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This report describes part of the work carried out and results

obtained by The University of Tennessee Space Institute under Contract

L THAED

Number DOT-FA72WA-3053. Earlier work on this contract has been reported

RS

in Report No. FAA-RD-75-162 entitled "Investigation of Feasible Nozzle

<

& Configurations for Noise Reduction in Turbofan and Turbojet Aircraft"
; ; ; consisting of three volumes subtitled as shown below:

: Volume I ;Summary and Multi-Nozzle Configurations

: ; Volume II Slot Nozzle Configurations

é Volume III Shrouded Slot Nozzles

The present report deals with the research program on coannular nozzles 1ﬂ
. with conventional and inverted velocity profiles.
3 ;
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SUMMARY

An in-depth investigation of the noise characteristics of the
exhaust jets from coannular nozzles with conventional and inverted pro-
files has been carried out. The investigation consisted of five

principle phases listed below:

1. Reverberation Chamber Tests on a 2-inch nominal diameter B
coannular nozzle under cold flow conditions.
2. Free Field Tests on a 4-inch nominal diameter coannular .
nozzle under cold flow conditionms.
i 3. Free Field Tests on the 4-inch diameter nozzle with
either primary or secondary flow heated.
4., Free Field Tests on an 8-inch diameter coannular nozzle
with either primary or secondary flow heated.
3 5. Laser Dcoppler Velocimeter measurements on the exhaust
flow from the 4-inch nozzle with conventional and
inverted profiles.
All tests were performed using circular coannular nozzles with equal T

primary and secondary area (AS/Ap = 1).

e i

The results of this study show that coannular flows with inverted
velocity profiles are quieter than standard velocity profiles at the
same thrust and mass flow. The acoustic differences between these two
types of flow are much greater when the velocity differences between the
inner and outer streams are caused by changes in the stagnation tempera-

tures rather than by changes in the stagnation pressure ratios of the

primary and secondary flows. The major differences in the sound fields
occur at angles less than 45° from the jet axis, where the greatest
noise is radiated, and result ‘rom a reduction of the peak frequency
noise of the standard profile.

The reduction in noise obtained by the inverted velocity profile

is thought to be largely due to the rapid decay of the maximum mean
velocity that occurs compared to the standard velocity profiles. This
implies that the source convection velocity is reduced with a

corresponding reduction in sound radiated near the jet axis. The

iv
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fact that the effect is enhanced when the secondary flow is heated
is due to the fact that the low density, high temperature secondary
air looses its momentum more rapidly by mixing with the cold ambient
air.

The noise reduction obtainable by mixing a standard profile

coannular flow to produce a uniform velocity profile with the same

thrust is less than that attainable by inverting the standard profile.

i
t
&
i
{
|

Standard jet noise scaling techniques can be applied to coannular
flows with inverted velocity profiles to determine large scale noise ‘

levels from model tests provided the area ratios are the same.
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1.0 INTRODUCTION.

A most successful method for reducing the exhaust noise levels of
jet engines is based on the bypass principle, which provides for additional
air to bypass the primary gas generator of the turbojet engine, have it
energized by a fan, and afterwirds exhausted into the atmosphere. It was
considered to be essential tha: the bypass air exhaust into the atmosphere

f ' at velocities lower than those of the primary airflow. Since the exhaust
} velocity of the primary air is reduced by the energy transfer from the

primary air to the bypass air through the turbofan system, the mean velocity

H of the engine exhaust is reduced in comparison to straight turbojet
engines of equal thrust. Both the reduction of the mean exhaust velocity
level and the low velocity of the bypass air combine to affect a large
reduction of the exhaust jet noise. The bypass method has been applied,
with great success, to most commercial subsonic aircraft of today.

Recent experiments (1,2) have shown that the usual method of keeping
the exhaust velocity of the bypass air lower than that of the primary air
does not necessarily produce the maximum noise attenuation. To the contrary,
b it was found that considerably greater noise attenuation could be achieved,
in some cases, by having the bypass air deliberately exhaust with higher
velocities than the primary air. In contrast to the 'standard" exhaust
velocity profile, that is with the bypass air exhausting with lower velocity
than that of the primary air, the new scheme employs an '"inverted" exhaust

velocity profile.

The purpose of the research under the current contract is to investigate

A AR . 75

the noise reducing potential o7 bypass engines with inverted velocity profiles, ! |

1 to determine the optimum param:ters for velocity and temperature profiles,

and to shed light into the physical reasons behind the experimental observations.

