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'~T-SE Ant, SUPPRZ,"LJN

F EL1r1ON VINTRODUCTION

-hree specific benefits in achieving low engine noise levels are
--------------------------------....-------- cir .lýctiJ frr thef iTrAl"

I Th=7 arr:

I. The cycle permits the simple snn"]4 -tPon of noise
& suppression devP'e,.

2. T': -arbotan engine noise spectrum has the greatest sound

pressure level at a higher frequency than does the turbojet
engine and thus the noise from the turbofan engine attenuates
"core rapidly with distance.

j. The turbofan engine cycle provides operaLional vez "
that noise generation by the exhaust gases can be reduced by
adjustment of flow and velocity in the primary stream and in
the fan duct strean.

I. These benefits of the turbofan engine cycle, when compared to the
predicted unsuppressed noise from the engine, permit . variety of tech-
niques for noise suppression to be supplied. These techniques, which
are discussed in detail in this report, and their respective noise
benefits are:

1 1. Airport noise:

a. Ejectur effect 4 PNdb _(Jet noise).
b. Ejector-acoustical liners 2 ?Ndb (jet noise)I c. Noise suppressors 4 PNdb (Jet noise)

2. Approach noise:
a. Resonant acoustical liners 15 db (OASrL; fan noise)
b. Blade/vane matching 6 ob (OASPL; fan noise)

c. Blade/vane apacing 4 db (OASPL; fan noise)
d. Ejector acoustical liners 2 db (OASPL; fan noise)
e. Ejector effect 3 PNdb (jet noise)
f. Noise suppressors 3 PNdb (Jcc noise)If g. Ejector acoustical liners 2 PNdb (Jet noise)

3. Community noise:

Sa. aonant acoustical liners 13 db WOASPL; fan noise)
b Blade/vane matching 6 db (OASPL; fan noise)
c. Blade/vane spacing 4 db ýOASPL; fan nciqe,
d. Ejector acoustical liners 2 db (OASPL; fan noise)

i a. Ejector epfect 3 PNdb (jet noise)
f. Noise suppressors 3 PNdb (jet noise)
S. Ejector acouatical linera 2 PNdb (jet noise)
h. Matching effects 5 PNdb (total engine noise)

I C-

• :cl-I



Yk'A F1V 66- 100
Volume III

On thie basis of analyffia Andt -&Pstre~ent5, %,; 6ILW LiiL LOVk

.-.0lowing ?i.A, nolse obl Lives can be obtained:

I. 150-0 feet from centerline of runway 1,6 .
2, 3 statute ailes froo- start of takeoff roll 105 PNdb
3. 1 atetute mile from runJaw ,%n ,presch I09 :

A smary of current and potential JTFI) nnoi!! S,,pre, i=.. - v.erh
of the above conditions Is prasentoed in f.--ur.- I tht:ouh 3. 3. p•5-c
aciza &aluv '4ve been established using the rethods defined at the begin-
ning ot the following section, Section 11 (Cycle Noise).* Engine Model
specification values of fn and exhaust noise suppression have beeri
applier' to define the curves labeled "current suppression."

Noise levels that will be achieved through the application of suppres-
sion devices developed during Phase III are shown as potential suppression
on each curve. The eha. 'd areas represent the Increase in effectiveness
of suppression devices .,at will be developed during this period.

In Stction II (Cycle Noise), predicted unsuppressed single engine

*•. ...... -:._ '..- A The- -re followed bv y dea-ri'rion of .!-.

proposed noise development program. Section III (Suppression Devices),
gives a sum.ary of available suppr-ssion merhods and estimates effect
of each method when applied to tne engine. iunlese otherwise indlcated,
suppressioc devices are identical for prototype and prcduction engine
designs. Section III concludes with a description of the Phase III Sup-
pressor Development Program.

z Notes: Cun'wnt Comm.ercial Aircraft;L• I Two E ngin es 9 - 1I0 5 ?N db I
2. Side.ie Nos at IMO ft ,-1 - - - I - ---

ý'T Uja w - ,Ak& cT ljvdi 116 rdb~

Max Augmen~ted

Current Suppression-N

100

30 50 64,
INSTALLED THRUST - lb (Thousmnd

Figure I. Predicted Turbofan Airport Noise FD 16948
Levels CI

*Standard SIX procedures (AIR 876) require adjustments for the number of

engiu*s in determining aircraft noise levels. The sound produced by four
engines is uged for all flight conditions, and that rroduced by two engines
it considered during operation on the ground. Octave band sound pressure
levels are presented for a single engine, since this distribution it pre-
dicted to be equal for each enlins at a comon thrust level.

C1-2
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LurraAi~ Suppies~aior

AIPotential Suppre.lion

10 12 14 16 18 20 22 24 26[NET THRUST lb (Thousand)

Figure 2. Predi~cted Turbofan Noise Levels FD 16949
Typical of Flight Profiles at CI0 Tlhrust Cutback After Takeoff

I ~~Current Commeft1* Ainvmft: 119 -125 PNdb - _-

MA SST Objective: 109 PNdbl
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CYCLE NOISE

A. PREDICTED ENGINE NOISE LEVELS

P&WA's experience in noise measurement and control has shown that the
noise produced by the turbine is not perceptible in the presence of the
other noise sources in the engine and for this reason is not significant
in this evaluation of JTF17 engine noise. Therefore, this small noise
source is not discussed in this section of the proposal. The significant
noise sources in the turbofan engine are the primary exhaust gas stream,
the fan duct exhaust gas stream, and the fan. These sources and the con-
trol of these sources will be discussed in detail in this volume.

It should also be noted that methods for control of the noise emitted
from the front of the engine are not discussed as a ncise dpvclopment
program of the engine manufacturer in this proposal. P&WA belicves con-
trol of this noise can be readily accomplished by appropriate treatment
of the inlet and the associated ductwork. Continuous support of the air-
frame manufactir-'s inlet noise control development program will be pro-
vided by P&WA during the engine test and noise programs. Inlet noise
control methods will be evaluated during Phase III in engine tests with
the inlet installed. Engine noise levels transmitted forward to the
inlet and reduction in these noise levels by noise control features

a.ncorporated in the engine design will be provided to the airframe manu-
"facturer to assist the implementation of the airframe manufacturer's
inlet noise control program.

1. Prediction Procedure

The noise predictions discussed in the following paragraphs are based
upon current SAE-approved methods supplemented by techniques developed by
P&WA. These methods ate applicable to an engine that incorporates no
features specifically designed to minimize noise.

Exhaust noise was estimated using engine performance parameters cal-
culated by the P&WA engine specification computer programs in the predic-
tion method defined by SAE Document AIR 876. The resultant octave band
sound pressure levels were then added to predicted fan sound pressure
levels calculated by the system described in Item 9 of the P&WA Phase II-A
Final Report. Values for preceived noise were then obtained using the.
method of SAE Document ARP 865. Required adjustments fcr distance from
the sound source were performed in accordance with SAE Document AIR 87C'.

2. Airport Approach Condic ions

Engine net thrust one mile from touchdown during airport approach
will be in the approximate range of 9,000 to 18,000 lb. For this net
thrust range, the relationship between the individual noise sources and
the magnitude of the respective contributions to total engine noise is
presented in figure 1.

The unattenuated fan is the predominant noise source throughout the
thrust range illustrated. By means of suppression devices described in
Section IHI, however, noise from this source can be attenuated to the

CII-I
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level produced by the exhaust gases or possibly even lower. The verr.
tility of the turbofan cycle also provioes an opportunity for f'::'tiser
reductions in fan and exhaust gas noise through the operational techniques
described in Section III.

Octave band sound "ressure levels at a representative approach thrust
condition of 12,000 pounds of net thrust are presented in figure 2.

150 -i ) )

No Suppression
S140 Four Engine.s _

> 90

r4 130 - __ __ _- a

>9 1201 1 1 1 1 11'
- THRUST --- Th-Fanusand)Ductpr Apa

S ......: ,-Frimary, _T

9l0 Fxhaust s I I I

8 9 10 11 12 13 14 15 16 17 18
NET THRUST -lb (Thousand)

Figure 1. Predicted Turbofan Noise Levels FD 16750
Typical of Flight Profile at CLi
Airport Approach

110 1 --- - - -
Notes: I t Fan Noise

1e . No Suppression A Duct Exhaust Gas;
2. One Engine 0 Primary Exhaust 'Gas

S100- .- 0 Total Noise __

S 90---~ _

W 80- _

0 1 2 3 4 5 6 7 8
OCTAVE BANDS

Fi~gure 2. Predicted Sound Pressure L--vels FD 16751
Typical of Flight Profile at Cil
Airport Approach

CII-2
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3. CoRunit- h•c•s-

Power *fLtt takeoff is showun in figure 3 for the ranRe of 15.000 to
27,000 lb net thruiit, Because of a substantial incrcac in a tItudu Cver
thah uol aiipvcL approach, total noise is expecte'd to he considerably
reduced with rexpect tn inf 4he.ve, on rhe g,..,.•A _ n , r.... £• r= tu..
is higher. The predicted values are given in tigure 3.

