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I ABSTRACT

This report presents the results of 1/15 scale model tests conducted
a) to verify the acoustical and cooling air pumping performance of a full-scale,

in aircraft, Hush House type of dry sound suppressor designed for the F-14
aircraft, and b) to provide additional design information usable for future

Hush House suppressor designs. The model was fabricated and tested by

FluiDyne Engineering Corpomtit Minneapolis, Minnesota for the United
States Navy under Navy Contract N62467-74-C-490. Testing took place in

FluiDyne's Medicine Lake Laboratory, utilizing an arrangement of two rever-

berant rooms for sound power level, PWL, measurements; one representing

the Hush House interior, and the other representing the out-of-doors. The
design of the reverberant rooms, the design of the model scale sound absorbing

I surfaces, and the measurement and analysis of noise data were carried out by

personnel from Bolt, Beranek and Newman, Waltham, Massachusetts. Coordina-

tion in putting together the final report was provided by Gustav Getter Asso-

ciates, P. C., New Rochelle, New York.

I >The test program was divided into four parts: a jet survey, aero-acoustic

testing, aero-thermal testing, and acoustic testing. During the jet survey,
the noise and free jet mixing characteristics of the 1/15 scale model F-14A
afterburning nozzle configuration were measured at nozzle pressure ratios of

m 2 and 3 and at jet stagnation temperatures of nominally 0, 2000 and 300001.

The prime purpose of the aero-acoustic testing was to obtain augmenter secon-
dary air pumping performance data with different augmenter diameters, as well
as Information regarding aero-acoustic noise reduction in what is essentially

j an ejector configuration. During the aero-thermal test program, the jet norzle

was moved and deflected laterally and vertically from the centerline of an
acoustically lined obround augmenter whose cross-sectacn simulated at 1/15

scale the NAS Miramar sound suppressor. The principal measurements taken
were augmenter wall temperatures, as well as noise data from which the in-
fluence of nozzle position and deflection on noise reduction could be deter-

mined. The effect of the variables on augmenter pumping was also determined.I

1 ,
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The acoustic testing was mainly concerned with (1) the noise reduction
achievable for different lengths of lined augmenter with and without a 450
absorptive exit ramp, (2) the noise reduction with different augmenter liner

designs, (3) the acoustic performance of a one-foot length of lined augmenter

at various axial locations in a length of hard-walled augmenter, and (4) the

acoustical performance of a configuration made up of a hard-walled obround
augmenter, subsonic diffuser, and stack with sound-absorbing baffles which
was tested for comparison with the Miramar suppressor configuration. Addi-
tional information was also obtained regarding pumping performance and wall

temperature.

Test results indicate that adequate cooling air pumping is not a problem,
per se, but an off-center, deflected jet corresponding to the F-14 configuration

results in high augmenter wall temperatures. Noise measurements on the full
length acoustically lined augmenter model indicate that, with the F-14A, the

full-scale NAS Miramar suppressor will meet 85 dBA at 250 feet from the engine
exhaust with the possible exception of a small region axially downstream of
the ramp. The noise reduction afforded by stack and baffles configuration
was poorer than that provided by the full length acoustically lined augmenter
especially at low frequencies.

In addition to the customary analysis of the test data, the basic data
have been correlated and condensed in a separate report section as a design
tool for future Hush Houses. The graphs associated with this section permit
augmenter sizing which will result in acceptable augmenter wall temperatures

and noise levels.

1t
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i DEFINITION OF AERODYNAMIC/THERMODYNAMIC SYMBOLS

(Symbols in parentheses correspond to computer printout3 of data contained in the Data Appendix)

3 A Area

A* Choked throat area (M = 1.0)

i A A Augmenter cross-sectional area

AAM Primary burner air meter throat area

AD  Subsonic diffuser exit area

A NT jet nozzle throat area

APM Pilot burner air meter throat area

A SM Secondary air meter throat area

A/R Aspect ratio of augmenter cross-section

ARP Augmentation ratio parameter (see eqn. 6.2.2 page 109)

D Diameter

DA Augmenter cross-sectional diameter

DAM Effective diameter of obround augmenter = 4 A /n

D N jet nozzle exit diameter

D NT Jet nozzle throat diameter

L Length

I LA Augmenter Length

LD  Subsonic diffuser length
mw Molecular weight

mwair Molecular weight of air

mw N Jet exhaust molecular weight

P Absolute pressure

Pamb (PA) Static pressure outside of Hush House

Pbar (BARO) Local barometric pressure during model tests

PBE (PSEC) Burner enclosure Interior pressure during model tests

jcorresponding to Hush House interior pressure

PEE (PAMB) Exhaust enclosure pressure during model tests
I corresponding to Hush House outside ambient pressure

Pinlet Hush House air inlet static pressure

Sinterior Hush House interior static pressure

xix
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PNB jet nozzle base pressure

PNBp jet nozzle base pressure parameter (see eqn. 6.3.3 and 6.3.4, page 111)

Pp Pressure parameter (see eqn. 6.3.2, page I11)

Pshell Augmenter shell static pressure

PSM (PSSM) Secondary air meter throat static pressure

Pwall Augmenter wall static pressure

PT Total Pressure (absolute pressure)

PTAM (PTAM) Primary burner air meter total pressure

PT exit Augmenter plus ramp or augmenter plus diffuser exit total pressure

(usually equal to Pambient )

PT flow Hush House interior flow total pressure

PTN (PTN) Jet nozzle inlet total pressure

PTPM (PTPM) Pilot burner air meter inlet total pressure

PT ramp Ramp exit total pressure

P Tse c  (PSEC) Secondary (pumped) air flow total pressure

PTSM (PTSM) Secondary air meter inlet total pressure

r Radius

r NT jet nozzle throat radius

T Absolute temperature

Tamb Hush House external ambient temperature

TBE (TAMB) Burner enclosure air temperature during model tests

corresponding to Hush House external ambient temperature

TEE Exhaust enclosure air temperature during model tests

(used in the analysis of acoustical data)

Tmix Average mixed temperature of jet and pumped flows

Tmix Average mixed temperature parameter
p

T Ramp surface temperatureramp
Twall Augmenter wall temperature

Twall Augmenter wall temperature parameter (see eqn. 6.4.4,page 112)
p

TT Total temperature

xx
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TTAM (TTAM) Primary burner air meter inlet total temperature

STTN  (TTN) jet nozzle total temperature

TT Pilot burner air meter inlet total temperature
PM

TTSM (TTSM) Secondary air meter inlet total temperature

V Velocity

Viet Ideal jet velocity expanded from PTN to Pamb

Vmix avg Average mixed velocity in augmenter

Vmix max Maximum measured core velocity some distance from jet nozzle exit
W Mass flow rate

W a Aircraft engine exhaust mass flow rateaircraft
Wair meters Sum of primary and pilot air meter mass flow rates during model tests
NW fue Fuel mass flow rate during model tests
Wtnle t  Total Hush House inlet mass flow rate

W N  (WN) Jet nozzle mass flow rate from model tests corresponding to
aircraft engine exhaust mass flow rate

W (WS) Secondary (pumped) air mass flow ratepumped
X Axial location

X A  Axial location in augmenter

X Axial distance between jet nozzle exit and augmenter entranceN
Y Lateral distance from Jet nozzle centerline at nozzle exit to nearest

augmenter wall

YCTR Lateral distance from a ugmentpr center to augmenter wall

Y P Nozzle centerl ne lateral position parameter Y r NT

YCTR-rNT
Z Vertical distance from jet no:,le centerline at no:zle exit to

nearest augmenter wall

ZCTR Vertical distance from augmenter center to augmenter wall

Zp Nozzle centerline vertical position parameter = Z -r NT

a Angle CTR NT

a s  Angle of lateral. (sidewise) jet deflectionI V Angle of veitical jet deflection

X N jet nozzle pressure ratio (see eqn 6.1.1, p7gn 105)

xxi
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3 DEFINITION OF ACOUSTIC SYMBOLS

otmd absorption oficrL ,Density cf 1,2t exhaust :-n, '0. cGxit oIane
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A A11I, 5  Correction to APWL in di; for angular alilnments

R Distance from auv-menter exit, ft
fD N

Strouhal number = U

Sp Peak Strouhal number

SPL Sound pressure level, d-h re 0.0002 dyne/cm 2

I SPL Room-averae SPL

SPL' Room-average SPL produced by the reference sound
I source

T.. Toual jet no"zzle temperature in 0RnP ne

T 6 0  Reverberation time; time in seconds for S31L in a
room to dec -y 60 dB

U Effective ramp flow velocity

U. Jet exit velocity

V Velocity

V O  Arbitrary reference velocity

W EX Velocity of flow from augmenter exit

'% . Maximum velocity of mixed jet flow at exit

V. Jet velocity

Vol Room volume, m3

i W Acoustic power, '.:n!s

W Aj Acoustic power of attenuated jet noise at augmenter
AJ exit

WEX H  Acoustic power at augmenter exit W Aj + WSN

SSN Acoustic power of self-generated noise at augmenter
.I exi t
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I 1.0 INTRODUCTION

I 1.1 Historical Background

In the United States, ground run-up sound suppressor installations for

jet aircraft or isolated engines having afterburners have been primarily of the

1 wet-cooling type and mostly jet engine (out-of-airframe) test cells and portable

sound suppressors or semi-enclosures for in-airframe run-up (for an early

I example of a dry-cooled semi-enclosure, see Reference A/T-1). These

approaches have a number of disadvantages. With wet-cooling, the sup-

pressor exhaust includes water vapor, raw fuel and free carbon when the

afterburner is fired, because the water spray quenches the flame. Thus,

an unsightly vapor cloud is presented and pollutants may deposit on parked

cars and buildings. This sooty vapor has a deleterious effect on some types

of acoustical treatment.I
Portable in-airframe run-up sound suppressors or semi-enclosures have

problems apart from those created by wet-cooling, and the noise reduction

affordable by such installations is limited. These suppressors are designed

to seal around one aircraft type and are not adaptable. rhe requirement for

acoustical sealing creates a requirement for accurate positioning of the aircraft

relative to the suppressor. Even with careful positioning, some of the Jet

I noise and inlet noise leaks through the seals between the aircraft and th.7

exhaust sound suppressor and inlet sound suppressor. Furthermore, a large

Iportion of the aircraft is not enclosed, so casing noise is usually unattenuated.

In about 1966 the Sw-dlsh firnr r' Nyby, designed a con.pet Q.'.. -

craft acoustical enclosure, or Hush House, for the SAAB Draken aircraft. Ths

enclosure employed an acoustically-treated augmenter tube which was sired so

that the momentum flux of the aircraft's exhaust jet would pump enough outside

air through the enclosure to cool the exhaust gases and eliminate the need for

I water spray. More recently, this same firm has provided similar Hush Houses

for the SAAB Viggen and F-4K Phantom airplanes. These enclosures or Hush

j Houses have had good acceptance by their users. Positioring of the aircraft

Is not difficult; both outside and inside sound levels are acceptable.: thle aircraftI
-1
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enclosures provide a lighted, all-weather, 24 hour-a-day place to work on

the aircraft; and the installations have exhibited a good service life. Further-

more, this dry-cooled Hush House concept can be designed so as to be adaptable

to several aircraft types . This comes about because there is no need for close

alignment, close axial spacing or sealing between the nozzle exit and the much

larger augmenter entrance. Consequently, if one designs a Hush House for

the largest in a series of aircraft, simple mechanical contrivances (nose wheel

elevator, for example) can be used to adapt to smaller aircraft which will fit in

the enclosure.

The Hush House approach is not inexpensive. However, if one adds up

the advantages of adaptability, usefulness as an all-weather, 24 hour-a-day

enclosure for the aircraft for secondary tasks other than run-up, acceptability

of the interior environment for making adjustments to the engines while operating

in the aircraft, potential low maintenance, etc., these enclosures may be more

cost effective than less expensive sound suppressor concepts. The substitution

of dry-cooling for water spray cooling ameliorates a growing confrontation in

the area of pollution control and is certainly more cost effective than the more

sophisticated wet-cooled systems having scrubbers and their associated water

treatment facilities . The United States Navy has recognized these Hush House

advantages (see Reference A/T-2) and for several years has shown an Interest

in pursuing this approach by on-site inspection and evaluation of the European

Hush Houses and by support of cost studies such as the one by Gustav Getter

Associates reported in Reference A/T-3. That study provided cost estimates

for portable in-aircraft sound suppressors and semi-enclosures, as well as

complete aircraft enclosures both dry and wet. For complete Hush House

enclosures, the results indicated a lower long-term cost for the dry suppressor

approach. In addition, a dry suppressor using an acoustically lined augmenter

appeared to be less expensive than one which employed a hard-walled augmenter

with sound absorptive baffles in a vertical exhaust stack. The Gustav Getter

Associates study report also recommended that a model study be performed to

provide acoustical and aerodynamic/thermodynamic data usable in designing

Hush Houses and their sound suppressors.

-2-
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1 1.2 Parallel Model Test and Full-Scale Hush House Construction Programs

I Subsequent to the publication of the Gustav Getter Associates study
report, two things have transpired: 1) a full-scale Hush House for the F-14

has been designed by Gustav Getter Associates and constructed at NAS Miramar,

California, with checkout taking place during August and September, 1975 (see

I Figure 1.2-1). This Hush House was designed with no model test results or

in-house experience for guidance. 2) A 1/15 scale model test program has

been funded by the United States Navy and carried out by FluiDyne Engineering

Corporation, Minneapolis, Minnesota, with support from Bolt, Beranek and

Newman, Waltham, Massachusetts, and Gustav Getter Associates P.C., New

Rochelle, New York. The results of the model study are the principal subject

of this report. Both the full-scale F-14 Hush House and the related model test

program envisioned the following Hush House attributes:

1. convenience of use (aircraft easily installed and completely

protected from the weather; adequately lighted working area);

2. multi-aircraft use capability (including the F-14 having nine

feet between engine exhaust centerlines and a one degree

lateral inclination of each engine's thrust axis; yp =0.45,

as = 10) ;

3. all air-cooled (even with an engine operating in maximum

I afterb,' ning mode);

4. low maintenance (structural and acoustical material out of
the direct jet blast and, as much as possible, out of the

hot mixed core flow);

5. significant outdoor noise reduction (85 dBA permitted

at 250 ft. from the aircraft exhaust);

I
I -3-
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* 6. interior noise acceptable for working around the aircraft

during run-up with only normal ear protection (interior

5 noise level no greater than 2 dBA above the corresponding

aircraft free field noise).I
The model test program reported herein was not a general research program,

but was designed to provide data directly correlatable with the full-scale NAS

Miramar Hush House. Enough variables were run, however, so that information

is available not only for correlation with the performance of the Miramar Hush

House, but also for more effective design of future Hush Houses and for guiding

modifications to the present Miramar F-14A design, which might be required to

bring its performance up to specification.

In addition to the FluiDyne employees who ran the tests and Mr. Douglas

Andersen of Bolt, Beranek & Newman who set up, calibrated and operated the

sound pressure level recording apparatus during the entire test program, the
following people connected with this program or the Miramar Hush House project

were among those who observed the test equipment and witnessed one or more runs.

Mr. Robert E. Foster, United States Navy, Charleston,

South Carolina (Project Design Engineer)

Mr. Meyer Lepor, United States Navy, San Diego, California

Dr. Wayne Sule, United States Navy, Lakehurst, New fersey

Dr. Istvan L. Ver of Bolt, Beranek & Newman, Waltham,

Massachusetts (Chief Acoustician)

Mr. Gustav Getter of Gustav Getter Associates, P. C.

New Rochelle, New York (Report and Data Coordinator)

5
I
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2.0 BRIEF TEST PROGRAM DESCRIPTION, DESIGN DATA SUMMARY
AND PREDICTION OF FULL SCALE HUSH HOUSE PERFORMANCE

For the test program, the aircraft jet exhaust was simulated by a propane

air burner with 3000OF maximum combustion temperature and a jet nozzle having

throat diameter, D NT ' and exit diameter, D N 1 sized at i/is of the after-

burning F-14A nozzle configuration (D NT = 2.50", D N =2 .74" on the model).

The testing was carried out using two reverberant rooms separated by a sound

insulating wall, as shown in Figure 2 .0-1 below, to facilitate sound power level

measurements. One room, referred to here

burner enclosure

pumped burner
air meter

dividing wall- jet nozzle

-~-----exhaust enclosure

augmenter

microphone traverses

exhaust opening

Figure 2 .0-1. Arrangement of the Reverberant Rooms

-6-
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I as the burner endosure, corresponds to the Hush House interior. The other

room, the exhaust enclosure, corresponds to the out-of-doors. Space-time-

average sound pressure level data were recorded in both enclosures for essen-

tially every test run in the program using traversing microphones. With the

rooms suitably calibrated acoustically using a standard noise source, the space-

average sound pressure level data were converted into sound power levels. The

burner enclosure is equipped with a venturi meter air inlet to measure the pumped

air flow and the exhaust enclosure is provided with suitable ports for the flow

to exit.

The test program was designed to provide information in three principal

areas which are interrelated and have direct applicability to dry sound suppressor

design, namely: augmenter pumping (augmentation ratio); jet impingement and

augmenter wall temperature; and sound absorptive augmenter noise reduction

performance. Consequently, the test program was divided into four parts,

each with its own primary emphasis:

1. jet survey testing,

1 2. aero-acoustic testing,

3. aero-thermal testing, and

4. acoustic testing.

I 2.0.1 jet Survey Testing (Test Series 1 through 3)

I The jet survey tests emphasi!7ed noise measurements on the free model

scale exhaust jet. The resulting model scale noise corresponded to the free-

1 field aircraft exhaust noise. Total pressure and temperature surveys of the

mixing free jet were also made, as illustrated in Figure 2.0-2 below.

I
I

I -7 -
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microphone
dividing wall averseburner 2 =.50,,DNT

))i, ,," ' r'e'eJet

burner jet nozzle - ' tal mperature

enclosure exhaust enclosure tota pressure &tota t mperature
survey rakes

Figure 2 .0-2. Experimental Arrangement for the jet Survey Tests

2.0.2 Aero-Acoustic Testing (Test Series 4 through 12)

The aero-acoustic tests, as illustrated in Figure 2 .0-3, primarily
emphasized augmenter pumping performance and secondarily, noise reduction

for round hard-walled ejector environments. Variables included a ugmenter

diameter (from 8" to 17.5"), augmenter length (from 36" to 120"), jet nozzle

exit to augmenter entrance spacing and a subsonic diffuser. Different augmenter

entrance configurations were also tested. microphone
hardwalledaverse

burner exhaust enclosure hardwalied
enclosure -L augmenter

X I -LA / -  L D

N  

'

-tested with and
conic - ... without subsonic
entrance diffuser

static pressure t ps --
roundedI
entrance total pressure & total

temperature survey rakes
sharp-edged
entrance

Figure 2 .0-3. Experimental Arrangement for the Aero-Acoustic Tests

-8-
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I 2.0.3 Aero-Thermal Testing (Test Series 13 through 16)

I The aero-thermal testing, Figure 2.0-4, concentrated on JA impingement

and resulting wall temperatures when the jet axis was translated or deflected

either vertically or horizontally from the centered, aligned position in a sound

absorbing obround augmenter modelling the Miramar configuration at 1/15 scale.

An important secondary requirement was the determination of the effect of jet

offset and inclination on the noise reduction afforded by the sound absorbing

liner. Lateral jet position, Yp , vertical jet position, Zp , and vertical

and lateral jet deflection, 0. and a were the geometric variables in these

tests. The definitions of Yp and Zp are given with Figure 2 .0-4 below.

Y -rNT Z rNT
P Yctr- rNT ' p Zctr - rNT

I microphone
aerse

I
exhaust enclosure

burner -sound absorbent / 17.5" I D.

eure augmenter lining nozzle
enclosure ..... . location

...._,_.p r .f _

K~TT-]-YTYtr
sh presure ta s 15.5--T

Saugmenter surface _/total pres ure and

pressure and temperatures total temp eraturc
survey rakesI

jFigure 2 .0-4. Experimental Arrangement for Aero-Thermal Testir'g
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2.0.4 Acoustic Testing (Test Series 17 through 26)

The aim of the acoustic testing was to obtain the reduction in sound power

level of various lined augmenter configurations, as illustrated in Figure 2.0-5.

The reduction in sound power level, APWL, is defined as the difference in sound

power level In the exhaust enclosure measured with the free jet and with the

lined augmenter configuration, respectively. The exhaust configurations

investigated included:

1. the two different absorbing liner designs of Figure 2.0-5,

one of them simulating the full-scale Miramar augmenter

liner and the other an alternative design;

2. different lengths of lined augmenter up to 96 in. with

and without a sound absorbing 450 deflector ramp;

3. a one-foot length of absorptive augmenter placed at

different downstream positions in an ctherwise hard-

walled augmenter tube; and

4. the hard-walled augmenter with subsoni.c diffuser turning

vanes and stack filled with parallel sound absorbing

baffles configuration, as shown in Figure 2.0-6. This

configuration represented an alternative concept to the

lined augmenter configuration.

- 10-
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microphoneI traerse
burner exhaust enclosure
enclosure

LA

~iV Lq.1~i4 Ax- - - (defleto baffle)
sound absorbent liner

lightweight fiberglass lining corresponding
to 3 psf full-scale density

0.4 0.8"

dense fiberglass linirq corresponding to
6 psf full-scale density

simulated Miramar alternative liner
liner design

Figure 2.0-5. Experimental Arrangement for the Acoustic Tests

with the Lined Augmentr Tube

The majority of the test variables are shown schematically in rigure 2 .0-5

above. It should be noted that all of the acoustical tests were run with the

obround augmenter and the jet in the F-14A latri pc,'t-c- , Yp 0.45)

I but undeflected.

I
I'

~-11-
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microphone
traverse -parallel axially

oriented sound
absorbing baffles

stack "' " -

burner exhaust enclosure '," - -

--- hardwalled 
augmenter

turning vanes

H s ubsonic diffuser

Figure 2.0-6. Experimental Arrangement for the Acoustic Tests
on the Stack with Sound Absorbing Baffles

Water manometers, bourdon tube pressure gages, iron-constantan thermo-
couple and venturi flow meters were used to measure the aerodynamic/thermo-

dynamic information required from the tests (pressure, temperature and flow).

The microphone traverse yielded the space-time-average sound pressure
generated in the exhaust room by the sound power existing from the augmenter

and the stack. A complete summary of the test program, including th? test

series designation and run numbers which correspond to those on the data
sheets provided in the separate Data Appendix is included in T3bt, 2 .0-1

For definition of the symbols used in this table and in the rest of the report,

see the list of symbols and Figures 3.0-1, 4.2-1, 4.3-1 and 4.4-1.

-12-

- a . /



LUIDYNE ENGINEERING CORPORATION

Co 0 0

3 .3

3 0

C,

N Lf 0r I C > C > 0 (1 n '0 C , 0 CC 0 t

0r C r C r C N C N C r~ r C '

-3Cr C - - -r - -Z a - - -o -o 4)a o

U5 - -

co Co

S0



FLuIDYNEr ENGINEERING CORPORATION

0~

0 0

-_ -- - - --- - -
o N1

o 0

O
.

N

000 0 0 0 0 0 0 0 -V
m CD 0

0 -D

co

0 0

0 0 CD >

to~~~ 10w aa

0 0 00 0 0 0 0 0 0 0 0 0

0 ~0

0

z z :4 10 244 w1 p1' 0

0' 0 -0 0 0 0 -. 0 -

z0 so -
00

to _ _ _ _ _ _ _ _ _ _ _ _ _ __D

4 40 .Z :04

s34 ~



FLUIDYNIE ENGINEERING CORPORATION

I 0 
-E

N ( -Oz S,- 
ON ( NO

Nz Z4 - NN

F: a0 C

- O 0 (0 0 0(

41)

-p---------------- ------q z Z

E D cD c :

00

0 _ _ _ _ _ _ _ _ _ _ _ c, a~ ____ __ __ c, c> o oa)c

o o So Q .

(0 u)X

0 4 s -0 o (Dc 
((D 

o 0 o oN c D

* 0 
N0

0D - - - - - - 0
d) -I -i - - -1

N ~ 0 0 0 0 0 0 0 0 ~ w ~ ~ ~ 0 U ( t ~ ~ ci ~ c.mm~



91

CDma, m

01.

0 0 L) E

0 0 cc 0 4 '90- 0 0
t o 0, z 0 0 z~0 ~ ~ 4 ~

0 UQ 0ccN040 4 ' ~

5, E

01 0t) C: C Wma

L2 2
'n 0 0

OC:

040

40 0 x5

U4 5~) a: . 001
N- Q' c ) 0 0

- 041 N C4 4 N C4 N- cm * N 0 N N N N

CC

O0~lcb0 N3NO3jNan



FLUIDYNE ENGINEERING CORPORATION

I - -

0 ,m m:

m

I C

z z

c r. N U ) 0

-+ - ,l --- ,.. -

' v ' 0 0 0 .- 0

N 
O 

at+ . ' - ..E +

-s x

-0 0

II

Wi .. . . . . . . . . .

Lf6)
7

z

I -. 0 .)C.,1

4) 0

Z,)

N Nj C 4 0 - - 4e

I/

d d.

-~ C4 44. m I
r4 C 4 4 C C -4 4 e

Il



0 0 D

00 aO

EO F. Z0'

0 o lo 0 0

0~ 0 uN. OI-.C -- - - - N-, -N 0 - --

0 E o

0 A -,

(7, a

czz
V!0

0 00

0 C

000 -oVC

a)

-0

Io

owoo



FLID YNE ENGINEERING CORPORATION

2.0.5 Design-Related Conclusions

Careful study of the aerodynamic/thermodynamic and acoustic test data

yielded the following design-related conclusions.

I. By using the aircraft jet exhaust momentum flux

directed into an augmenter tube, sufficient secondary

air can be pumrped to cool the exhaust of an after-

burning engine even without a subsonic diffuser on

the augmenter exit provided that the augmenter cross-

section is adequately large and the flow leaving the

augmenter is not restricted.

2. At afterburning jet temperature conditions, the augmenter

pumping performance (augmentation ratio) varied little

over the range of augmenter length-diameter ratios

tested (4 to 8), indicating that the augmenter length

can be chosen entirely on the basis of the required

noise reduction,

3. The augmenter pumping performance did not vary signifi-

cantly with jet nozzle pressure ratio, the axial position

of the noczle ext or with iugmenter entrance configura-

tion (the 450 conical chamfer type of augmenter Ilet used

In the Mlramar Hush Hous'! r-imains the recommended

configuration).

4. At afterburning jet temperatures changing from a hard-

walled round augmenter to an absorptive obround augmenter

with the same cross -sectional area results in a 10%

decrease in pumping.

-19-
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5. With the obround augmenter, moving the jet nozzle

centerline laterally off the augmenter center or deflecting

it toward the wall results in decreased pumping and

elevated wall temperatures.

6. The addition of a 450 exit ramp (deflector baffle) causes

a small reduction in pumping performance.

7. As long as a reasonable distance is maintained between

the aircraft exhaust nozzle exit and the augmenter

entrance (XN/DAM ' 0.33), there will be no excess

pumpdown of the nozzle base pressure inside the

Hush House.

8. The acoustically absorptive augmenter configurations

provided greater noise reduction than the one specific

vertical stack with parallel baffles configuration

investigated.

9. Hush House Interior noise levels due to jet exhaust

increase significantly if the distance between the jet

nozzle exit and augmenter inlet Is Increased above

XN/DNT = 2.0, while the exterior exhaust noise levels

decrease as this distance increases.