In order to explore the relative merits of coannular nozzle systems, |
employing either the 'standard" or the "inverted'" velocity profile, a
series of experimental studies was conducted in which gradually the velocity |
profile of the exhaust was changed from one extreme to the other extreme. '
The experiments were conducted for cold flow and for hot flow conditions

up to air temperatures of 1,480°R.
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Most experiments were conducted with coannular nozzles having an
external diameter of 4-inches and 8-inches, respectively. With these
nozzles, the sound pressure and the spectra at several key locations in
the far-field around the nozzle exhaust were measured in the free-~field
aeroacoustic test stand at the Institute. In addition, some preliminary
experiments were conducted with a 2-inch coannular nozzle in the
reverberation chamber of the Institute. In these experiments, the total
sound power and its frequency spectrum were determined.

Some experiments with the 4-inch and 8~inch nozzles simulated
operational conditions of the JT8D engine, typical for takeoff, cut-back,
and approach flight conditions. In these special experiments, the
exhaust profile was established to simulate both 'standard" as well as

"fully inverted" conditions.




I 2.0 EXPERIMENTAL FACILITIES AND MODEL NOZZLES.

2.1 Aeroacoustic Test Facilities.

The UT'SI aeroacoustic test facility is comprised of an air supply
system, a reverberation room, an outdoor free field test stand, and the
associated instrumentation. Since these facilities have been described

" in detail in Reference 3, only a brief description will be given in this
report with emphasis on the special modifications which were required

X for the present study.

2.1.1 Air Supply System.

Air is supplied to the test facilities through a system of piping
from three 250 ft3, high pressure storage tanks. Control of the air flow
is achieved through the use of a 4-inch control valve and two dome regulators.
; A mass flow meter is installed in the piping upstream of the test facilities.

Manual valves are used to direct the air to each of the test stands.

1 2.1.2 Reverberation Room.

The reverberation room is used to measure the total sound power level
radiated by a jet without regari to directivity. The reverberation room
used in this investigation is made of heavy plywood and is 8 ft long, 7 ft wide,
and 6 1/2 ft high with a volume of 360.ft3 . During testing the only opening
is an 8-inch diameter exhaust duct. Air flow to the primary and secondary
stilling chambers for the coannular nozzle tests is controlled by means of
two independent throttiing valves. Two 1/4 inch microphones are used to

obtain the acoustic data.

2.1.3 Free Field Facility.

The outdoor free field facility is used to measure the spectra and
directivity of the sound pressure levels of jets. The major elements of
the free field test stand include the stilling chamber, which is 11 feet

long and has an inside diameter of 25.75 inches, its supporting structure,

TAfter the experiments or the coannular nozzle for this investigation
were completed, the Institute's reverberation chamber was replaced by a
considerably larger chamber of 5600 ft® volume.




and the microphone sweep arms. A kerosene fueled heater makes it
possible to conduct tests at temperatures up to 1480°R. The stilling
chamber may be raised and lowered from the horizontal to an angle of
35.5° above the horizontal to facilitate changes in test configurationms.
Several modifications to the free field facility were necessary in
order to conduct the coannular nozzle tests. An inner stilling chamber
was added to the original chambar as shown in Figure 2.1. The acoustic
liner was installed to attenuate unwanted noise. An additional section of
piping was installed in order to supply air to the secondary stilling
chamber as shown in Figure 2.2.

The experimental program required that tests be conducted for

heated inner flow and cold outer flow and for the reverse conditions with
the outer flow heated and the ianner cold. Since only one stream of the
supply air could be heated some rearrangement of the piping was necessary
to produce the latter conditions. The piping arrangement for heated outer
flow is shown in Figure 2.3.

For the high mass flow tests it was found that original fuel supply
system was inadequate to attain the temperatures required. A supplementary
‘ fuel injection system was installed to alleviate this difficulty.

Two 1/4 inch microphones were used to obtain acoustic data at the
free field facility. In order to obtain sound pressure levels at
several angles relative to the nozzle exit one of the microphones was
mounted on a motor driven sweep arm. The microphone sweep plane and nozzle
coordinate system is shown in Figure 2.4. The second microphone, when used,

was kept stationary in the YX plane.

2.1.4. Instrumentation.

The aeroacoustic instrumentation is composed of a flow measurement
system and a sound measurement system.

Sound measurements are made with 1/4 inch B & K 4136 Condenser
microphones. The signal from one microphone is fed into a B & K Frequency
Analyzer Type 2112, and then recorded on the B & K Level Recorder Type 2305.

The Aeroacoustics Laboratory is equipped with two of these systems.
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Figure 2.2. Free Field Facility Piping Arrangement for Hot Primary
Flow and Cold Secondary Flow.
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Figure 2.3. Free Field Facilit,; Piping Arrangement for Cold Primary
Flow and Hot Secondary Flow.
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The bulk flow conditions at the nozzle exit are determined by
measuring stilling chamber pressures and temperatures and then applying
one-dimensional, isentropic flow relations for the expansion to atmospheric
pressure.