Total

1,- / ..... k-Primary Exhaust Gas

2-4100 Fan- --

14 16 20 22 24 26 28

' THRUST - lb (Thousand)

Figure 3. Predicted Turbofan Noise Levels YD 16752

Typical of Flight Profile at I III

Thrust Cutback after Takeoff

At the lower level of the thrust rangc that may be expected at flight

conditions under which community noise will be evaluated, the relation-

ship between the three individual noise sources is similar to thaC pre-

viously shown during airp.irt approach. As net thrust continues to in-

"crease, bowever, several important characteristics may Le observed:

I. The slope of the fan noise curve i6 smail and thus produces an

almost negligible increase iu aoise as uet thrust is inc'eased.

2. Duct exhaust noise does not contribute significantly t. total
noise and exhibits an almost negligible increase as net thrust

r• is
Ii 3. Noise from the priigary stream increases coaisiderably and is the

priuazy cause for a significant increase in tutal noise as net
thrust is increased.

-! Under thesei coaditloas, the operational flexibility of the engine
provides a significant advantage as described ir Section III. A pre-
dicted octave band distribution of engine vcise tepresentative cf the
comunity thiust range is provided in figure 4.

CTI-
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140-
0 1 1 No 4 5 6-7 8

120 21 1 0 Eungino I tp.F, Nujist
16tDuct Exhaust Gas I

Typicl o0 Priiarv ExhCaust Cas I
4.ArporTowo Noise

&0-

70.

01 2 3 4 5 6 7 8
OCTAVE HIAND

Figure 4. Predicted Sound Pressure Level FD 1.6753
Typical of Flight at Cutback C1I
after Takeoff

4. Airport Noise t
For the range of engiae net thr c to be used during takeoff, exhaust

noise will be greater than fan-genraired noise, as shown in figure 5. At
high values of nonaugmented thrust, ex iaust noise from the primary stream
is expected to be predominant. In the augmented thrust range, exhaust
noise from the fan duct stresm vLU P .e ed t- etfri-mher-,h.e

~nexbaue noise suppression can be obtained throughout El
this thrust range with eonventicral suppressors and the suppression effect
of the reverser-suppressor. A representative octave band distribution
for this thrusL range is shown in figure 6.

B. ?VDPCSED NOISE DEVELOPH= PROGRAM

1, Introduction

P&WA experience in analyzing the fan noise generation process extends
through the past dzcade. A paper presenting the results of these studies
received the Manly .-. mrial Award in 1961. U. S. Patent No. 3,194,487 i!
was awarded to P&6A in 1963 for methods of applying these results to reduce
fin noise. The extensione to this work that will continue through PFhst|
!I! of the SST engine development program are discussed in this section. 11

ii
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H-undredc of full-scale and anechoic chamber model tests of various
nozzle and ejector configurations have also been conducted by P&WA over
the past few years, Althouigh designs were found that provided ueeful
aMoU-ti Of eXhause noise attenuation, two major shortcomings existed:

g Ia. Performance degradation of undesirable magnitudes. This
has been corroborated by published NACA test data (figure 7).

b. A lack of understanding of the physical processes actually
providing the attenuation.

S120 ... .=

W EhusDu•t Exhaust Gas I. No Suppression
410 2-3u." Two Engines

3. Sideline Noise at 1500 ft
4. Extra Ground Attenuation

Z Augmented Operation 111
i 801 Operation

30 34 38 42 46 50 54 58
i INSTALLED NET THRUST - 1b (Thousand)

Figure 5. Perceived Sideline Noise at Takeoff FD 16973
CIl

_____ ________. ...______ ______ ___ ____ __ __-- 1 ___ __ -- __-__ -- ____.

NoIJtes ~ 6 F-•an Noise
I. NO Suppression2. One Engine &Duct Exhaust Gas
13 -& m u ei on ia Primary Exhaust G--

1.30 a3. Maximum Augment~t0on OTotal Noise
4. Extra Ground Attenuation

ii1 • 110 -_ _

if ~ ~~90 - _ _ _ _ _ _ _

Z 701

50 15 6 7 8

OCTAVE BANDS

Figure 6. Predicted Sound Pressure Levels FD 16755
at Takeoff CII
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10_ - 0 8 Lob e N ook
0 12Ltan Noma*

I e- c.o1be withI I Ba --A .

__ __ __ _ __ __ __ _ I ai _
-4- 1! Tube ma

NACA TN 4261NASA TND 8"74

0 2 4 6 8 10 12 14
PROPULqIVE THRUST LOSS- %

Figure 7. Exhaust System Model Test Data FD 17811
Comparison of Maximum Sound vS CII
Thrust Loss

In contrast, recent tests have been conducted to define the mechanics
of exhaust noise generation. Clear demonstrations have been developed
that show distinct differences in the turbulence developed downstream of
nozzles with different contours. Some correlations have beeu established
between the results of these flow visualizations and noise produced by the
exhaust gas. Improved analytical tools are nov being planned to continue
this work during development in Phase III.

The noise development pro oram that_•xilLIe _nt4-by-I-u-
- ,-aua I± encompasses the following three areas:

1. Exhaust noise generation
2. Fan noise generation
3. Analysis of JTF17 engine noise.

Eazh of these programs are treated separately in the following para-
graphs.

2. Exhaust Noise Development Program

Experience gained during Phase I-C with water table and model tests U
indicates that the .geometry of the engine exhaust system has a critical
influence upon the intensity of the noise produced by a turbe-fan engine.
Particularly important are the contours of the primary and duct nozzles,
the locations and lengths of the blow-in doors, and the contour of the
reverser-suppressor. Further evaluation of the effects of thest and
related variables is necessary to minimize the noise produced by the JTPL7
exhaust gas. Tests willl be conducted in an outdoor, model test stand cur-
rently in the design and procurement stage for installation at the FRDC.
This facility (figure 8) will provide the following conditions for testing
model exhaust systems up to one-fifth of full JTF17 size.

CII-6



•. 1, Airflow of up to 18 lb/see at pressures of at least bO psia
2. Single or dual airflow with provisions for sccondary air supply
-. for testing models of turbofans or turbojets
3. udepande"u Cv l uaf a, ---• --'. ------- for each

airstream, with a maxim•m temperature capability of 2500 F
4. Thrust measurement capability
5. Schlieren ph.otography capability
6. Sound measurement capability.

i of Facility to

8ftI ~orDuct Stem .Alxflow

DM koophn anmb

Ut Sorc

Figure 8. Model Teat Facility with Schlieren FD 16756
S oodel Mounted CFed

Initial teats of engine exhaust. systems conducted on this test facility

will utilize twao-dimensional. models. In this manner, correlation will be
Sestablished between the development of the t:rbulent noiae-generat ing

regio as observed on the water table, which is also two-dimensiooal, and

S~weight flow, temperature, and pressure. This correlation will be estab-

L lsbed through the use of Schlieren photographs of the two-dimensional
model and is expected to provide data that will allow for more extensive

S~use of the water table as a design tool.

Further exhaust system tests with the model test facility will be
conducted using three-dimensional models. Noise measurements taken during

! this phase of the development will provide a final check on the theory

deveopedin previous analyses and two-dimensional testing prior to itsapplication to full-scale hardware.

S Model tests that have already been conducted show that, bcueo
the small scale of the models, inaccurate duplication of airflow may be

encountered, even with precise geometric reproduction. For example,
Initial airflow introduced through the blow-in doors may be related to

esrelatively large Reynolds number and a turbulent boundary layer in the

tertiaryCII- 7
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- fe-- en i.. -ia a a emal"-saeJ aodel, however, the reduced dimen-
alons may result in a Reynolds number providing a laminar flow condition.
Thus, a.1215 of the tertiary *ir in the ejector may be exp.:cted to be
different In each cue, with the possibilicy of sigiiftcantly ditffrent 4
effects upoa Lhe noise generated. Model testing conducted during Phase
I1-B has indicated ways of correcting for these effect* once they, ar
recon -d--. Fur exampie, idetical Reynolds numbrs for Lhe modal ard
for the full-scaes engine can be established by adjusting the character-
istic dimesion (W) of the model in the following equation:

, !!

where: P - density
V - stream velocity I
- viscosity

This could be accomplished in a sliulation of turtisry air injection
by increasing the length of the blow-in door on V,. model. Sufficient
correlation between full-scaUe rid model teats will be established to pro-
vide confidence In the accuracy of the model test results.