10. Due to the large beneficial flow and temperature

gradients which "bend" the rays of sound toward the

lined augmenter wall, one can achieve much higher

insertion loss then one would predict from simple

silencer theory.

11. The exit flow, characterized by its speed and velocity,

generates aerodynamic noise (self-noise) which places

an upper limit on the actual insertion loss achievable

by the exhaust system.

-20-
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12. The presence of an acoustical lining in the upstream

end of the augmenter results in a significant reduction

in Hush House interior noise due to jet exhaust.

The primary aim of this report section is to provide information extracted

from the model test data in a form which makes it useful for the design of

future Hush Houses or makes it possible to predict the performance of an

existing Hush House with different aircraft installed. The following parts

of this section deal with each aspect of the test results and present graphs

which can be used for design. The results are then applied to predict the

performance of the NAS Miramar Hush House with the F-14A aircraft. Some

simplifications have been made in the form of presentation to reduce the

amount of difficult calculation necessary to apply the results.

2.1 Augmenter Pumping Performance

The augmenter pumping performance will be of prime interest in two

related areas: predicting maximum augmenter wall temperature with a given

Icombination of aircraft and augmenter cross-section and determining the total

Hush House inlet air flow for sizing the air inlet. In Section 7 . 1, the pumpingf performance was presented in the form of an augmentation ratio parameter, ARP,

(equation 6.2 .2)

ARP = W d amb. NWN mw.
WN TTN air

W N  being the jet nozzle flow rate which corresponds, in full scale, to the
N . T

aircraft exhaust flow rate, Waircraft and T N and mw N being the j',.t exhaust

total temperature and molecular weight. This paramet,:- was chosen because

the pressure rise sustain. ble by an ejector is relat.d to the relative mom, .ntum

fluxes, my, of the driving and secondary flows at the entrance to the m'ing

section (augmenter). For given expansion ritios, the momentum flix of nach

flow Is proportional to w a . Since the speed of sound, a 0 is proportional

to ,T the augmentation ratio parameter is proportional to th., ratio of
Smw

mw
pU pIJ)!' fl.w In)mil (Ltill fl.x Lo J('L n)o.-t " flow momentunm fl;,x. Calculation

-21-

/
. . . " " . . . "i --- '- . .. -. . .... -'" .. . ..." - I;"e



FLUIDYNE ENGINEERING CORPORATION

of pumped air flow is simple, once this parameter is known for a particular

case and we will continue to use it in this section as the basis for predictions.

Accordingly, Figures 2.1-1, 2.1-2, 2.1-3, and 2.1-4 have been constructed

from the available test data to make possible predictions of pumped air flow and,

subsequently, augmenter wall temperature (see Section 2.2).

Figure 2.1-1 presents augmentation ratio parameter versus augmenter

cross-sectional area to jet nozzle throat area ratio for a variety of configura-

tions without subsonic diffuser. It is limited to cases where the nozzle is

centered in the augmenter and undeflected and where the jet nozzle total tem-

perature and pumped air (ambient) temperature are equal. These curves are

based upon data presented in Figures 7.1-1 and 7.1-5. Since the model test

data showed no appreciate influence of jet nozzle pressure ratio on augmentation

ratio parameter, it can be assumed that these curves are valid for most engines,

without regard to nozzle pressure ratio. In Figure 2.1-1, curves are presented

for augmenter pressure ratios of both 1.000 and 0.995 (1.000 corresponds to

zero Hush House pressure depression, while 0 .995 would correspond to roughly

2" H2 0 total pressure loss). This figure also shows a small reduction in

augmentation ratio parameter due to the addition of the 450 deflector ramp.

Such a ramp has been a feature of Hush House designs because it deflects

both the flow and the noise upward without unduly penalizing augmenter

pumping performance. Any major alterations to this basic configuration

would have to be studied carefully to make sure that they didn't increase

the augmenter exit backpressure and cause a large reduction in cooli:g air

pumping.

Although Hush House augmenters do not typically require an exit subsonic

diffuser for adequate pumping performance, the influence of a subsoric diffuser

was obtained from the tests. This is shown in Figure 2. 1-2 as the ratio of

ARPwithdiffuser/ARPw/o diffuser K diff. This information would be useful

in case a vertical stack with baffles were to be added to an absorptive augmenter

to increase noise reduction. Such an addition would tend to increase the

augmenter backpressure ( PText > Pamb) and reduce pumping. A subscnic

-22 -
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diffuser might be required to restore adequate cooling air pumping. To

properly estimate the augmentation ratio parameter for a configuration having

a diffuser, the correction to Figure 2.1-1 values for the diffuser must be applied

before adding the succeeding corrections discussed in the following two paragraphs.I
Figure 2 .1-3 concerns the same configurations as Figures 2.1-1 and 2.1-2,

and provides a correction to the augmentation ratio parameter for jet nozzle
total temperature ,, T N , higher than the pumped air temperature, Tb

temer TN Tamb .6
as it is in every full-scale instance. The model test data run at TTN/Tamb= 6.6

correspond almost exactly to an afterburning aircraft run in a Hush House on a

100OF day. Figure 2 .1-4 provides an additional correction usable when the jet

nozzle is off-center in the augmenter or deflected. It was developed from the

model tests run with the obround augmenter. Figure 2.1-3 shows a decrease in

augmentation ratio parameter with increasing jet nozzle to ambient temperature

ratio. By virtue of the definition of the augmentation ratio parameter, however,

the actual augmentation ratio will increase with increasing jet temperature, as

illustrated below in Figure 2 .1-5 for the case of an obround absorptive augmenter

with ramp, A A/A = 24 , having a centered jet and with PT sec/PT = 0.9975

augmentation ratio6 -_-_ _ __--__ _-

5
augmentation

ratio
xpumped 4 • 

_

W N _RP

a ug m entatio n 2 .. ......... ....
ratio

parameter
AR P 1

0 ---

1 2 3 4 5 6 7 8

TTN /Tamb.

I (jet nozzle total temperature/ambient temperature)

Figure 2.1-5. Augmentation Ratio and Augmentation Ratio Parameter
versus jet Nozzle Stagnation Temperature to AmbientTemperature Ratio

-27 -
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To estimate the augmentation ratio parameter for an arbitrary configuration,

the augmentation ratio parameter from Figure 2 . 1-1 is corrected as follows,

using Figures 2.1-2, 2.1-3 and 2.1-4 .

ARP ARP x Kdiff" + AARP + AARP

Fig. Fig. Fig. Fig.
2.1-1 2.1-2 2.1-3 2.1-4

With the figures provided in this section, along with the inlet total

pressure loss versus total Hush House air flow estimated for the NAS Miramar

installation, it is possible to estimate the total inlet air flow for the case of

the F-14A installed in the NAS Miramar Hush House with one engine in maximum

afterburning model (we will assume that the influence of a second idling engine

can be neglected). The following engine exhaust characteristics will be

assumed for seal level standard conditions.

Waircraft = W = 250 pps (aircraft exhaust
mass flow rate)

TTN = 3700°R (exhaust total temperature)

mw N = 24 (exhaust molecular weight)

ANT = 7.5 sq. ft. (jet nozzle throat area)

Also, the following information from the full-scale NAS Miramar Hush House

design will be extracted and a 100OF day at seal level pressure will be assumed.

(Miramar Hush House design estimated total pressure loss through the Hush

House air inlet and up to the augmenter entrance is 30% of air flow dynamic

pressure through the inlet sounding absorbing baffles where the effective flow

area through baffles is assumed to be 285 sq. ft.).

AA 183 sq. ft. Miramar Hush House augmenter flow area

(19' wide x 11' high obround)

- 28 -
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PT
Winle t  Hush House

pps Pamb

I 2500 .9986

2000 .9984

1500 .9992

1000 .9996i
Next, the temperature correction to the engine mass flow rate is made as

I follows:

Tb
N VN Tabstd - 250 520 - 240 ppsI corrected st Ta mb

Tamb 560

I From the augmenter and nozzle throat area information, the area ratio, AA/ANT'
is calculated to be 24 and Figure 2.1-1, the augmentation ratio parameter for an

obround augmenter having an exit ramp with centered and undeflected engine

exhaust can be found for a range of augmenter pressure ratios at TT N/T amb1.0

Figure 2 .1-3 can then be used to find a correction to the augmentation

parameter of AARP = 0.65 for the jet nozzle to ambient temperature ratio of

6.6. At this point, one further correction, that for jet nozzle (engine exhaust)

deflection and offset, must be made to the pumping ratio parameter. For the

F-14A, the offset parameter, Y , is 0.45 and the deflection CL equals 1,
p 5

giving a correction from Figure 2.1-4 of AARP = -0.39 .

A T /T A T /T AP
P PT TN amb TN amb ARPfinalT Y =0.45sec. _ sec =1.0 =6.6 p

1 Pamb PTexit ctr'd ctr'd as = I0

1.000 3.15 2.50 2.11

.998 2.90 2.25 1.86

.996 2.60 1.95 1.56

.994 2.30 1.65 1.26

IIi-29-
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With the resulting final ARP value, the pumped air flow rate and total Hush

House inlet air flow rate can be calculated for each augmenter pressure ratio

case.

Wumed WNx ARP x TTN wamb

X Ta mb mwN

= 240 x ARP x 3 0 x 24

= 678 ARP

Winlet = Wpumped + W = 240 + 678xARP

P T

sec. Wpumped Winlet

Texit PPS pps

1.000 1451 1692

.998 1273 1513

.996 1058 1298

.994 854 1094

Since the Hush House inlet loss ratio equals the augmenter pressure ratio

when PTexit = Pamb ' as in this case, one can plot both the Hush House

inlet characteristic and the augmenter pumping performance or. the same curve

(Figure 2 .1-6). The point where the two curves cross will be the operating

point for the assumed conditions.

2000 ..

1-50 Miramar Hush

1500 - House air inlet

Winlettotal characteristic

Pps 1000

augmenter

500 pumping
5performanc,::

0
0o 94 .. ... T/P- -pT  1.000

sec
Figure 2.1-6. Total Inlet Flow versus Augmenter Pressurc! Ratio

for the Miramar Hush House
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A total inlet air flow of 1580 pps is predicted for the Miramar Hush House
under the assumed conditions with an F-14A having one engine operating at

maximum afterburning. This corresponds to an augmentation ratio parameter

of ARP = 1.97, which is greater than ARP = 1.83 identified in Section 7 .1

j as being required to limit the mixed exhaust temperature to 800 0 F.

During the full-scale Miramar Hush House checkout (see Section 8. 1),
-_ the actual Hush House air mass flow rate was checked against similar predictions

of air flow made using the model test data. The predictions fell within 10% of

the measured mass flow.

2.2 Maximum Augmenter Wall Temperature

Augmenter wall temperature distributions from the model tests are discussed
in Section 7 .4 for different jet nozzle offsets and deflections. When the jet

is centered in the augmenter and aligned, the high temperature core of the mixing

jet is insulated from the augmenter walls by the colder pumped flow. On the

other hand, if the jet centerline is moved closer to one wall or is angled toward
the wall, there is a tendency for the hot mixing regions to impinge on the augmenter

wall. This is illustrated in Figure 2,2-1 below, which shows the re:lationship

between the hot jet centerline temperature and the wall temperature for two nozzle

position cases.

3000
jet certerline

total temperature

2000
maximum augmenter wall

T OR temperature with o fset,:: _ deflected jet

1000 --

maximrum augm nter wall
tempfratvrr! wi h cer.trod,

0 aligned jet
entrance XA oxIt

(axial distance from augmenter entrance)

Figure 2.2-1. Relationship between the J#:t Temperatur(e and the Augmenter Wall
Temperat ire
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Basically, two things determine the maximum wall temperature: (1) the

relative amount of ambient air pumped through the augmenter (which determines

the mixed average temperature of the jet flow and pumped flow), and (2) the

degree of jet exhaust flow impingement on the augmenter wall. Figures 2.2-2,

2.2-3 and 2.2-4 have, therefore, been provided to make possible either the

prediction of maximum augmenter wall temperatures for an arbitrary combination

of aircraft and augmenter or the design of an augmenter to avoid overheating with

a given aircraft. Figure 2.2-2 presents the mixed average temperature parameter

as a function of TTN/Tamb and augmentation ratio parameter. Figures 2.2-3

and 2 .2-4 give the maximum wall temperature parameter as a function of jet

nozzle orientation in relation to the mixed average temperature parameter. To

simplify the use of these curves, the mixed temperature and corresponding

augmentation ratio parameter are to be determined for the case with the engine

exhaust centered in the augmenter and undeflected, giving the resulting form

of the presentation

T
,wall max

Tmix
Pjet ctr'd
~= 0

where Twall maxll max. -T amb (see eqn. 6.4.4 for
TTN amb general definition

of tremp. pc-ram. Tp)

Tmi - Ta
Tix mix amb (exhaust jet

Pjet ctr'd TTN T amb centered and
= 0 undeflected)

To apply these curves, the applicable curves in Figures 2.1-1, 2.1-2 and

2.1-3 are utilized to get the augmentation ratio parameter for the centered,

undeflected exhaust. In design calculations, one will probably assume an

augmenter pressure ratio of

-32 -
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j ~0.23

.l ....

0. 224L4

TT

mixed T mix - 3

T TN i amb

F IGURE 2.2-2. CALCULATED VARIATION OF fIJXEJ AVEi /AGE
TEMPERATURE PARAMETER WITH JET NOZZLE
TO AMBIENT TEMPERATURE RATIO ANu AUG-
MENTATION RATIO PARAMETER,
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2-. ... .... .... .

T74: a, .........

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

Twai11rna~ -P 
, 1Symbol Conf ig.___ _ _

____ ___ ____ _ 0Round
Tmix _____Obround (Top

P2 == and bottcm wall)
jet ctr'd i.*. 0 Obround($idewail)

y y=.45

0 12 3 4 5
Q,0

(nozzle angular deflection)

T walmax P maximum wall temperature parameter

T -mixed average temperature parameter
mix po(=0 for a centered, undeflected jet

I~ jet ctr'd

FIGURE 2.2-4. THE VARIATION OF MAXIMUM WAlLL TEMPERATURE
WITH LATERAL AND VERTICAL JET NOZZLE
DEFLECTION.
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PT
see 0.9975

PTeit

which typically corresponds to a Hush House static pressure depression of 2"

H2 0 . Next, Figure 2 .2-2 is applied to find the mixed temperature parameter,
Tmix . The curves in Figure 2 .2-2 were calculated from conservation of

P
energy relationships assuming values of exhaust specific heat which were

reasonable at each TTN/Tam b level. Finally, Figures 2.2-3 or 2.2-4 areamre
used to determine the ratio

wall max

TI
Tmix

Pjet ctr'd

aX= 0

from which Twall maxp and Twall max can be calculated.

These curves will now be applied to the case of the F-14A operating

vith one engine in maximum afterburning in the NAS Miramar Hush House.

From the work done in Section 2.1, it appears that the augmenter pressure

ratio will be 0.999. Applying this to Figure 2 .1-1 for A A/A = 24 with

ramp gives

ARPctr'd 2.98

a = 0
T TN/T am b

which corrects to

ARPctr'd = 2.33
a= 0

when /Tam b = 6.6 is taken into account. When this is entered in

Figure 2.2-2, a mixed temperature parameter for the undeflected, centered

jet of Tmixp = 0.172 is obtained. Further, using Yp =0 .45 and a = l0

describing the configuration with the F-14A, Figure 2.2-3 yields

-36-
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I FLUIDYNE ENGINEERING CORPORATION

I Twall max
p 1.65

I pJet ctr'd
a1 = 0

I This, in turn, provides the final maximum wall temperature parameter,
Twall maxp = 1.65 x 0.172 =0.284 and the wall temperature

Twall max 0.284 Twall max - 560

=p 3700 - 560

Twall max = 1452R (992F)

The resulting predicted maximum wall temperature of 9921F is much higher

than anticipated in the original design. Furthermore, this level was confirmed

during the checkout testing on the full-scale Miramar Hush House. This
temperature level results from a significant tendency of the offset, deflected

I jet '. impinge on the nearest wall. This can be lowered by design changes
which either increase the pumped flow or increase the distance between the
engine centerline and the augmenter wall. Increasing the augmenter cross-

section will do both of these things. An increase in augmenter width and

height of approximately 3 ft. (to 22' x 14') would be needed to lower the

maximum wall temperature to 8000F, however, this would reduce the noise
reduction effectiveness of a given augmenter length. One might consider

the application of air film cooling.

I
I
I
I
I
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2.3 Data for Acoustical Design

In this section, we present a method for predicting the

3 sound power level (PWL) of exhaust noise (in - ,.Pve bands)

radiated from the augmenter exit of any prospuc Ive "Hush House"

design. This prediction procedure, which is based on measure-

ments made during scale-model experiments, enables one to estimate

3 *The octave-band sound power level spectra of jets of

various diameters, pressure ratios, and temperatures.

* The differences in radiated sound power level

as a function of frequency, among lined auvmenter

tubes of different lengths, diameters, and lininF

depths.

g *The octave-band sound pressure levels (SPL) of the

exhaust noise at various distances from the exit.

The octave-band sound power levels of interior noise

attributable to the exhaust.

The experiments, upon which the prediction method is based,

used a BN-designed scale model of the augmenter lining and ob-

long cross section. The lining, consisting of a thin porous

layer with partitioned airspace behind, was designed to optimize

the low-frequency attenuation of the augmenter for the given

geometry of the Miramar augmenter. Thus, careful consideration

was given to choice of the specific flow resistances of the

lining material.

The basic design concept of a lined augmenter to attenuate

exhaust noise as depicted in Fig. 2.0-4 is considered to be

I generally applicable in most situations, where the exhaust noise

!
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ot' tht i !:odern-day military jet enrirnes with afturburner must

be quoieed to meet typical community noise criteria. However,

it' th noise output or the spectral shape of the en,ine or the

eammunitt,' noise criteria strongly differs from these typical

vailues thein a redesig;n of the liner yielding more effective use

of space aind materials may be called for.

2.3.1 Prediction of jet sound power level spectra

The FW1, spectra of various aircraft. are usually available

either from the manufacturer or from the environmental noise

rroups of the aircraft user. If no such data are available,

the PWL spectrum of an engine can be estimated using the pro-

cedure outlined below. Even when measured full-scale PWL spectra

are available, it is recommended that one still use this pre-

diction scheme, compare measured and predicted levels, and, to

be conservative, use the higher of these two levels as a desien

2]uide.

The octave-band sound power level spectrum of engine exhaust

noise is predicted as follows:

1. Calculate from Eq. 2.3.1 the upward shift (PWL ) of thes

sound power level spectrum shown in Fig. 2.3.1.

2. Shift the "normalized PWL" curve in Fig. 2.3.1 vertica7y

by the dlB amount calculated in Step 1.

3. Establish full-scale frequencies by shifting to the

right the model-scale frequencies by the factor 0.36 D where

DN is the full-scale nozzle diameter in inches.

39
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" t l " (1,') + "o 1 ,' ' + 3'i ]1 )t- (A,) -

(2.3.1)

who'e I',. i 1, he Jet M( li e t ot i I I emperature in 0 Rank in and

X is the ,Jet, no £,l pirssure 'ai.

As an example ot' how to upr this procedure, assume a Jet

charracterized by D N 41 in., T 300'R, and X N

Equa't ion 2 . 3 1 yields, f'or the ver't(ic'l shi ft

PL = 20 lor (Ii.i_ ) + n lo) (3300) + 30 lor () - 63

= 49 dfA.

The full-scale frequency scale is obtained by shiftintg the model-

scale fi'equency scale in Fig.. 2.3.1 by the factor 0.36 DN =

0.3(- x 411.25 = 15. Thus, 3000 Hz for the scale model will cor-

respond to 200 Hz for the full-scale jet nozzle.

The prediction procedure, as applied to this example, is

illustrated in Fir. 2.3.2, which shows the vertical shift (49 dl3)

of the normalised PWL curve and the establishment of a full-scale

frequency scale (upper abscissa) by shiftinf the model frequency

scale to the ri. by a factor of 15. The open circles in

Fig. 2.3.2 are data points obtained from farfield SPL measure-

ments of an F-14A aircraft operating in its afterburning- mode.

This spectrum is similar in shape to the predicted one; it is

somewhat lower, however, most likely because of a lower' jet

nozzle total temperature than that used in our prediction.

2.3.2 Augmenter attenuation

B efore considerini the attenuation characteristics of the lined

aumenter, one must first check that the open cr oss-section is of

41
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sufficient area that the velocity of the exiting flow is mini-

mized to the point where self-noise levels are low enough to

meet the noise criteria. We recommend that, until more accurate

desi.-n information becomes available, the initial cross section

be chosen so that the exit velocities listed in Table 2.3.1 are

not, exceeded. The average exit velocity can be calculated from

the total facility mass flow, the mixed average exhaust tempera-

t u r e , ::rc, i 1 ' u " ,, ,' ., . - ,. ' : 1 T 11..' -1 1 :-:1 , l " "

maximum velocities, we further assumed that the ratio of maximum

to averai-e velocity is 2.4.

TABLE 2.3.1 MAXIMUM PERMISSIBLE EXIT FLOW VELOCITY TO MEET NOISE CRITERIA
AT 140 ft FROM THE EXHAUST BOX

Maximum Permissible Velocity
Criteria (fps)
At 140 ft V V

(dBA) Vmix max VAV

75 360 150

80 440 180
85 530 220
90 640 265
95 775 320

The attenuation provided by the augmenter (APWL) depends in a

complex manner on a variety of parameters; those considered in this

project are discussed in Sec. 7.6.4. Baseline data (APWL ) are

provided in Figs. 2.3.3 and 2.3.4 for a rangle of pressure ratios

(AN4) and total temperatures (TT N) covered in the tests. These

data were obtained with a single aug<menter effective duct dia-

meter of 12.5 in., a duct lenigth of 72 in., a ramp of 45), and

an axial distance (XN ) of 14 in. between the jet nozzle exit and

the augmenter entrance. The obround (Miramar) augmenter was used
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*with the nozzle in the offset F-1.4 position (Yp=0.45). To the

* APWL0 obtained from Figs. 2.3.3 or 2.3.4, one must add incremental

attenuations that account for chaniges in lined aur'menter lenrith

(APWL,), augmenter diameter (APWL 2 ), axial and radial positions

of the engine within the augmenter inlet (APWL and APWL 4 ), and

angular alignment (APWL5 ). fMethods for estimating these cor-

rections are given below. The final estimate of augmenter

attenuation is the sum of Ihe( b:rmu:

APWL, = APWL O + APWL1 + APWL 2 + APWL 3 + APWL + APWL

1 (2.3.?)

Augmenter Length

The baseline data (APWL0 ) are presented for a model aug-

menter tube length of 72 in. In Fig. 2.3.5 is shown a correction,

APWL1 , to the attenuation provided by the baseline augmenter for

dimensionless augmenter lengths of 17.5 and 35.0 - i.e., ratios

of aufmenter len,th to nozzle diameter (IA/DN).

m1dialIe len tqhs can be det.ermlned by i.I
Augmenter Diameter

I All lined augmenter config<urations tested had the same

cross-sectional dimensions, corresponding in model-scale to the

Miramar augmenter. The dimensionless ratio of the equivalent

diameter of the augmenter cross section (DA) and the nozzle

I diameter (DN) for all test runs was 4.54. No other augmenter

diameters were tested, so the corrections (APWL 2 ) for augmenter

diameter suggested here are based entirely on assumptions guided

by theoretical considerations. The analytical models from which

they were derived ignored the effects of flow and temperature

gradients and so should be used to account only for small varia-

tions in the dimensionless effective augmenter length.

4
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At low frequencies, where the wa ,length of sound in the

augmenter tube is large compared to the tranverse dimensions of

the augmenter tube, the correction APWL for a change in the

effective diameter of the augmenter is

APWL2 = APWL 0  , (2.3.3)

where DAM is the effective diameter of the augmenter tube in the

model (12 in.) and n is the linear scale factor for the augmenter

I being designed.

jAt high frequencies, where the wavelength is smaller than

the transverse dimensions of the duct, the correction for the

effective diameter of the augmenter tube is

APWL 2 = -10 log]0  A (2.3.4)1 nD AM/

j A rough estimate of the change in augmenter attenuation with

diameter can be synthesized from these two relations by using

the first for full-scale frequencies that are less than c/DA,

and the second for full-scale frequencies that are greater than

lOc/DA. The correction at intermediate frequencies should be

Ifaired to provide a smooth progression between these two extreme
values.I
Nozzle Position

1 The correction (APWL 3 ) for three variations in the axial

position of the nozzle is presented in Fig. 2.3.6; a correction

(APWL4 ) for centering the nozzle on the longitudinal axis of the
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I

augmenter is provided in Fig. 2.3.7. The corrections for 11 and

30 angular misalignments are given in Table 2.3.2.

I TABLE 2.3.2 CORRECTIONS FOR ANGULAR ALIGNMENTS

I Octave-Band Center Frequency (Hz)

31 63 125 250 500 1000 2000 4000 8000

APWL 5 for 10 0 0 0 -1 -2 -2 -2 -2 0

APWL-5 for 30 0 0 -4 -4 -4 -4 -4 0

Choice of Lining

The open cross-sectional area of the augmenter tube must be

chosen to satisfy pumping, wall temperature, and self-noise re-

quirements. The capability of the augmenter to attenuate the

noise of the engine under test is determined by the type of

dissipative lining used and by the length of the lined augmenter.

Practically, all linings that provide a high degree of sound

absorption in the entire frequency range of interest will yield

high sound attenuation. This high absorption coefficient can be

achieved either by filling the entire lining depth with a porous

sound absorbing material, as illustrated in Fig. 2.0.#, or by

concentrating near the augmenter wall a relatively thin layer

of porous material backed by an airspace, as shown schematically

in the same figure.

The lowest frequency where substantial attenuation is

achievable is determined by the total thickness of the lining

(including the porous layer and the airspace behind). A reason-

able choice is to have the averare thickness of the lining cor-

respond to 1/6 wavelength at. room temperature for the lowest

frequency of interest.

5
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Both the scale-model and the full-scale results indicate that

the type of "fully-packed" lining used in the Miramar Hush House

can be effective. This full-scale lining consisted of a 6-in.-

thick layer of 6 lb/ft 3 density Rockwool with a specific flow

resistance of 440 mks rayls/in. (i.e., 1.07 pc/in.) at room

temperature; the remaining airspace was filled with the same

material at 3.5 lb/ft 3 density which at room temperature has a

specific flow resistance of approximately 200 mks rayls/in.

(0.5 pc/in.).

The thin porous lining backed by an airspace (i.e., the one

identified as the BBN lining in the scale-model experiments) may

provide better low-frequency attenuation than the "fully packed"

lining. As a practical rule, the lining thickness should be

between 4 in. and 12 in. and the total flow resistance should be

in the range of 1600 to 5000 mks rayls (4 to 12 pc) at rorm

temperature.

The specific choice of lining materials is dictated by

temperature and mechanical stability considerations and by

availability. Accordingly, each material which fulfills these

requirements and has the above-listed or up to 50% Zower specific

flow resistance can be used.

2.3.3 Estimation of sound pressure level spectra

The exhaust PWL radiated by the augmenter outlet is estimated

by subtracting the attenuation (APWL) calculated in accordance

with Sec. 2.3.2 from the free-field sound power level of the jet

(obtained from experimental data or scaled up from model data

by the method of Sec. 2.3.1):

PWLoutlet = PWLfree - APWL

i52" r-
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The octave-band SPL at a distance R from the augmenter outlet is

then given by

SPL = PWL outlet - 20 log R + 3 + DI (W) , (2.3.5)

where R is the distance (in ft) from the center of the exhaust

stack and DI is the directivity correction in (dB) for sound

propagation parallel to the ground. The directivity correction

as a function of frequency and directivity anglc ( ) was deter-

mined experimentally for the full-scale Miramar exhaust with a

450 exhaust ramp. (See Sec. 8.2.) The angle is defined as

being 00 in the downstream direction along the centerline of the

exhaust stack, and increasing in the direction of the engine

which is running in maximum afterburner. For example, 90' is

perpendicular to the augmenter axis and is to the right (looking

upstream) if the starboard engine of the F-1.4A is running and to

the left if the port engine is running.