For some test conditions of the 4-inch nozzle, the velocity profiles
were measured for both standard and inverted flow at several stations
downstream of the nozzle exit. These measurements, conducted by means

of a Laser Velocimeter are reported in Section 6.0 of this report.

2.2 Models Tested.

Acoustic tests were carried out on three different coannular,
coplanar nozzles. Each nozzle is of the same basic design, differing only
by a scale factor. In this report the nozzles are referred to by the
nominal diameter of the larger circular nozzle. The inner and outer
diameters were fixed so that the exit area for the inner (primary) and
outer (secondary) streams were the same. Figure 2.5 shows the dimensions
of the 8-inch nozzle and the manner in which it was mounted on the
free field facility stilling chamber. Table 2.1 gives the pertinent
dimensions for the nozzlesused in this test program.

The two-inch nozzle was tested only in the reverberation chamber
and only under cold flow conditions. The 4-inch and 8-inch nozzles were

tested in the free field facility with cold and hot flow.
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All Dimensions in Inches
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Figure 2.5. Eight Inch Nozzle and Free Field Transition Piece.
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i TABLE 2.1

NOZZLE PARAMETERS

| NOZZLE | o Dy t A
' inches | inches inches inches?

2- INCH 2.220 1.550 .02 1.88

4- INCH 4.0 2.778 .05 6.06

8- INCH 8.0 5.607 .05 24.69
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3.0 ACOUSTIC DATA FOR COLD FLOW.

5 o - Reverberation Chamber Tests on 2-Inch Nozzle.

The initial tests with the coannular nozzles were made in the
reverberation chamber on the 2-inch nozzle with both primary and secondary
stream unheated. Several test series were carried out varying the velocity
ratio of the secondary and primary streams while maintaining either constant
total thrust or constant total mass flow. In these test series, the velocity
ratio was changed by varying the pressure ratios, that is the exit Mach
numbers, of the primary and secondary streams. The test conditions and
acoustic results for these test series are summarized in Tables 3.1 and 3.2.
Table 3.1 gives the test conditions and results for the constant thrust
test series and Table 3.2 shows similar information for the constant total
mass flow series. The sound power level (PWL) values in these tables were
obtained from microphone measurements in the chamber as corrected for
the chamber's acoustic characteristics.

The results of these test series are presented graphically in
Figures 3.1 and Figures 3.2 where the sound power level is plotted as a
function of velocity ratio for values of constant total thrust or
constant total mass flow. The lower portion of Figure 3.1 shows the
variation of total mass flow with velocity ratio for the constant thrust
series. The variation of thrust with velocity ratio for the constant
mass flow series is presented in the lower part of Figure 3.2. The
abscissa for Figures 3.1 and 3.2 are Vp/vs for the standard velocity
profiles and VS/Vp for the inverted profiles so that the velocity ratio
is always greater than one. Thus, since the primary and secondary areas
are equal, a direct comparison can be made between the sound produced
by a conventional velocity profile and an inverted profile with the same
thrust and the same mass flow rate. Figures 3.1 and 3.2 show that there
is very little difference between the noise of the standard and inverted
profiles when compared on this basis. At low thrust and low mass flow
rate the conventional profile is about 2 dB quieter than the inverted. In
both of these figures, the minimum sound power level always occurs at or
near a velocity ratio of one. This minimum, however, must be viewed with
some care since for the constant thrust curves the mass flow rate is a
maximum at this condition, and for the constant mass flow curves the

thrust is a minimum.




13

| | |

_ ! |
82021 SL® A4 M 08° | EL" “ S6°
LT 6TT L8° 825" 06° ! 08* | n6*
107021 66" 826" M ﬂ 00°T G8° ” cg8*
62°021T 87°1 L26° (e B S &r”
€L°02T 94" T Lzs" ur/qr 0€°%T | ve' T 86" w oL*

Z .
ET"61T vy* 9y 0s* m Sy* _ L6°
86°LTT 86" 644" _ €9° | £c* | 16°
ST 91T 9L" ggy* _ | 6L" . ¢9° ” vg*
08" %11 10°T 79%° | 00*Y | i . cL*
L9°9TT _ 26 %r 8GH* 92T _ vg" M S9°
SLUBIT | THLT 6hy* 6" 1 16" ! o
GE6TE L. 62'2 ogy* ,OF/9T 60°TT | e | L6" : cH*