3. Fan Noise Development Program

Previously referenced fan noise investigations conducted by PhWA ri
have established that the pressure gradients produced along the surfaces
of blades and va"s are responsible for the audible noise produced by a
compressor. The effect upon noise of variations In this aerodynamic load-
ing will be investigated in detail as a part of the Phase III development
program for the JTF17 engine.

A representative pressure distribution for an airfoil is shown in
figure 9a. The large pressure differential illustrated would, for example,
be produced an the surfaces of a _

_ -Gtr- n -or e audible noise produced is proportional to the pressure
differential, while the frequency of the sound is a function of the number
of blades in the stage and rotor speed. It folliws, th-refore. that by
providing a reduced pressure differential, noise way also be reduced.

A second representative pressure distribution Is presented in figure
9b. The total force acting on the airfoil is the same in this example as
in the previous case, however, the loading of the airfoil has been altered
to minimize the pressure differential across the airfoil. Methods of
achieving thie type of airfoil loading And the effects of loading upon
fan voise vwil be evaluated using the six-tenth scale compressor rig
deucribe in the compressor development section of this proposal. Narrow
frequency band analyses wiLl be conduwted on the sound recordings made
during rig operation. Microphones will be located in the discharge duct
of ha ri. Can-iiurst-ons found to have simnificant value will be evalu-

ated further during full-scale engine tosts.

An additional objective of the fan noiae development p ogram will be
to determine the genarating mac.a aia of the combination tones or "buzz-
saw" noise produced by a fan at high rotor speeds. This noise occurs at

II
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3 Volum Ill
supersonic ti- speeds and is caraterized by a mulcitude of high pri•d-
sure peak" having frequencies up to approximately 4000 cvs. Concurrent
progres wvill be conducted at the Florida Research and Development Center

And at the Last Haetford facilities to define the source and means of
coatrol of this phenomenon. These activities will be conducted in scaled
compressor rigs, and results wll be vprified in full-scale engine tests.
ivitia in---------.t h.v ~&allay baen ?YtactLv 1fi Lett Hartiord because
O_ of tha potnta i appl i . to t14rto e n devlept•e• tt ra=z binr conducted
by that facility.

.iChord

I

REPRESENTATIVE
COMPRESSOR BLADE

S+ -q-II-

-har

- __ _ __'•h r

I REDESIGNED
COMPRESSOR BLADE

0 FOR IMPROVED NOISE
CHARACTERISTICS

b.

Figure 9. Comparison of Pressure Distribution ID 16757
on Compressor Blades CII

5 4. Engine Noise Analysis

Considerable data have already been acquired in the J7I77 engine
deveLopment progrm during initial running of engines FX-161 and FX-162.
These data have shown areas where sound suppression techniques would have
the greatest benefit. The engines were operated at conditions simulating
both thrust cutback after takeoff and airport approach thrust.

A narrow-band spectral analysis of exhaust noise recorded from theI first test of engine FX-161 at airport approach engine speed (HN - 4300 rpm)
is shown in figure 10. Characteristic peaks in sound pressure level are
shown to exist at the first rotor fundanental blade passing frequency
(3150 cps), in the range of the second rotor fundamental (5300 cps), and

CII-91'
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at the first harmonic of the first rotor blade pausing frequency (6300 cps).
The existence of these discrete frequency pressura peks ctntributes 10to 12 db to the owerell sornd p.-szurl•l:.. pyouud by the fan. , I

O'U w Q JT"F17

EKaw FX.-161

__ -l H-!!
113.-

110
0 8

0 200 4M0L P"SO0000
FREQUENCY - cps

Figure 10. Spectral Analysis of Exhaust &Noise FD 16758
at Aircraft Approach Speed Cit

A different situation has been found to exist at fan speeds (NI -

5200 rpm) required following thrust cutback after takioff, as shove in
figure 11. Under this condition, blade tip speeds are well into the super-
sonic region. As a result, combination tones are produced at frequencies

___ _Up t nxea Utj a. I I Y 1 e no13e f-O -

duced by the fan. At the same time, discrete frequency noise remains sig-
nificant under this condition and contributes 8 to 10 db to the overall 111
sound pressure level produced by the fan.

Engine cast stands that nov exist at the Florida Research and Develop-
sent Center are not suitable for far-field noise measurements due to the
existence of persaent blast vwal# and extre y uneven terrain in the
sound field. To compensate for these shortcomings, the recordings refer-
enced above were made with microphones located 20 feet from the plane of
the e•ngin exhaust.

th e measurements during the Phase III development program will be [

made on a rae facility constructed primarily for this purpose and described
as the noise-reverser test srand inn the facilit•l• sactor of this proposal.
The quality of the noise measurenents "de on this stand wili be enh•maced
by the following features of the facility:

1. Engine centerline height greater then two nozzle diameters above i
the ground

2. Clear end level ground extending for a distance of 500 feet from
the engine.

GI1..-1 - -
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3. On-sit* faciljLiea for meteorological measurement*
4. Thrst mWd e•line parimstetr recoPdt cepsbiltty

is5. Perareanett1 loczmccd zuitrophonaz puos"..wn5
6. Low background noise levels.

• W Crecordings will be so =a a* v alltv for both octavo band
aund narrow frequency baend analyais. in addition, pressure twansducere

Fl• will be located in the tan duct veLil to obtain acund intensity data for
use in tu 4ah1A of acma•tLial linurs.

IIl' ~113

0. .

iREQUENCY -cp

Figure 11. Spectral Analysis of Exhaut Naiote FD 16759
sat •trust Cutb~alck afte.r ?akeroff CII ________

A program will be conducted on this facility to establihb the amot

of noise reduction possible by the operational veriatility of the engine.
Ai discussed belay, this program viii inc:ude inveatigations of exhea~t

toist matching and of the affect of duct beating on fan aonis.

To accelerate the acquisition of noaie date, a temporary facility is
ei•ng econatrutad (f:igure 12). This faci~lty vill be completed in the

latter part of Phase 11-C and will permit sattsfactory measurement of
near- and far-field exhaust noise.

as. Eihaust Noles Matching

As shown in figure* I and 3, and discussed in Section III, analyses
of ;adlctag aiuina noise indicate that the exhauat noise produced byIi the fec duct stream and tha primary stream are not veil matched in the

uonaujmantad thrust range with normal engine control scheduling. FiSuro
3 shows, for example, that the noise produced by the unsuppressed primary

'I exhaust gas at 20,000 lb total engline thrust La pred~cted to be more than
8 PNdb hiSher than the twist produced by Lhe duct exhaust gee. If the
noise level of the primary aehaust was reduced while the noite level of0 the duct exhaust gas was increased until the two levels v~re equal,

CuI-Il
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total noise would be reduced. Two identical noise sources produce a
total noise level 3 PNdb higher than the common level of each. By
reducing primary exhaust noise 4 PNdb aid increasing duct exhaust noise
the same amount, a common level of 99 PNdb would be obtained in the above
example. Total exhaust gas noise under these conditions c-ýuld be expected
to decrease by about 1 PNdb.

!u
#. ,. -

'A.A

Figure 12. Temporary Full-Scale Engine Noise FC 13323
Test Facility Cli

While the matching of exhaust gas noise produced by the JTF17 engine
is analogous to the above example, the amount of : *rovement gained is a
complex function of engine operatioa. When the primary exhaust stream
produces more noise than the fan duct, improved matching can be ichieved
by obtaining additional thrust from the duct with duct heat. Constant
total engine thrust can be maintained under these conditions by reducing
primary fuel flow. With the JTF17 engine, however, fan speed is also
reduced by this procedure, which provides an additional source of total
engine noise reduction. Specific cases of noise reductions gained
through improved exhaust noise matching are examined in Section Ili (Sup-
pression Devices).

b. The Effect of Duct Heating on Fan Noise

Fan noise transmitted through the fan duct must pass through the
annular duct heater located in the flow stream. Operation of hbe duct
heater is expected to have an attenuating effect upon the preL -ure pulses
produced by the fan that should reduce the effect of fan noise when op'-r-
ating in this mode.

CII-12
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""he i$i~ diviuwj LQ be uae4 mist flO designed with considpration
"thatte domninant noise sources change with the thaine trtl itnthttrtl etn

and ore thus different for takeoff and approach.

At th* low thrust levels used during airport approach and power cutback11fie ta Looif, the fan noise prodoxiites, but jet noise suppression is
L ~t neeoded. tzdcz zt~a coaUiL-wui, the C~an noise con be controlled by

acoustical absorbing liners, careful selection of blade numbers, and sc-
lection of spacing between blades and vanes to reduce the roise generated,

Deomrstrat~ed tech-niques of fan noise treatment have shown a 15 db per
octave band reduction of fan noise. F5MA believes that through the use ofIIavailable acoustical materials and the maxima use of the noise signature
characteristics of the turbofasn engine, the potential fan noise suppression
is no less then 22 3.