TABLE 2.3.3 DIRECTIVITY OF THE MIRAMAR EXHAUST FOR F-14A WITH ONE ENGINE
IN MAXIMUM AFTERBURNER.

Octave-Band Center Frequency (Hz)

Direction 31 63 125 250 500 1000 2000 4000 8000

0 0 1 2 2 3 2 3 2 3

145 2 3 4 3 1 3

g-i -i -i 1 1 1 2 1 1

=270' -l -4 -3 -3 -3 -3 -2 -3 -2

= 3150 -i -1 -1 -1 0 -1 -1 -2 -2 I
For a practical application of this exhaust noise prediction

scheme, the reader is referred to the example calculation carried I
out in Sec. 2.4.

I
I
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2.3.4 Prediction of interior noise levels

In addition to the exhaust, other noise sources affect in-

terior noise levels - e.g,., engine inlet and casinv noise. Thus,

we cannot present here a quantitative desirn of Hush House interior

acoustic treatment.

Parameters that affect exhaust SPLs in the interior of a

Hush House are

* Jet sound power level

I • Jet nozzle position, especially axial distance from the

augmenter inlet (Fig. 7.6.14)

I •Augmenter lining (Fig. 7.6.15)

• Acoustical absorbing material on walls and ceiling (it

is assumed that the floor will be hard)

Position in the Hush House (i.e., distance and direction

from the jet nozzle).

I General guidelines for minimizing exhaust noise in the

Hush House interior are:

1 1. Place the jet nozzle as close as possible to the

augmenter inlet. (Remember, however, that exterior exhaust

noise decreases with increasing X W)

2. Treat the bell mouth of the aurmeuter and the walls

Iaround it acoustically to provide sound absorption coefficients

very close to unity and mid and high frequencies. (Doing so will

provide absorption for the significant acoustic energy radiated

by the jet at angles between 200 and 80' forward of the jet axis.)

I
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. hine the aug"menter from the inlet to at least 9 jet

dlamooters downstream of the inlet.

4. Make sure that the lined augmenter has sufficient

att enuation that, at. all frequenc ies, the sound returning to the

Hush House throug<h reflections from the end of the aug-menter

tube is low compared to the noise of the free jet propagating

£orwa'd. (This condition can usually be met if the attenuation

of A th aur.menter tube exceeds 10 dB.

. Ef SF'Ls in the Hush House must not exceed the levels

measured at correspondinF locations in free field by more than

2 or 3 dB, line all interior surfaces (except the floor) with

sound absorbing material providing, at all frequencies of interest,

an absorption coefficient of 98% or better.
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'~ ~ 2.4 Exhaust Noise Prediction

Usins- (I) the measured f'ree-f:i , I sound now-r out rut ofrh

I 4A aircraft. operat ins- in 11t, s a!- -r Iurr! ii rTsode [A-] ] and (2) the

A"::1, vs freque nay curvos obt xi ,Lred, frori nur sc(ale-model s-tudl! FA

3 correeted for the I) anrular ali,-nment, we have predict-d the

*octave-band sound pressure level spectra and the fA,-weirhted so)und

rressure level for various- exhaust corifjiurations at the rlosest

uaoint to the ausm!enter exhaust on the 25 0-ft radius centered. on

the aircr'aft ens ine exhaust. The calculations are summariserd inI T.ables 2.4.1, 2.4.-, and _.14.3.- he octave-band exhaust so'und

pressure levels have been predicteI for (1) a full-scale version

of the 2i.-op lined RR" aunm-enter with a? L150' exit ramp,

(2) the full-scale Miramnar augmenter with a 450 exit ramp, and

(3) a full-scale version of the stack-and-baffle config7uration

usinp: a hard augmenter tube, a subsonic diffuser, and turnir
vanes.I T~~he predicted leves are plotted in Fi-s. ... Tis'i~

also includes, for comparison, a curve of octave-band seunJ presI ure levels, each of which would produce a sound level of QQ

omoainsthe octave-band sound pressure ltvels rredic' -J f'

three different exhaust confCis urat ions w! t h each oth(-r qnd 'it

the 85-d'.AA curve, one can conclude that

1(1) A full-scale version of the RI-,N ausmienter combtined w,:Ith

a 450 exit ramp is expected to -ioet the %dAcriterion 'If2

1 ft for all directions;

1(") The full-scale T.11ram,'ar Hush House exhaust is exnectedi

to meet, 'he- 85-mBA crite-rion at 20ft for all directions, po-

vided that, the attenuated jet nolse and rnot the self-noise con-I trols the- exit noise in thp I-: and P -O-Hs. octave bands.
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there is the possibili1y that the 85-dA level will be exceedej

in the downstream direction, because the directivity inidex ot'

the self-noise in this direction is substantially hi -her than

that of the attenuated 2et noise.

As reported in detail in Sec. 8, the acoustical perf'orriance'

of the full-scale Miramar Hush House has been evaluated experi-

mentally by measurin- exhaust. noise spectra at different distainces

and at various anles from the exit plane while an F-14A aircraft

was operating< with one enaine in zone 5 afterburner and the other

engine was idling5. From these data, we have calculated the

octave-band sound power level spectrum at 250 ft of exhaust noise

emanating, from the stack. The spectrum is shown as the solid

curve in . ?.4.?; the dotted curve in that fia-ure is the sound

power level spectrum predicted (i.e., Line 4 of Table 2.14.2)

usinrg the source sound power level spectra of Line 1 in Table

,.4.2 and the augmenter attenuation estimated from our, scale-

model studies.

Comparison of these two curves shows a satisfactory a'reemient

between the measured and predicted spectra. The larest discrep-

ancy i.e., the one at 125 Hz - Tay well be the result of r'round

reflection effects in the source stren'ith data of Ref. I . The

discrppancy above PO0 H:z is due to our eonservat i vo ,si i ,iati on

of' augment er attenuation '. these hi,-h freaiuencl ,s, which are to-

yond the upper frequency 1irnit where sca,,-!uodel dat a were avail-
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2.5 Augmenter Design Procedure

The application of the data presented in Sections 2.1, 2.2 and 2.3 to
the design of a typical sound-absorbing augmenter and Hush House for one or

more aircraft and operating situations is a trial-and-error procedure. One must
assume augmenter cross-sectional sizes, lengths, etc. and estimate how each
assumed design performs in terms of augmenter wall temperature and external
noise with one or more aircraft. A block diagram summarizing the augmenter

design procedure is presented in Figure 2.5-1.

choose augmenter cross-sectional
area to avoid excessive flow noise

choose augmenter cross-sectional shape

which fits aircraft engine orientations

estimate augmenter wall temperature Ilncrease A and/orI~change x- ect.
T Twalla !s 900F Twal1 > 900°F [sha pe

ma max

estimate total Hush House air
Iflow for air inlet sizing

make initial choice of lined augmenterS length needed for A PWL

estimate SPL at receive position and
compare It wlh criteria, SPL

o c decrease increase
- 3length length

SPc P SPL R > SPL c SPL R < SPL c 3

choose augmenter liner type, augmenter inlet
configuration and other design details j

FIGURE 2.5-1. BLOCK DIAGRAM OF AUGMENTER DESIGN PROCEDURE
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The first step in the design procedure is to find the augmenter cross-

sectional shape of smallest area which will 1) provide a low enough augmenter

exit flow velocity so that the noise created by the flow leaving the augmenter

is not excessive and 2) avoid excessive wall temperatures ( Twall 9000F).
acceptable

To keep the noise generated by the augmenter exit flow within acceptable limits

in meeting a particular noise requirement, the ratio of augmenter cross-sectional

area to maximum jet nozzle throat area must satisfy the criteria listed in Table 2.5-1.

TABLE 2.5-1

Ratio of Augmenter Cross-Sectional
Area to Maximum Jet Nozzle Throat
Area required to Avoid Excessive
Augmenter Exit Flow Noise

Noise One Engine at Two Engines at
Criteria Max. RPM Max. RPM
at 250 ft. AA/ANT a AA/A NT

95 dBA 18 16

85 dBA 24 21

75 dBA 30 26

where: AA is the augmenter cross-sectional area

ANT is the jet nozzle throat area neglecting
the throat area of idling engines

After determining the minimum augmenter cross-sectional area which will

satisfy the flow noise requirement, an augmenter cross-sectional shape which

best suits the various aircraft engine placements should be selected and

various cross-sectional sizes having areas equal to or greater than the

noise related minimum should be assumed. Figures 2.1-1, 2.1-3, 2.2-2,

2.2-3 and 2.2-4 should then be applied as discussed in Section 2.2 to
estimate the maximum augmenter wall temperature for each augmenter cross-

section size with the aircraft configuration and engine power setting ideriti-

fled as most critical from an augmenter wall temperature standpoirt (if one

- 64 -
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U aircraft type to be accommodated had offset or deflected afterburnirn engines,

such as the F-14, it would be the likely aircraft to assume in calculating the

augmenter wall temperature). From the results of these wall temperature calcu-
lations, it will be possible to select the augmenter cross-section of smallest3 area with which both the noise and wall temperature limitation can be met.

3 After the augmenter cross-section has been sized, Figures 2.1-1, 2.1-3

and 2 .1-4 can be applied to determine the maximum air flow rate through the

Hush House for air inlet sizing. The critical aircraft and engine operating

conditions, with respect to maximum air flow, may be different from that for

sizing the augmenter. In the case of a Hush House for the F-14A, one engine

operating in maximum afterburning sizes the augmenter cross-section, but two

engines operating in maximum non-A/B generate the largest air flow.

The final step in the augmenter design procedure is to determine the

I absorptive augmenter length required to meet the external noise criteria.

This requires the application of known or estimated aircraft noise data,

I along with the data presented in Section 2.3 and the desired external noise

specification. Again, the critical aircraft and/or operating condition from

a noise standpoint could conceivably be different from those which sized the

augmenter cross-section or gave the maximum Hush House inlet air flow.
In determining the augmenter noise reduction required to meet the external

m noise specification, it is, of course, necessary to remember that the augrrenter

exit noise is only one noise source; others being noise escaping through the

Hush House air inlet and that transmitted through the walls.

Special consideration may have to be given to the sizing of the augmenter

entrance or to the Incorporation of suitable entrance baffles when designing to

accommodate aircraft with unusual jet nozzle orientatlons. The A-6 is an

example of such an aircraft. It has a distance between jet exhaust nonzle

centers of 7 ft. and a lateral outward jet deflection of 60, plus a long-dlstancr!

I between the nozzle exits and the tail. Thus, capture of the exbaust jets is

difficult. Since this aircraft has non-,fterburnng engines, au gmenter wall

heating is not a problem and the basic augmenter cross-section wculd .ct

ordinarily be sized for this aircraft If it Is only one of a grcup being ad3pted.

6
- 65 -I!
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3.0 FACILITY DESCRIPTION

As mentioned in Section 2.0, the test facility consisted of two reverberant

rooms separated by a sound insulating wall through which the augmenter pro-

jected in most tests. One of these rooms, referred to as the burner enclosure,

corresponded to the Hush House interior; the other, the exhaust enclosure,

corresponded to the out-of-doors. Figures 3.0-1 and 3.0-2 are a plan view

and elevation view, respectively, showing the relationship between these two

rooms. The volume of the burner room was approximately 1630 cu. ft. and

that of the exhaust room, 5460 cu. ft.

In order to eliminate significant flanking noise sources, insure good

reverberation characteristics at frequencies up to 20,000 Hz and contain all

of the significant noise, these rooms had to be properly sized and their walls,

including the separating wall, carefully designed and constructed. With jet

and meter flow velocity information supplied by FlulDyne, BB&N made estimates

of the various primary and secondary source noise levels and specified accept-

able wall surface treatment and wall construction and Insulation procedures

needed to insure that the principal noise being measured was not masked by

some flanking noise and could be measured accurately. As a result of their

design inputs, the walls were constructed with plywood surfaces and these

surfaces,ln both the burner enclosure and exhaust enclosure, were painted

with a primer and epoxy paint and the joints between sheets of plywood were

sealed to avoid leaks which would reduce both the sound transmission loss

and the achievable reverberation time. The wall and roof surfaces of both

enclosures were supported on 2x6 framing. The burner enclosure had ply-

wood both inside and outside of the framing and a 4" thick insulating fiberglass

fill to reduce sound transmission. The exhaust enclosure walls had only the

interior plywood surface, while Its roof had plywood on both sides for structural

purposes. The separating wall, which formed the upstream wall of the exhaust

enclosure, was similar to the burner enclosure walls, except where it formed

the interface between the burner enclosure and exhaust enclosure. Since this

area was critical from a sound transmission standpoint, a third plywood bcr..cnr

- 66-
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was installed on the burner enclosure side and the I"~ space between it and

the basic wall was filled with fiberglass. This surface was structurally

isolated from the basic wall to minimize noise transmission. In addition,

all corners in the burner enclosure were carefully caulked . Acoustically

sealed access doors were placed in the burner enclosure and the separating

wall. BB&N also considered the reverberation characteristics of the exhaust

enclosure in determining an acceptable size for the exhaust ports and vents

in the exhaust enclosure .

Figures 3 .0-3 and 3 .0-4 contain photos showing general views of the

burner and exhaust enclosures, as well as photographs of the principal

facility instrumentation installed in each. Microphones having a raverse

length of 6 ft. were placed in both enclosures. Data from these micro-

phones were recorded simultaneously using a precision multi-track tape

recorder. Figure 3.0-3 also contains a view of the secondary (pumped)

flow meter. Design of the burner enclosure to be acoustically tight essen.-

tially insured air tightness as well. All of the air pumped by the ejector

action of the model jet nozzle was metered by this installation. The ag-

menter total pressure ratio, PT sec /PTexit , was varied during the test
program by varying the length of subsonic diffuser on the secondary flow

meter. Secondary flow meter instrumentation included secondary air meter

Inlet total pressure, total temperature and throat static pressure. Burner

enclosure (Hush House interior) pressure and temporature (ambiont tempera-

ture) and exhaust enclosure (ambient) pressure and temperature were also

recorded . These all appear in Figure 3 .0-2.
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4.

a. External View of Burner Enclosure

b. Burner Enclosure Interior Showing Secondary
Flow Meter

c. Burner Enclosure Interior Showing Microphone

Traverse

FIGURE 3.0-3. PHOTOGRAPHS OF BURNER ENCLOSURE
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*a. Exhaust Enclosure Interior showing Microphone
Traverse
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4.0 MODEL DESCRIPTION

Basically, the model geometry simulated, at 1/15 scale, the F-14A with

one P&W TF-30P412 engine operating in maximum afterburning mode installed in
the Miramar Hush House with its 90 ft. long obround, acoustically treated,

augmenter tube and ramp. For the test program, the jet nozzle was operated

over a range of pressure ratios and jet total temperatures, and at different
locations and deflections relative to the inlet of the augmenter. Different

lengths of acoustically treated augmenters were run, two different acoustic

liner designs were tested (including simulation of the full-scale Miramar

treatment) and tests were run with and without the augmenter exit ramp. In

addition, different lengths and diameters of round, hard-walled augmenters

were run with and without subsonic diffusers principally to obtain augmenter

pumping data and a hard-walled obround augmenter with exhaust stack and

acoustic baffles was tested. The following subsections describe the model

hardware which made it possible to economically test with such a wide range

of variables.

4.1 Burner, Nozzle and Stand

Figures4.1-1, 4.1-2 and 4.1-3 contain, respectively, a drawing of the

nozzle liner simulating the F-14A engine in maximum afterburning mode, a

drawing of the burner, nozzle and stand assembly and photographs of the

burner and stand and the burner control panel. The burner itself was designed

and built by FluiDyne and operates using propane and air as the combustants.

These are metered through choked ASME contoured metering nozzles and injected

into the burner at several circumferential locations to enhance mixing. There

are two separate combustant supply paths, one to the pilot burner and the other

to the main burner. A high intensity spark ignition system is used to ignite

the pilot burner. The burner control system utilizes solenoid operated valves

in such a way that operation Is essentially automatic once pilot and main

burner air and propane meter pressures have been preset on the control panel

(Figure 4 .1-3b) and the safety interlock switch located in the test area has

been turned on. Pushing the start button opens the pilot propane valve and
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a. Burner, Nozzle and Adjustable Stand 
Assembly

~71oo ,,QQO

b. Burner Control Panel

FIGURE 4.1I-3. PHOTOGRAPHS OF BURNER SYSTEM
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energizes the ignition. When the pilot burner internal thermocouple senses

ignition, the main combustant flows come on and ignite. Usually final, manual
adjustment of the controls is used to get the exact jet nozzle pressure ratio

condition desired. If, for some reason, the main combustant flow doesn't
ignite, a propane "sniffer" in the exhaust enclosure automatically shuts the
combustant flow off. The burner proper (Figure 4.1-2) has a 7 in. inside dia-
meter by 6 ft. long, ceramic lined, combustion chamber with an inner steel

liner to prevent expulsion of spalled ceramic by the burner. This inner liner

is uncooled so it is equipped with a thermocouple and limit switch. If the liner

temperature exceeds 900 0 F, the burner shuts off (at 30001F, this limits runs

to about 30 seconds duration). The burner can be turned off mancially by
pushing the stop button on the control panel or by pushing the safety interlock

switch stop button down in the test area. Pushing either stop button opens

the safety interlock switch so that it must be turned on manually in the test

area before another run can be made. The burner is capable of running cold

(no combustion) and over a range of "hot" temperatures from 1400°R to 3500 0 R.

It is also capable of withstanding internal pressures as high as 300 psia.
Burner system instrumentation consists of primary and pilot propane and air
meter total pressures and primary air and propane meter total temperatures,

as well as a combustion chamber pressure measurement which corresponds to

the jet nozzle total pressure PTN .

The 1/15 scale F-14A model jet nozzle is flanged to the downstream end

of the burner combustion chamber and has a 2.50 in. diameter throat and 2 .74

in. exit diameter (Figure 4.1-1). Because of the high heat flux at the nozzle

throat, the entire nozzle is water-jacketed and a centrifugal water pump re-

circulates about 80 gpm of cooling water through the water jacket. An external

nozzle base surface pressure tap was placed about 1/4" away from the nozzle

exit to make possible a determination of the effect of Hush House operation on

the aircraft nozzle base pressure.

The adjustable stand shown in Figures 4.1-2 and 4.1-3 made it possible
to place the jet nozzle exit in different positions relative to the augmenter

entrance. The stand was built with two base frames, resting on lateral I-beams,

-76-
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3 making possible axial and lateral translation in addition to lateral deflection,

using a hinge point which remained at the same axial location as the jet nozzle

exit. Marks were scribed on the I-beam cross members for the different lateral

positions and other scribe marks made angular settings easily obtainable. Shims

were also provided for raising the jet centerline and for vertical plane angular

deflection. Adjustments made during the test program included varying the

axial position of the nozzle exit from 18" away from the augmenter entrance to

a position contiguous with It, moving the nozzle centerline laterally from jet

centered-in-augmenter to a 4 .6" offset, vertical positions of centered and "

j above center, lateral angular deflections of 00, 10 and 3°and vertical angular

deflections of 0 and 20. Furthermore, for the jet survey testing (Figure 4.1-4),

the hinge which was used for lateral angular adjustment was removed and the

entire burner assembly slid downstream so that the jet nozzle projected into the

exhaust enclosure. To make such a wide range of adjustments possible, the

principal burner supply flows were brought in using rubber hoses. This also

provided sound isolation, as did the rubber pads which were placed under the

lateral I-beams and supported the entire burner, nozzle and stand assembly.

4.2 Round, Hard-Walled Augmenters with Auxiliary Equipment and Instrumentation

Three different diameters of round, hard-walled augmenter (8", 12.25" and

17 .5" inside diameter) were built and used in the aero-acoustic testing to find

the influence of augmenter cross-section to jet nozzle throat area ratio, AA/ANT'

on pumping performance and noise generation. These diameters correspond to
AA/ANT values of 10.25, 24.01 and 49.0. The augmenter tubes were built in

short flanged sections, making it possible to test each size through a range of

length-diameter, LA/D ratios corresponding to nominally 4, 6 and 8. These

length-diameter ratios were chosen because they are representative of current

Hush House augmenter design and because they also cover the range from slightly

degraded augmenter pumping performance (shorter than optimum LA/DA) to more

than adequate length for good pumping. Subsonic diffusers were provided for

the 8" and 12.25" diameter augmenters. The overall length of the diffuser for

the 8" diameter augmenter is 24" which, with a diffuser half-angle of 40, gifves

a diffuser area ratio, AD/AA, of 2 .02. The 12.25" diameter augmenter was

provided with two 20 in. lengths of subsonic diffuser so that diffuser a:.:a
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a. Jet Survey Test Setup

b. Jet Survey Test Setup Showing Rakes

FIGURE 4.1-4. PHOTOGRAPHS OF JET SURVEY SETUP
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I ratios, AD/A of 1.51 and 2.13 could be tested. Drawings and photos of

the three augmenter sizes and the two stands which supported all of the aug-

menters tested in this program appear in Figures 4.2-1, 4.2-2, 4.2-3 and

4.2-4. As with the burner stand, the augmenter stands rested on resilient

rubber pads to prevent noise transmission into the floor. Also, the augmenter

entrance was always isolated from the separating wall through which it projected.

In addition to having two subsonic diffuser lengths, the 12 .25" diameter

augmenter was provided with the conical augmenter entrance typical of all other

augmenters plus a round entrance and a sharp-edged entrance for investigation

of the influence of the augmenter entrance "bellmouth" geometry on pumping and

noise generation. An inlet throttle was also tested. These various inlet con-

figurations are shown in Figure 4.2-1. The 12 .25' diameter augmenter was

subjected to more tests than the other two because its cross-sectional area

corresponds to that of the 1/15 scale model obround augmenter.

All three of the augmenter sizes were provided with wall static pressure

taps spaced 1 ft. apart and, those having a subsonic diffuser, had one static
pressure tap centered lengthwise in each subsonic diffuser section. Consistent

with the more extensive testing on the 12.25" diameter augmenter, it was

equipped with two cross-sectional total pressure-total temperature survey rakes

making it possible to study jet mixing progress inside of this augmenter. The

rakes appear on Figures 4.2-1 and 4.2-3.

4.3 Obround Auqmenters with Auxiliary Equipment and Instrumentation

IThese augmenters, which were used in the aero-thermal and acoustic

testing, were all the same cross-section configuration, namely, a 15.5" wide

by 9" high, aspect ratio (15.5/9) = 1.72, obround, simulating the NAS Miramar

F-14A augmenter at 1/15 scale. In every case, with hard or absorptive wall,
the obround liner sections were supported inside the same 17.5" diameter flanged

shell sections that formed the 17.5" diameter hard-walled augmenter during the

aero-acoustic testing. Hard and absorptive liner sections were interchangeable

3 so that a hard-walled liner section could be substituted for the absorptive wall
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a. Jet Directed i ntc 12.25" Diarretcr Au7 -cflt-r

b. Survey Rake for 12.25" Diameter A-.qmcenter

FIGURE 4.2-3. PHOTOGRAPHS RELATED TO AERO ACOUETIC TEST SETUP
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S'A

a. 17.5" Diameter Augmenter

b. 8" Diameter Augmenter with Subsonic Diffuser

FIGURE 4.2-4. PHOTOGRAPHS SHOWING EXHAUST END OF AERO ACOUSTIC
TEST SETUP
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when tests on the latter were complete. By flanging the sections together, a

total length of 96 in. of absorptive augmenter corresponding to a full-scale
length of 120 ft. could be formed. The augmenter cross-section area to jet

nozzle throat area ratio for this configuration is A A/ANT = 25

For every obround augmenter test, a 450 "conical" augmenter entrance
was provided and during the acoustic tests an inlet throttle was also tested
(see Figure 4.3-2). During the aero-thermal testing, the augmenter exit flow

was not deflected in any way (Figure 4.3-1) whereas the bulk of the acoustic

testing was performed with an exit ramp simulating that of the full-scale NAS

Miramar Hush House (Figure 4.3-2). For the majority of tests, a full length

absorptive liner configuration designed by Bolt, Beranek and Newman was used

(Figures 4.3-4b and 4.3-5a). A full length liner configuration simulating the
full-scale Miramar Hush House liner was also tested (Figure 4.3-5b). Both of

these model scale absorptive liners are also described in Figure 4 .3-2. Both

utilized an inner, porous mechanical protective liner of Feltmetal (Brunswick

Feltmetal 347-10-30-AC3A-A). To accommodate the thermal expansion of the

Feltmetal, it was rigidly attached only at the upstream end of each section

(Figure 4.3-4a). Feltmetal was also used as the protective surfacing for
the ramp and ramp sidewalls. Model scale simulation of the full-scale

absorptive liner was achieved by maintaining the same total flow resistance

for the thin model liner as the thick full-scale liner has. This required that

the model utilize a fiberglass lin!ng (Owens Corning PF-105) having much

finer fibers than the full-scale liner, so that the same flow resistance could

be obtained with 1/15 of full-scale thickness. Figure 4.3-3 shows a test

set-up with 1 ft. of the absorptive liner combined with 5 ft. of hard-walled

liner. With the short liner sections, it was possible to test with the I ft.
absorptive section at any of six axial positions. During all tests with the

obround augmenter, the shell was wrapped with fiberglass and this was covered

with a lead laminate material (Acousti-jac) to eliminate substantially the trans-

mission through the wall of the augmenter tube.

At the very end of the test program, a configuration consistng of 6 ft. of
absorptive augmenter, plus the obround subsonic diffuser frcm the stack and

- 84 -
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a. Obround Feltmetal Liner and Septums for Sound

Absorbing Augmenter Prior to Fiberglass Wrap

b. Obround Liner and Septums after Fiberglass
Wrap (BB&N Design)

FIGURE 4.3-4. PHOTOGRAPHS SHOWING CONSTRUCTION OF SOUND
ABSORPTIVE AUGMENTER LINING

/
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a. Finished Section of Sound Absorbing Liner
and Shell

b. Obround Augrent r P T Sur ye> Rake

FIGURE 4.3-6. PHOTOGRAPHS RELATED TO THE ACOUSTIC AND AERO
THERMAL TEST SETUPS WITH THE SOUND ABSORBING
L INER
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14

a.Complete Soujnd Absorbing A.jqnvnter w it h
Lead Exterio:- Jacket

b. Complete sound Absor hirij Au ,,,P(nter with Ramp
and Ramp Exit Rake

FIGURE 4.3-7. PHOTOGRAPht' 01 MH (0,1 Lt LI 'uOUND ABSORBING AUGMENTER



FLUID YNE ENGINEERING CORPORATION

baffles configuration was tested with a flow distributing screen of 30% solidity

placed at the 4 ft. station (Run No. 142). Only limited noise and pumping data

were obtained.