. w |

98°8TT _ 0 " 062" . 0 W 0 _ 6°
18 €TT ‘ fg* ] Gl ko U S« 8"
€8° 11T e ol 86€" €8° 15" '
! ks g R 109" 00°T | 79* | %9*
, £6"€ELky, €St L . $bL | e SO 9L° g*
ST'LTT | 662 |  99€° | UT/ql 9z'g 0Lz “ 9g* | ¢

|
LT°0TL | 0 nLe” 0 AR | p
6€°60T 6¢" 9LT" gv” _ A . 59°
767201 66" 88Z" z9° w 9¢* “ 09"
L9°201 €0°T 662" m 2 ! 6%"
88°€0T i 967" ozt | v * M cy*
S1°60T Ly 162" 4 h | 86" o%*
apP 4%£°90T 6o 08¢* Ncﬂ\pﬁ 18°% | 60°C %9* ot

Nc.n wa\n:” 3 Iu_

™d ai\m v/ T Y *K _ -t

HONI-UML FHI ¥04 SAIYIS LSAYHL INVISNOD IHL ¥0d SITNSIY OILSNOIV ANV SHILAWVEVA MOTd J0 ANVIBANS

JINIVIIdWAL INIIGWV LV d1ZZON YVININNVOD

1°¢ 3719Vl




9:0zT | 0TTO" o | zev: # z6% “ 29%¢ m $h0Z zove 0 6°
8°cTT |0610°| ss° | o6 | mS_ (87 | 58z _ 20€2 0zTE z9° 8"
_ !
p TTL | 9120°| €8° | w8y S.Vw 28y “ vz | 9ssz 6€82 1 L
0°TIT | 0z20°| 00°T | z8v ,_ vew | ogv | 960z | 69z | w9z | et | w9r
vz | cozo| et | oogy | tew| 6o | oz _ 86z | szve 9 ¢
9°STT | S910°| oc'z | 6Lv| 6Ly | 619 | sToEe | 96z€ 111z 98" ¢
Wt T AR Aad oW Codn el W
e M wa| 30 YAl w | w.| w | et | oseeaz/ar | osqeasgar *N %
E< | mosk o | aou. : Eom mom “ mom

(;338120° uz<v dTZZON ¥VINNNVOD HONI-Z JHI ¥0d ,UT/qT 9Z°8 = V/HL SITYIS
LSN¥HL INVISNOD ¥Od SNOILIANOD MO1d QIXIW QALNdWOD ANV SNOILIANOD ISIL 40 AYVWKANS

j., BTt ATdVL




[Ta
-

pre——

| | |
L1021 ~ gL | 1€Y1 18" T S
U6t | 98 TR 06 TS S
€61t | 0071 | aAL) 10°1 S (N LI
99611 |  82°T | T * 9T BT T U e
90zt | 9v°T 76" TR se°1 86" | - oLc |
3% 68°T1 | 0s* A
i G R 22 1T 99" % 16*
gosry L et ) 801 | 8 M e
18911 | 00T wpt | T $0°
€6°STT | 62T ot | et R
12611 | LY 6z°XT 5. 1 e
98021 L7z 97" €8°11 £0°2 660 | s
!
srery’ | oz | L e O | L
SS-ZLE. | . pos ] e i e e P TR N
18" 80T L9° 61°L - 6v: | oL
€9°L01 10°1 00" T0°1 09" | 65
92* 11T 89°1 ] 65T ¢, | me
TT°E11 87°2 9" 78°L v2°7 z8* s
£9° 911 0 9¢°9 0 AEE RS
€5°801 81" 20°s 0z S AR A
€%°20T e 60" 0v° s
2€°L6 89" €9°¢ oc* ve* 05
£0°86 00°T | ,ur 995/q1 €7 00°1 zy° z9°
2P £8°20T £8°T gz LUT/AT L€ (e £g” U
+
H i
4P 1M Yl Nyt boras | “ai%s *x %
MO Q100 HLIM FTZZON ¥VIINNVOD HONI-OML 3HI ¥Od
SATYAS MOL SSVW INVISNOO GHL ¥0d SLINSTH DIISNODV ONV SYILIHVEVA MOT 40 KAVKKAS