Sim~ilarly, exhaust gas noise suppression devices similar to thosc de-
scribed in this section have demonstrated at least 3 P14db reduction in this
noise. The attainment of significantly greater reduction appears to be

possible within the SST developmenc period.

B. PAN

1. Methods Available

The basic noise control versatility of the JTF17 duct burning turbofan
engine provides a variety of ways to achieve large reductions in fan ýioise.

control simultaneously. Although the pr'mary objective for the use of(I~. theme methods is to control the fan noise cuw.iponent of exhaust noise, re-
duction in fan noise transmitted forward o-, the engine is aslo anticipated.
Measured reduction* in noise obtained through these methods, which reduce
requirements for fan noise suppr~esion by the engine's Inlet. will be coor-
dinated with the airframe manufacturer. Verification of these improvements
will be provided by P&WA through engine tests with the Inlet installed.

II Acoustical ot sound absorbiij liners of the resonant and nonresonant
types wil~l be used in the diffuser section of the fan duct to absorb noise.
In addition. aevaral fan modifications are iiucorporated into the engineIi design to mintimize the noise generated by the fan. Each of these methods
of noise control is diseusseJ in detail in the follow~ing paragraphs.

2. Acoustical Liners

Sound absorbing liners, often called acoustical liners, provide effec-
tive noise control when moujoitgd on the walls of the fan duct. In operation,
the liners absorb sound energy transaitted downstream of the fan in the
duct. allowing less sound energy to reach the duct exic, and, as a result,
the radiatad so-und level is .aduced. These liners way be either resonant

or nonrpsonant as discussed in the following paragraphs.
CIII-l
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a, Kesmient Liners I,

Welmoltr resvr2t•r theor7 p•ovides thA basis for thw opetaLion of

ealsrnnt1 l•oUltiCal liners. A HeLsholtz resonatOr is an acoustical sb-

P-•her consisting of a -vol of air co-unicatirg wIth a sound source
!tarough a small channal.. If the interior volu of the resonator iI

large coMpared to the rhtuna, tha cha=a In preissre (due to the in-
ciddet waves) at the aperture of the channel will set the mass of air
in the channel in vigorous motion while the air in the intrrior of the
reaonator ia periodicelly compressed end ratified. The kinetic energy F
Is concentrated in the channml, ••ai.ilthe in-terr ..... . . . tLe
potential enerly ourmre. The resomttor in ana~agnus to a simlE• ma -
spring system. The interior volume represents the spring, and the air
in the channel is analogous to a vibrating mass. Thi energy loss in tho
system stem from the friction at the side walls of Lhe channel and par-
allel plate ares and from turbulence losses. For a liner, the space
between the liner and the wall is reg~rded as a collection of volumes (or
springs) where equal volumes are allocated to e&ch channel or hole. No
partitions are required to physically ,zparste those volumes if the in-
cident waves are normal to the liner and if the internal pressure is uni-
form. A pressure rise at the aperture of each resonator will tend to
accelerate the mass in the hole, compressing the interiors, which in turn
exerts a force tendiug to return the mass to its original position.

A typical resonant liner cross section is shown in figure 1 with
identification of the variables influencing the design. Sufficient work
has been completed by PGRA to develop an analytical design method inc'r-
porating these parameters that can be used to optimize the absorption cf L
sound energy under specific duct conditions. Close agreement has been
found between analytical results and those produced by impedance tube
tests, as Illustrated in figure 2. A detailed description of this analyt-
ical design method in contained in P&WA Report MTh-1287. The P&WA imped-

ance tube test facility is shown in figure 3. _ ... -

As expected from the nmrous variables contribuding to the degree of IE
sound absorption of a resounat liner, considerable design flexibility
exists. Sound absorption capability is expressed by the absorption coef-

ficient (a) defined am the fraction of the incident energy that la absorbed.
A typical set of design curves for a resonant liner is given ia figure 4.
When applied to Lhe JTF17 engine fan duct, minimma backing depth -ny be
used witb a large hole site mnd open area ratio to provide a l:- design [
of ainiim weight.

The absorption coefficients remain reasonably high for resonant liners
operating at frequencies other then resonance. As shown in figure 5. aboorp- !
tion coefficients above 0.5 can be obtained with a single liner design over
a range of approximately 5000 cps. The use of multiple designs for dif-
fer--n.t sctios a that fau- ducL can iurther improve this condition.

CIII-2
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Figureq 3. impedance Tube Facility FD 174531
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Figure 4. Design Curves for Rescnant Liners FD 16830
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Figure 5. Typical Absorption Coefficient FD 16829
of Resonator Liners Ci11

b. Nonresonant Liners

P A thin sheet of permeable meterial produced by felting and sintering
can be made to act as an effective acoustical absorber. Commercially avail-
able material has been tested extensively to evaluate the fan noise absorp-
tion capability when applied to the fan duct walls. By providing an air
gap between the liner and an impervious wall, attenuation of noise-produc-
iig pressure pulses is gained by:

L . 1 _. The caeacir.atlva- et-s.e •- - --or v-hl- --
2. Turbulence losses res,,lting from flow through the ports.

Nonresonant liners my be adjusted for optimum absorption at a specific
frequency by adjustment of flow resistance and backing depth. Under these
conditions, relatively high absorption coefficients can be maintained over
a wide frequency range such as shown previously for resonant liners.

C. Test Reatljts

'."he suppression provided by an absorption liner may be related to
total liner surface area, the Gize of the duct annulus, and the geometry
o• the duct. Provided that liner design is based upon the optimization
of the variables specified in fiijre 1, suppression of fan-generated
noise will:

1. increase with liner surface ares
2. Decrease with increases itl dUCt annulus size
3. Increase as the duct shape becomes less cylindrical with Lhe

addition of duct sections thit are not parallel to the engine
axis.

CI!-5I
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ha analytical relationship between those factors that vould providefn niccuriste prediction of the attenustLan that might be expected from a

•poeclfic nenreeona-.t lin installation hap not been developed. However,
liner aupprentton tests with duct section* similar to that of the JTF17
engine have been conducted. A representative netetllti-n 14 *'shon in
fg8ure 6. !eact were conducted in a du4! reverberation chmnber with flow
velocities up to 525 ft/soc using both resonant and nonresonant liners.
During these tests, the ratio of the liner length to annulus width CLID) F
was approximately 2.5. in each instance, a single 20-incV section of
absorptive material on one wall of the duct was evaluated.

The results of tests uming a resonant liner are shown in figure 7.
The liner absorption coefficienc was adjusted by altering the air backing
distance to provide maximui attenuation in the 7th-octaje band. With I
flow velocity of 300 ft/sec, an average attenuation of 10 db resulted.
Although no adjustments were made to the liner to optimize absorption
for a flow velocity of 525 ft/sec, absorption f. tCie same octave band
still averaged apprnximstaly 8 db.

Ohaa Reverberation
Chamber

-_ in-., Simulated Duct Airflow P-,.-- e

Lner Test Section
20 in--

With 5'8 i.Air Backing
Figure 6. Duct Section for Liner Noise FD 16828

Attenuation Testa CIII

i4n. Air ackingI .. 300 ht/39c

16 o t [ I-
10

.. .. 10Z. 
5

1000 2000 SOW 4000 5000 6000 7000

FREQUENCY - ep•p [
Figure 7. Fan Duct Section Treated With FD 16827

Perforated Flatewire Screen CI1I

CIIT-6
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Additional taits with the sase duct section and facility ycre conducted
at a flow velocity of 525 f:/zec using a nonresorant liner of the same

SUlength (65% density Feltmetal) with a 1-inch bckrn.g _i.---*. In figue 8,
the results of this test are compared to those for a resonant liner. At-
tenuation of approxeimately 2 db less throughout the frequency range tested
was found for the Feltmetal. Notably. both types of liners were found to
provide affective noise ettenmuation over a broad range of frequencies in
the audible range.

il___ __ _ __

20

zResorant Pu* 0d n L L66  -

SOl FREQUENCY - cpa (Thousand)

P 0 R nt TNonresonanu Liners City

1d. JTF27 Egine Applica6ion

j Results of the rig tests just discussed are directly applicdble to
attenuation of fan noise within the JTF17 engine fan duct by Acoustical
liners. Flow velocities range from approximately 300 to 600 ft/sec in
the engine fan duct at the engine thrust settings where fan noise is ex-

J • pected Lo be important, i.e., dominant over exhaust noise.