The absorptive obround augmenter was extensively instrumented, especially

during the aero-thermal testing. The static taps at 1 ft. intervals in the 17 .5"

diameter shell were utilized and there were static pressure taps and surface thermo-

couples attached to the inner Feltmetal liner of the augmenter at 1 ft. axial inter-

vals and at various locations on the perimeter for a total of 30 inner liner pressures

and 30 thermocouples. These were used to define the jet impingement problem

with different jet nozzle orientations relative to the augmenter. The exact

arrangement of these surface measurements is shown in Figure 4.3-1. In addi-

tion to these surface measurements, the obround augmenter was also equipped
with two total pressure-total temperature survey rakes having 12 total pressure

probes and 11 total temperature probes each (see Figures 4.3-1 and 4.3-6) and

with a ramp exit total pressure survey rake (Figures 4.3-2 and 4.3-7).

4.4 Obround Augmenter Plus Stack and Baffles with Instrumentation

Figures 4.4-1 and 4.4-2 show the final basic configuration which was

tested. This consists of a hard-walled obround augmenter of LA/DAM = 4.0,

a 36" long hard-walled subsonic diffuser with area ratio, A D/A A = 2.04, an

absorptive wall stack base (which also served as the ramp base in the absorptive

obround augmenter tests) containing hard surface turning vanes and an absorptive

wall stack containing 21 longitudinally oriented sound absorptive baffles. The

absorptive surface of each baffle is protected with a thin Feltmetal of low flow

resistance. The stack cross-sectional area was sized to limit the velocity

through the baffles to 180 ft./sec., assuming that the baffles occupied one-

half of the area. During the initial tests with this configuration, the baffle

surface temperature got hot enough to buckle the Feltmetal protective surface,

thus reducing the effective flow area through the baffles (see Figure 4.4-1 for

gap during test). All exterior surfaces were covered with fiberglass and

Acousti-jac lead laminate material to reduce noise transmission so that during

the model study, the exhaust noise would consist only of what passed through

the baffles or was generated by the stack exit flow.

- 92 -
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IInstrumentation for the stack and baffles configuration consisted of one
augmenter liner wall static pressure tap each foot of length, two axially spaced

subsonic diffuser wall static pressure taps, various stack base static pressure

taps and between-the-baffles stack pressure taps, as well as two stack exit

total temperature probes.

I
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a. Complete Hard-Walled Augmenter with Sound
Absorbing Stack and Baffles

b. Close-Up of Stack and Baffles Exit Showing
Exit Temperature Probes

FIGURE 4.4-2. PHOTOGRAPHS OF THE STACK AND BAFFLES ACOUSTIC
TEST SETUP
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5.0 MEASURING EQUIPMENT

This section is devoted to a description of the pressure, temperature

and noise measuring equipment used during the Hush House model tests.

Measurement errors associated with the instrumentation are presented and

the resulting probable error in some of the calculated quantities is discussed.

5.1 Measuring Equipment used for Aerodynamic/Thermodynamic Data

Aerodynamic/Thermodynamic measurements consisted primarily of

pressures and temperatures. These measurements were then used to calcu-

late mass flows, augmentation ratio parameter, pressure ratios and tempera-

ture parameters. The equipment used for each measurement and the probable

error associated with its use is listed below.

Press ure Meas urement

atmospheric pressure, Pbar

Taylor anetoid barometer

+ 0 .005 psi probable error

jet nozzle total pressure, PTN

Heise bourdon tube gauge 0-50 psi range

+ 0.015 psia probable error with barometer

accuracy included

primary air meter total pressure, PTam

Seeger bourdon tube gauge 0-200 psig range

+ 0 .062 psia probable error with barometer

accuracy included

-96-
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1 pilot air meter total pressure, PTpm

Ashcroft dura-gauge 0-60 psig range

j+ 0.30 psia probable error

secondary air meter total pressure, PT sm,

secondary air meter static pressure, PSsm

and all model pressures

multi-tube water manometers 100 inch range

+ 0.0064 psia probable error with barometer

accuracy included.

The Heise and Seeger gauges are dead-weight calibrated at

regular intervals to maintain their accuracy in use.

Temperature Measurement

All temperatures, except outside air temperature were

measured with iron-constantan thermocouples using

special grade wire. These were recorded either with

a Bristol recorder or using reference junctions and a

VIDAR digital data acquisition system. In both cases,

the accuracy of the thermocouple wire governs the

I probable error as follows:

I up to 530°F the probable error is + 2. 10 F

above 530°F the probable error Is + 3/8% of TOF

I (+ 4 0 F at T = 1,O50F)

i Relative Humidity Measurement

Outdoor relative humidity measurements were taken at

II regular intervals during each day of testing to aid in the

-97-
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interpretation of the acoustic test data. Since ILG

calibrations of the reverberant rooms were taken with

each test run, this information is merely supplementary

rather than essential. A Lambrecht hygrometer was
used for the relative humidity measurement. Its

expected accuracy is + 2% in relative humidity.

Figure 5 . 1-1 is a composite showing the test data recorded for a particular

run. A manometer board photo, gauge photos and the digital printout of thermo-

couple data are Included.

At this point, it is of interest to consider how the probable errors in the

various measurements influenced the accuracy of various calculated quantities.

The jet nozzle mass flowl WN' retains a probable error of only about + 0 .25%
because the metering nozzles are choked and the principal measurement accuracies
are good. The secondary mass flow and augmentation ratio parameter, ARP, on
the other hand, may have probable errors as high as + 4% at low ARP values of
about 2 .0 because the secondary venturi flow meter is unchoked and the meter

throat Mach number and corresponding isentropic area ratio are very sensitive
to Inaccuracies in the secondary meter total and static pressure measurements.

-98-
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I

Ii

Jet Nozzle Total Pressure Primary Air Meter Total
IPressure

I
I

I I LU0 ,110(42560

004R2-.391350
O (7 (, 6460

0U4 61LP29 160[ 1 00 !511465160

Q0441(640360

L,4 17613A0

S0 42 1('61534 60

I Manometer Board Thermocouple Readings

Run No. 43

I Barometer Reading =28.775 in. hg. Outside Air Temperature 34*F

Pilot Air Meter Pressure= 27 PSIG Outside Relative Humidity= 71%

I
I FIGURE 5.1-1. DATA TAKEN DURING A TYPICAL TEST
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5.2 Acoustical Measurement Equipment

Measurements of sound pressure lev-1 were made s-iu im,usly

in the two reverberation rooms (burner orridx ) du-

ins- each jet run. Ffllure 5.2.1 is a block lusrav orf the- instru-

mentation used to record and analye the acoustic sisnrals. In

each room, a 1/2-in. Bruel & Kjaer (Y'&K) ypoe 41!4 microohone was

traversed over a 6-ft path durint the let run, after the jet

temperature and flow rates had stabilized. The microphone prolar-

ization voltag7e was provided by a (General Radio (OR) Type P-42

preamplifier. SiL7nals from the microphone-nreamolifier sets were

amplified by Ithaco Model 453 amplifiers and recorded on the two

"data" channels of a Kudelski Narra iV-S.T tape recorder. TheitIcue" channel of the Na ,ra IV-SJ was used for announcements of

run number, rain settinrs of the Ithaco amplifiers, and attenu-

ator settinrs of the tape recorder. The identical inst, rumentatir)!m

and process was used to record sound rressure levels in each

I reverberation chamber when a calibrated reference sound source

(an "ILO" fan manufactured by IL, Industres, -Inc.) was operated

j in one of the rooms.

During: recordin', the si:-nal recorded on each da" channel

was monitored on both the recorder VT' meters and on a dual-trace

Tektronix Model 531 oscilloscope. This monitrin,- assured that

the recordinrs were made with the maximum rossibl simal-to-

noise ratio without overloadin, the input arp'Iifers. Trndd-

Ition, two system calibration si 7nals were recorded at intervals

to assure that the response of the record-Playlick syst,-m

remained constant with time:

]. a B&K Type 2220 pistonphone placed over 1he .,rr, ho.e

in each room, and

I 2. pink noise at the Input to the Ithaco amplifier.

1 100
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BURNER ROOM EXHAUST ROOM
ILG FAN

ILG FAN
* i

AUGMENTER r'--

BURNER 'D JET
I'

I !. - TRAVERSE - TRAVERSE

I BTE 1/2 n MIC
I I

g II
* I

AMPLIFIERS TAPE RECORDER

MIC ITHACO 453 KUDELSKI NAGRA
TRAVERSE (WITH VARIABLE IV SJ

CONTROL HIGH-PASS FILTER)

REAL -TIME MULTI CHANNELANALYZER AMPLIFIER

GR 1921 GR 1566

DUAL SCOPE

X-Y PLOTTER TEKTRONIX 531
BIBN 805

~VOICE
CHANNEL C

FIG. 5.2.1. BLOCK DIAGRAM OF ACOUSTICAL INSTRUMENTATION.
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'!he !'&K pistonphone, which is calibrated 1tc) produe ,i sorUnf

Precs'Sure level of I 2)4 dP re 0.000? pbar, also nrovided the ala---
* lute calibration necessary to convert the microphone sjinal fro-I

U voltage level to sound pressure level.

I When time permitted durinv- the test sch edule, the tape-

recorded sig-nals were played back throug-h the (IR Model 19P! 1/3-

octave band real-time analy:,or. After accountin.g for both record

and playback amplifier -ain settings, the output- of the O'R 192N

was an X-Y plot- of' 1/3-octave Land sound pressure level (in dP re

0.000,' obar) vs 1/3-oclave band center frequency. !Fiv-ure .2
is an example of a typical data output , showini- data measured in

the exhaust room for Jet run number 86. Ambieril. levels (I e. ,
baok round noise levels with jet not running-) record-d after ru ,

8r are also shown in Fig,. 5.2.2. Similar da'ta were rslo7tted for

the ILI1 run. The ILCI v:- s run immediately after the let was shut

downi in the exhaust room for nearly all runs and soinewhat lai er

in the burner room for approximately every second ran. 'or all
playback analysis, the s!ignal int egratior , I lie of th, Iv., 1921 wasI s~7electod to be 8 sec to correspond t~o t.he ap rnxi-_ii 1.y -e

1-raver.set ime of the micorophones. The - s ec( s 1i 1 a into- r 7, 1 -

I occurred continuously as the microphone traversed; thus, the ",R
1921l output was a true space-time avera -e of the Found r'ressure

j levels alon - the 6-ft path.

T he microphone signals could also be ranalw:,eddre'ln

I real tieusing the fPR Ial This mode was, ueod on check
microphone calibration (but not record-r1laybaqck svsterm calihbra-

jtion) usln,- the FI&K pistonphone. This mode of' mensureinent was

a iso, uscFd for several anialyses for- which tapp-recordin.- wais un-

necessary; t.hese included:

I Or
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6.0 DATA ANALYSIS PROCEDURES

I
The methods used in analyzing the test data are discussed in this

section and the data reduction equations listed.

6.1 let Nozzle Pressure Ratio, Total Temperature, and Mass Flow Rate

These three quantities, the jet nozzle pressure ratio, XN , jet nozzle
inlet total temperature, TTN , and jet nozzle mass flow rate, WN, are derived

from the following five measurements:

Jet nozzle inlet total pressure, PTN 

Primay air meter inlet total pressure, PTAM

Pilot air meter inlet total pressure, PTPM

Ambient pressure, Pamb

Primary air meter inlet total temperature, TTAM

jet nozzle pressure ratio is simply the ratio of Jet nozzle inlet total

pressure to ambient pressure

xPTN
xN = . (eqn. 6.1.1)N P amb

jet total temperature requires a more complicated relationship. If one

neglects the fuel flow (which is relatively small compared to the air flow),

assumes that the resulting air flow acts as a perfect gas and assumes continuity

between the air meters and Jet nozzle throat one develops the following relation-

ship between pressures and temperatures

PTN ANT -TAM AM + PAPM

TN ot nozzle Y M pri ma ry FP pilot air
air meter meter
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then assuming that the primary and pilot air meter total temperatures are

equal ( TTPM = TTAM ) and introducing the fact that the pilot meter throat

area is 6.9% of the primary air meter throat area one derives the following

equation which is correct for non-combustion flow conditions.

TAN A NT PTN 2

TTAM A AM (PTAM + 0.069 PT PM )

For our data reduction process, the presence of the fuel flow at each temperature

and the affect of combustion on the nozzle exhaust gas properties were taken

into account and the curve shown in Figure 6. 1-1 developed. This curve was

programmed into our time-sharing computer for data reduction purposes, giving

T = T T P T N
MAM x f TAM -TAM Fig. 6.1-1

(eqn 6.1.2)

For calculating the total jet nozzle mass flow rate, WN , the mass flow of
the choked primary plus pilot air meters was corrected for the theoretical fuel flow

required to give the ratio of T TN/TAM calculated above (Figure 6.1-2). Again,

it was assumed that TTPM = TTAM and that the discharge coefficients of the
primary and pilot meters are equal.

CD ,PT A CD PT xA W

WN A0.532x A AAM + 0.532x PM PM PM) (fuel
Wair meters

T0 T52-CT

0.532 DAMAAM (PTAM + 0.69 PTPM) f T T

TTM TAM Fig. 6.1-2

(eqn 6.1.3)

- 106-
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1.06 , .I

1.05

1.--04-.J......

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

1.04

N A W,

FIGURE 6. 1-2. CALCULATED CORRECTION To THE JET NOZZLE
MASS FLOW FOR FUEL FLOW.
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The computer program used in calculating jet nozzle pressure ratio, XN1 jet
nozzle total temperature, TTN, Jet nozzle mass flow rate, VVN' and the

following quantities of secondary air flow rate and augmentation ratio parameter

are included in the separate Data Appendix under the program title "Mass Flow

1Data - Project 1019, " along with the computer printouts of the calculated results.

6.2 Pumped Air Flow Rate and Augmentation Ratio Parameter

Measurement of augmenter pumping performance was a prime objective of

this test program. To accomplish this, a venturi meter with a contoured approach

was installed in the ceiling of the burner enclosure and instrumented as follows:IP
Secondary air meter inlet total pressure, PTSM *

Secondary air meter throat static pressure, PSM"

Secondary air meter total temperature, TT SM

The secondary, or pumped, air flow rate, WVpumped ' was calculated

Idirectly from these measurements

0 .532 x P

I Wpupe (WS) A SM TsAASM (eqn 6.2.1)
puiie T A

puedF S (*)Msec, meter

where: cf SM
sec. meter 

PT SM

Iand can be explicitly defined using compressible flow relationships.

An augmentation ratio parameter, ARP, has been defined as follows:

TT m
ARP = "N (eqn 6.2.2)1NTT mw air

-109 -
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where: Wpumped - augmentation ratio

WN

The augmentation ratio parameter is formed from the augmentation ratio by
multiplying each flow rate by Its corresponding TT/mw . For a given
geometry, etc., the augmentation ratio parameter is, therefore, proportional

to the ratio of pumped flow momentum flux to primary (nozzle) flow momentum

flux.

In this relationship, the pumped flow corresponds to outside, ambient

temperature air which passes through the Hush House. If the above expression
for Wpumped is put in a slightly approximate but more basic form

K' mwalj ,CDsPTsxAsM

Wpd A TT AMS

W p TSM - Msec. meter

and a similar approximate equation for the Jet nozzle mass flow is introduced

Kx mwN XCD PT A
WND N NTWN J-7N

and, In addition, It is assumed that the burner enclosure temperature which
corresponds to Tam b is equal to the secondary air meter total temperature,
T T SM, and the throat discharge coflcients of the meter and nozzle are equal,
the following simpl,, equation develops for deriving ARP from the test data:

P X/
TS MAS M 41 x

ARP = PTANA - x(A/A*)M T (eqn 6.2 .3)
T N N T (T-) M sec. meter TN!c mte

Msec. meter

During the testing, the difference between secondary meter total temperature
and burner enclosure temperature (T am b .) was typically 10OF which would

Introduce an error of only 1% in ARP.

- 110 -
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6.3 Pressure Data Reduction

I After conversion from gauge or manometer readings to absolute pressures,

the model pressure data were reduced in two different ways: 1) to the ratio of

measured pressure to reference ambient pressure, and 2) to a pressure parameter.

The ratio is formed as follows:

p b P (eqn 6.3. 1)
I Pmb. PEE (exhaust enclosure)

This form was used throughout the data presentation. The following pressure

parameter has some value in the presentation of jet mixing data (where P = PTrake)

and it appears on the computer printouts in the Data Appendix, but it was not used

(in the data presentation of this report.

pp = a mb. P - PEE
PTN - Pamb. PTN-PEE (eqn 6.3.2)

The computer program used to calculate these quantities from the raw test

data are included in the separate Data Appendix under the title, "Pressure Data

Program - Project 1019."

(A special parameter was defined for the jet nozzle base pressure to show

how the base pressure would be influenced by Hush House operation.

p(PNB Pinterir)hush house free field
NB (full scale)

(eqn 6.3.3)
P N with auqmenter (NB E jet survey (model)

PEE

i (eqn 6.3.4)

I
1 -1l1l-
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6.4 Temperature Data Reduction

All model temperatures were reduced to the following temperature parameter:

T - Tamb T - TBE (burner enclosure)
TT T - T (eqn 6.4.4)

p TN- amb T N BE

This parameter is useful because, for jet mixing cases, the value of this parameter

at a particular location does not change much with TT N which gives results
expressed in this form a degree of applicability not characteristic of simple

temperature ratios such as T/Tam b

The computer program used to calculate this temperature parameter is

included in the separate Data Appendix under the title, "Temperature Data -

Project 1019, " along with the calculated results printout.

- 112 -
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6.5 Analysis of Acoustic Data

The objective of the acoustical measurements was to obtain

sound power level spectra for a scale model that could be used to

predict the jet exhaust noiso in the interior and exterior of the

full-scale Hush House. Two reverberation rooms were desipgned for

this purpose - one for the burner and one for the exhaust. ('e-

3 Sec. 3.) Scund power levels measured in the burner room corres-

ponded to the full-scale sound power levels that would be emitted

by the enfrine exhaust into the Hush House interior, and sound power

levels measured in the exhaust room corresponded to full-scale jet

exhaust sound power that would radiate from the downstream end of

the full-scale augmenter. Sound power levels were measured in the

400 Hiz to ]6 kH:: l/3-octave bands, which correspond approximately

to full-scale 1/3-octave bands from 31.7 to 1000 Hzn. found power

levels estimated for the 1/3-octave bands adjacent to the upper and

lower ends of the spectrum (20,000 and 315 1Iz, respectively) were

also analyzed fo., comparison.

16.5.1 Measurement of sound power level

The sound power radiated by a source may be measured in a

reverberation chamber in two ways: (1) by the absolute method and

(2) by the comparison method. Both methods require measurinF the

room-average sound pressure level (SPL) in the reverberation room

with the noise source operatinm. The methods differ, however, in

the conversion of SPL to sound power level (PWL).

In the absolute method, the absorption coefficient is measured

(indirectly by measuring room reverberation time) and the PWL is

calculated using the followinr equation:

PWL = SPL + 10 lor Vl- 13.5 dB re 1012 Watt , (5.5.1)

1
113
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pWjI soundt ponwer I evel in d5 re 10- Watt

Vol 1 = room volurme inm3

T = time in sec for SPL in a room to decay 60 dB
FO

ST= roon-ave ra -e sound pressure level in dB re 0.000? wbar

measurekd in identical room conditions as for the T
60

ineasuremeni

rin the compari soil met hod, the room-averafge SPL, measured with

the unknown source operatinj-, is compared with the room-avcerIFe

SPL measured when a reference sound source of known sound power

output is operatimp-. Then ,

PWL =PWL' + (S-PL - P))dB re 10 12 >~.,(752

where

PWI' sound power level of the reference sourc,,-

SP'ronm-avera;,E, soundl presi7sure level produced by tche

reference source, 011i(

SPL = room-average sound pressure level produced by the

unknown source.

For our measurements in the reverberation rooms of the my~olel

Hush House project, we used the absolute Method to measure the

FWL' of an ILO fan and then measured the sound power of the i~et by

the compar3 son method, with the ILC, -ource as the reference. Ta b e

6. 5. 1 ip1 yes reverberat iorn times, T 0, measured durinfg calibration

of the ID'., and the, c'icu lations of' PWL fur each 1/3-oetove hand
for each of the reverberation rooms.
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Sh) ( se tL' COM I'11!S Ohi! icthod becausc , on( c, tlv_, reference

son ,r' was Pli brat 'd, W[, calculatinris could be made z i gniflcantly

t":1.2, p. In :iddit !oil, d(4(,rmining the SP,'of the reference source

Immd :t ely al't,e the jet was shut down enabled us to account auto-

maIt ;21 ly for effects of the changed temperature in the exhaust

ioom on the SPL measured durl rig the jet runs.

For each of the 139 ,jet runs in the test program, jet sound

power lev,:.l was calculated by the following process:

i. Sig<nals from microphones in each room were tape-recorded

first with the jet running- and then with the ILG runningr.

2. The tape-recorded sig-nals were played back and analyzed

to find jet SPE, and SPL' in each room.

3. SPL' was subtracted from ILGI PWL' yielding- a difference

(AdP) for each 1/3-octave band from 315 to 20,000 Hz for each

room.

4. AdB- was added to Jet SPL, yielding" jot PWL in each 1/3-

octave baind in each room.

The. I,] was not operated in the burner room after each run;

when it was not, SPL' in the burner room was used from another run

with similar temperature and humidity.

6.5.2 Reverberation room checkout

A second reason for measuring reverberation times in the two

rooms was to ensure that they actually were reverberation chambers

-i.e., that the reverberation times were sufficiently long. The

data in Table 6.5. 1 show that reverberation times in both rooms

were adequate and indicate that the sound fields were sufficiently

reverberant to allow accurate calcoilatlon of sound power level.
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Anr esotmate of the accuracy of measurement of' the room-

average sound pressure level was obtained using the same microphone

traverse and electronic instrumentation as was used during the jet

runs (excludin, the tape recorder). This procedure is outlined in

Ref. A-?, which specifies procedures for "qualifying" a reverbera-

tion room for the measurement of broadband sound. (A jet exhaust

generates broadband sound.) Room-average SPL was measured using

the traversing microphone, with the ILG source placed at eight dif-

ferent locations, resulting in eight values of SPL in each 1/3-

octave band. The standard deviation of the eight values of SPL

(Table (..) gives an indication of the accuracy of a single mea-

surement of SPL of a distributed broadband sound source.

I 6.5.3 Assessment of flanking noise sources

In addit, ion 1-o the noise sources we v:aodi tlo ricasure Iii oh

I room, there were several potential cont amira ii - sooncos from whlcl?

unwanted no , so could have entered each root: by f .an: oaths aitd

could have oont rbl utod I o the Iotal sound rower 'L tO .F, . Prec:tc,-

tions were taken t,(o as sure that no iso from the se :'0 t.iit soi re

did not 1nt orfore wit h1 our 'MI-too!t s. P1 nure t . . I showooc , oat -

ically the flankinr rnoiso sources nnd paths in each roo'. . s I, is

fireure indicate acoustic rower emitted by nolse sources, and ,F1 anT

I SPI,2 represent the root-a -vora'0:e sound o res sure ]evels il t ho we rod:.s

Sources and flankin paths in the I oco In Pie. C.5.1I are:

I. W, is the power from the source we deirsIre 1o measure --

i.e., the power radiated from the Jet in,,it , 0 oh ::it , I ,] us the

power radiated from the upstream end of' Iho aiurment or. Thus,

it would be desirable that only W, contribut, lo S ,

1
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TABLE 6.5.2. ACCURACY OF MEASUREMENT OF BROADBAND SOUND

1/3-Octave Standard Deviation of
Band Center 8 Values of SPL
Frequency, Using ILG Source,

Hz dB

Burner Exhaust
Room Room

400 1.03 1.23

500 1.53 .91

630 .55 .45

800 .44 .29

1000 .31 .44

1250 .25 .48

1600 .4o .35

2000 .39 .35

2500 .42 .30

3150 .31 .33

4000 .47 .29

5000 .45 .30

6300 .59 .23

8000 .42 .46

10000 .55 .32

12500 .72 .30

16000 .67 .35
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,. W re , a selIIt 5; the lcolsIst c powor i-envite( by tie hu twr

CHI :m1d air supply hoses and mal Polds W was mea uved du ri

the jet survey series when the jet rioz:le was comple.(t7ly in the

exhaus t. roor. Wl was compaired with the measured power in the

bul'rrOr eOOm durinr later series of runs and was rnever found to

affecl burner-room noi se levels.

. 1,1M i,; the power generated by flow throurh the secondary-

air flow meter. This was not measured, but calculations of noise

tcrier:il ed by the flow of air throurh the meter, the speed of which

was a1ccL rItely measured, showed that this source t-enerated noise

levels very much lower than the levels measured in the burner

roam.

i. , the acoustic power propamtoatina- throu.gh t.he dividinc

wall from the exhaust room into the burner room, was calculated

by subtraction of a correction, NR 2 1 in dP, from the measured

noise level in the exhaust room. NR 21 was measured, in each

1/3-octave band, by placing- a high-power loudspeaker In the

exhaust room and measurinr SPL in the exhaust room. and SPL12

in the burner room (using, the same microphone trnverse as fo-

the jet runs); then NR = SPL - SPL in each band. W)I F was

never found to affect W1 .

5. W the power g-enerated by external noise sources,

is the cause of "backlrround" noise in 'the burner room,. 1h ack ground

noise in the burner room was measured at frequent intervals

(after approximately every fourth jet run and after approximately

overy second ILi run). Neither jet noise nor ILG noise was

affected by W31PF

Sources and flankinji paths in the cxh;zst room in Fia. 6.5.1

are:

/



I W 2 , t hie aeon Ia .i Pouwer om I tt ed from the downist ream trid
Of the au110 eter e, I he Sim ofC the jet sound power which has

been tIttenuated by aeroaoust.!e otfIfects arid by the aurnmenter

iini!b". It wa icessary to verify that only W 2 contributed to

the :u 'd d;P. 2 L the exhaust, room.

I . is the acoustic power transmitted throu-h the walls

of the :iu,-menter. ,-ie WIc will be a real source in a full-

I scale Hush house, nco at tempt was made to scale model the auftmenter

tube wIll structure acoustically, and since the r7oal was to

measur, only 2it was desired to suppress , CalculationsIfl\W 2  supes P.

wore made which showed that W., would be a possible contaminant

I only durinr- jet runs in which acoustic absorbinm material was

placed near the downstream end of the aupmenter - for example,

i durinr the tests of the stack with baffles and with the 12-in.

lined aui-rmenter section at the downstream end of the augmenter.

For, these tests, the exterior of the au menter shell was wrapped

with acoustical insulation consistin: of approximately 3-in.-thick

.,,lass fiber material covered with lead-aluminum sheet wei!-hinr

I approximately I lb/ft 2. As a precaution, this same wrappini- was

applied to the outside shell of the au menter for all tests of

the lined obround nurmenter.

