse level statically 1s obtain-
eq from reference 3 ana 1S given Dy:

OASPL ,0¢ = K = 20 log R

2
*+ 10 log {u[ﬂ‘ = TP T IT4)] } (1)
where K, in S| units, is assumed to be 4o for turbo-
fan engines and 56 for turbojet engines, The value
of R 1s the distance from the aircraft to the greuna
measurement location at each directivity angle, The
variation of OASPL with directivity angle taken from
reference 3, 1s given in figure o; the values ghown
are db values relative to the OASPL at @ = 120", the
angle generally considered to be the peax core noise
angle.

In order to dgetermine the flight effect from
the statlx_,alucs of UnaSPL, the Doppler factor,
(1-M_cos®) " was usad in reference 1. The resul-
Ltant™anf lignt OASPL 1§ given as follows:

OASPL§- OASPLg= =40 log (1 - M, cos Q)
Perceived Noise Levels

Perceived noise ievels (PNL) were computed for
the appropriate engine power settings at the desired
flignt conditions, [n order to obtain EPNL values,
the PNL values, plotted as a function of time, were
then integrated vetween tha times when the PNL
leveis were 10 dB down from the peak PNL,

Predicted core noise levels were adjusted for
the number of engines by aading 10 log N to the
calculated single engine PNL anad EPNL. An arbitrary
3 a8 also was adaed to the calculated PNL and EPNL

in order to account for ground reflections inherent
in the measurad data. In order to account for jet

and airframe shielding effects, the following reduc-

tions in sideline noise levels were used:

Number of Arvrcraft type Nominal sideline
engines a d8 due to
shieldaing
2 General Aviation, -¢
8-737, 0C-y
3 8-727, 0C-10, L1011 -3
4 8-707, B-747, 0C-8 -4

The foliowing nominal flight speeds were
assumed in the prediction procedures.

Uperational  Aircraft Number of Percent  Nominal
mode type engines fan speed flight
speed,
Vo.n/s
Takeoff  Commercial s 3 85,100 9l.5
Commercial 4 85,100 102
ageneral All 85,100 82.3,
Aviation 53.3
Approach Comnercial All 65 83.8
General All 0b 50.4
Aviation

For the noise prediction calculations, the
aircraft attitude during takeoff was assumed to be
+15° relative to the flyover plane and 0 during
approach,

Ccomparison of Measured Total Aircraft Noise
With Current and Proposed Noise Results

The measured total aircraft noise levels for
the aircraft included herein are shown as a function
of gross weight in figure 7, together with the cur-
rent and proposed noise certification requirements
(refs, 7 and §). The aircraft shown cover a range
of gross weights for several of the aircraft and the
data also inaicates successful noise reduction ef-
forts for some of tne aircraft. [n general, tne
nigher noise levels for a specific aircraft type are
for the initial production run wnile the lower noise
levels are for more recently produced models. (he
later aircraft generally are equipped with engines
quieted by the use of acoustic treatment in the
engine inlet and/or exhaust ducts. [t is also ap-
parent tnat the total noise signatures of the newer
aircraft equipped with engines having bypass ratio
greater than 2 (8-747, 0C-10, and L10L1) all meet
the FAA stage 3 noise certification requirements or
are below the applicable rule.

Comparison of Core Noise Levels with Current and
Proposed Aircraft Certification Requirements

In figure 8, the predicted core noise levels
for the aircraft/engine configurations shown provi-
ously in figure 7 are Jompared with variocus tederal
noise reguiations for the following operational
conditions:

(1) Full power takeoff

(2) Cutback (part-power) takeoff
(4) Sideline and

(4) Approach
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For eachh atrcraft, pregictions were made only
for those power settings and operating conditions
for which measured noise Jata were availaple,

The predicted core engine noise levels for
takeoff are shown in figure § as vertical bars, with
the top of each bare corresponding to the lowest
altitude for the specific aircraft category and the
bottom of each bar corresponding to the highest
altitude for the specific aircraft category. Also
shown for reference in the preceding figure are the
measured total awrcraft noise levels from figure 7.