As ahown in figure 9, many potential locations for acoustical liner
i installatons exist within the duct. Studies are currently being con-

ducted of various locations and installation methods that would provide
mini- weight penalties for the attenuation gained. These include:

I . Diffuser walls
2. Diffuser walls vwth flovsplitter in 17-inch section downstream

of fan discharge
3. 12-inch section and 17-inch section modified to eliminate line

of sight
4. Duct heater section.

CIII-7
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Figure 9. Potential Surfaces for l'reat- FD 16825 i

ment With Acoustical Liners CIII

One of the most attractive approaches includes the use of an acous-
tically treated flowvplitter mounted on the existir4 radial supports just
downstream of the fan discharge (figure 10). By treating the supports

and replacing the existing duct weils with a honeycomb structure having
acoustical treatment, an effective L/D of approximately 4 would result.,
The added improvement in noise suppression that, using a flowvplitter,
may be gained by incorporating absorption liners on the diffuser support
strut surfaces s shon In figure 11, These data were acquired from

S~ rig tests similar to those previously described. It to antt,-Zipated from

the data presented above that this design will result in JTF17 eng!ne-..
fan .noise_&ttenu~t-,nf-eb•--t 15-db-er c -bo 7_ if honeycomb-
type structure were used, the weight of this installation would be ap-
proximately five pounds per engine. It has been decided to use an acous-
tically treated flowaplitter in the SST engine. 11

-- p____E-:°•
A.. • isgdPk pkw Mutsa

Figure I0. Acouaticaly Treated Flouspitcer FL 16824

Mounted ia Diffuser Seccion of CIIl
Fan Duct
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Figure ]1. Effect of Absorbing Liners on FD 16823
Diffuser Support Struts CiII

Additional suppression of fan noise, if required, is available through
the use of additional acoustical liners. Honeycomb structure techniques
with acoustical treatment can be used in other sections of the fan duct to
replace sections of the existisduct.e-&le Witth Wooeiight pen-

I1 3. Fan Deslgn Modifigations

fLa. Blade/Vane Matching

Theory developed by P6UA indicates that suppression of discrete
frequency noise produced by a compressor can be accomplished through
the proper watching of the numbers of blades and vanes. Suarizing
the theory, fully deovloped in U.S. Patent No. 3,194,487, the pressure
modes genirated by the interaction between rotating blades and station-
ary vanes can be "de to rotate at subsonic speeds with proper selection
of blade and vane numbers, regardless of blade tip speeds. To achieve
this condition, the number of vanes should be slightly --re than Ow~ce
. tah ober of biades. Under this condition, the pressure modes willIU decay in the duct and not be emitted from the engine throutgh the inlet
3r fan discharge ducts. These pressure modes manifest themselves as
discrete frequencies that, for the JTF17 engine fan. represent a major
noise source.

Tests have recently been completed on a P&WA m->del JT9D engine to
illustrate the above principles. For the base case, 48 guide vanes were
used with a 4 6-blade rotor. A reduction of as much as 12 db in measured

noise using 96 vanes with the sme rotor Is shown in figure 12. These
amounts of attenuatiun resulted from an almost complete elimination of
discrete frequencies with the 96-vane stator.

ciIZ-9
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Figure 12. Effect of Zxit 'lane Nmber ~ -~

ITe se cond siage of the .7a17 engine f hoe c been designed with 74blades and 154 vanes. D•Ao to the sizmJilrfety to the JT9 r engine con-figuration in blade/oy.bn ratie, this can ht expected to reduce the noiseproduced by the second stbge of the bae by 6 to 8 db through direct con-trol of the disc ete frqec d iscrete frequenci and proamo

Applirotion of this technique to the first stage of the JTF17 enginein under consideration. As a raoult of the axial spacing betveen the
blades and vanes that now exists, in the fan design (see paragraph 3.b),the addition of ~1pades for zoisc control my not be necessary. The pos-
sibility of applyirl this methvd of suppression horoe howvevr, exists..1

b. "CpAý--

Noise reaearzh work conducted by P6WIA and other companies has estab-lished that the spacing between tho blades and vanes is a meaas for con-trolling the amplitude end frequency of discrete frequency noise producedby a ccmpressor faen.

An axial spacing distance of 120 percent of chord length has been~ chosenfor the first stage of the JTF17 prototype fan. Prom figure 13 it can beseen that this moacing is expected to produce approA/iately 4 db reduction

CTI- 10
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In fan noist. ,T1him, is accomplished through a reduction of the discrete
frequency noise associated vth the ruandoar~il frequency ,i the first rotor
#nd its hsr=wnics and is relative to current co€ rcial ermine spacing oft
approximately 40 nercent. This modification to initial fan design is ex-
pected to increasc engine waBght 4y about 5 pound6.

Jr 1 0

t 0 Demonstrator Configuration
0 Production Configuration

Fan Nome PrWdx1o Me.%udHas•ed on Pan Spcn in this

S80 120 160 200
ROTOR TO VANE SPACE IN PERCENT OF

ROTOR BLADE AXIAL CHORD LENGTH

Figure 13. Effect of Fan-Vane Spacing on FD 16786-
___,_ -o, CLII

C1

Although the relationship presented in figure 13 was generated at sub-
sonic rotor tip speeds, recent tests conducted at the P6IJA facility in
East Hartford indicate that similar beneficial effects will reauli at super-
sonic speeds. The effect of rotor speed is sumarized in cable 1, for sub-
sonic, approximately sonic, and supersonic rotor tip speeds. Throughout
the rotor tip speed range shown, reduction in the sound pressure level of
the fundamental blade passing frequency transmitted downstream remained
constant following an increase in spacing.

c. Inlet Guide Vanes

"The JTF!7 engine fan design -educes the engine noise level because
the design does not incorporate inlet guide vanes. Tests recently con-
ducted by KRWA on the JT9D engine provided a full-scale demnstration of
the effects of inlet guide vanes on fan-generated noise. Data from these
tests have been incorporated into a simulated flyby condition, which is
presented in figure 14. Similar beneficial effects are expected to accue
from Incorporation of these results into the JTF17 engine fan design.

C11-1
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IL L ..... .....I' C. EcMAUST NOISE SU'PPRESSION

[ I1. Methods Available

Three methods of exhaust noise suppression are available for the JTF17
engine. Sound suppressors aimilar to those now used on other P&WA co:•er-

' cial anginsa will be fitted to the engine to provide at least 4 PNdb sup-
pression of exhaust noise. Designs are now being developed that will
allow the removal of these devices from the exhaust stream at cruise and
thereby improve cruise performansce. Exhaust noise suppression of 4 PNdb

will also be provided'by the ejector action of the reverser-suppressor.
In additiot, resonant acoustical liners will be installed along the inner
walls of the ejector •to provide suppression of both fan-generated noiseadtm oiopd_-e b7 t-exast .= pses . "a expected to provide

about I P~db reduction in engine noise.

2. Noise Supprission from Ejectors

a. Test Data

Substantiation of a blow-in door ejector as an effective noise sup-

pression device has been provided by several tests. Noise levels of tlhe
YF-12 aircraft, figure 15, have been measured by sound personnel from

EIII-13
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P" iA -iti r-strtrTe 10, this inkstallation, alt~hough
struturally part of the airframe, the ejector also operates as an
integral part of the engine exhaust system. An ejector, eo-ntructed for
sLatic noise teste at P6WA*@ PDC, closely duplicoted Lhe geometry of
the flight version (figuro 16). F4rther duplication of the YF-12 eut
conditions was provided with the installation of a supersonic Inlet and
an eag!" na•all* .117),. •or cosparison, "oise levels of the J58
engine without Inlet, nacelle, or ejector were recorded at both loca-
tions,

The results cl these tests are sguarized and comaired tn _ e-;Acted
v-=1.a 'Ar fliure .16. The recorded data ham been adiusted to a com•.n
val*t& of neotle a•z-r and exhaust gas density to enable direct comparison
and to aliminate inlet installation effects.

Relatively good agreement is shown between the baseline tests (with-
out ejector) and the expected noise level based upon the SAE prediction
system. This agreanenr tislts throughout the augmented and nonaugmented
thrust range. Installed and simulated installed noise values, in con-
treat, fall well below this level. In the augmented thrust range
(relative jet velocity above 2400 ft/sec) data recorded from engine
tests with the ejector installed are approximately 4 PNdb lower than
predicted. This difference in the nonauguented thrust range is approxi-
mately 3 PNdb. No special acoustical treatment was applied to the V
ejector during these tests.

These observatiorn are not unique. Numerous other reports indicating
that noise attenuation 's been gained with the use of ejectors have been
published. Some of the., reports ace summarized in table 2.