3. W12 F is the acoustic power transmitted throurh the wall

dividin the burner room and the exhaust room. This source was

a noteritial problem durin,, runs with a fully lined obround aus-

renter, when 1 2 was significantly less than W, .  ilF was cal-

culated by subtractinr a correction, NR' 12 from the measured

i SPL1  NR' 2= NR + ANR, where NR was measured by placinfr1 12 12 '12

a loudspeaker in the burner room and ANR is an estimate cor-

rection term, for hirh frequencies, which accounted for the

fact that noise reduction between the two rooms was .reater with

121



!'tow (i.e., with the jet runninp,') than without "7low b ,,auzse of

the vefraction of sound rays into the acoustic lining, of the

,Iu!'menter . (Of course, NR was measured with the Jet off.)

hus, the [, caused on SPI, in the exhaust room riven by
12 F 12

S I L] I = SPL 1 - NR' 12

Sin all case-s, SPL12F was sufficiently less than SPL 2 . Accordingly,

it, was verified that W did not contribute to SPL 2.1 2F SL

4 . 32F is the acoustic power generated in the exhaust room

by external noise sources. As was the case in the burner room,

baIkground noise levels were frequently measured. A form of
3F '. electrical noise in the tape record-playback system, was

the only back'round noise found to be a problem. This noise was

encountered only during, jet runs with a fully lined aurmenter

and was caused by the fact that the dynamic range of the acoustic

spectrum in the exhaust room exceeded the available dynamic ran:-e

of the tape record-playback system. The reason for the large

dynamic range of the noise in the exhaust room was that the

attenuation of the lined aurmenter was siznificantly higter at

high that at low frequencies; thus, the jet noise in tlbe exhaust

room had much higher SPLs at low frequencies that at high fre-

quencies. The problem was sclved by artificially reducing< the

dynamic range of the electrical sifnal into the tape recorder to

an amount that the recoTid-playback system could tolerate without

adding noise of its own. This was accomplished by passing the

input signal to the recorder through a himh-pass electrical

filter (i.e., attenuating the low frequencies while leavinr the

high frequencies unaffected). Durin. playback and analysis,

122
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I

I
this attenuation was added back in, usinr the individually

variable ,ans on the 1/3-octave filters in the GR Model 1925

Pilter Set. (a component of the OR 1911 Real-Time Analyzer) to

3 achieve an overall flat frequency response in the record-playback-

analysis system. In this way, electrical noise was decreased,

3 and no backjround noise affected SPL 2 .

1

I
I
I
I
I

I
I
I
I
I
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I 7.0 PRESENTATION OF RESULTS

Reduced test data from the model test program are presented and discussed

in this section of the report. To facilitate an orderly, digestible presentation,

not all of the test data are presented here. For a complete tabulation of all

test data, refer to the Data Appendix.I
7. 1 Augmenter Pumping PerformanceI

Accurate measurement of augmenter pumping performance was one of the

principal goals of this test program. Adequate augmenter pumping is essential

in a full scale, dry cooled installation to lower the exhaust temperature and,

thereby, protect the exhaust acoustic treatment. To maintain a mixed exhaust

temperature of 800OF (12600R) while running with an afterburning engine on a
1001F (5600 R) day requires that the jet exhaust pump a cooling air Vow rate

equal to 5.30 times the jet exhaust flow rate. A number of references contain

ejector pumping information which might be used to predict pumping performance

5 for a dry cooled augmenter. References A/T-4, 5 and 6 contain pumping infor-

mation covering a variety of configurations and test conditions. They have the

I disadvantage of being limited to fairly high augmenter pressure rise, relatively

low pumping ratio and low augmenter cross-section to nozzle throat area ratio

* cases. Reference A/T-7 contains data relating directly to the case of interest,

but the jet nozzle total temperature equals ambient temperature for all of the tests

and very little information relating pumping performance to augmenter pressure

rise is present. Nevertheless, the data in these references indicates that mass

flow ratios of six or over are feasible for a properly sized augmenter.I
To facilitate correlation of augmenter pumping data, the test data from

I this program have been reduced to an augmentation ratio parameter, ARP, defired

as follows:

pupd I ambK N w
W xRP TN x mwair

N

I - 124-
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FLUIDYNE ENGINEERING CORPORATION

This definition ratios the equivalent pumped and primary flow momentum fluxes.

It has the advantage of being primarily configuration oriented, having only a

weak sensitivity to the temperature ratio, TT /T The augmentation ratio
N amb Th*umnato ai

parameter corresponding to the mass flow ratio of 5.30 , mentioned above as

necessary to give T = 800°F on a 100"F day with afterburning, would be
APP -- 1.83 .

Figure 7 . 1-1 contains a summary of augmenter pumping performance

wherein the augmentation ratio parameter, ARP, is plotted versus jet nozzle to

ambient temperature ratio, TTN /T amb  for a number of selected test configura-ambamb'
tions at an augmenter length diameter ratio of nominally 6.0. Pumping perfor-

mance for each test configuration is included in the test program summary, Table

.0_1 .Considering the afterburning case on a 100OF day ( T N/Tam b - 6.6)

one observes in Figure 7.1-1 thatanARPof 1.83 is obtainable, even without a

subsonic diffuser, if the augmenter cross-section to jet nozzle throat area ratio,

AA/A NT,is made large enough It is also

apparent that a subsonic diffuser on the downstream end of the augmenter in-

creases pumping, whereas changing from a round to an AR = 1.7 obround cross-

section reduces pumping. Pumping performance does not appear to be se nsi-

tive to jet nozzle pressure ratio, XN '

The consistent drop in augmentation ratio parameter with increasing jet

nozzle to ambient temperature ratio, T TN/Tam b shown in Figure 7.1-1, is of

particular interest. While it is a secondary effect, it is nevertheless, larger

than might have been expected on the basis of typical ejector performance data

and Is probably related to the low loss, high augmentation ratio situation which

is characteristic of dry cooled augmenter installations. At high jet nozzle to

ambient temperature ratios, there is a significant exchange of heat from the jet

flow to the pumped flow in the mixing region. This increases the volume flow

of the pumped flow and requires that it accelerate, producing an additional

pressure drop, which must be overcome by the jet momnntum, and a resulting

drop in pumping performance. When the ejector situation corresponds to a

lower augmentation ratio and a higher pumped flow pressure rise (higher loss),

this additional pressure drop due to heat exchange is smaller rehat vo tc the

- 125 -
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5 yrTo AD, Syb o I Configuration A /A,

K A2.0 ; - 8 in. dia. 10.2
~.- j* 512.25 in. dia. 24

S ym bo 1, 17.5 in. dia. I4D

20Obrouno it
N .0rarp(Y,,=O.45) 25I i-~I 3.0

~ '~ . :1 brounU with

#P2 i~:.................Stack and 25
it I.. ... affles(Yp. )

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

ARP 3 - - -~.. . . . . . .

I................... ....
................ .... ...................1 ~ II..........

a.......................................... .......... .................
s--. -- ......... ....... ... ....

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

2 . . . . _ _ _ ........ _ _ _

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

-.........

I............. ........ .- 7.

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

. .. . . . . .I.... .. .. .. .. .. .. . ..... .. .. .. . ..

112 3 T /T 4 5 6 7

T N amb.

F IGURE 7. 1-1. SUMMARY OF AUGMENTER PUM, I NG 1-EF\ FORVAI\CEI (AUGMENTATION RATIO PAR4MET~ik, AkP, vs.
T Nam b (X N/DNT= .6,L A/D A 6)
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overall pressure rise required and the drop in pumping performance is corres-

pondingly less. Note that, although the augmentation ratio parameter decreases

with increasing jet temperature to pumped flow temperature ratio, the augmenta-

tion ratio actually increases.

Augmenter length - diameter ratio is one of the geometric variables in-

fluencing pumping performance. Figures 7 .1-2 (for cases without subsonic

diffuser) and 7 .1-3 (for cases with subsonic diffuser) present the pumping

performance as a function of augmenter length-diameter ratio, LA/D over

the range tested. Both figures show little change in pumping performance

above LA/DA = 6, but some decrease in performance as LA/D A is reduced

below 6. Although the TT N/T , = 1.0 (T = 500 0 R) test results showN amb ~ T reutsso

better pumping performance than at higher TTN , they also exhibit a greater

decrease in pumping as augmenter length-diameter ratio is reduced This

probably arises because mixing progresses more rapidly with the higher gas

viscosity associated with high jet temperature and so is closer to completion
at any given distance from the nozzle exit. At TT N/Tam b = 6.6, the variation

in pumping performance is no greater than 10% over the range of LA /D A values

tested.

A comparison of the data in Figure 7 .1-3 for an augmenter having an exit

subsonic diffuser with the data taken without diffuser (Figure 7 .1-2) shows an

increase of roughly 50% in ARP due to the diffuser at TTN/Tam b = 6.6 . A sub-

sonic diffuser area ratio of 2 .0 gave about 7% better pumping performance than

one with AD/A A = 1.5.

During the tests with both the 12.25" round and the 15.5" x 9" obround

augmenters, the jet nozzle exit was moved axially relative to the augmenter

entrance from a point contiguous with the augmenter entrance to a point 18"

(7.2 nozzle diameters) upstream of the entrance (Figure 7.1-4). No appreciable

variation in pumping performance was experienced because the augmenter entrance

area is 24 times larger than the jet nozzle throat area and jet capture is no problem

within the XN /D NT range tested. The bulk of the test program was run with

XN/D NT 1.6. Moving the nozzle away from the augmenter entrance did have

an appreciable influence on burner enclosure (Hush House interior) noise as is

reported in Section 7 .6

- 127 -
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jSymbol 'Configuration ,-A7~ ......

0in. dia 10.2 T / ..........
I 12.25 in. dia. 24 1.0

17.5 in. dia. 49 • 6.6
Obround with 25 Symbol 

I - . . .. ... .. . '... . .- .. .. -: . . . tA . . . . . . .
ra-mp( Yp 0.45) 25 N .... .............

_. ...... ... ......

,b - -' ---r-+-d ~~~~~~~~ ,- .. ~ l . . - . . . . . . . . . . .. . .... ..

3 t.. . . . . . . . . . . . . . . . .

4. . . . . - . -- -- , , . . . . . . . . . . . . . . .. . . . .

. . 4 - t .: . . . " ' . . . . . . . . . . . . . . . . . . . .. . . . .
: : : -: .~~ ~~~~~ ..- .. ... . . .. . . .. . . .. . . . . . . ... . .I

: ' '. . . . .. . . . . . .. ' ' I . . .

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

.. . . I . ...... .............

. ............ ..... . . .-..
I~~ . .. . . . . . . . . .. .-

, - ' - - :/  
• • . . . . . . . . . . . . . . . . .

._ _ . .N ~ . . . . . . .

'. . . . . . .

I ...... ......... ...... ..... .... ........

..... ....... ...................
: | EL,_, .. . , _ . . . . . . ......... ,. . .. . . .

3....... 4 6. . . .

'I' . ..: .z """ ' . .... ......: . '. . ' : ........ .
_: .... ...... ... ... . _._-.-r-.i-----.-.......".4_ .. .. . .. .. .

!i.i, .,! .. .. .. . . ..; . . ....... .. ;...... . ...........

FIGURE 7. 1-2. AUGMENTER PUMPING PERFORMANCE VS. AUGMENTER

LENGTHOIJAMETER RATIO FOR CASES WITH NO EXIT
SUBSONIC DIFFUSER.

(XN /D NT = 1. .6)
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Symbol A .... ............
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., o 1.0 $ ymbol Configuration A A I..........

4.6 0I 3 in. dia. 10.2 ,
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3 4 5 6 7
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FIGURE 7.1-3. AUGMENTER PUMPING PERFORMANCE V.. AUG,'ENTER
LENGTH-DIAMETER RATIO FOR CASES WITH EXIT
SUB.ONIC DIFFUSER
(XN /D NT = .6)
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I
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. . . . ' ' ; ' ' ' ' ' ' ' ' | .. '. . . . . . "

ARP .

''' l' "'t.. . .. . 'I ymbo I T Tamb.

.. c.0

Sy boI on i _grat io A /A .s

I~ -T

S. 12.25 in 24 I
2 :;. I: C 4T7: 0 __bround with _

0 2 4 6
X XN/D NT

I FIGURE 7.1-4. AUG%',ENTER PUMIPING PERFONMIvANC 7 VS. jET
NOZZLE EXIT TO AUGMENTER ENTRANCE SPACING
PARAMETER.
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The augmenter entrance geometry was also varied with the 12.25" diameter

round augmenter. Most runs were made with the standard, conical, augmenter

entrance configuration, but runs were also made with a rounded entrance, a sharp

edged entrance and with the conical entrance plus an inlet throttle (see Figure

4.2-1). These changes had relatively small influence on pumping performance,

as shown by the tabulation below:

Inlet Configuration ARP @ T= /T1amb = ARP @ TT /T =6.6

conical 3.30 2.51

rounded 3.43 2.50

sharp-edged 3.02 2.34

conical plus throttle 3.05 2.41

The inlet throttle was also applied to the obround augmenter and at TT N/T amb6.6

resulted in a drop in pumping performance of ARP = -0. 15. The inlet throttle was

tested because it was felt that, for many full-scale designs, an augmenter properly

sized from jet impingement and noise standpoints might pump more than the re-

quired amount of cooling air unless throttled.

During the aero-thermal testing with the 15.5" x 9" obround augmenter,

the jet centerline was moved laterally and vertically and also deflected relative

to the augmenter centerline. The Jet nozzle orientations and the obround cross-

section both had a significant effect on pumping performance, as is shown in

Figure 7.1-5. Changing from a round to an aspect ratio 1.7 obround cross-

section resulted in a 10% decrease in pumping ratio parametrtr at TTN/Tamb =4.6,
AA/A NT =25 . Perhaps as much as half of this decrease is due to the porous,

sound-absorbing liner which limits the rate of pressure rise. As the jet center-

line was moved off the centerline of the augmenter or dpfl'ctnd a rid uct~o., in

pumping performance occurred. The data point at Y = 0.45 and a S = 1.

corresponds to the F-14A configuration. Most of thr! data shown in' F!gure 7 .1-5

were run with no augmenter exit ramp. Orco point from the acoustic tstung is

included to show the influence of the ramp on pumping performanc,".
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I3

I
I

__________ ::y~:::~::.~ .. ;::.t~ **Round

!0
J0

............ . .............. .... ... .............. 0

. . ....... .......................... 0

ARP 2' 0. .... ... ... .. .

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

' . . .. . . . I . . . . . . . . . . . . . . . . . . . . . . . . . .

. .. ..• .... 0 1 Y c r e

pp

- Note: Flagged symbol indica -es
cbround with ramp conficuration

o p-2 0.4 0.6 0.8 ,.G

Y ,2'71 p

FIGURE 7.1-5. OBROUND AUGMENTER PUMPING PERF0RfM, A,%CE
WITH DIFFERENT NOZZLE POSITIONS AND

I INCLINATIONS
(AA/ANT=25,XN/DNT=l.C,LA/DA~fC,TTN /Tan,b=4.6,
N XN=2.0)}
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. .. . . . . . . .,

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

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

-4 ___ __1-__
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FIGURE 7.1-6. AUGMENTER PUMPING PERFORMANCE VS. JET
NOZZLE PRESSURE RATIO FOR 03ROUND
AUGMENTER WIT;; RAMP AT T Tr /Tb= 1.0.
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Figure 7.1-6 shows the variation in pumping performance with jet nozzle
pressure ratio, XN * The apparent drop in performance with XN occurs

because no attempt was made to keep the inlet loss constant for this series

of runs ard , as a result, the inlet loss and corresponding augmenter pressure

rise is higher at XN = 3 than at 2 or 1.2. The low pressure ratio, XN = 1.2,

point was run specifically to make sure adequate pumping occurred at low jet

nozzle pressure ratios so as to prevent recirculation of exhaust gases within
the Hush House. The data point does indicate adequate pumping for this

near-idling condition.

Up to this point, augmenter pressure rise or pressure ratio has not been
presented as a variable influencing pumping performance. The bulk of the test

points presented in Figures 7 . 1-1 through 7. 1 -6 correspond to a nominal augmenter
pressure ratio, PT /P- of 0 995 (2" H20 loss in total pressure through thesec Texit "

Hush House inlet). Specific tests were run to define the influence of augmenter
pressure ratios on pumping performance. These runs were accomplished by

adding subsonic diffuser lengths onto the secondary air met.ring nozzle, thereby

reducing the loss between outside barometric pressure and the burner enclosure

(Hush House) interior. The results of these tests are presented in Figure 7.1-7.
These data show an essentially linear variation in augmentation ratio parameter

with PT /PT , a slope which is not a strong function of configuration orT sec exit'
TTN /Tam b and no significant effect of jet nozzle pressure ratio, XN

7.2 Augmenter Longitudinal Pressure Distribution

Augmenter longitudinal wall pressure data are of diag.o-tic value in under-
standing the mixing progress in the augmenter, as well as th-e influence of loss

elements placed in the flow path. Selected examples of these data are presented

in this subsection.

Figure 7 .2-1 contains longitudinal pressure distribution.s takr n during the
aero-acoustic testing for the three different round :vugmc ...-'s,'s ,-t two di-frent

jet nozzle total temperatures without subsonic diffuser. A comparison between
the data for the different augmenter si'es indicates a lovwrr entrancc prrssure or,
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i i.e., a higher augmenter entrance velocity (higher specific flow in pps per

square foot) for the smaller diameter augmenter especially at the low jet nozzle

i temperature. The data for the two jet nozzle temperatures or temperature ratios

demonstrates the influence of heat exchange between a hot jet flow and a cold

* pumped flow wherein the pressure drop associated with heat exchange and

acceleration of the secondary flow reduces the overall pressure rise experienced

with a given jet momentum.I
Figure 7.2-2 also contains data for the three sizes of round augmenters,

this time for different augmenters length-diameter ratios, LA/D The data
show that the pressure rise along the augmenter is somewhat reduced for the

shorter overall length diameter ratios. This corresponds to a lack of adequatu

mixing between the jet flow and pumped flow and a reduced pumping performance.

ILongitudinal augmenter wall pressures from the 12 .25" diameter round

augmenter tests with different nozzle exit to augmenter entrance spacings are

presented in Figure 7 .2-3. These data suggest that the completeness of mixing

in the augmenter is a function of the distance between this jet nozzle exit and

j the augmenter exit, rather than just the augmenter length-diameter ratio.

j The influence of augmenter entrance geometry on augmenter pressure

distribution Is shown in Figure 7.2-4. There is little difference between the

distributions for the conical and rounded entrances, but the sharp-edged and

throttled entrances both show increased local velocities (lower wall pressures)
associated with the local flow restriction at the entrance (which reduced the

I pumping performance).

jPressure distributions for the 12 .25" diameter round augmenter with and

without a subsonic diffuser are shown in Figure 7.2-5. Here, lower static

pressures appear with the higher flow ratio (higher entrance Mach numbers)

associated with application of the subsonic diffuser. The static pressure

rise in the two subsonic diffuser lengths are also shown. The static pressure

drop associated with the exchange of heat between the jet flow and scce:-diry

flow is especially well illustrated by the two cases with subsonic diffu 'zcrs.

1 - 136-
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Since pumping performance expressed as ARP doesn't vary with jet

nozzle pressure ratio, the secondary mass flow will vary in proportion to

primary mass flow or, i.e., with jet nozzle total pressure to ambient pressure

ratio, other things remaining constant. One would, consequently, expect a

higher inlet Mach number and the lower augmenter wall pressures shown in

Figure 7.2-6 for the XN = 3.0 case.

The 12.25" diameter round augmenter and the 15.5" x 9" obround aug-

menter have the same cross-sectional area. Consequently, their longitudinal

pressure distributions are compared in Figure 7 .2-7 at different jet nozzle total

temperatures. The data illustrate the lower inlet Mach number which corres-

ponds to the lower pumping performance with the obround augmenter.

Figure 7.2-8 shows the effects of nozzle offset and deflection during

the aero-thermal tests on longitudinal pressure distribution. Here, reduced

pumpingperformance reveals itself in a lower inlet Mach number (higher entrance

pressure) and reduced augmenter pressure rise, with the centered, undeflected

jet position providing maximum performance and the offset jet with 30 lateral

deflection providing the lowest performance.

Adding the exit ramp to the obround augmenter for the acoustic tests

back-pressured the augmenter slightly, as shown in Figure 7 .2-9. This re-

sulted in a small decrease in a pumping performance illustrated in Figure 7 .1-5.

Figure 7.2-10 shows the influence of jet nozzle exit to augmenter entrance
spacing on the obround augmenter pressure distribution just as Figure 7 .2-3

showed the effect with the 12.25" diameter round augmenter. Again, it appears

that the completeness of mixing at the augmenter exit is largely a function of

the distance between the nozzle exit and augmenter exit expressed in nozzle

throat diameters, i.e., as X/DNT

The effects of jet nozzle pressure ratio, XN , on augmenter longitudinal
pressure distribution appear in Figure 7.2-11 for the obround augmenter. Data

for the 12.25" diameter round augmenter were presented in Figure 7.2-6. Both
figures show the lower augmenter entrance pressures and higher pressure rises

corresponding to increased pumped flow at higher pressure ratios.
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Augmenter longitudinal pressure distribution for different obround

augmenter length-diameter ratios are presented in Figure 7.2-12 (see Figure

7.2-2 for corresponding round augmenter data). Both figures indicate that

the lower pumping performance with a shorter than optimum augmenter length

reveals itself in a lower augmenter pressure rise between inlet and exit.

The final longitudinal pressure distribution plot presents data from the

tests with the stack and baffles configuration (Figure 7 .2-13) . The principal
feature of this plot is the Increase in augmenter back-pressure with jet nozzle

total temperature. The higher exhaust volume flow associated with the higher

jet temperature results in greatly increased pressure drop through the baffles.

This, in turn, resulted in a significant drop in pumping performance with jet

nozzle to ambient temperature ratio, TTN/Tamb, as shown in Figure 7.1-1.

The effect was aggravated by wrinkling of the feltmetal baffle skin from high
jet temperature operation. Another phenomenon which shows up in the Figure

7.2-13 is the difference in the between-the-baffles pressure from one side

of the stack to the other. This occurred because of the persistence of the
exhaust jet which still hadn't mixed completely at the stack entrance. Here,

again, high jet temperature and a persistent hot core increased this effect.

7.3 Total Pressure and Total Temperature Surveys

Total pressure and total temperature surveys were ma.d. during the jet

survey to study the jet mixing progress of the free jet and also inside of the

12.25" diameter round and the 15.5" x 9" obround augmenters to study jet

mixing progress inside of an augmenter. In addition, a totil pressure survey
rake was installed on the augmenter exit ramp for some tests to study the

mixing progress in the flow leaving the ramp and lateral total temperature

distribution information was obtained at the exit of th,! stack ki thV stack-

and-baffles configuration. During tests with the sound absorbing augmenter
liner, it was necessary to test a configurtior. with the rakes to get the survey

data and then test without the rakes to obtain noisn data which was free of

rake noise. These total pressure and total temperature surveys provide a

wealth of data which has been valuable In Interpreting both the wall heating

effects and the noise data.
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7.3.1 jet Survey

The jet survey was run with the jet nozzle exit located in the

exhaust enclosure and with no jet confinement (free jet). Two identical total

pressure-total temperature rakes were set up on the jet axis; one 4 ft. 7 in.

from the jet nozzle exit (upstream), the other 6 ft. 7 in. from the nozzle exit

(downstream). These distances were chosen because they correspond almost

exactly to the distance between the jet nozzle exit and the augmenter cross-

section rakes during tests with both the 12 .25" diameter round augmenter and

the obround augmenter. The jet survey data were taken at jet nozzle pressure

ratios of XN = 2.0 and 3.0, and at nominal jet nozzle total temperatures of

500OR (ambient), 2300°R and 3300 0 R, which correspond to TTN/Tam b = 1.

4.6 and 6.6. Figure 7.3-1 contains all of the rake data taken at a pressure

ratio of 2.0, while the nozzle pressure ratio 3.0 data appear in Figure 7 .3-2.

In each case, there was an almost exact correllation between the pressure and

temperature parameters.

Considering the pressure ratio 2 .0 data in Figure 7 .3-1 first,

one observes the reduction in peak total temperature and pressure between the

upstream and downstream rakes for each temperature condition corresponding

to more complete mixing and lower core velocity at the downstream location.

Also, one will note that the higher the relative jet nozzle temperature, the

more complete the mixing at each station implying that mixing progresses

faster with higher jet temperature. The pressure ratio 3 .0 data in Figure

7.3-2 show some of these same trends with one notable difference: namely,

that the data for TTN/Tamb = 1 .0 display a lower, total pressure than where

the jet is hot, reversing the trend measured at XN = 2.0 . This appeared to

be related to the formation of normal shock waves in the jet near the nozzle exit

and was accompanied by the generation of discrete frequency noise. These

shocks and the discrete frequency noise were not present at the higher jet

nozzle total temperatures. Otherwise, the pressure ratio 3 .0 data exhibit

higher core pressures than at pressure ratio 2.0 both because of the higher

nozzle total pressure and because of the tendency of the potential flow jet

core to persist longer when it is supersonically expanded.
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One feature of both the pressure ratio 2.0 and 3.0 data is the

apparent depression of the core center below the geometric jet centerline with

hot flow. A close examination of Figures 7.3-1 and 2 reveals a greater depres-

sion at TTN /Tamb = 6.6 (3300 0 R) than at 4.6 (2300 0 R), a greater depression

at XN = 2 .0 than at 3 .0 and a greater depression at the downstream rake

location, Indicating that the phenomenon must be an effective downward deflec-

tion of the jet at high jet nozzle total temperatures. What is apparently happen-

ing is that, within the burner mixing section, convection occurs at high jet

nozzle total temperatures which results in a hot, high total pressure core running

along the top of the burner mixing section, while the colder, low total pressure

gas near the walls drifts to the bottom of the mixing section. When this flow

exits through the jet nozzle, it effectively deflects the jet centerline downward.

This angular deflection, veff is presently in Figure 7 .3-3 as calculated from

the rake data for each of the pressure ratio, temperature ratio cases. This is

not expected to be a feature of actual engine and afterburner operation.

The jet survey rake data were also reduced to give maximum

mixed core velocity and these values ratioed to the ideal expanded jet velocity

giving Vmix max for comparison with similar results from the augmenter
V)et

cross-section rake data. The ideal jet velocity values used in the ratio are

as follows:
Ve fps

TT XN =2.0 N =3.0

500 1056 1302

2300 2221 2737

3300 2660 3278

The resulting velocity ratios are plotted in Figure 7.3-16 versus dimensionless

distance from the nozzle exit X/DNT
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7.3.2 Augmenter Cross-Section Surveys

Augmenter cross -section total pressure-total temperature

surveys were taken with both the 12 .25" diameter round and the 15.5" x 9"

obround augmenters. At elevated jet temperatures, these data were influenced

by the convection induced downward jet deflection described in the preceding

subsection and presented in Figure 7 .3-3. For the graphical presentation

herein, the augmenter cross-section survey data have been corrected to remove

the effects of this deflection, except where it is of interest to show the influence

of vertical jet deflection, c

Figures 7.3-4, -5, -6, -7 and -8 contain the survey results
from the aero-acoustic tests with the 12 .25" diameter round augmenter. Typi-

cally, the survey rakes were placed at the augmenter exit and at the station two

feet upstream of the exit. Figure 7 .3-4 shows the survey results for three

augmenter length-diameter ratios at two jet nozzle total temperatures. As
with the jet survey, there was a direct correlation between total temperature

parameters and total pressure parameter, thus enabling both temperature and

pressure data to be represented by the same curve using different scales for

temperature and pressure. It Is apparent from Figure 7.3-4, that mixing

inside of the augmenter progresses more rapidly at elevated jet temperature

just as in the free jet case. One can also observe how mixing progresses

as one gets farther away from the jet nozzle exit. Figure 7.3-5 pr !ser.ts a

comparison of data taken at two different axial stations with dff'!rent overall

augmenter length-diameter ratios. These curves show that the extent of mixing

is primarily a function of distance from the jet no_:_le exit expr ssed in nozzrle

throat diameters and Is not much affected by overall lergth-c:metm ratio, LA/DA'

The effects of jet nozzle pressur, rato tc.-- Alu't:ated in Iigure
7.3-6 for the TT /Tam b = 6 .6 case. The jet sur,-,,y rlsilts are g-inerally

confirmed again, wherein the higher jet nozzl.. prssu'r, :zatio r,.sLlts In inci-eas .d

core total pressure.
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Figures 7 .3-7 and 7 .3-8 demonstrate again that the principal

parameter influencing the degree of mixing completion is the dimensionless

distance from the jet nozzle exit to the survey station. Figure 7.3-7 presents

the survey results taken with and without a subsonic diffuser on the augmenter

exit. Addition of a diffuser resulted in a significant increase in pumped flow

and yet one observes only a small increase in mixed core total pressure. The

influence of increased pumped flow appears mainly in reduced total pressure

near the augmenter wall. Figure 7.3-8 shows the Influence of moving the jet

nozzle exit axially with respect to the augmenter entrance. Again, if one

were to plot mixed core total pressure ratio, PT/Pamb , versus dimensionless

axial distance between nozzle exit and rake, X/DNT, this dimensionless

distance would appear as the prime correlating variable.