Pertinent engine and flight parameters for
these operational conditions were given in the sec-
tions entitled “Core Engine Characteristics" and
“Core Noise Prediction.”

lTakeoff Noise

The comparisons of predicted takeoff core noi<e
levels for full power ana cutback (85a ‘an speed)
witn the various noise rules are shown in fin.¢,
8(a) ana 8(b), respectively,

Full power, As shown in figure 8(a), the re-
presentative predicted core noise levels tor small
general aviation/business-type aircrafi engines are
near the proposed EPA stage b certification require-
wents, The predicted core noise levels and the pro-
pused stage 5 notse rule are generally 5 d8 below
rhe measured total aircraft noise levels of current
aircratt. However, 1n order to meet tne proposed
stage 5 noise rule, all noise sources must be in-
Cluded; consequently, tne core noise must be reduced
sO that the summation of all noise sources will meet
the proposed stage 5 noise rule with an adequate
margin (generally 1 to 3 d8 less than the rule).
vurrent predicted core noise levels for these air-
craft are sufficiently low enough so that core noise
would not be a factor in determining whether these
aircratt are able to meet the proposed EPA stage 4
noise levels.

For the large commercial aircraft, all the
predicied core engine noise levels exceed the pro-
posed tPA stage b noise. In fact, the predicted
Core engine noise levels for the high Dypass engines
used on the widebody L-1Ql1l, B8-747, and OC-10 type
arcraft exceed the proposed tPA stage 4 noise
rule. The predicted core noise for these aircraft
1. very close to the measured total aircraft noise
measured during noise certification flights. Tnis
Indicates that core noise 1s providing a barrier to
further noise reduction for wigehody, large
commerctial aircraft,

consequent ly, reductions of other noise sources
(tan, jet, etc.) will not produce substantial total
noise reductions for trese aircraft types.

Cutback, - In order to reduce aircraft noise
during takeoff, a cutback in engine power 1s often
used arter lift-off and prior to tne takeoff mea-
suring station, Ffor tne older narrowbody commercial
aircraft (8-737, 8-727, 8-707 and 0C-9), the pre-
dicted core norse levels with cutback are near or
below the proposed EPA stage 5 ievel (fig. 8(p)).
Howaver, tne predicted core noise level for the only
widebody aircraft (8-747) shown in figure 8(b) is
apove the proposed EPA stage 4 noise curve and 1s o
ds above the proposed EPA stage 5 level. It 1s
expected that the other widebody atrcraft (0C-10 and
LIOLL) woula snow a similar trend; however, because
no measured gata are availaple, no predictions were

made for these aircratt,
Side line Noise

The predicted sideline core noise levels shown
in figure 8(c) all are calculated for an altitude of
229 my which experience has shown to give the maxi-
mum sideline noise.

The general aviation/business aircraft ana
narrowbody commercial aircraft predicted core noise
levels all are below the proposed EPA stage 5 noise
rule by feom ¢ to o dB. However, the predicted core
noise levels for the widebody aircraft, as for the
takeotf condition, are generally between the pro-
posed tPA stage 4 and stage 5 noise rules. For the
wideoody aircraft (L1011 and 0C<10), the predicted
core noise levels are substantially the same as the
measured total aircraft noise levels, Tnus, core
noise for wicebody aircraft imposes a barrier to
acnieving tne proposed tPA stage 5 sideline certifi-
Cation requirements.,

Approach Noise

The predicted core noise for general avia-
tion/business aircraft and for tre older narrowbody
aircraft (fig, 8(d)) are up to 8 dB below the pro-
posed EPA stage 5 noise rule. However, the pre-
dicted engine core aots. levels for lhe widebody
aircraft are near the progosed t¥4 stage 5 approach
noise rule levels. Consequentiy, core noise again
1mposes a barrier Lo acmeving tne proposed stage 5
approach noirse certification requirements when other
noise sources are incluged together with the neces-
sary operations noise margin,

01scussion

The comparisons of the predicted core nolise
levels witn current and proposeda federal aircraft
noise certification requirements shown in figure 8
indicate that, in general, core noise can provide a
barrier Lo the proposed tPA stage 5 federal noise
rules for all atrcraft types from general aviation
to widebody commercial aircratt., Lven tor proposed
EPA stage 4 notse rules, core nolse provides a b
rier to achieving tnis rule for widebody commercia.
arrcrart, with tne most severe core nolse problem
occurring at the takeoff and sideline measuring
stations. The question of meetling proposed future
noise rules ts compounded by the contribution of
other noilse sources (fan, jJet, airframe, et(.) which
when Coup led with core noise provide a serious ob-
stacle to meeting the proposed tPA stage 5 federal
noise rule levels.