I ,,

r, I '

Figure 15. Tie-Down Stand Used During I.- FE 61997
stalled J58 Noise Tests CIII
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Figure 17. Simulated Installed J58 Engine FE 61228
Noise Test Configuration CIII
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Figure 18. J58 Sound Survey FD 17817 l,
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Table 2. Reports Indicating No&se Attenuation by Ejectors

Test EJector T hrus L 6SPL
i Report Date Apparatus L/D Change (ref 0.0002 dyneb/cm2 )

Ap r- 195 -tull-eixe i.33 -9% -8
N4 2 61 Egine

!. NACA Oct 1955 Full-size 1.5 0 -2
Th-3573 rnglne
NACA Aug 1958 Full-size N/A +2% -9

-317gin
WJ-CA Aug 1958 Full-size 2.4 +5% -11

TU4317 Engine
MACA Aug 1961 Full-size 1.15 -3.5% -9
TN-D-814 Engine
SAE Prepr. Ctt 1956 Model N/A N/A -11

f 81d
Boeing Co. May 1966 Model N/A N/A -8.5 (PNdb)
6-7719-5

As a result of these and similar successful applications of electors
to the problem of noise control, P&WA instituted a program to deliue the
ejector characteristics that cause the suppression =easured. This program
is described in paragraph C.3.

During the FRDC ejector tests referred to above, pressure transducers
were installed along the it ner ejector wall (figure 19) to measure the

"incident acoustic energy. Narrow frequency band analysis of this data
(see figure 20) indicated a high acoustic power concentration centered
at about 1500 cpa and encoaspusivg mainly the fifth- and sixth-octave

v bands.

II.

Figure 19. Pressure Transducer Locations in FD 17825

J58 Test Rig Ejector C.._CIU-1
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Figure 20. Spectral Analysis of ExhausS Noise FD 17826
at Lhe Inner Surface of the J58 CiI|
Test Rig EJector

Further analysis !ndicates that acoustic liners installed along the
inner surface of the elector vnuld absorb a significant amount of noise. I
Ideal conditions for the application of this technique exist due to:

1. The relatively high sound pressure levels (about 160 db) at I
the liner surface

liner surface due to the introduction of tertiary air frum
the ejector blow-in doors

3. The s•a bole cizes and low percent of open surface area
required that will have no effect on eje".or performance.

b. JTP17 Rngine Application

The reverser-eupprassor of the JTF17 e&&in* is similar in design to
the ejector used on the J58 engine in the above tests. In each case,
blow-in doors are used in conjunction vith movable flaps at the downstream
edge of the ejector. Although the "act nature of the mechanism by which
the ejector provides attenuation of n•iae is unknown, the potential exists
for achieving exaust noise suppressiou with the JT?17 engine of the same
magnitude as observed dQrLng the ees previ-ou4zly f-sresibeddn

This stu ia~ion will be further enhanced throuth the una of resonant

acoustical ers in the ejector. Teasts to evaluate this method of
exhaust nDie attenuation are now being conducted. It is anticipated
that a reductiou in sound pressure level in the fifth- and sixth-octave
bands of 5 db is attailable, this d'11i provide an overall noise reduction
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of about 2 PNdb during augmented engine operation. An additional benefit
is anticipated with low nonaugmented power operation through the attenu-
ation of fan noise as well as the noise from the exhaust gases.

3. Ejector Noise Effects Analysis

P&WA experimental results show that the simple application of an
ejector to an exhaust system does not necessarily guarantee acoustic
superiority. The suppression mechanism is complex, depending subtly -n
both the geometric and dynamic conditions of the entire exhaust system.
It has long been thought that the acoustic power emitted from an exhauLt
jet could be substantially affected by altering the means by which the
primary stream mixes with the ambient air into which the steam discharges.
This, then, would imply an alteration of the mechanism that gives rise
to aerodynamically generated exhaust noise. That the nature of the mix-
ing process should exert such a profound influence can be concluded from
the work of Dr. Alan Powell.* In his analysis, Dr. Powell treats the
jet exhaust as three distinct regions. The first region is defined by
a linear growth of the annular turbulent region from its point of ince2-
tion at the exit plane of the nozzle downstream to the point where the
turbulence intersects the engine centerline. Following a short transi-
tion region (Region 2), the flow develops to fully turbulent in the final
region.

It can be shown that for Region 1, that

P = KA

where:

P - acoustic power radiated from Region 1 (watts)
A - shear area of Region 1
K - constant

Tne constant, K, in this equation is an algebraic function of the
ambient density, the ambient acoustic velocity, the jet velocity in the
potential cone, and the exit diameter of the jet. This region is precistly
that from which the highest frequency sounds are radiated. Understandably,
an increase in the rate of growth of the annular turbulence region (which
implies a decrease in the shear area of Region 1) would result in a decre:'e
of an acoustic power that is radiated from this region. Because this de-
crease is felt predominantly at the high frequencies, the perceived noise
level, which ueights the higher frequencies more than _ lower frequencic
should . substantial reduction.

* Theory of Vortex Sound, cf., The Journal of the Acoustical Society of
America, Jan 1964.
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Application of this theory has resulted in the development of several
different types of mixift nottles, such as those preet.ntly balug used on
aome Douglas DC-S &ad Boeing 707 aircraftf T•hee couiigurations are suc-
Cessful from an acoustic standpcipot, but they are generally accoopanied fi

by losses in per'o.-rrce; w.eil as by weight penalties. An optirmI'm con-
figuration would be onn in vhlch t1h rapid growth of the turbulent six-
ing region occurred neaturally as a byprodl-r c.' t.-' 6 a .expansion pro-
cess o; t•h exhaust system, rather than being forced to occur. The teats
previously described indicate that a properly designed eiector might pro-
vide thi type of mixing zinc* the ejector did produce coneider-hl. oe nise
attenuation. [

"To proceed with Dr. Powell'. hypothesis, an Investigation wae under-
taken by P&WA to examine the rate of growth of the turbulent mixing region
associated with the J58 turbojet engine-ejector exhaust system. A means
by which the gas flow could be visualized vas needed; for this reason the
hydraulic analogy of the water table was used.

Cross sections of the J58 engine were tested on the 'water table with
and without the blow-in door ejector. It was observed that the flow
patterns with the ejector in place and with tertiary flow were altogether
different from those in which the engine exhausted to ambient atmosphere.
The military power 3J58 water table test depicted in fS ,re 21 shows chat
with nzi ejector the vortices generated at the lip of the ptsiavy nozzle
are small and, therefore. leave at a high rotation velocity. The -±dth
of the turbulent mixing region is relat±',ely narrow and diverges from the
cemterline of the engine. This indicates a large potential cone of high
frequency noise. Figure 21 also shows the same engir.e setting with the
ejector installed and with tertiary flow. Beca"e of the convergence
toward the centerline, the vortices are larger, the width of the turbulent
mixing region is wider, and the potential cone is much shorter. These|i
are the theoretical characteristics that should produce lower frequencv. - .....- [
less objectionable jtezhaut-noi-__.-

Ii
WTTSOU I 3J3OR

WITH SJ CTO&
Figure 21. later Table Teat of J58 Exhaust FD 16699 [

System C111
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Results of additional water table t5ýa.s with other nozzle and ejertor

r'onfiguratious ilso shawed that the rate of growth at the mixint reaion
waS greatly increased by the application of the blou-in d'jor ejector-
configuration. Becaus, the inscalled J58 engine employs the .)lov-in
door ejector in its normal exhaust ayt•va e '= fan rh. ?i!•7 _.&A.-,--,
the associated noise reduction Is obtained with no performance or weight

Model testing and full-scale engine testing prugrams were couducted ii
F by P&WA to vallda.e the -ove, Th: /i14-sceae i58 turbojet-
1 e/ector smotel. vhizh vaa construc• and tested durit-g cntrrct Phase l1-3*,

was modified at the FRDC and retested in the P&WA anechoic chamber at
East Hartford, Connecticut. Modifications were made to allow testing at

! higher jet velocities and to allow for secondary air (under pressure) to
L. be introduced through an annulus around the primary nozzle to promote mix-

ing of the primary and tertiary airstreams. Geometric modifications were
made as dictated by the results of the water table. A 3 db reduction
in perceived noise was measured. Somewhat larger values of attenuation
were acquired with full-scale engine tests incorporating similar ejector

I geometry, as previously discussed.

All ejector design characteristics contributing to noise suppression
have not yet been isolated. Therefore, while tests conducted during

SPhase I1-C of the SST engine development program show that a 4 PNdb it-
provemeut can now be achieved, continuation of the prngram is planned for
Phase III to develop detail design characteristics.