These augmenter survey data have been reduced to give the

maximum mixed core velocity and the ratio Vmix max with an augmenter
Vjet

in the same way as the jet survey data were reduced. The results have

been plotted in Figures 7 .3-17 and 18 versus dimensionless distance from

the jet nozzle exit, X/D NT along with selected points from the jet survey

results for comparison. Such data would be useful in correlating augmenter

self-noise, that is, the noise produced by the flow leaving the augmenter and

such a correlation is discussed in Section 7.6.4.

Total pressure-total temperature rake survey data from the

aero-thermal tests with the obround augmenter could not be presented in the

same manner as those data from the round augmenter because the jet centerline

orientation was purposely changed relative to the augmenter centerline to define

wall heating, pumping and noise effects. Consequently, the presentation form

used in Figures 7.3-9, -10, -11, -12, -13, -14 and -15 was used to depict

the influence of jet nozzle centerline orientation on the survey results, as

well as the effect of mixing. In this presentation, the data are presented as

a series of isolines in the augmenter cross-section for both rake stations.

Each isoline corresponds to a particular total pressure to ambient pressure

ratio and temperature parameter. This presentation makes it easy to see

- 157 -
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how the test variables influence the location of the maximum velocity core

and the extent of mixing. The location of the jet nozzle center is shown in

each case. To add universality to the data, lateral and vertical nozzle posi-

tion parameters were defined as illustrated in Figure 4.3-1. Y = 1.0 andP

= 1.0 correspond to a jet centered in the augmenter, while = 0 or

Zp = 0 would correspond to the jet grazing the augmenter wall.

The influence of lateral jet nozzle centerline translation at

* %N= 2.0 is found by comparing Figures 7.3-9 for the centered jet with

Figure 7.3-10 for a 3.6" lateral jet centerline offset (Yp = 0.45). Two things

are of particular interest: 1) the lateral offset jet is somehow carried over to

the near sidewall so that the mixed core location is closer to the wall than

the jet nozzle centerline and 2) the maximum core total pressure and velocity

at either survey station are higher with the offset jet (i.e., mixing is not as

complete). These effects are increased when the jet is moved still closer

to the sidewall (Figure 7.3-13) or deflected toward the sidewall (Figure 7 .3-12).

A comparison of Figure 7.3-10 for XN =2 .0 with Figure 7.3-11

for XN = 3.0 shows a decreased tendency of the jet flow to be carried to the

sidewall at higher jet nozzle pressure ratio. Figures 7.3-14 and 7.3-15 showing

the effects of vertically deflecting the jet nozzle centerline indicate that vertical

deflection does not result in as severe a tendency of the jet to be carried to the

near wall, as does lateral translation and deflection. The maximum core total

pressures are not increased as much either.

The tendency of the laterally translated or deflected jet to be
carried to the sidewall is felL in two other areas; maximum wall temperature,

discussed in subsection 7.4 and in the generation of augmenter exit self-noise

discussed in Section 7.6. The rake survey results have here, again, been
reduced to Vmix max These results, for the obround augmenter, are

Vjet

presented in Figure 7.3-19 showing the effects of jet centerlin, latoral

translation and deflection. Data from the jet survey and round augment !r

survey are included for comparison. In addition to rigure 7.3-19, 1 igur(!
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7.3-20 has been prepared to show the ratio Vmix max , thus giving some
Vmix avg.

idea of how the various parameters influence the mixed velocity distribution.

When Vmix max is equal to 1.0, the velocity profile would be flat. The
Vmix avg.

results have a bearing on the Interpretation of the self-noise data. They

indicate, for example, that with an obround augmenter having a laterally

offset jet centerline, the velocity profile is far from flat

Vmix max >2 atX/D 32
Vmix avg. NT

so that the principal resulting self-noise would be generated by a small,
persistent, high velocity core of flow, rather than by a uniform, distributed

mass flow leaving the augmenter.

7.3.3 Augmenter Exit RampSurvey.

Figure 7.3-21, -22 and -23 present total pressure rake data

taken during the acoustic tests at the point where the mixed flow leaves the

obround augmenter exit ramp. In every case, the flow appears to have dis-

tributed itself into a fairly thin sheet. Each of the three figures shows the

influence of a particular variable. In Figure 7.3-21, the rake total pressure

distribution is plotted for two jet nozzle exit to augmenter entrance spacings.

Since the larger XN spacing results in a longer flow path between the nozzle
exit and the rake, mixing has progressed farther and the maximum total pressure

is lower. Similarly, the data in Figure 7.3-22 shows the ramp rake total

pressure distribution for two different augmenter lengths. Here again, the

longer flow path represented by the longer augmenter results in a lower peak

total pressure. Figure 7.3-23 presents the rake data taken at three different

jet nozzle pressure ratios and shows the influence of increased jet total

pressure on the maximum rake total pressure.

It is of special interest to compare the maximum ex.t ramp rake

total pressure for a particular configuration with thu maximum augmenter exit

7--j7_
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total pressure. This can be done by comparing the maximum exit ramp total
pressure from Figure 7.3-22 for the 72" augmenter length with the maximum
augmenter exit total pressure from Figure 7 .3-10. At the augmenter exit, a
maximum total pressure to ambient pressure ratio of about 1.065 is found,
while the maximum exit ramp rake total pressure to ambient pressure ratio
is found to be 1.052. Considering the geometry (the ramp rake isn't lined
up with the jet centerline), one would conclude that the maximum velocity in
the flow leaving the ramp is only slightly lower than the maximum velocity
leaving the augmenter duct.

7.3.4 Stack Exit Total Temperatures

Two total temperature probes were placed in the stack exit with
the stack and baffles configuration. One probe was on the stack centerline,
the other was displaced laterally one-half the distance to the stack sidewall.
These probes were mounted on a lateral plate which could be reversed end for

end. As a result, data was obtained both with the offset probe behind the jet
nozzle position and on the opposite side of the stack from the jet nozzle center-
line. The data from these probes is presented in Figure 7.3-24 in the form of
a temperature parameter where

TTexit T amb T exit T BE
p TTN -Tamb TT - TBE

The results show that the probe behind the jet nozzle experiences much higher

total temperatures. The indicated exit temperature parameter of 0.275

corresponds to a temperature of 950 0 F for an afterburning engine on a 1000F day.

7.4 Augmenter Longitudinal and Perimetral Wall Temperature Distributions

Among the ma)or goals of this test program was the gathering of test data

relating to jet impingement on the augmenter wall and resultant augmenter wall

heating. To accomplish this, the aero-thermal test program was run with the

absorptive obround augmenter having 30 longitudinally and perimetrally distributed
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wall thermocouples , as well as wall static pressure taps. Tests were run

with the jet nozzle centerline oriented in various ways relative to the augmenter

centerline to define the influence of aircraft configuration and orientation on

the wall heating phenomenon. Here, as with the preceding survey results,

corrections have been made to account for the effective jet deflection at

elevated temperature, except where It is desired to show the influence of

vertical jet nozzle centerline deflection.

The augmenter cross-section survey results for XN = 2.0, discussed

in Section 7.3.2, indicated that, with lateral translation or deflectbn of the

jet nozzle centerline relative to the obround augmenter centerline, the jet

tended to be carried to the augmenter sidewall. The results of this tendency

are graphically illustrated in Figure 7 .4-1 which shows the longitudinal dis-

tribution of augmenter wall temperature parameter, Twall p, for a number of

different lateral nozzle centerline locations and deflections. The data in the

figure indicate unexpectedly high augmenter sidewall temperatures for a lateral

offset and deflection representative of the F-14A aircraft configuration (Yp = 0.45,

as = 10). Similar top and bottom wall data show appreciable jet impingement

effects when the jet is deflected vertically (Figure 7.4-2). Figure 7.4-1 shows,

for example, that the orientation corresponding to the F-14A (Yp = 0.45, c s = 10)

results in over 100% greater maximum wall temperature parameter than for the

centered, undeflected Jet.

Additional obround augmenter sidewall temperature data were obtained

during the acoustic testing to find the influences of the augmenter exit ramp

and the influence of jet nozzle total temperature and pressure ratio on wall

temperature. Figure 7.4-3 shows the distribution of sidewall temperature

parameter at XN = 2 .0 with and without ramp for nozzle total temperatures

of 2300°RNand 3300R (TTN/Tamb = 4.6 & 6.6). The data show a slightly
lower maximum wall temperature parameter at TTN = 3300OR than at 2300OR

(which is due to a slightly lower mixed temperature parameter; see Section

2.2) and a slight increase in maximum wall temperature parameter when the

ramp is added because of the reduction in pumped air.
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FIGUR'- 7.4-6. WALL PRESSURE AZ~ TEMPL-R;ATURE VARIATION A4ROUD
THE PEROVEUER OF THE OSROUND AUGV~i:LN7ER 4T ThE
42 IN. STATION WITH THE JET CENTERED (PC.ITiION a,

yp 1.0) AND UNDEFLECTED.
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42 IN. STATION WITH THE JET IN THE F-14A
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FIGURE 7.4-10. WALL PRESSURE AND TEMPERATUR7 VARIA'TION AROU%@
THE PERIMETER OF THE OBROUND AUGMEN TER AT THE
42 IN. STATION WITH THE JET CENTERED) (POSITION a,
Yp -1.0) AND DEFLECTED DOWNWARD 1.60.
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The effects of jet nozzle pressure ratio on the sidewall temperature

parameter with the offset jet (Yp = 0.45, = 00) appear in Figure 7 .4-4.

Operation at X N = 3.0 rather than 2.0 greatly reduces the extent of Jet

impingement on the augmenter sidewall. This is to be expected on the basis

of the augmenter cross-section survey results (Figure 7.3-11) wherein the

higher pressure ratio offset jet was not carried closer to the sidewall.

Figure 7.4-5 contains wall temperature parameter data for different

augmenter length-diameter ratios . These data indicate that, within the

accuracy obtainable, augmenter length-diameter ratio has little effect on

the longitudinal wall temperature distribution.

Figures7 .4-6, -7, -8, -9, -10 and -11 represent a different way of

presenting the affect of impingement on wall temperature. At each of the

instrumented axial stations, there were several thermocouples and wall

pressure taps located around the augmenter liner perimeter. For the

figures presented herein, the instrumentation at the 42" station has been

selected to portray the influence of jet impingement on the distribution of

wall temperature and pressure around the liner perimeter. Figure 7 .4-6

shows the pressure and temperature distribution for a centered, undeflected

jet nozzle. The temperatures and pressures must be symmetrical with

respect to both the vertical and horizontal axes. Figures 7.4-7, -8 and

-9 show the effects of varying amounts of late:ral jet cente:lino offset and

deflection. Similarly, Figures 7.4-10 and -11 present the data taken with

different amounts of vertical nozzle centerline deflection.

7.5 jet Nozzle Base Pressure

A single jet nozzle base pressure tap was installed on the nozzle boattail

about 1/4 inch upstream of the nozzle exit. Measurements of nozzle base

pressure were Lkat.,i for all test poirts to make possible a determination of

how the base pressure is affected by the Hush House environment. Because

of the peculiar boattail configuration, the base pressure was significantly

below ambient pressure even for the jet survey tests and corresponded to

- 189 -
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I PNT= .996 for all XN and TN conditions

Pamb

PSA base pressure parameter, NB, was defined to show how the base pressure

pump-down with the let inside of a Hush House would compare to the pump-

down during out-of-doors (free field) operation.

(PNB - interior )Hush House (PNB - Pamb)free fieldP NB =Hs os
NB 

Pa mb

Swith a ugmenter - (P NB P EE survey

P EE

When an aircraft is placed in a Hush House, the Hush House interior pressure

I becomes, in effect, a different reference ambient pressure. A base pressure

parameter of -0.005, for example, would imply that the nozzle base pressure in

the Hush House environment is 2" H2 0 loer, relative to this new reference

ambient pressure than the free field base pressure is relative to barometric

pressure. Figure 7 .5-1 presents the base pressure parameter plotted versus

jet nozzle to ambient temperature ratio for a variety of test configurations with

a nozzle exit to augmenter entrance spacing typical of the expected F-14A

I installation. The data shows little excess nozzle base pump-down for most

configurations when the jet nozzle to ambient temperature ratio, TTN/Tamb ,

1 corresponds to military or afterburning power. The pump-down increases with

the increased pumped flow associated with the addition of a subsonic diffuser.

A very small pump-down is apparent with the obround augmenter which implies

that the nozzle base pressure with Hush House operation will bear the same

relationship to the Hush House interior pressure as the free field operation base
I pressure does to barometric pressure.

Figure 7 .5-2 shows the influence of nozzle exit to augmenter spacing

on base pressure parameter. As the jet nozzle exit is moved very close to

the augmenter entrarce,the base pressure Is influenced more and more by

reduced static pressures in the pumped flow entering the augmenter and the

-I
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base pressure parameter becomes more and more negative. At large spacings

between the nozzle exit and augmenter entrance, on the other hand, the

situation at the nozzle base approaches the free field situation and PNB p 00

within the measurement accuracy.

Since the base pressure parameter shows little excess pump-down for

configurations typical of Hush House installation with normal engine operating

conditions, the nozzle base pressure effects will not be given further con-

sideration.
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7.6 Acoustic Test Results

1 7.6.1 Jet survey

j The purpose of the jet survey was to obtain baseline data

on the PWL spectra of the undisturbed (not surrounded by an auF-

menter tube) jets used in the model study. The 2.75-in.-diameter

convergent-divergent nozzle, as described in detail in Sec. 4.1,

was run at pressure ratios A N 0fC' ard 3 atd a-t .ei rtc:2 te'rneri-

turen '' OF 9Q10 °, ,9 300°H, anld 3300'R. Pah ] e 7... ] surimarizes the

characteristic acoustic parameters of the various model jets.

TABLE 7.6.1 CHARACTERISTIC ACOUSTIC PARAMETERS OF THE MODEL JETS*

Jet TotalTemperature Pressure Jet Exit
Temperatur Ratio Velocity Jet Mach

TTN in °R T. in R XN  fps Number PEXIT/PAMBt

426.4 2 1056 1.04 1.17
520

380 3 1302 1.36 1.31

1886 2 2221 1.04 0.264
2300

1680 3 2737 1.36 0.298

1 2706 2 2660 l.O4 0.184
33001 2410 3 3278 1.36 0.208

*This information was supplied by Fluidyne and is based on the assumption

that the jet was expanded isentropically to PAMB for each of the above
conditions.

tRatio of density of jet exhaust gas at exit plane to density of ambient

temperature air.

1
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?easu~rw Data

Fixture 7.6.1 shows the measured 1/3-octave band 1",'IL spectra

(in d re 10 N) for X = 2 with TT, as parameter. 'i iure
N

7.6.2 presents the same information, but for XN 3. As expected,

both figures show an increase in PWL with increasing jet tempera-

ture. The ratio of increase corresponds roughly to the square of

the t, io of the absolute temperatures.

At. = 3 and at room tem.perature (i.e ., TT = 520'R), the

jet noanle was not correctly expanded ( and ,et screech

was observed [A-3, A-4]. Screech is a phenomenon that involves

an :tcoust ic feedback from the shock recion to the nozzle; it

manife'sts itself in strong harmonically related pure-tone com-

ponents in the PWL spectrum. In Fig. 7.6.2, one can see strong

,ure-tone components in the 2-kHz and 4-kHz center frequency
',3-octave bands. Observations indicate [A-5] that the process

is nonstationary and that 'he amplitud, of the tones can vary

stronsly with even the slightst changes in the geometry of the

reflectinF surfaces in th, vic in", .v of the nozzle. In addition

to screech, the improperly expanded iet generates excess broad-

band noise due to the interaction of convected vortices with

Srl)C(K waves.

Since shock no.', and screech occurred only at runs with

ambient temperature and a pressure ratio of 3, neither of

which c ondition corresponds 1.: .n - ,.r'ai Scn., nd s .,.

shock and screech noise are poorly document, ed and understood at

present, the interpretation of this specific condition was not

pursuI,,d. It. should be noted only that. screech often can be

el min:ited by adding on the no--,.1,- lip a small projection that

1 ,.h
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is sufficient to disturb the correlation of the vortex shedding

along the lip and thereby destroy the feedback mechanism [A-3].

3 Normalization of the Measured Data

The measured model data yield a satisfactory collapse into

3 a single curve if the measured 1/3-octave band PWL data are

normalized according to the empirical relationship given by

SPWL = PWL - 20 log (TT /520) - 30 log XN ' (7.6.1)
NM M TNN

I where PWL M is the measured 1/3-octave band PWL in dB re 10 - 1 2 W

of the model.

Figure 7.6.3 shows the model jet data of Figs. 7.6.1 and

7.6.2 normalized according to Eq. 7.6.1. Except for the ambient

temperature run near the peak of the spectrum, the data collapse

is quite satisfactory. Thus, at least in the pressure ratio and

temperature ranges of interest, the sound power at each frequency

band increases with the square of the ratio of the absolute

Itemperatures and with the third power of the pressure ratio.

A common method for collapsing data is to plot them against

the Strouhal frequency S defined as

~fD NS - U. N (7.6.2)

J

I where f is the frequency, DN is the diameter of the nozzle, and

U. is the jet flow exit velocity. This method gives good data

collapse for cold subsonic jets, but did not work at all in our

case of a hot supersonic jet. However, a Strouhal frequency

1
I
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based on the speed of sound in the surrounding air rather than

on the jet flow exit velocity yielded satisfactory data collapse.

Extrapolation to Full Scale

Keeping the same pressure ratio and temperature and increasing

the diameter of the nozzle manifests itself in (1) an increase

of the sound power output which is proportional to the square of

the ratio of the diameters and (2) a shift of the model-scale

spectrum toward the lower frequencies corresponding to the ratio

of the diameters of the model-scale and full-scale nozzles (i.e.,
fF = f)M DNM/DNF) Applying this procedure to Eq. 7.6.1, one can

use the normalized sound power spectra PWLNI obtained for scale-

model data at model frequency fM to predict the spectral level

of the noise at full-scale frequencies fF as follows:

PWL(f F) = PWLNM(fM ) + 20 log (TTN /520) + 30 log AN~(7.6.3)

+ 20 log DN/ 2 .7 5  ,

where PWL(NMM is the octave-band PWL spectrum of the 1:15

scale-model data (given in Fig-. 7.6.4 and normalized according

to Eq. 7.6.1) and PWL(fF) is the predicted octave-band PWL

spectrum at full scale. An example of usinF this scaling pro-

Icedure is given in Sec. 2.3.1.

i 7.6.2 Aeroacoustic tests

The primary purpose of the aeroacoustic tests run with

j various hard-walled augmenter configurations was the generation

of aerodynamic data regarding pumping performance. Acoustic

I data were taken for every run, but very little variation was

2
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observed; thus, the test results can be summarized by a few

graphs that illustrate characteristic trends.

l Effect of Nozzle Distance

Depending on the distance between the nozzle exit plane and

the augmenter inlet, the distribution of sound power between

the burner room and the exhaust room varies. Figure 7.6.5 shows

I the PWL spectra measured at 3300OR and a pressure ratio of 2

for a 72-in.-long, 12.5-in.-diameter, hard-wall augmenter tube

when the nozzle was located 10.5 in. upstream of the augmenter

exit plane. For this specific case, the jet PWL is very nearly

1 evenly distributed between the two rooms.

The low-frequency portion of the spectrum, which is generated

far downstream of the nozzle well inside the augmenter tube, pro-

pagates mostly into the exhaust room. The high-frequency part

of the spectrum, which is generated near the nozzle, radiates

primarily into the burner room. Except for a slight difference

at high frequencies, the sum of the PWL spectra of the burner

and the exhaust rooms closely corresponds to the total sound

power of the free jet as measured previously in the jet survey

series. This slight difference in sound power at high frequencies

is most likely the result of a slight decrease in velocity

gradient in the shear layer due to the more concentrated secondary

flow pumped by the jet and a very small but finite attenuation

of sound in the hard augmenter tube.

Figure 7.6.6 shows the character4 stic changes in the PWL

spectrum in the exhaust room, and Fig. 7.6.7 shows the correspond-

ing change in the PWL spectrum in the burner room, with changing

I
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axial distance XN of the nozzle from the aug1menter inle t. These

data indicate that in Hush House designs the axial distance XN

should be less than twice the diameter of the nozzle to reduce

that portion of the high-frequency sound energy which enters the

fHush House proper and produces n-ise levels in the vicinity of the

aircraft in excess of the free-field levels. Sound levels in

excess of the free field values are undesirable, because they

increase the noise exposure of service personnel and may lead

to fatig<ue of fuselage or failure of certain instrument packages.

Of course, as XN decreases, more of the jet noise igoes into the

exhaust room.

I Effect of Augmenter Tube Length

The length of the hard-walled augmenler tube has practically

no influence on burner-room PWL spectra. Exhaust-room PWL spectra

decrease slightly with increasing augmenter tube length, indicating

a very small but finite sound attenuation in the hard augmenter

tube. The data plotted in Fig. 7.6.8 illustrate this behavior,

which is typical of other hard-walled augmenter configurations.

Effect of a Subsonic Diffuser

Except for a very slight decrease of high-frequency sound

in the burner room, adding a subsonic diffuser to a hard aug-

menter tube to increase pumping performance has practically no

effect on the efficiency of the noise-generation process.

I Effect of Inlet Throttle

The throttling device used to effect small chang-es in the

secondary cooling air volume pumped by the primary jet had no

effect on either burner-room or exhaust-room noise levels.
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I'
I Eff cct of Augmenter Inlet Geometry

Round and conical bellmouths produce about the same sound

power in both the burner and the exhaust rooms. A sharp-edged

bellmouth was found to decrease sound levels in the burner room

by about 2 dB at all but the lowest frequcncies, but it had no

significant effect on exhaust-room levels. Because most of the

sound power entering the Hush House proper is due to reflection

of highly directional sound radiating from the shear layer just

downstream of the nozzle, the wall surfaces in the vicinity of

II the augmenter intake as well as of the augmenter bellmouth should

have a highly effective sound-absorbing treatment or a geometry

lI such that the jet noise reflected from these surfaces will either

enter the augmenter tube or be directed toward other highly

absorptive surfaces.I
7.6.3 Aerothermal tests

I The main purpose of the aerothermal tests was to provide

design information regarding wall temperatures and velocity

j Iprofiles in the obround lined augmenter tube modeling the Miramar

installation.i
Effect of Nozzle Position

I The radial position of the nozzle with respect to the center

of the augmenter tube affects the intensity of the exhaust noise

3 exiting from a lined augmenter tube. The measured data plotted in
I Fig. 7.6.9 illustrate this effect. The lowest levels are generated

when the nozzle is centered. Shifting the nozzle to the F-14

I position increases the exhaust noise by 3 dB at frequencies where

the radial dimension of the auFmenter becomes large compared with

I ithe wavelength of sound. A further shift toward the lined wall

I,
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re ;ul ts in a sI igrht additional increase ofI the exhaust. noise at

hiih Crequencies. The reason for this increase is most probably

due to the fact. that moving the jet from the center positionI shifts one hall' of the sound field nearer to and the other, half

further away from a sound-absorbing wall. The net result of

I this shift is always a reduced sound attenuation. In addition,

the unsymmetric geometry results in higher peak exit velocities

and in a higher degree of inhomogeneity of the flow, both of which

conditions tend to increase self-noise levels.

IEffect of' Anoular Misalignment

An ang-ular misalignment of the nozzle from the augmenter

tube axis results in higher exhaust room noise levels. As shown

in Fi)-. 7..10, the acoustical effect of such angular misalign-

ment is similar in nature to the effect observed for off-center

positioning of an otherwise axially oriented nozzle (see Fig.

7.6.9 for comparison). Note that the effects of off-center

spacing and angular misalignment are additive.

1 Burner-room noise levels remain practically unaffected by

small ang-ular misalignments, say less than 30.

Effect of Rakes

During, many aerothermal tests, rakes were deployed to measure

the velocity and temperature profiles at axial locations X A in

I the augmmenter tube. Turbulent wakes and periodic vortex sheddinf

from these rakes generated considerable noise; In certain frequency

ranges, this noise exceeded the intensity of the Jet noise at-

tenuated by the lined augmenter tube. Except for Fir-. 7..11,

I all acoustical data presented in this report were measured with

no rakes in the lined augmenter.

1 10
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Figure 7.6.11 shows the effect of the rakes on the sound

power entering the exhaust room through a lined augmenter tube,

indicating that the presence of solid structures in the flow can

considerably increase the exhaust noise. As expected, the increase

is the highest for axial location XA (i.e., at the end of the2
lined augmenter tube), where this is no lining downstream to ab-

sorb the sound generated at this location. Note also the strong

peak in the exhaust room sound power spectrum at 16 kHz, which

corresponds to the frequency of periodic vortex shedding from

the small-diameter pitot tubes of the rake. Even when placed

at XA1 = 48 in. (i.e., one-third of the way upstream from the

augmenter tube exit), the rake generated enough noise to control

the intensity of the exhaust noise at high frequencies. These

findings lead to the conclusion that no such structures should

be in the flow path when the acoustical performance of the full-

scale Miramar Hush House is tested.

7.6.4 Acoustic tests

The purpose of the acoustic tests was to determine the re-

duction in sound power provided by various lined augmenter con-

figurations and by the stack with sound absorbing baffles. The

reduction in sound power output APWL is defined as the difference

in the sound power level of the free jet and the sound power

level of the noise reaching the exhaust room. We also measured

the sound power level in the burner room to provide information

for estimating sound pressure levels in the Hush House proper.

The following exhaust configurations were tested:

• A model of the e.haust system of the Miramar Hush House

" A lined model augmenter tube designed by BBN
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I
i *A series combination of a hard-walled augmenter tube,

hard subsonic diffuser, hard turning vanes, and a lined

stack with sound absorbing parallel baffles.

A variety of combinations of lined and hard augmenter

sections and porous sound absorbing ramp.

The measured data were to yield information for (1) predict-

ing the acoustical performance of the full-scale Miramar Hush

House, (2) comparing the acoustical performance of the Miramar

augmenter with that designed by BBN, and (3) use in the design

of the lined exhaust systems of future Hush Houses.

1 The acoustical data measured for the various jet temperatures,

pressure ratios, and exhaust configurations were the space-time-

averaged sound pressure levels in both the exhaust and the burner

rooms. Using these recorded data, one could calculate the 1/3-

g octave band PWL of the noise entering these rooms.

Variables Influencing Acoustical Performance

I The acoustical performance of an exhaust silencer system

(i.e., reduction in sound power level it provides) is influenced

I in a complex manner by a variety of parameters. Although all

of these parameters were modeled so that the test results would

j reflect the expected performance of the full-scale system, we

discuss these parameters in a qualitative manner at this point

to help the reader in understanding and interpreting the data

presented in the following sections.

j As shown schematically in Fig. 7.6.12a, the exhaust sound

power PWL is the sum of the attenuated .e' t i f'itEXH
I self-generated sound power of the flow exiting from the exhaust

I
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U

ond o I, t ho :;ystelm PWL.N AL Is the sound attenuation provided

by the ;Ilen er, which is stronglty affected by the temperature

and 1y tempt, ture and flow g7radients It increases with in-

3 e'asl n- sliencer. wi).-ce n-

area, and usually decreases somewhat with increasin, flow speed.