2 ¢ d74vlL




I = 14.30 1b/fta?
N
120 ‘kl 3
v A— 4 11.09 lb/iTn
- A
ﬁ/ 0O 8.26|1b/1n?
115 z:/
E; //’/Tii’
-
~ ,//
J qj/-/
110
z
Q :
x5 i _ @ 4487 1b/in
100 -—
1.0 EeD 2.0 2.5 3.0
v v
vi, or VR (Dark Symbols)
P s
= 14.30 1bfin?
—a—
- \‘\? 11.09 1b/in®
-
pel S
Py .\\-._..D 8.26 lb/:l.n2
—
<
~
.8 ~. SIS (s e e
———O——@ 4|87 1b/1in®
ot P VBT ¥ TN 7.5 20
\'} v
75, or VR (Dark Symbols)
P s
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The most meaningful comparisons from these series are for those
points where both the thrust and the mass flow are constant. Figures 3.3
and 3.4 show comparisons of the 1/3 octave sound power spectra for two
pair of such cases. Examination of these figures show that the overall
sound power level for the inverted velocity profile (Vs/Vp > 1) is
slightly higher than that for the conventional profile (VS/VP< 1) due
to an increase of the high frequency noise generated by the high velocity
annular flow which is not complctely compensated by the reduction of

low-frequency noise. The sound below 5 kHz is lower for the inverted

‘ profile. These results were typical of such constant thrust, constant
mass flow comparisons. It is to be noted that, for actual flight
condition, the reduction of low frequency noise is significant because
low-frequency noise attenuates much more slowly during its transmission
through the atmosphere than high frequency noise.

Following the data analysis of other investigators, [1,4] the sound

power data presented in Figures 3.1 and 3.2 have been further analyzed

by comparing these data with corresponding synthesized power levels of
separate jet flows. It must be emphasized, however, that the synthesized
flow model has little resemblance with the actual physical flow patterns,
and represents therefore a rather artificial standard.

The synthesized power level was computed by adding the sound power

of two non-interferring jets as described in Reference (5). This yields

PWL /10
PWLsyn 10 log [10 "p + 1

PWL /10 3
s

0 ]

where PWLp and PWLs are the powver levels produced by flow through circular

nozzles with areas equal to the primary and secondary flow areas respectively
and with velocities, Vp and VS. The sound power level for these .
equivalent area circular nozzles were obtained from Lighthill's V

law with an empirical constant K selected to achieve best fit for previous

circular nozzle data: 3 r
;°V8A
Sound Power = K . watts
& 3
(6]
where -5
K=5x10 ",

eSO ¢
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Sound power data from the inner circular nozzle of the coannular nozzle
were compared with this correlation and very good agreement was found.
It is noted that for the synthesized method, both mass flow and thrust
are kept constant for the test nozzle and the synthesized nozzle.
Furthermore, the experimental cata were compared with the data of fully
mixed flow.

The fully mixed flow was computed by assuming that the stagnation

pressure and temperature of the mixed flow is given by a weighted average

of the primary and secondary flows:
2 -l +
"rPom mppop "sPos

2 - +
mTTom mpTop mSTOS
where

st
by o, v,

The exit velocity Vm can be computed from . and Tom' The nozzle exit
area is then calculated to satisfy

l'.l'l.r 3 pmAmvm
From the nozzle exit velocity and exit area, the sound power level of
the mixed flow can be calculatcd from the correlation above.

The use of a mass weighed averaged for the stagnation pressure of
the mixed flow is an approximation to a more exact mixing calculation
using the one-dimensional mome (tum equation. It should be noted that this
calculation does not maintain the same thrust between the mixed flow and
the experimental conditions. The differences are small, however, with
the calculated mixed flow generally having thrust differing from
experimental conditions by no more than three percent. Table 3.la gives
a summary of the test conditions and the mixed flow conditions for the
constant thrust series with Th/A = 8.26 lb/inz.

The results of the comparisons of the coannular flow with the
synthesized power level and the power level of a fully mixed jet are

shown in Figures 3.5 and 3.6. Because the curves on Figure 3.5 refer to
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the operation at constant thrust, but with varying mass flow, a
comparison is only meaningful b:tween the two points with the same
velocity ratio; only at equal values Vp/Vs or VS/Vp are both the thrust
and the mass flow about the same. It cannot be concluded from this
curve that the operation at VS/Vp = 1 is the quietest at equal mass

flow and thrust. The same statement applies also to Figure 3.6. These

figures show that the sound power level computed by the synthesis of

two equivalent area circular nozzles agrees reasonably well with the

sound data obtained from the counnular nozzle over all velocity ratios

tested. It should be understood, however that these tests were carried

out for subsonic Mach numbers with cold flow and thus at fairly low velocity:
The comparison with the fully mixed flow with inverted velocity

profile shows that the coannular flow is slightly noisier than an equivalent

fully mixed circular jet flow. Thus, an improvement in the noise character-
istics should be obtainable by the use of a mixer, providing the losses due
to the mixer can be kept small. As mentioned before, the thrust of the
mixed flow is slightly above the thrust for the coannular flow, so that the
noise reduction is not achieved at the expense of thrust.