4. Jet Noise Suppressozs

a. Teat Data

Tests conducted by P&WA of the noise attenuat'o nrwultiafrom et- --.....

uoee suppressors in current commercial use indicate that a maximum
reduction of 6 PNdb is obtained. Peak PNdb on a line 200 ft from and
parallel to the engine centerline is shown in figure 22 as a function of
relative exhaust velocity for P&WA engine models JT3C and JT4A. With
each model, suppressor efficiency improves with increased relative exhaust
velocity. Static thrust reduction amounted to 3 to 42.

An extensive investigation of potential noise suppressor designs for
the JTF17 engine hau been initiated by P&WA and is being conducted through
model tests in the East Hartford anechoic chamber. Designs evaluated
during the initial phlis of this program are illustrated in figure 23

f and identified below.

1. Near row (left to right):
a. conventionai nozzle
b. conventional nozzle
c. 4-lobe; 507 penetration**; medium length lobes

II. 6-lobe; 75% penetration; long length Iobeo.

*cf. Phase II-B; Final Report - Item 8
**Ducc annulus area remains constant, but minimum radial clearance between[ the duct nozzle and primary has been reduced to 50% of its original value.
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2. Kiddie roa (left to ritht): i

mý 6-lobe; 501 pemstration; 1o00 le•nth lobes [ 4

b. 6-lobe; M0? peuetration; long lcngth lobae
c. 4-lobe; 754 peawtretio; long lerftgh lobes
d. 4-lobe; 50% Penetration; short '-• i - 1vue.

3. rer row (left to right):

i4. 12 flap mavtooth nozzle; long length
Ii

b. 6 flap savtooth nozzle; long length
c. 12 flap savtooth nozzle; short lengt.h
;l. 6 flap .awtooth nozzle; short length. 1

IODI

140

Z!

S830 (D~.No•i

Ila

1200 140 180UA10

9D ~&and" Nwd

]P~~~~l•Jre~DA 22SupeurNoseiedewo ]D168

II-.I- --- _ ln -'

Sso

NO -

Q~

go low 1200 1400 1800 110 200 20

04 ~RELATIVE JET EACr

Figure 22. Suppressor Noise Readuction YD 16734
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Figure 23. Scale Model Noise Suppre3sion FE 61995
Nozzle* CIIi

Closeup views of lobed and sawtooth designs are shown in figures 24 snd 25.

SEach of these designs incorporates features to provide varying degrees

of mixing between the tertiary air entering the reverser-suppressor blow-
in doors and the duct exhaust gas. Several factors indicatc chat suppress-[ ___ ors should be located here rather than the pri yn.zze_. ...... ......

1. Due to the existing variable duct nozzle geometry, potential is
provided here for retraction of suppressors during cruise to
improve nozzle performazice with minimum additional mechanical
complexity and weight.

2. During augmented power operation, noise produced by the duct
exhaust gas doniuates that produced by the primary stream. Reduc-
tion of this noise source will. provide a greater benefit in the
reduction uf total engine noise for this realsn.

3. During nonaugmented power operation (normal schodule), duct burn-
ing can be used to increase tht noise level of tl.e duct exhaust
gas and reduce that of the primary. This produces a situation
similar to that described in item 2, above, while also providing
the noise benefits described in paragraph C.5.

I
I

II

i



Prat £ Whitney Aircraft
?WA PP 66-100
Volume III

I t I
i

Figure 24. Suppressor Model 6 Lobe; 507. FE 61991
Penetration - Long Length C1ii

J o. !

I'I

vf.
o 

I ;

Figure 25. Suppressor Model 12 Flap Saw- FE 61989
tooth Nozzle - Short Length CII
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b. =JT17 Engine Application

At maxiak thrust, the relstiv'e voiacity of the duct .xhaust W11 be
about 50% greater than that of nonaugmented engines noi, equipped with
suppressors. thereby "kint ipraoved suppressor afiiciency possible. Con-
vrsely, rith improved suppressor efficiency, designs that exact :-mIiae

I thrst pem=5i•ty (alkac a smailer proportion of the exhaust atream) -y be
uWd_ tn prav L" the &ttcrrua:ion ruired.

Although the technical feasibility of using a standard tube or daisy
suppressor for attenuation of jet noise has been established in other
engine development programs, severJAl alternative methods that appear

promising are under review. Two possible designs in addition to those
described above are shown in figures 26 and 27; these designs may provide
noise attenuation without affecting cruise performance,

By providing an irregular trailing edge to the clamshell of the
ejector, an exhaust aozzle similar to a standard multilobed daisy sup-
pressor is formed as shown in figure 26a. The ejector position shown is
that used for takeoff. At a Mach number of approximately 1.2, the ejector
assumes the position shown in figure 26b, providing a smooth ejector
contour for optimum performance under conditions where engine noise sup-
pression is not necessary. Adjustment of the clamsheli angle is obtained
by an actuation system that is sensitive to the position of the ejector
blow-in doors. Flexibility thus exists to adjust the clamshells a,, low
flight speads (and altitudes) to an angle to provide the required amount• of suppression.

A second desi of astandard
daisy suppressor and is automatically removed from the jet exhaust path
at cruise. During acceleraciou (M - 0.12, approxinately), rhe pressure
"differential across the ejector blow-in doors ceusea them to remain in the
open position (figure 27a). By providing a hinged gu(de plate and lobes
sa shown at the end of the doors, tertiary air can be forced to mix with
the exhaust gas from the high-velocity fan-duct stream. Deep penetrations
similar to those provided by a daisy noszle could be assured by a series
of latches set prior to takeoff to hold the doors in their maximum open
position. Because of the extremely high velocity of the 'an duct exhaust
at audgmted power settings and resultant improvement in suppressor effi-
ciency (figure 22), requirements for penetration would be smaller than
that for current coamercial jet suppressors.

Undler cruise conditions, automatic closingcf the blow-in doors would
ri 4wise the terti.ary-air guide plate to retract and remove the suppressor

1' I! lobes from the path of the exhaust gases (figure 27b).

r An additonal nozzle design that, with an ejector, has been shown to
provide attenuation of 6 to 8 Ptdb (HACA TN-4261) is illustrated in figure
28. Either the clamshell, variable area duct nozzle, or the trailing edge
of the blow-in doors could be designed to incorporate this feature, which,
as described for the previous two designs, would not be detrimental to
performance at cruise.

[ CIII-25



PWA V1 66-100
Voiu.a. 1 t

T.Or"My Filw
L

S GwemmotFlow-.I

A. Teti_ Doom. Open *Eaj

Defts H~as Nasals

BI Tatimy Doom Closetd

Figure 26. Adaptation of Clamshell Ejector FD 16783
for Exhaust Noise Control CIII
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IFigure 27. Adaptation of Bliou-In Doors for Fl) 168
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Figure 28. Mixing Nozzle With Ejectoi FD 1.6781
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j 5. Operational Techniques for Suppression

As shown in figure 3 of Section II, under the power cond1 t~ions expected
to exist at poweŽr cutbac~k following takeoff, considerable mismatch exists
between the individual engine noise sources. Improved matching of these[ sources obtained through the use of duct heating has been shown analyt-
ically to be beneficial in reducing engine noise.

[ Specifically, the operation of the duct heater offers three potential
matching advantages. First; by providing more ýhrust from the fnduct
exhaust, primary thrust can be reduced and the required engine thrustI
--------------ti~ai 3~nbise-praduced by- thie primary and duct jets can be

matched clouely by this method. Second, by reducing the primary thrust
outpuz, fan spetd will also be reduced with aittendant reductions in noise
contriLuted by the fan. Third. by applying this technique during power[ cutback after takeoff, the range between fan speeds at this flight condi-
tion aud at ai7-jurt approach will be minimized. Since acoustical l..ners
must be designcd for a limited range of fan speeds to provide optimum

noise attenulation (shown as a function of frequency in figure 5), this
permits the use of one liner design under both flight conditions.

The results o" an analysis cf the noise attenuation ,alue of this

technique for typical flight conditions following pow'er cut~tack at take-I off are shown iL 'igure 29. Reductions in rotor speed that were acquired

through reduced primary fuel flow (from about 6140 to 5700) are Teilected
I in.teruseo11 " far. noise atLectuation. This would result it acoustical

liesused in the fitn due:t were designed for fan speed at airport approach
(15 db attentation at about 5450 rpm). Undler this mcde of op(.ration, tot-at

I engine noiLse hao been red~iced by 5 PNdb at a duct fuel/air ratio of approxi-

mately 0.005.
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Figure 29. Typical Reduction in Total Engine Fn) 17900
Noise With Duct Heatet Operation CIII
at Thrust Cutback After Takeoff 1

From these analyses it is clear that duct heating will provide signif-
itcant noise improvement at low thrust levels through reduced rotor sp3ed
and improved matching of jet noise. An optimum duct burner fuel flow I
schedule will be est&bllshed by actual engine tests.