Silencer attenuation also depends in a very complex manner on the

wall irnpedance of the liting, which chanres with frequency.

For a riven exit speed, self-enorated noise sel s an upper

limit to the reduction of sound power APWL; i.e., the silencer

nrovides ,easurable reduction AL of the sound power radiated

by the >). exhaust. However, self-noise may control the level

of PWL!1 I.. and therefore of AV -,. The effect of self-,-enerated

noise on AFWL is shown schematically in Fig. 7.0.12b. At low

exit speeds, where self-g7enerated noise is low, AFWL = AL and

full advantar'e is taken of the silencer installation. If the

exit speed is hith enough that the level of the self- enerated

noise becomes comparable to, or is higher than, the level of

source noise attenuated by the silencer, the reduction in source

I sound power level achieved will be smaller than the attenuation

orovided by the silencer (i.e., APWL < AL). if the level of

the self-generated noise is larer than the source scund power

level (i.e., PWLsN > FWLI AFVI, becomes neff< , indicat-in5

that more sound power exits from the silencer than is injIected

into it by the source. Such amplification may actually occur

in cases where obstructions in the exit stack generate periodic

vortex shedding, which interacts with the acoustical resonances

of the stack.

In the case of the Miramar Hush House and the other model

config:urations tested, no such amplifications occur: however, in

I
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certain limited frequency ranges, the potential performance of

the lined exhaust system may be slightly compromised by self-noise.

This result is unavoidable unless facility size and cost is not

an important consideration.

The sound power of the self-generated noise, PWLSN, increases
very strongly with the exit speed V EX If the exit noise is con-

trolled by the noise generated by the mixing of the exiting flow

with the surrounding stationary air, the exit flow can be con-

sidered as subsonic jet, and, in this case, the sound power of

the self-noise increases with the eighth power of the exit

velocity. If the noise generation is controlled by the inter-

action of the turbulent exit flow with solid objects, such as

rakes, duct walls, and the lip of the exit duct, the sound power

of the self-noise increases with the sixth power of the exit

velocity. Since the maximum velocity of the mixed exhaust flow

at the augmenter exit plane V mix max * increases with decreasin.

augmenter length (though the mass flow remains nearly constant),

the exhaust room PWLs measured for the 48-in., 72-in., and 96-in.

long lined BBN augmenter tubes provide an opportunity to check

whether or not the self-noise controls the exhaust sound power.

The octave-band sound power level of the exhaust noise,

plotted as a function of Vmix .ax in Fig. 7.6.1, shows that the

level increases with increasing velocity. This increase is

attributable to both the shorter lined augmenter length, resulting

in a lower attenuation of the jet noise, and higher self-generated

noise.

If the exhaust noise is entirely controlled by the self-

noise, one would expect that the exhaust PWL would increase as

0 leo. V mix max' The curves in Fig. 7..3 indicate that This

result may occur only in the 3000-li:: center frequency octave band.

•VTlx rax representsi the maxirnum velocity of the mixed exhaust flow
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Self-grenerated noise is an unavoidable integral part of

both the model and the full-scale systems, and it is properly

included in all of our data and predictions. Although some

attempts will be made to identify it in a qualitative manner,

its separation from the attenuated source noise is not possible

without more detailed information (i.e., the turbulence intensity

spectrum). Should there be a need in the future for Hush Houses

accommodating aircraft with a higher sound power output than the

F-14, or should Hush Houses be required to meet noise criteria

stricter than the present 85 dBA at 250 ft, seZf-generated noise

will certainly be a limiting factor and further studies must be

undertaken to determine how to keep self-noise just low enough

without an inordinate increase in facility size.

Burner-Room Data

In a manner similar to that used during the aercthermal

tests, we measured the 1/3-octave band burner-room FWL spectra

for all runs. The analysis of the data provides the following

conclusions:

1. Effect of Nozzle Position: The data plotted in Fig.

7.6.14 show the effect of nozzle distance, XN, on the sound

power spectra. The sound power reaching the burner room de-

creases strongly with decreasing axial distance. Comparing

Figs. 7.6.14 and 7.6.7 shows that with the lined augmenter one

can obtain substantially lower noise levels in the burner room

than with a hard augmenter.

2. Effect of Inlet Throttle: Similar to the case of hard

augmenter tubes, the inlet throttle has no appreciable effect

on either burner-room or exhaust-room levels.
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3. Effect of Anular Misalinment: Anular misalinment

of 10 to 30 results in slight (1 dB to 2 d1) increaqes in burner-

room noise levels.

4. Effect of Augmenter Tube Length: The length of the lined

augmenter tube in the range from 48 in. to 96 in. has no effect

on the sound power radiated into the burner room.

'. Effect of the Ramp: Adding the ramp to a long lined

augmenter does not affect burner-room noise levels. However, for

a 12-iri.-long lined augmenter section added to a 60-in.-long hard

augmenter, the addition of a lined 450 ramp decreases the burner-

room noise levels slightly at low frequencies, indicating that

the ramp is effective in reducing the intensity of the sound

reflected from the end of the augmenter tube back into the burner

room.

6. Effect of Axial Position of 12-in.-long Lined Section:

Sound power level in the burner room is determined mostly by the

acoustic linin': of the first 12 to 24 in. (model scale) of the

upstream end of the augmenter. With the 12-in.-long, lined section

at the upstream end, burner-room PWL was nearly the same as with

the fully lined augmenter, except at low frequencies where PWL

was only 2 to 3 dB greater than for the fully lined augmenter.

Placingj the 12-in. section anywhere else in the augmenter resulted

in poorer performance (PWL averaging 3 to 4 dB ,,reater).

7. Effect of Exhaust Treatment: The choice of sound-

attenuating, treatment in the exhaust system influences the sound

power entering the burner room, especially at low frequencies.

Fig-ure 7.6.15 illustrates this effect. Low burner-room levels

can be obtained only if the augmenter tube has a lining which

effectively absorbs the jet noise generated within its passage.

221



i

* FULL-SCALE ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
31.5 63 125 250 500 1000

150 I'll ''I ''I ' I 'III

U 140

, co

I 130

uJ

0 120

z EXHAUST TREATMENT
0 NONE (JET SURVEY)I 110- A 60 in. UNLINED OBROUND AUGMENTER

z
72 in. BBN LINED AUGMENTER

cc - WITH 450 RAMP

100 0 UNLINED AUGMENTER, DIFFUSER,
,vv 10 TURNING VANES, AND STACK

0 WITH BAFFLES

I on I , Ii a i LII I , I i~ II
- 315 630 1250 2500 5000 10,000 20,000

I MODEL-SCALE ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

FIG. 7.6.15. EFFECT OF DIFFERENT EXHAUST TREATMENTS ON SOUND
POWER LEVEL IN THE BURNER ROOM: TT 3300 0 R,
N = 2, XN 4 in. N

I
1 222



Note that with respect to burner-room noise levels the stack-

and-baffle exhaust treatment is practically equivalent to the

unlined augmenter tube alone. This result is not surprisin-

since both configurations have a long unlined augmenter, and

sound energy can be reflected back into the burner room from the

end of the unlined section.

8. Miramar and BBN Aug<menters vs Stack with Baffles: With

regard to burner-room noise levels, the two lined augmenters are

equivalent. However, for the stack-and-baffle configuration,

burner-room noise is considerably higher at low frequencies than

that measured for the two configurations using the lined auF:menter

tube (see Fig. 7.6.15). This result is partly due to the lack of

attenuation of the parallel baffles at low frequencies and to the

absence of any attenuation between the location where low-frequency

noise is g enerated and the augmenter inlet.

Exhaust-Room Data

In a manner similar to that used in the burner room, we

measured the 1/3-octave band PWL spectra in the exhaust room for

all runs and calculated the difference between the free jet PWL

(obtained from the jet survey) and the exhaust room FWL. Thi .

difference in sound power level (APWL), which characterizes the

acoustic performance of the exhaust confirurations tested, is

discussed below:

1. BBN Augmenter with Ramp: The APWL achieved with the

72-1n.-long BBN augmenter in combination with a 45' ramp

having a solid backing is plotted in Fig. 7.6.16 for X N = 2,
F-14 position, and nozzle distance XN = 4 in. as a function

of frequency with the temperature as parameter. (The solid-

backed ramp was a model of the Miramar full-scale ramp; the solid

backplate was used in all runs with the ramp except those dis-

cussed in paragraph 2 below.) Generally, APUL increases
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with increasing frequency up to 10 kl{z after which it tends to

level off. The hih-temperature runs provide substantially

higher APWL than the run at ambient temperature, because beneficial

temperature gradients in the augmenter tube passage bend the

originally axially oriented sound waves toward the sound absorbing,

wall lining,. The two high-temperature runs (2300 0 R and 3300 0R)

yield almost the same APWL. The AFWL-vs-frequency curves obtained

for the XN = 3 runs with an exhaust configuration identical to

the above are plotted in Fig'. 7.6.17. For this higher pressure

ratio, the APWLs measured for, ambient and high-temperature runs

show little variation. We do not have a satisfactory explanation

for this behavior at present. Comparing- Fig. 7.6.17 with Fig.

7.6.16 shows that the APWL is somewhat lower for the A_ = 3 runs

than for the A = 2 runs, except for the ambient temperature run

where the higher jet velocity may create higher flow velocity

f:radients, which provide an increased degree of beneficial re-

fraction of sound toward the lining.

2. BIN Augmenter with Porous-Backed Ramp: To evaluate

whether or not the acoustical performance of the exhaust system

can he improved by makini- the air cavity behind the ramp acousti-

cally usef'ul, we removed the solid backinr, of the 450 ramp and

repeated the A. = 2 runs. Figure 7.6.1.8 ives the results of

these run,;. Comparini7 Fig. 7.6.18 to Fig. 7.6.16 shows that

the porous ramp provides l-dB to 3-dB higlher APWL at low and mid

frequencies than the ramp with solid backing.

3. BPN Aug<menter Without Ramp: 'he APWL obtained with the

72-in, <'llN augmenter without the ramp for AN = 2 is plotted in

Fig,. 7.6.1 . Figure 7.6.20 compares the data of Figrs. 7.6.16

and 7.6.19. Note that for the high-temperpture runs the presence

of the ramp increases the APWI, in the frequency range from 600 Hz

/



FULL-SCALE ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

60 315 63 125 250 500 1000

I I1 1 1 I 1 1 1 1 J i l i v i1 r'

U 50

40

30

20 -TTN (oR)

1~ 0520
<> 2300

10 0 3300

315 630 1250 2500 5000 10,000 20,000
MODEL-SCALE ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)
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FIG. 7.6.18. APWL FOR 72-in. BBN AUGMENTER WITH 450 POROUS-BACKED
RAMP: F-14 POSITION, AN = 2, XN = 4 in.
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3 to 3000 Hz and decreases it above 3000 Hz. This decrease of APWL

at, high frequencies is probably caused by an increase in self-

!'enerated noise due to the distortion of the i' o4 profile by the

ramp. For ambient temperature runs, the prts> : of the ramp

decreases APWL in the entire frequency reg-ion. For these runs3 at hith mass flow rate, APWL is evidently controlled by self-

no i ske.

I . Effect of Nozzle Radial Position: Figure 7.6.21 shows

the effect, of the radial position of the nozzle on APWL for the

72-in.-lonr: BBN augmenter without the exit ramp. It is expected

that the relative differences would be approximately the same with

the ramp installed. The measured data indicate that, except for

the very low frequencies, the shift from the center to the F-14

position decreases APWI, on the average of 3 dP. This decrease

I is due to a less beneficial refraction pattern for the sound

enert y radiating toward the far wall which is not compensated for

fully by the gain due to ao'oi i sd d . t , eai wz II.

In addition, the increase in the peak velocity of the flow exitin'

1 the augmenter tube because of the asymmetry of nozzle position

may also increase the self-noise. One cannot determine from the

j data which of these mechanisms is the controlling one.

5. Effect of Nozzle Axial Position: Figure 7.6.22 shows the

I effect of changing XN, the axial position of the nozzle, on the

APWL of the 72-in. BBN lined augmenter with 45' exit ramp. APWL

increases with increasing XN because less acoustic energy enters

the augmenter; instead, the energy enters the burner room (see

Fig. 7.6.14).

I 6. BBN vs Miramar Lining: Figure 7.6.23 compares APWL of

the 72-in. BBN augmenter with that of the 72-in. Miramar augmenter.

Roth augmenters were tested in combination with a 450 hard-backed

230, "J
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FIG. 7.6.21. APWL FOR DIFFERENT RADIAL POSITION OF THE NOZZLE:
72-in. BBN AUGMENTER WITHOUT 450 RAMP, TT 2300-R,
xN  = 2, XN 4 in. N
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FIG. 7.6.22. APWL FOR DIFFERENT AXIAL POSITIONS OF THE NOZZLE:
72-in. BBN AUGMENTER WITH 45' RAMP, F-14 POSITION,
TT N 3300 0R, X N 2.
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I xit ramp. The nozzle was, inl both cases, at the F,-14 position

at an axial distance of 1 inl. arid operated at pressure ratio of

at 330 00R. The RBN augmenter provided hig her attenuation at

,'iquetcies up to 4 ki{t; than the r,7iramar augmenter, because of

lower total f'low resistance of the BBN lininr. Above 4 kHz, the

3 Mlrainr augmenter provided a sli ,htly higher APWL. The slightly

lower performance of the BBN augmenter at high frequencies is most

5 likely due to the dift'erence in alignment between the 12-in.-long

augmenter section s. While the Miramar augmenter was hardly used,

3 the BBN augmenter had been exposed to a large number of high-

temperature runs, many of them with axial and radial misalignment,

prior to these comparison tests. This exposure to a hostile

environment caused some buckling of the protective surface re-

sulting in misalignment between the sections and thereby may have

caused increased self-noise at high frequencies.

7. Effect of the Liner's Axial Position on APWL: To obtain

3 information about the optimal location of lined sections within

a long hard-walled augmenter tube, the APWL was determined for

a single 12-in.-long lined augmenter section of BBN design,

positioned at various distances from the entrance of 'h- [i,d aur-

Smenter tube which terminated into a 450 exit ramp. The total

length of the augmenter tube was always 72 in. (i.e., 12-in. lined

and 60-in. hard). Figure 7.6.24 shows the APWL-vs-frequency

curves obtained from these tests. As expected, the positions

near the augmenter intake are most effective in attenuating

hig.h-frequency jet noise, which is generated near this location,

but least effective in attenuating low frequencies, which are

I enerated at locations further downstream. The lined section

placed far downstream of the augmenter intake is effective in

I attenuatln low frequencies but less effective in dealing with

I
!
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FIG. 7.6.24. APWL FOR 12-in. SECTION OF AUGMENTER WITH BBN LINER
AT VARIOUS POSITION IN THE 60-in. HARD-WALLED AUG-
MENTER WITH 450 RAMP: F-14 POSITION, TTN = 33000 R,
XN 2, XN 4 in.
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hilgh frequen. s. The best balance between attenuation at high

and low frequencies was obtained by positioning the center of the

lined section 18 in. downstream of the augmenter intake. This

distance is approximately seven nozzle diameters from the exit

of the nozzle.

8. Effect of Lined Augmenter Tube Length: To evaluate the

effect of the length of the lined augmenter tube on APWL, we

tested three different lengths, all with a 450 exit ramp, with

the nozzle at the F-14 radial position and at an axial distance

of 4 in. upstream of the augmenter intake, with a pressure ratio

of 2, and at 3300 0 R. Figure 7.6.25 shows the measured APWL

3 values as a function of frequency for these three tube lengths.

At low frequencies (below 1250 Hz 1/3-octave band), where the

wavelength of sound is large compared with the cross-sectional

dimension of the passage, the attenuation in dB increases roughly

linearly with augmenter tube length. At 1280 Hz, the low-frequency

I attenuation is expected to reach its peak value because the average

depth of the airspace behind the lining roughly corresponds to

Sone-quarter of the wavelenrth. In this frequency region, the

attenuation per unit lentth corresponding to half the height of

3 the open passage (0.4 ft in our case) is approximately 2 dB.

Accordingly, we would expect to achieve attenuation values of

20 dB, 30 dB, and 40 dB for the 4-ft, 6-ft, and 8-ft long aug-

menter tubes, respectively. Figure 7.6.25, at 1250 Hz, shows

20-dB, 29-dB, and 37.5-dR attenuations, which correspond reason-

I ably well to the expected values.

9. Stack with Baffles: As an alternative to the lined aug-

rmenter tube and exit ramp, we tested a model config.uration con-

sisting of a 60-in.-long hard-walled auFmenter tube followed by

3 a subsonic diffuser, hard turning vanes, and a rectangular stack

236
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FIG. 7.6.25. APWL FOR THREE DIFFERENT LENGTHS OF LINED BBN AUG-
MENTER WITH 450 RAMP: TT 3300 0 R, XN 2,
XN = 4 in. N
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3 with parallel baffles. The configuration is shown in Figs. 4.4.1

and 14.4.2. The baffles were designed to simulate a full-scale

installation that would yield approximately 85 dfsA at 250 ft for

one engiine of an F-14A aircraft operating in the afterburning

mode. Accordingly, this configuration would be useful for cor-

paring the performance and cost of various alternative exhaust-

silencing7 configurations. The stack-and-baffle configuration was

3 evaluated at A N = 2 for three different temperatures. The APWL

obtained is shown in Fig. 7.6.26; it is lowest for the ambient

temperature run which had the largest mass flow and highest for

the 3300'R run which had the smallest mass flow. The protective

fiber metal surface was observed to buckle when exposed to high

temperature; this buckling reduced the effective width of the

passage between the baffles and may thereby have increased the

Ii sound attenuation of the silencer. This effect may be partly

responsible for the higher APWL at high temperatures. The hig-her

APWL obtained with high-temperature runs may also be due to

the favorable temperature gradients, the increased flow resistanc-

I m of the porous material in the lining, and the increased end

reflection. Comparing Fig. 7.6.26 with Fig. 7.6.16 shows that

the APWL obtained with the stack-and-baffle confiruration is

substantially less than that achieved with the lined aug-menter

tube config<uration at all except high frequencies, where the two

l configurations yield comparable results.

3 7.6.5 No-flow tests

Tests of the attenuation of the lined augmenter without air

m flow were conducted for all acoustically treated aur(menter con-

fig-urations. Measurements were made by placing- a loudspeaker

close against the upstream end of the augmenter, with the speakor

8
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FIG. 7.6.26. APWL FOR 60-in. HARD-WALLED AUGMENTER, SUBSONIC
DIFFUSER, TURNING VANES, STACK WITH BAFFLES: F-14
POSITION, XN = 2, XN = 4 in.
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I
faced directly down the augmetriter ax'-, and measuiinj, the room-

averag~e sound pressure level SPL in tne exhaust room, using the

same instrumentation as was used during the jet runs (excluding

the tape-record!ni system). Immediately after this measurement,

an ILG was run in the exhaust room, and the SPL was again measured;

this allowed correcting7 the SPL measured with the loudspeaker for

for effects of temperature and humidity. One run was made with a

60-in.-long unlined obround aug-menter, and the data were used as

the baseline from which attenuation of the lined ducts was cal-

culated; i.e., no-flow attenuation ALNF - SPL (60-in. unlined

augmenter) - SPL (lined augmenter). Results are shown in Figs.

7.6.27 throug7h 7.6.30.

Firure 7.6.27 shows attenuation of 4-ft, 6-ft, and 8-ft long

fully lined BBN augmenters without the 45' exit ramp. Attenuation

at high frequencies approaches the value given by

A A, 10 log A
NF D 1 (.5-a )

In the absence of the refraction caused by hot air flow, the no-

flow attenuation at high frequencies is significantly less than

the APWL measured for jet noise. At low frequencies, the no-flow

attenuation is greater than APWL. The reasons for this are not

known precisely, but they are probably related to the differences

in wavelength, effective flow resistance, acoustic source size,

location, and directivity.

Figure 7.6.28 shows attenuation for the same aumenters as

for Fig. 7.(b.?7, but with the iddition of the 4 ° exit ramp.

Attenuation for tht, 6-ft and 8-ft long augmenters is essentially

I unaffect- d by addition of the ramp for frequericies of 1210 H7K
)r4 -0.
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BAFFLE CONFIGURATION.
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and below. The ramp increases attenuation by approximately 10 dB

at high frequencies.

Figure 7.6.29 compares attenuation of the 6-ft BBN and Mira-

mar lined augmenters and the stack with baffles. At frequencies

between 400 and 1000 Hz, the BBN liner provides significantly

greater attenuation than the Miramar liner; these two are approxi-

mately the same at higher frequencies. Both the BBN and Miramar

liners have better no-flow attenuation than the stack with baffles

at low 'requencies and worse attenuation at frequencies of 6300 Hz

and greater.

Figure 7.6.30 shows no-flow attenuation for the 12-in.-long

BBN lined augmenter section placed at different axial positions

in the 60-in. hard-walled augmenter with 450 exit ramp; also

plotted is attenuation for the 60-in. hard-walled augmenter with

ramp but without the 12-in. lined section. The attenuation is

nearly independent of frequency between 500 and .,020 H:. At-

tenuation is best for position 1 (closest position to the loud-

speaker) at lower frequencies, probably because of nearfield

effects close to the speaker face. Excluding position 1, there

is not apparent preferable location for the augmenter lining in

the absence of refraction induced by the hot flow.

L 4
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7.7 Conclusions

7.7.1 Conclusions from Aerodynamic-Thermodynamic Data

1. With an adequately large augmenter cross-sect ion to jet nozzle

throat area ratio, AA/A NT sufficient cooling air can be pumped

even without a subsonic diffuser.

2. Addition of a subsonic diffuser increases cooling air pumping by

about 50% when TT N/Tamb  6.6.

3. The test data show a consistent drop in augmentation ratio

parameter with increased jet nozzle to ambient temperature

ratio, TT N/Tamb, related to heat exchange from the jet to

the pumped flow.

4. Pumping performance at TT N/Tamb = 6.6 varied no more than

10% over the tested range of augmenter length-diameter ratio

from 4 to 8.

5. Augmenter inlet throttling devices and changes to the augmenter

inlet configuration had a relatively small influence on augmenter

pumping performance.

6. Increasing jet nozzle pressure ratio, XN , from 2.0 to 3.0 had

no measurable influence on augmentation ratio parameter, other

things remaining constant. Also, the augmentation ratio para-

meter remains relatively constant, even down to jet nozzle

pressure ratios corresponding to idling.

7. The augmenter pumping performance was slightly higher with

the rounded and conical augmenter entrance configurations,

than with the sharp-edged configuration.

8. At a nominal augmenter cross-section to jet nozzle throat area

ratio, A A/A NT of 25, changing from a round to an aspect ratio

-246-
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1.7 obround cross-section decreased pumping 10%. Part of this

decrease resulted from the change from a hard-wall to a porous

sound-absorbing wall.

9. With the obround augmenter, moving the jet nozzle centerline

laterally off-center or deflecting it laterally toward the augmenter

wall resulted in decreased pumping, high wall temperatures and

increased maximum augmenter exit velocity. At an orientation corres-

ponding to the F-14A configuration (Yp = 0.45, as = 10), the pumping

ratio parameter was 15% lower than for the centered, undeflected jet

orientation and the maximum sidewall temperature parameter was

over 100% higher.

10. At a jet nozzle pressure ratio of 2N =2.0, a laterally offset jet

tended to be carried closer to the augmenter sidewall, while at

XN = 3 .0, the jet remained on the nozzle axis with a corresponding
reduction in jet impingement.

11. The addition of an exit ramp to the obround augmenter caused a slight
back-pressuring of the augmenter and a corresponding reduction in
pumping performance.

12. With the augmenter plus stack-and-baffles configuration increasing

the let nozzle to ambient temperature ratio from 1.0 to 6.6 resulted in
a 45% decrease in augmentation ratio parameter, which is greater

than the corresponding decrease which occurred with the augmenter

alone.

13. For typical jet aircraft being run up inside of a Hush House, the jet
nozzle base pressure will bear essentially the same relationship to

Hush House interior pressure as it would bear to barometlic pressure
during out-of-doors operation; that is, there will be no excess pump-

down of the nozzle base pressure.

- 247 -
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7.7.2 Conclusions from acoustical tests

I hast ric ft'j',i he ,' 1 144 o)rerat in: i the-_ aftIerhurn-

I :i ode -fl the 1 t a'Ps Hau -o 1 - ex Peeu~ tL -,I o mee-! t.he .35-d 1A
, i ' o h he >0 - ft 1 v ia , e cn t p oss F > sI b a narrow ranr

jd !I tec* ion)I S dow! s* ,--It Ih o-f' t he t

-ho-,asu red ciat to ni Ie that one can nre dict the full-

sco le sounid power sera o)f a J et , if j et, total temperature,
nozzlel tores suro rat. 12, anrd nozz7:-le diameter, are known.

1 3. The O-e nd oe aul-menter linini- providedsiht'
I reat er attenuation than the VIiramar model Tin i rr; b-oth Ii n-ed

3au!'-tent-2rs were acousticallY superior to the ve rt ical sf ack wi th'

parallel baf1fles;.

1 '. ~Hush House interioir noise levels due to Jetehus n

crease sicni ficantly as the a:zi al distance of' the,'e nozzle frey;1I he au -"mlenter inlet. i ncrea-sts, while the exterior exhaust noisr

levelIs decrease as this di st one increases.
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stream end of the aucm,,,entecr.

6. ptimurm positions f'or installint- acoustic 1mmin- !n the

auziienter to reduce exterl- '(r xhaust. noise levels, extend from

approximately 5 to '5 nozzle1 dlimetors downst rear from 1he nzl

exit plane.

1 7. Aoroac ousti c lest .; Thc wod t hal i n uni i med au -Ment er

causes a slLI hl. dec rease I n ,I souiid newer ecve s. at hi.-h "re-

quo niifs hut noc c haine at. I vOe nci.The? acoustic ene r- v

of' the f'ree( J01 was . 01t ri [ u' d h. eewe iros (orresrondin -
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8.0 FULL-SCALE TESTS AT NAS MIRAMAR

The following two subsections cover the recommended aerodynamic/thermo-

dynamic and acoustical tests on the full-scale NAS Miramar Hush House with an

F-14A installed. The purpose of these tests is to verify the general operating

acceptability of the enclosure and to provide a correllating check on the design

calculations for the full-scale Hush House and on the model scale data presented

in this report. For such tests, it is recommended that the following engine

operating conditions be run and data recorded for each condition:

Test Port Starboard
engine engine

I idle idle

2 idle max.
non A/B

3 Idle intermediate (analyze data before proceeding)
A/B

4 Idle max.
A/B

5 max. max.
non A/B non A/B

6 max. Idle
A/B

Runups will have to be made with and without augmenter rakes so that acoustical

data can be obtained which is free of rake noise.

8.1 Pressure, Temperature and Flow Measurements

Measurement of outside atmospheric conditions corresponding to each tes t

point are basic to the full-scale Hush House test program. These measurements

should include:

j a. barometric pressure Pamb

b. air temperature Tam b
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c. relative humidity (for use in reducing the acoustical data)

d. wind velocity (also useful in interpreting acoustical data)

e. wind direction

Enough measurements should be made on the Hush House itself to determine

total Hush House airflow, Hush House interior flow conditions, Hush House interior

pressure, augmenter wall pressure and temperature, jet mixing progress at axial

locations corresponding with the model test rake locations, ramp surface tempera-

tures, ramp exit total pressures and aircraft nozzle base pressure (which should

also be obtained free field). The following list represents the minimum number

of measurements required to make the required determinations.