It should be stated again that for the jets with inverted velocity
profiles, the frequency distribution of the sound power is shifted to
! the high-frequency ranges, and the low-frequency noise is suppressed. Thus,
due to the more intense attenuation of the high-frequency noise, the
total sound pcwer should more qiickly attenuate with distance from the jet ]

than that of the conventional jet.

3.2 Free Field Data for Four-Inch Nozzle.

Initial free field tests were performed on the four-inch coannular
[ nozzle under cold flow conditiocns. As was the case for the 2-inch nozzle

experiments, test series were carried out varying the velocity ratio while ;

maintaining either the total thrust constant or the total mass flow k
constant. The individual run conditions and the gross acoustic results are
summarized for the constant thrust series in Table 3.3. Similar information
for the constant mass flow seriss is presented in Table 3.4. In these tests
the velocity ratio at higher thrust and mass flow levels was limited by

choking of the convergent coannular nozzles. In the few cases where primary
or secondary Mach numbers greater than one are shown, these are in fact,

indications of choking with a slightly supercritical pressure ratio.
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TABLE 3.3

i SUMMARY OF FLOW PARAMETERS AND ACOUSTIC RESULTS FOR THE
F CONSTANT THRUST SERIES FOR THE FOUR-INCH

COANNULAR NOZZLE WITH COLD FLOW

M Moo VN AL | asa | gk, | oseL 300 a
.639 .251 & 4.7 0.26 .38 91.0
1b/in? | 1b/sec in?
.629 .274 .45 0.27 | 0.42 90.5
.618 .295 .49 0.27 | 0.46 91.0
.594 .349 .6 0.28 | 0.57 90.0
577 .372 .66 0.26 | 0.63 89.0
544 .411 .76 0.28 |0.75 88.0
.481 .485 | 1.01 0.29 1.01 86.5
414 oW 0.29 | 1.35 87.5
.374 595 [1.50 0.29 | 1.57 88.0
L3462 .591 | 1.68 0:27 | 1.78 89.0
.298 .615 | 2.00 0.27 |2.12 89.0
.276 627 | 2.2 0,27 | 2.58 90.0
.245 641 | 2.52 0.27 |27 90.0




TABLE 3.3 (Continued)
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M, M T 2 Th/A i /A, /@ | SPL 30° dB
0.992 | 0.366 0.4 ) 0.42 0.34 108.5
1b/in? | 1b/sec in?
975 | .413 0.46 0.43 .39 108.0
.958 | .447 0.5 0.43 0.44 107.0
924 | .511 | 0.59 0.44 .52 106.5
.895 | .563 0.66 0.45 0.6 104.5
844 | .633 0.77 0.46 0.73 103.5
747 747 1.00 0.46 1.00 101.5
.634 | .848 1.30 0.47 1.38 101.5
.570 | .893 1.50 0.46 1.63 101.5

0.514 | 0.922 1.70 0.44 1.89 102.0

0.447 | 0.958 2.00 0.43 2.3 103.5

0.412 | 0.973 2.19 0.43 2.54 104.0

0.367 | 0.991 2.49 0.43 2.92 104.0

1.049 | 0.576 0.61 | 14.3 0.51 0.51 111.0

1b/in? | 1b/sec in?

1.017 | 0.634 0.67 0.52 0.59 110.0
.960 | .710 0.77 0.53 0.71 108.5
.847 | .846 1.00 52 1.00 107.0
716 | .967 1.3 0.53 1.4 106.5
.642 | 1.015 1.48 0.52 1.67 106.0
.577 | 1.051 1.63 .51 1.96 107.0




TABLE 3.4

SUMMARY OF FLOW PARAMETERS AND ACOUSTIC RESULTS FOR THE CONSTANT

MASS FLOW SERIES FOR THE FOUR-INCH COANNULAR

NOZZLE WITH COLD FLOW

27

Mp M vs/vp Th/A . rﬁt /A N ﬁzs /xhp SPIA B30°
<573 .281 0.50 4.09 0.25 .48 88.5
1b/in? |1b/sec in?
.54 .314 .59 3.88 57 86.5
.536 .313 0.6 3.87 57 87.0
.505 .348 0.7 3.78 .68 87.0
479 .381 0.8 3.72 .79 84.0
. 450 .405 .91 3.68 0.9 84.5
.428 427 1.00 3.67 1.00 84.0
.41 .455 1.11 3.67 133 85.0
.388 465 1.19 3.67 1.5 86.0
.368 .486 1.31 3. 78 1.35 84.5
.353 .501 1.4 3.76 1.44 85.0
.337 .516 551 3.81 1.55 85.0
327 .536 1.61 3.86 1.67 87.0
.303 .558 1.80 3.95 1.88 87.0
.281 .578 2.01 4.05 211 88.5