- -- a'•-,i-li e-provided to permit duct heater operation at reduced gas
generator speed@ to achieve the above results. Flight crew action will
permit duct heater cperation to be continued as the power lever is de-
creased below the normal duct heating regime. Duct fuel flows will be I
4cheduled to the level required to obtain the desired noise reduction.
Termination of duct heater operation in this reduced speed rcgion will be

accomplished by flight crew action.

D. SUPPRESSOR DEVELOPMENT PROGRAM

I. Introduction t

This program will be conducted simultaneously in the following three
areas: i I

1. Fan design modifications
2. Acoustical liner development
3. Exhaust noise suppressor development.

II• ~cIII-28'
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The facilities to be used and tha program requiresents In each of
t! e P are" are der-r.ted i ta t.on. Titi development program

i Iwill apply noise suppression techniques of established merit to the
Sfullest extent possible to the suppression of JTF17 enRine noie,

2. Fan DarIgn ModifictaLluns

i The affct •. L.1 pu,,ibt• an de0i.n modifications will be

evaluated using the full-scale compressor rig. The specific objectiw-
; of this program will be to optimize the qelection of fan vane numbers

and of the spacing betw'een the blades and the vanes in the first stage
of the fan. Additional programs will be developed as required by the
noise jevelopment program previously discussed (Section 11.8).

During the operation of the fan rig, sound racordings uill be made
using a microphone placed in the airflow discharge duct. This dataI will be analyzed using narrow-band frequency filters to define the
amplitude and frequency of pressure peaks generated by the fan.

Spacing between the first stage rotor and stator will be altered
in small increments about the value of 120% of blade chord length.
Vane numbers will also be varied. Throughout this program, scund
recordings will be made znd the resultant analyses compared. TheIi best configurations selected from this program will be verified in
full-scale engine tests. The requlrementa of thin program are further
defined below. Sound measurements for each progrim will be taken at
5 increments of rotor speed between 4000 and 5000 rpm, since fan noise
is predominant in this speed range.

a. Spacing of First-Stage Rotor/Statcr

Differant axial spacing distances between the first-stage rotor
and stator will be evaluated with the full-scale fan rig. The spacing
will be varied from 100 to 140% of the lot-stage blade chord length.
b. Number of let-Stage Vancs

Using the optimum lt-stage rotor/stator spacing froa the above
tests, the effect of varying the number of est--stage vanes will be
evaluated. Stators with sets of vanes with varying numbers from
92 to 100 will be tested.

C. Number of 2nd-Stage Vanes

With the design of the first stage determined from the above tests,
the number of 2nd-stage vanes will be varied between 152 and 160,
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3. Acoustical Liner Devel.opmmet

This program rii1 be divided into two separate studies. In the
first, the selection " development of acoustical liner materials|
will be conducted with an impedance tube. In tho nert•nd teh fitting

of the selected material to the engine duct. in segments that provide
the most effective suppression of fan-generated noise will be co.-ducted
in full-scale engine re•n•ts

The esct properties of a sound and the round's environment must
be accurately known to provide an optimum acoustical absorber design.
These properties include the sound's frequency aaid amplitude as well
-- &- ..as fov l.c.ty, terperature, pressure, and density. Oith an
impedazre tuba, a linrer design can bc selected Uhat will provide the j
greatest amount cf sound absorption under a given set of specific
conditions.

The acoustical effectiveness of a material is stated in terms of
the material's sound absorption coefficient, which is lefined as the
fraction of the incident sound energy absorbed by the material. The
impedance tube is one of the most widely used methods for obtaining
absorption coefficient data and provides a relatively inexpensive,
fast, and accurate means of selecting material with optimum sound
suppression characteristics. j

The sound waves produced during impedance tube tests are transmitted
in a direction normal to the surface of the material being tested. In
contrast, a fan duct of the JTF17 engine will include diffuser sections|
with walls that are not parallel to the engine centerline, as well as
turbulence inducers, burners, and other geometric conditions that will
be dissimilar to the impedance tube. In addition, the noise introduced I
into the duct by the fan will have a random direction. In relationship
to the effectiveness cf acoustical liners in a fan duct, the following
t.'o conclusions can be made, which are reinforced by P&WA tests con-
ducted during Phase 11 of -h-_-S.Tdavevom . prilrem-. . . .

1. Although impedance tube tests can be used to select an
acoustical liner with optimum absorption in the frequency
ranges of interest, the amount of suppression that may result
from the application of this material to a particular engine's
fan duct cannot be accurately predicted.

2. To determine the amount of fan noise attenuation that can
be obtained, tests must be performed with acoustical liners
installed in the engine's fan duct (or an accurate rig Isimulation).

A combined analytical and experimental approach is used with the
impedance tube to find the impedance of a liner configuration installed
in the diffusion duct of the engine. A schematic diagra-ea ot the it-
pedance tube setup is shown in figure 30. The impedance of the test
sample is treated as being ia series with the impedance of the flowing
air behind the sample. The latter impedance value may be obtained by
operating the impedance tube without a sample. The i-apedance thus
obtained may be subtracted from the impedance obtained under flowing
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co"nitiOms with the *le in place to obtain the Impedance of the lu-
td Le sample. The total impedance of a liner configuration may be
obtained by adding the teat sample impedance to rhe calculated ca-
pacitance of the cavit7 behind the sample which is given by-

Z-itce cot (kg L)

where:

o density of free airSc - acoustic velocity o' free air
Kg u propagation constant defincd by Kg -
L - thickness of air backing c

r w angular frequency of the incident sound * 27f

Tmome-ub*
i j,---Flow Duct

S, To Sound .Source

Figure 30. Schematic Design of Impedance Tube FD 16778
CIII

The backing impedance thus obtained is valid when the sound is
either normally incident to the facing surface or where the air backingI is divided into small cells by partitions (as would be accomplished by
using a honeycomb-type of liner construction).

The impedance tube will be used in the selection of both resonant
and nonresonant acoustical liners. As shown by figure 2, close agree-
meat exists between analytical evaluation and impedance tube tests
results for resonant materials.

SThe second phase of this program will consist of installed acous-
tical liner tests. The objectives of this program will be to:

1I. Verify the results of the liner selection program
2. Determi ie optimum liner locations

3. Maas-ire fan noise transmitted through the fan duct

with the liners installed.
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•Lth regard Co the fIrst _Jc.tcf.vt, cireumv4Yefttitl !-r 5CCel- SI
Iloraa of short axial lc-gth will be fitted to the fan duct just down-
stream of the fan. Several sections that vrovided different amounts
of absorption in Ipedance rube tssts will be compared for attenuationn
rapabilitic-. Further comparison to impedance tube results will pro-
vide verification that the optimum liner selection has been made. I

Optimum liner locations vill be determined by measuring the atten- ;
uation of fan noise during engine tests. Small sections of liners will
be placed and evaluated at such lications as:

1. The diffuser flowsplit-.eri
2. The eight radial engine suxpports in the duet diffuser
3. The section of the duct just prior to the duct burners. p,
Three advantages are expected from this procedure. First, liners

will be located in the final design only in the places where substantial
suppression results. Second, it is expected that minor fan duct contour
changes that can be incorporated earl7 into the engine design may be
suggested through this program of sequential changes. Third, the effect
of each liner section upon the adjacent section can be checked. For
example, a liner section located just downstream of the fan discharge
will provide some auppression of fani noise. The exact amount of sup-
pression that will result is not now known and must be determined
through actual engine test. Due to the sensitivity of liner design
to sound intensity, the next liner section must be designed to the
exact conditions in its area. Thus, the design and check of liner
sections mist be performed in stages progressing downstream from the i
fan discharge. All of this activity will be fully evaluated during
fill-scale engine tests.

4. Exhaust Noise Suppressor Development

Analytical methods for the evaluationoLte -.
gas noise do not exist. All develop-

ment work on exhaust noise suppression devices is therefore limited to
the use of models or full-scale engine tests. p

Suppressor configurations that may be used on the JTFI7 engine were
previously discussed in this 3ection. Design and development work aimed
at obtaining optimum attenuation will be conducted on the outdoor model I
test facility shown in figure 8 of Section II. This facility will also
be uped to evaluate the effect of the various operational techniques dis-
cussed. Models of the ejector system will be constructed and tested on
this facility.

Sound recordings taken during these tests will be subjected to one- f.
third octave banr filter analysis and compared to tests of mode-Is with-
out suppressioa devices.

Full-scale engine tests will be used to provide final evaluation of
the attenuation provided by the most effective suppression devices found
in the model test program.
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