1. Inlet baffle surface static pressure, Pinlet (3)

2. Hush House interior static pressure, Pinterior (2)

3. Hush House interior total pressure survey, PTflow (3)

4. Augmenter wall static pressure, Pwall (4)

5. Augmenter cross-section total pressure, total temperature surveys

60 ft. station (10 PT' 10 TT total)

90 ft. station (10 PT' 10 TT total run only at max. A/B condition)

6. Augmenter wall temperature, Pall (9)

7. Ramp surface temperature, Tramp (2)

8. Ramp exit total pressure survey, PT mp (4)

9. Aircraft nozzle base pressure, PNB (1)

All pressures can be read using either a multi-tube water manometer referenced

to barometric pressure or an accurate guage. Temperatures can be determined
using iron-constantan or chromel-alumel thermocouple junctions and the required

support equipment. The location of the measurement points is shown on

Figures 8.1-1 and 8.1-2.
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I After reducing the raw data to absolute pressures and temperatures, the

following additional calculations must be made so that the data can be checked

with the design calculations and with the model scale test results.

Total Hush House Air Flow

Winlet = Pinlete gAinlet  Vinlet

effective

i qinlet Pamb Plnlet

1 Pinle g 2
2 g inlet

2g (Pamb - Pinlet )

Vinlet 
Pinlelt g

Winlet g2 X(Pamb Pinlet ) x inlet
effective

T amrb.
__nlet std.

Pinlet = .00238 x inlet x t
P amrb. T amb.

std.

Augmenter Pumping Performance

W Ta  mw NiARP = ume x F a b

aircraft TT mwair

N

IT
Assume for every condition that Vraircraft' TN , mw N are either known

engine performance data for the aircraft, or can be readily obtainable by

correcting standard day engine data.

I - Wpumped - Winlet - Walrcraft

-254-

I!



FjLuDYNE ENGINEERING CORPORATION

s AR inlet - la.m_
T: bmw

Waircraft TN Wair

Hush House Interior Flow Velocity

Using the Hush House interior pressure, Pinterior ,' and the total

pressure in the flow approaching the aircraft, PTflow' calculate the Hush

House interior flow velocity, Vf low

2 g x (PTf low - Pinteriol

Vflof lowVflowa -mb

Check to see if Vflow is less than 50 fps and Pamb - Pinterior no greater

than 2" H2 0

Augmenter Wall Static PEssure

Reduce wall pressures to Pwall and plot versus XA to compare

with model scale results. Pamb DAM

Augmenter Cross-Section Total Pressures and Total Temperatures

Reduce total pressures to PT/Pamb and total temperatures to

TT T T amb
p TTN - Tamb

and compare applicable points with model scale data.

- 255 -

[oo



TFILUIDYNE ENGINEERING CORPORATION

1Augmenter Wall Temperatures

Reduce wall temperatures to

T wallTwall T Tam bTwallp = T ~ a

TTN T amb

I and plot versus XA  for comparison with model scale data. Also, determineDA

Tmixp from calculated ARP and known TTN/Tamb and, using the maximum

wall temperature, calculate

Twall maxp

T mixmp

T wall max _p

Calculate Yparam for the test conditions and plot T mix versus Yparam

for comparison with model test results and to predict excessive wall temperature

at max A/B before this condition is run.

Ramp Surface Temperature

Reduce to T ramp , determine if T is
p T TN Tamb ramp

acceptable and compare rampp with Twall max in the igmenter.P P

Ramp Exit Total Pressure Survey

Reduce to PT ramp/ Pamb and compare with model test results.

1Nozzle Base Pressure

1Reduce nozzle base pressure data as follows:

1 - 256-
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PNB(NB N (interior
P Pamb ) Hush amb ) Free a Pmb 1

House Field

Check for acceptability and compare with model scale results.

Note: Checkout testing of the Hush House at NAS Miramar, using

an F-14A along with other aircraft, was completed while this

test report was being prepared. Augmenter pumping performance

augmenter wall temperatures, etc. corresponded closely to the

model test results. A copy of the memo summarizing the full-

scale aerodynamic/thermal test data is bound with this report.
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8.2 Acoustical Evaluation of the Miramar Full-Scale ExhaustI Sil1encer

Pin> ompletion ofr the, lil2ar i 'mcbs ouse [-5I <' -N has -irriod out.a del ailed th t rsa to cvlut -j u:-

It ives of this fororraml weve to:

I .Provide a data base to( compare the acouft ical perfo,,rma:nce

of the full-scale Exhaust system with that. Predicted on the ai

o f t he so csi 1, '-model I ,, udy , and

d. prtovide info',rmation rcu-ardin;- the direeti- vi1 ty of t he

Isound ridiatiori from t.he exhaust plane.

8.2.1 Measurement set-up

.T1easurernents of' sound press-ure levels in /-tvrt~

from ?5 T: to 10o,00 ,)O , a nd( of' t-we iuht ed Iou rd l -e el io -,,a

at each of 20 !iicrophone positions around t, hr Y. eIt ra , as

shown in Fi; I 8.2 hese nosi tIons were e I se- enouuh to c- OI exhaust exit that the -moiasured level.- wrre netliul t

fected by other noi:;e sources. Howe-ver, tht ~-tmaueo
positlions were in the far field of the source -and couldl be ust-

to extrapolate the sound levels to nitioro the %-traus

thus enahliniv a determi nati ~n of whether Ih oxhnust' nois '-'

dominant. at, these noi oi. Teasuremeoit ri I-), 'Ir, '>_, o

20 at the, pe(rimeter- of the exhaust box rrovIAled Inoora ci

about the scurco eant ion of' the exhaust r>' s;. Al1mfsue -<
were made with one en -Inc of the iP- 14~A ai c ior ra* i no -iI maximumn altnde to If' il,* a 1j 0-
t. tons , s-uch an up-es sure-t mp aheun, c eIn wof h

I be or on h- ox, 1, rampq duioo iru; ',-m'i



20

20'

(10)

AUGMENTER RAMP 15 Q
20 20-

20'

20' Q MICROPHONE POSITIONS

,4i" .'" ; "--2 0'

_,-_.__._ tGROUND LEVEL
--2o' 20'--,4

FIG. 8.2.1. MICROPHONE POSITIONS FOR THE ACOUSTIC EVALUATION
OF THE MIRAMAR EXHAUST SILENCER.
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U how t2~ 1 '1 rai he h -1 n i ,j2

USI s Ten I A . 7 ' ~7ii l

I we-e -,ot esr ati! h ,i.-i'tl r: rI "ni all 'ull

'a Iwh Ih de-empha 1 o I the I ow- fref;u ',' aK -' e rc

t num, Tiade. t. p0ossibl 'ico avo id s! :ma - e- le ia* 10 o ro Ir ems 1:

res sIt i no t'ro-m he limit ed dyrn isl rat. -e0 itlherent in ie are, -

1 8.2.2 Measured data

n:'.l wa -2 n , I -

Tab L 1 ? n c) '

I l dv . hesaunad it'" s. ro<.

Sr'au:-is I A .
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B&K 1/2" GR SHAPING
MICROPHONE PREAMPLIFIER FILTER AMPLIFIER

7 CHANNEL
"- -_-. _2. FM TAPE

3 RECORDER
-4 HONEYWELL

5 5600 C

.

GR 1921
REAL-TIME ANALYZER

rt

' GR 1566 INVERSE

.- - SPECTRUM

TAPE RECORDER-- MULTI SHAFER

--- CHANNEL -O & DETECTOR
AMPLIFIER _

_. 1/3 O B

----- F I-LTER

b.,
MFE 805
XY

b. PLOTTER

FIG. 8.2.2. BLOCK DIAGRAM OF THE DATA ACQUISITION (a) AND DATA
ANALYSIS (b) SYSTEMS USED IN THE FULL-SCALE MEASURE-
MENTS.
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I
120I

1 110- -- O-- PREDICTED, 83 dBA
Table 2.4.2 Line 6

i - - MEASURED IN 84 dBA
C1 MIRAMAR

0
o 100I o

,U
0 %

cI %

I
U

I 1.5 63 125 250 500 1000 2000 4000 8000
OCTAVE BADCENTER FREQUENCY (Hz)

iFIG. 8.2.3. MEASURED AN RDICTED SPL AT 140 ft DOWNSTREAMIOF THE EXHAUST BOX: F-14A; ONE ENGINE MAX AB,
OTHER IDLE.I
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150

-- 0-- PREDICTED
140 Table 2.4.2, Line 4

-- DETERMINED FROM
O. FULL-SCALE MEASUREMENTS

•" 130 -
__ '
Lu
Lu
-j

120 -

0

u. 110-
0

I

0

u 100

0

90
31.5 63 125 250 500 1000 2000 4000 8000

OCTAVE BAND CENTER FREQUENCY (Hz)

FIG. 8.2.4. PREDICTED AND MEASURED PWL OF THE EXHAUST NOISE FOR
THE MIRAMAR HUSH HOUSE.
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I

I A'.u :emenI between the mesued anrd ,.'ed ,,l,,d specir' :" u"h~f': c.-

t ory.

The sound pressure levels me sured ri ct f er,-rilt ,an: I

around ,he exhaust box were also used i. u (alculate the di r, ctiv-

it y idA ox of the exha ust n, se for t.h- - 1 .A with en ,'

runnin:, '-..ximum afterburner. "'he resu] s were presented iii

Table 2.3. 3 nd are repeal Fd in Table 8.'. . The anvle, 4, Is de-

fined as bein, 0' in the downstream direct ion and increases to-

ward the side of the exhaust, box correspondirv. to the eni-ine

which is runnin., in naximum afterburner. Thus the ant-le, 4, in-

creases clockwise (lookini- down) if the nort enine is runninF

and counterclockwisp if the starboard engine is rui.-in -<.

TABLE 8.2.1. DIRECTIVITY OF THE MIRAMAR EXHAUST FOR F-14A WITH
ONE ENGINE IN MAXIMUM AFTERBURNER.

I - OCTAVE BAND CENTER FREOUENCY (Hz)

Direction 31 63 125 250 500 1000 2000 4000 8000

4=00 0 1 2 2 3 2 3 2

I4 50  1 1 2 3 3 3

4=900 -1 -1 -1 1 1 2 1 1

4=270' -1 -4 -3 -3 -3 -3 -2 -3 -2 C

I 3150 -1 - -1 -l 0 -1 -1 -2 -2

Tn addition to the PVN measurerient s, NAIC-T,nkehurs t '.easured

sound pressure levels at 124 points on I he 2%-ft-radius circle.

I The A-weihted sound levels that they measured in the dowrstrn am

half-circle for the port en,"Ine runnink' are presented in Fi>-. 8.2.5.

I 4
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270 900s 70 dBA dBA 70 80 90900

180" 1

FIG. 8.2.5. A-WEIGHTED SOUND LEVELS MEASURED ON A 250-ft
RADIUS: F-14A, PORT ENGINE IN ZONE 5 AFTERBURNER
STARBOARD ENGINE IDLE. (SOURCE: NAEC-LAKEHURST.) f



I
With the starboard engine running, the levels would appear as the

mirror image of those plotted in Pie:. 8.2.5.

The analysis of the sound pressure levels measured at differ-

ent distances around the stack of the full-scale Miramar Hush

House indicates that. the noise emanating from the exit plane 'en-

erally controls the noise levels measured in the aownstream

quarter-circle at 250 ft. However, at frequencies below 100 Hz

the spectral levels measured at 250 ft are hi ,her than would be

expected on the basis of data obtained at 40 ft, assuming hemis-

pherical spreading,. This result implies that at frequencies be-

low 100 Hz there is another yet unidentified source controllin'

the noise levels at both the 40-ft and the ]40-ft locations.

Since, in this case, the spectral levels at these low frequencies

do not influence the A-weig7hted sound, this effect is of no con-

sequence. However, if the noise criterion is stated in another

3 form that puts more emphasis on low frequencies than the A-

weig hted sound level does, the contribution of thIs source may

prove to be of interest.

The analysis of the data recorded neir ihe eJ]'-< of the ex-

haust box shows that the hir-hest nearfieli round pressures were

measured on the side that corresponds to !hfe afterburnn;- en,'ine

of the aircraft under test, the maximum boln- -measured ar the top

3 edge of the ramp. This location of the -i-u ... d maximum near-

field pressures corresponds to the locatloi, of the maxiMum local3 exit velocity, which is the likely locn ir of The source of the

self- enerated noise.

I The exit flow from the augmenter tube is deflected upwards

by the 450 ramp. The exhaust flow along this ramp resembles a

3 wall let which, when it reaches the top of the ramp, creates

trailing-edge aerodynamic noise. The microphone measures the

I
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sum of the aerodynamically generated traili ng-edge noise and thp

enwine noise attenuated by the lined augmenter, and there is no

easy way to separate their relative contributions to the farfield

noise. However, there are some limited data available for the

prediction of the aerodynamically generated trailinfg-edire noise

[A-6] of a wall jet in the characteristic decay region, if the

flow speed and the boundary layer thickness are known. Although

we cannot assume that the degree of turbulence and the pressure

gradients in the wall jet experiments of Ref. A-6 are fully

representative of the conditions of the ramp exit flow of the

full-scale Miramar Hush House, it is still useful to attempt a

prediction of the self-noise on the basis of these idealized

conditions.

Since the aerodynamically generated trailing-edge noise in-

creases with the sixth power of the flow velocity, the peak exit

velocity is weighted heavily against the average. Accordingly,

if one assumes an "effective" ramp flow velocity of Uef f = 400 ft/

sec and a boundary layer thickness of 6 = 1.25 ft, the prediction

scheme of Ref. A-6 yields, for a location 140 ft downstream of

the exhaust stack, the predicted self-noise spectrum shown in

Fi1. 8..6. For comparison, we also show the octave-band spectra

of the sound pressure levels measured at the same location for

the full-scale Miramar Hush House.

Althourh the choice of 400 ft/sec "effective" flow velocity

is somewhat arbitrary and the noise prediction scheme strictly

applies only to a wall Jet or. a flat plate, this exercise a!ain

points out that level of the aerodynamically t-enerated noise,

althouih nor. dominant, May be only slirhtly below the level of
the attenruated aircraft noise. 'ecause of' the sixth-power depend-

ence of' th- aerodynamic noise on the local flow velocity, in
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situations where hiher exit. volocit ies are cilled for or stricte, r

noise zriteria must. be met, the self-noise may be a control],-n'

factor. Our knowledv-e of the self-noise is very limited at nrc-

sent; it is therefore recommended that systematic self-noise

investigations be conducted.
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ENGC-441EERING CORPO!RATION
5900 Olson Memorial Highway

Minneapolis, Minnesota 55422 IN REPLY REFER YO
29 October 1975

From: FluiDyne Engineoring Corporation
5900 Olson Memorial HighwayIMinneapolis, Minnesota 55422
(Attention: Owen P. Ilamb)

To: Mr. R. B. Foster Code 403F
Southern Division
Naval Facilities Engineering Command
Post Office Box 10069
Charleston, S. C. 29411

Mr. E. Ference Code 0452
Naval Facilities Engineering Comana~
200 Stovall Street
Alexandria, Virginia

Mr. M. Lepor Code 40
Naval Undcrsea Center
San Diego, California 92132

Mr. D. D. Croce Code SE-422
Naval. Air Engineering Center
Philadelphia, Pennsylvania 19112

Mr. Denny O'Dell Code 53431P,
Naval Air Systems Command Hleadcuaters
Washington, D. C. 20361

Subject: Contract 1462467-74-C-0490 Model Study of a Dry uJzt
Engine Noise Suppression System - Sum-mary cofu1-cl
Aerodynamic and Thermal Data from the NAS .Mliramar liu.;h,
House Checkout Tests

This memo sum-marizes the aerodynamic and thermal data froi thc

checkout testing of the full--scale NAS Miramar F-14 Hush Houso and

relates the test results to the Hush House design calculations and

to the results of the 1/15 scale model tests. The full-scale
acoustical data are included in the pzortion of the model study

report provided by Bolt, Beranek and Newman, Incorpcrated and

they will not appear separately.
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Fage two

Table 1 presents the raw basic data taken during the initial

checkout tests in early August, 1975. In thz. cases of Hush House

inlet pressure and iziterior pressure, the values presented repre.:ent

the average of pressures taken at more than one location.I
TABLE 1. RAW BASIC DATA FROM INITIAL

NAS MIRAMAR HUSH HOUSE ThSTS

Veloc. Y a Y
Hush Hs Hush Es Probe Auyii.

Power Air Inter. Inlet Total Wa] 1 P. i,
Aircr. Set ting Baro. Temp. Prcss. P'res PX-e.ss Terp. T,1r1 .

"hg t H '" 0
abs F 2 hg2as a:

gage qgsge T

A-4 M .L 29.48 80 -0.75 -1.30 29.46 149 1,. (7-)->J

F-0 MIL 29.51 7] -0.79 -1.30 29.49 164 iC.:

F-8 A/B 29.5] 71 -0.0 -1.45 29.49 294 37:

F-4 (!)MIL 9.47 74 -0.75 - .20 29.47 29(1 i -, j- 19:,

F-4 (1)A/B 29.47 74 -0.80 -1.30 29 45 47' 430

F-4 (2)M1L 29.47 74 -1.40 -2.53 29.42 215 -

F-14A (1) IL 29.34 8-. -0.85 -1. 4C 29.31 215 2 ---

F-14A (1) A/B 29.34 85 -0. 90 -1.I30 29.31 970 GC

F-14A (2) TII, 29.4 =: 70 -i.75 -3 .00 20. 39 .-. .

The barometric pressures 1 i ..... bove do nt. to tlie

data, in some instance--., because the pubrli shed barorotri.

cidn't appear to correlatte properly with so)me of the othc ':J:A,.c'

pressures. Y&L].e 2 ores.nts zuciri.2n to0 aial1 wall tci;.p'rw . ""

taken during the intial tests and both wall te!.rat'us 1*.1 pv ,'.:I-

taken during later tests (9-23-75) with the F-14A havin, on- cricir.C

in afterburning po;.er scetting.

TABLE 2. AUGMENTER AXIAT, SIDE WALL TEMPFRATUES AND PRESSU.!7S 1L?. ?
MIRAMAR FUSh KOUS'.: CHECKOUT TESTS WIT.H TKE 1-14,. HAVI,-U2 C.
ENGINE IN ,\/B PO'ER SETTING

Axial Axial Wall Wal
Station Location Pressure Temperature

_XA/DA,_ to 20,Dag. 0

1 0.67 -4.7 248,
2 1.33 -4.2 (1 5603 ~~~1 2I0- t4"
3 2.00 -3.4 .0 735 950 UJu

4 2.67 -2.2 6 823 970 a o
5 3.33 -1.7 ' 723 , 9CS r
6 4.00 N O ., 947
S 5.33 -0.6 E ' 748 OM /!
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Page three

Figure 1 shows the iccation Of rnax~x~nurn totl&3 t.-n p-eraturc arin (a .2

tot-,i p2:ossure in~teMrr~ rzrt~ exit O:.rosz-s-ct_-1 diif t

F--14A cl'Aj.edic1 cdur-.nzr tIe 9-23-75 tcost, a~~~ , r:

IC)Cat ti c" -' :r

rir

4 T-.,:.i 0 !:! c, i.A

mocl,~ t:>r e. z-

Tho rz:vi juh11u;e -i inle~t was :J:',O.cl

hio u j t(-r D so. S 1 .;1. c icpy'ecs-.on- noldrot Cxcc' 2
tioriwiL tho. 1-141-- h;wvi iic both csiiu ino r j~;~a r:::t~~i'i

(MTl,) tc~:x t tinrj . Si nc-c! t-hc P-.4r, zJ IcrzI f - :: F ;

the Push House wats ch ..ckod o,-it usingj the 7-14Ai!. 'WK t i W

in mil.itanry pow-z - sottincj, the IN-uin .1ouzc itro ~su.
fell20 cacjc, wh.4ch indicaite!; rc.asonihl.c cLgrc,cnttih tho .;~ ~ ::
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Pa2ge four

Total_Hush 11LIne T!!lct AirFlow Rate

In order to chock the effcctive arect of the Hush iiou~e air

inlet and verify tho pumpi ng peri ormn--e c6ata;! from tho 1/15$ sea --J a

zModel teCst proLCjraml, th tota11 InLlouei] .~i r flwratc-w

catlcula ted usi nq t In.ek-jGjp~1~ mtji ar.6 the rCeSL] t S ca r,

For iiocthod onioh i f lo' .te vt Calculatedl 1,-, _ '-'lvirq

the 1/i-5 scale modcl tc; - rcsulik.w U rx i (!) ,cs(tion 2 .1 of- thc

nv~ 21te: LTep;, jfGo, i dl' ia .ia ~~of ai-taK V . i

Scaile IS'!ltI.c ~;-~wtir.l1L2O V 23 iL. ft

-,~~ ~~ .- - if~ .7;::

i11.1 Ci. T * . . .

-I..

A -, - ' ,

Ar~~r0 37.:~
1 1  

p: !C! :t ":' ?'fy *:L

y- P 1... 7 r) q - 72!

F- )a/ 4'C 4.20 21 3/0 6637

7)a/ 20 750 24 370C)0 24 .9'9 L )'

0~-V ..1 2 C, 40

a Iso fIrhI(C for thE( r;C cal cli' -.. onz;

T a - 75~(55

MW . 2-)

In some1 cases, the estima tc rc'qui ted a consjiderab).v x ~~ t &-t1

miode~l test data (t.h,! A--- A~ A- 1.02, for instance).

A A/NT
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The skcond maiss flow rate estintate was zmade using the 265 sq. ft.
effective i] ct area (335 sc . ft. goometric) assuned for th( l -u53 :,-,

inlet. dvsi'n onq with the static pressure mcasured at this

dur:lr!c! th,'~' ur'.',.: ch, c]:,-ut tcsts. LUsirg typic alnl hiilt C>)Prii, t. I 03

o[ 29 [ . ], '!
] 

( ' U) 0. i al vs '; ' ) Ic r.... nc . ; . ye" 1-. sur ]] n - 1,] 75 F t ciru 'V -,4. ...
01j" },s , ,- ICi 1- , ( t. ct o 0.073. lb/cu. ft. , a .AeU o. '-uI-

a:' r o r I- ' { I.. ne.r K: L' I :'. Tji@ m : rf ow na;teo th.rau:rh! t iv-'. ,[

Inlio. cn hi cal., , wn! u a',, as !el3 ;~;-,.

i. (J t, . , v

I'; : . I" c t

" . ... 0:.. .

3 m

2 C 7'T ) ., 6

t 0 : . ) 1 1 ,1.

V--: 44. 1- 0. 9 0 0 L l IIi

' J .'

F, - 4.' .MI 1.-2 . . 993C 0 .' 6!226

-. ]-,.-,ctw

-A 4A (I A, --1.40 .9965' .071 . (1 8.

F- I 4A (1),111 -. 30 .9968 .0Gs 16 5

F.-4 (2)M]L~~~ -25(:3 06 2S

]F- 14A GV) Eill, -3.00 .9925 .104 2470
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Yho. t ci x nd finl iniIcl ms o.; rfto( e estimate wa:;L2,ZC on

t!he bIkis corQ t 1o:-:: ;,I. the 0't.J t o:. Lhc 1,.SOh I"- Q )-

'ih (: ;< c-< ;'o. .vc,. oc tI,- co', ou ',t " ; ",:.c.c . :;; t.ic . i,>.

of , . ot t. 1 0 ]r., c' t- .

] 2:-.; .l:::; "; ,.2;<:V :< 2 j - tpv" 11W:-;V K'. -... :" <:, d : i; C!.' : , ,,.

T~~ I.~ -,. ( 1 o

f: :Y t. 3'C . C; -

r a C I

( " '.

I i

C'

0. J

A- 4 I ,,-

r-- (2) 7" 1 2 .

.92W '..C'T C .,' ) ,,

F-' '' A." -0.',I.'.' " ), !' " 9 '

F- "A I ) ;/I - 3 9  C -) ". .. . or, "

* -4( )/; 9. 1. -O.' ' ! .05V..

S (2. 3.75 -1.012

F-8A (3 ), b 39w. 9I --0.95 ". -,r . AVG I "

F-.14 (2):-' I, 399,9 -10.75.  .9<.2$ .0.", ](-

1.'4 ( )A.I; ..). -0 ' ,9V2 G. i,')/

1'-- (2 i'll ., )).."", , -1 ,I0....q:" ] .0 'i ,n'
• • ... , .., ,3 .C)[, ] ;t'V
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With the exception of one questionably high estimated velocity, the

resulting velocities correspond properly with the estimated Hush House

air flow rates listed in Tables 3, 4 or 5. The Miramar Hush House

air inlet was designed to limit the Hush House interior flow velocity

to 50 feet per second with an F-14B having both L. its engines in

maximum military power setting. The resulting 68.4 feet per second

with the F-14A in that power setting indicates more flow separation

from the inlet turning vanes and door dividing panels than was

assumed during design. While this higher than desirable velocity

doesn't pose any serious operating problems, an attempt will be made

to lower this velocity in subsequent Hush House designs.

Augmenter Axial Pressure Distribution

The augmenter wall pressures listed in Table 2 were reduced to

P/Pamb and plotted with the model test results on model test retort

Figure 7.2-9. The full-scale and model test results correspond

satisfactorily.

full-scale results -

I I

.99
P/pamb. ., y -- b o I CcnfXDuratcn

FIGURE 7.2- .LOGIUD, A S1HELL J-,. PRSSR D .TIBTO iO~Rat T

tt~~~~l~~l ', i . : ,, O IW/o exit ramp [

OBROUND AUGMENTER WITH AND W ITHOUT EXIT RAMP.
/- I[25X X /0 D T -6,L / 6,T /T - 0

A (AAA N/ NT I AA , TN amb=6.6,X N
I Yp=t 45)

n Va
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FLUIDYNE ENGINEERING CORPORATION

I -- --~- 2i.-Symbo I Position Y Tap

0a 1.0

74 0 b .45 0
0.4 I __ b(F-14A) .45 1

LT II I _ _ _

0.3

I~ I :ac-A

0.2 f iL i~F

trt

0.1 - _ t4_

0 1 2 3 4 6
x A/D AM

FIGURE 7.4-1. LONGITUDINAL SIDENALL TEMPERATURE 01ISTR,'BUTION
VERSUS JET N0ZZLE LATERAL POSITION AND DEFLECTION
FOR THE OBRGU D AUGMCNTER.
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The full-scale total pressure and total temperature values were

reduced to PT/Pab and T., respectively, and the results are

compared to thu ruode! scale projections for each location in Table 7.

TABLE 7. CO .A.' RTSON, 0 " PUIL-SCA ,F, A .: .-r,,
Ch~O.S--,,:CT1I'ON ,'JA , ...... t " t ' ' AND ....OJ T.
T1 M'EW' LI2 ;h"] ].:i'r :-iO!)E, SCA1A" 'jEST i< SULT,

Full-scae i'ul -. scalc rcsult Model scale results
I oc- t ion i// 'l P ,

S  ZII'Lb

ma.x PT 3.. 0*8 0. ] 1. 065 0.23-5

1v,.: ',T ]30.> 0. '2 1.050 0.2 ,

)]|(' 'ti.--'. c .... )o u3. ' j;.:,) ': ,." i .. 1,] .'..:s-.;U,(-:: and tot['. tc,:.: "',.

cc&~;ua C, 2

VC: ;v ,.' /.. .

f;, -

\;v . i h. '.
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