TABLE 3.4 (continued)
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M, M LA Th/A_ i /A, LR sPL _30°
.812 | .385 0.5 8.11 0.37 .45 101.0
ib/in? 1b/sec in?
.765 | .445 0.6 7.78 .56 100.0
.721 | 491 0.7 7.58 .66 98.0
.680 | .536 0.8 7.44 .78 97.0
642 | 574 0.9 7.39 .88 94.5
.606 | .607 | 1.00 7.38 1.00 94.5
58 | 647 '} 1.1 7.39 1.12 96.0
.548 | .667 | 1.2 7.44 1.24 95.5
5211 .61 | 1.3 7.49 1.35 95.0
496 | .713 | 1.4 7.55 1.47 95.5
415 132 | 1.5 7.6 1.59 95.5
4851 753 | 1.6 .12 1.8 96.0
.418 | .785 | 1.8 7.88 1.96 98.0
.387 | .814 | 2.01 8.1 221 98.5
1.079 | .605  0.64 14.54 0.53 .52 113.0
1.014 | .678 w21 14.71 .63 111.0
.958 | .742 .8 14.57 | .75 109.5
.901 | .799 .9 14.45 i .87 108.0
.848 | .848 | 1.0 14.44 | 1.00 107.0
81 | .905 | 1.1 iouuh | £.13 107.0
760 | .935 ! 1.2 14.51 | 1.26 106.5
191 918 | 1.3 14.66 § 1.41 107.0
.683 !1.004 1.4 14.74 § 1.54 106.5
.651 ;1.034 1.46 AT 1.68 107.0
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Examinatiorn of the acoustic data presented in Tables 3.3 and
3.4 shows that the minimum sound generation usually occurs near a
velocity ratio of one. For the constant mass flow series, the thrust
is a minimum at this condition, and for the constant thrust series the
mass flow is a maximum. Once again it is of most interest to compare
test points for which the total thrust and the total mass flow are
the same. Figure 3.7 shows the OASPL directivities for a constant
thrust series. The conventional velocity profile condition (VS/Vp = .50)
and the inverted velocity pro. ile condition (Vs/Vp = 2.00) also have
the same total mass flow. These directivities show that the conventional
velocity profile is about 1 dB quieter than the inverted at large angles
to the jet axis. In the high noise region, as the axis of the jet
is approached, the inverted profile makes less noise than the
conventional. The maximum difference measured is about 5 dB at 20°
from the axis. Integration o7 the acoustic intensity distribution
from 6 = 20° to 6 = 120° for the two velocity profiles shows that
the overall sound power generated by the inverted profile jet is
approximately 2 dB less than the conventional.

Similar trends are shown in Figures 3.8 for VS/Vp = 0.60 and
Vs/Vp = 1.60 from a constant mass flow series.

Figure 3.9 shows a comparison of the sound pressure spectra at
30° for the constant thrust scries of Figure 3.7. The spectra show
that the inverted velécity profile radiates more high frequency noise
and less noise in the region of the peak frequency than the conventional
profile in this direction.

Figure 3.10 shows the variation of OASPL at 30° with velocity
ratio, VP/Vs or VS/VP, for the constant thrust series on the four-inch
nozzle. Also shown on this figure are the synthesized sound pressure
level and the OASPL corresponding to a fully mixed flow. The lower
portion of Figure 3.10 gives the variation of total mass flow with
velocity ratio for the constant thrust series. Figure 3.11 shows
the variation of OASPL and thrust for the constant mass flow series.

A comparison between the standard velocity profile data (dark symbols)
and the inverted profile data (open symbols) in Figure 3.10 shows
that for the lowest thrust level there is very little difference between
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Figure 3.8.
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Figure 3.10 Variation of Ove:all Sound Pressure Level at 30° and
Mass Flow per Unit Area with Velocity Ratio for Constant
Thrust Series. (Four-Inch Nozzle, Ambient Temperature.)

IE———

33




e o0

m o .
ﬁ" i 0.53|1b/sec in
110 —<"9
)e,/
/” 2
5 100 Pl L= 0.37 1b/gec in
. 5t R - S
=) -
A O - 0O-& 0
3 e ‘r
2 i
N S .
= 0.25 1b/sef in
ol B
ff” A - --4--- Synthesjzed
%‘;‘ — .| — Mixed
80
1.0 1.5 2.0 2.5 3.0
VS/Vp’or vp/vs (Dark Symbols)
20
15c>-q-ooo—<i>5
R % 0.531b/sec 1n*
NA
£ 10 RN S S {
g ! ;
o P-’D"C-:l'u' sJ-QI—D——T 0.37 1b/s¢c in
<
S SR i iamom o
‘f :—A"'A-u_'>—“_b_ 0.25 lb/s c in
0 l !
1.0 1.5 2.0 2.5 3.0

PRTERE Prpegioas

Figure 3.11.