gecause of the low frequency content of com-
bustor noise, suppression of core noise by lining
the tailpipe with reasonable liner thicknesses and
weight appears difficult, Advances in bulk liners
may offer a possible solution to the low frequency
noise suppression problem, However, hulk suppres-
sors could become contaminated with Yuel, partic-
ularly at engine startup, and create a tailpipe fire
nhazard,

Reduction of core noise at its source, the
combustor, currently 1s not well understood. Appli-
cation of available cata and analyses generally tend
to result n radially larger, heavier, and less
efficient combustors that require larger diameter
nacelles to nouse tne comoustor tnereby imposing a
drag penalty on the aircratt. In order to provide a
viable low core-noise engine, a much improved undar-



standing of the noise generation processes in tne
core engine, particularly in the combustor, 1§
required,

Examination of the predicted core noise levels
compared with measured total aircraft noise indi-
cates that the prediction procedure for core noise
needs to be re-examined. The present procedure,
while applicable to turbojets and low bypass fan
engines, may not be completely suitable for high
Dypass engines such as the CFo and RB211 engines.
Evidence of this 1s that of the predicted takeofft
core noise level at full power (fia. S(a)) for the
L1011 atrcraft (R8211 engines) 1§ greater than the
measured total noise level., However, this differ-
ence mav be erroneous since tne exact power setting
for the measured notse data was not avarlaole ana
the engines may not have been at the full power
setting.

conc lusion

From the results obtained in this study 1t is
obvious that core noise must be reduced in order to
meet proposed future federal novse certification
requirements, particulariy when a certification
“marcin of safely" 1s necessary. Because of the
interrelationsnips of core noise and engine perform-
ance, the low frequency content of core noise, and
physical component limitations, this will be aiffi-
Ccult to achieve and requires an extensive and inten-
sive research ¢frort on tne part ot government and
industry.,

Appendix - Symbols

c ambient somic velocity, m/sec

tSNL effective perceived noise level, tPNaB

A constant n |nlernally-qeneqaleu nolse
predqiction, db re 20 uN/me

Mo t light Mach number, Vo/Ca.
dimensionless

UASPL overall sound pressure level,
a8 re 20 uN/mé

P total pressure, N/m

PANL areceived noise level, PNAB

B source-to-observer aistance, m

I total temperature, X

Vo thignt speed, m/sec

w mass flow rate, kg/sec

“ takeott wergnt, K¢

9 directivity angle measured from inlet, deg

Subscrapts:

a anbient

¥ flignt

m did s Yingin

> stat¢

10’ evaluation at @ » 120°

3 combustor inlet

< combustor exit

- local girectivity angle

l

14,

15,

. Reshotko, ™,
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Figure 2. - Summary of past, current, and proposed FAA/EPA air-
craft noise certification requirements,



*sauibua uejocin) *saulbua uejogny Joj paads uej yIm

Joj paads uejy yyim orjes mojj Jybram Jo uonersep - p ainbi4 oned 21nssaid Jajul JojSNQWod Jo uoneitep - g 3anbiy
(33<S NV4 INID¥3d 033dS NV4 INID¥3d
001 06 98 0L 09 0, . 001 06 08 0 09 05 .
| | | | [ _ | ) | v =
() o
X o
(o)
. =
-9 — —
o v =
%
e 2
—112 = -
»
o
=
© - wW —]
< 6 947 O 6 940 Q
11 aeir A 4 alr &
/2N - aelr ¢ - asir 7
A 2l Wl-4A O —6 21 W1-4A O =
£l aGsur g £1 aguur 0O
01 128y O 01 1128¥Y O
43 INION3 N 434 INIONI
01 —

WEY£d ‘OILYY FUNSSING LTINI HOLSNEWOD




PERCENT THRUST

100 FULL POWER
80 }—
CUTBACK
60 —
a0 —
jo————— APPROACH———
20 —
| | |

20 40 60 80 100
PERCENT FAN SPEED

Figure 5, - Variation of thrust with fan speed for CF6-5)
engine (ref, 9),
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Figure 6, - Core noise static directivity (ref, 3),
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Figure 7. - Comparison of measured total noise for representative
aircraft with FAA/EPA aircraft noise certification requirements,
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Figure 8 - Comparison of predicted engine core noise level with
mezsured total aircraft noise and FAA/EPA aircraft noise certi-
fication requirements,
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