:
g

¥

'
W

Vs/Vp or Vp/Vs (Dark Symbols)

Variation of Overall Sound Pressure Level at 30° and
Thrust per Unit Area with Velocity Ratio for Constant

Mass Flow Series. (Four-Inch Nozzle, Ambient Temperature).

s




35

the sound radiated for these two types of flow. However, as the
thrust level increases, the sound radiated by the inverted profile

at 30° becomes noticeably less than that radiated by the conventional
profile at the same velocity ratio. The maximum noise difference over
the range of values tested is about 5 dB. Data for the constant mass
flow series given in Figure 3.l1 show similar trends as those for the
constant thrust series.

The procedures used for computing the synthesized and fully
mixed sound pressure levels is exactly the same as described earlier
except that an empirical correlation for sound pressure level at 30°
for circular nozzles was used. This correlation is shown in Figure 3.12
and was obtained by using the inner part of the coannular nozzle to
produce the circular jet. Although the data was taken at different
stagnation temperatures, a correlation in terms of velocity only was
found to satisfactorily fit the data.

The results of Ehe sound pressure calculation for a fully
mixed and synthesized flows given in Figure 3.10 and 3.11 generally
show that the synthesized calculation agrees fairly well with the
experimental data obtained from the conventional velocity profile.

The sound pressure calculated tor the fully mixed flow typically falls

below that for the conventional profiles.

Summarizing the results obtained for cold coannular jets, there
appears to be some advantage for the inverted profile over the standard
velocity profile when compared at the same thrust and the same mass
flow. This advantage becomes uore pronounced as the thrust
level and the velocity ratio is increased but was not more than 5 dB
at 30° over the range of values tested. Semi-empirical calculations
estimate that a small reduction in sound would result from mixing the
two cold streams of a conventional profile prior to exhausting from a
nozzle. However, results reported in Section 4.0 show that mixing the
hot flow prior to exhaust from the nozzles yields a larger noise
reduction than mixing the cold flow as shown in Figures 3.10 and 3.11.
In general, the overall results from the free field tests on the
four-inch nozzle are cqnsistent with the results obtained from the

two-inch nozzle in the reverberation chamber.
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4.0 ACOUSTIC DATA FOR HEATED FLOW.
4.1 Free Field Results for Four-Inch Nozzle.

Hot flow tests on the four-inch coannular nozzle were carried out in
the free field test stand unde: conditions where either the primary or the
secondary air flow stream was heated. As in the cold flow tests, the
noise characteristics of the coannular flow were measured for different
velocity ratios (VS/Vp) while maintaining either the total thrust or the
total mass flow constant. Table 4.1 summarizes the flow conditions and
the acoustic results for the constant thrust per unit area series and
Table 4.2 gives similar inform: tion for the constant mass flow series. For
these hot flow tests only the Ligher thrust and higher mass flow series,
which were considered to be of greatest interest, were performed.

For test series given in Table 4.1, the thrust was normally held
constant by keeping the Mach numbers, that is the pressure ratios, of
the primary and secondary streams constant. The different velocity ratios
were obtained by varying the stagnation temperature ratio. Only for achieving
extreme values of the velocity ratio were the Mach numbers occasionally
changed. This is in contrast to the ambient temperature tests where the
velocity ratio could be varied only by changing the pressure ratios.

For the constant mass flow series both the pressure ratio and the
temperature ratio changed as the velocity varied.

In the heated flow tests the piping arrangement of the free field
facility was different for the conventional profile tests (Vs/Vp < 1)
and the inverted tests (Vs/Vp > 1). As discussed in Section 2.0, this
was necessary because only one flow stream could be heated with the test
stand configuration used for these tests.

g Examination of the acoustic data given in Tables 4.1 and 4.2 for

i heated flow show some interesting results. A comparison of the inverted
velocity profile (Vs/Vp > 1) data for the same thrust and mass flow shows
a significant advantage to the inverted profile. Not only is the sound
pressure level at 30° reduced Ly a substantial amount but also the sound
power level for the inverted profile is smaller, in some cases by more

than 7 dB.
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It can also be seen from these tables that, for both the constant
thrust and the constant mass flow series, the sound pressure level
increases fairly rapidly as the velocity ratio departs from one. This
should not be interpreted as indicating that VS/Vp = 1 is an optimum
value. Since the velocity ratio in these tests was varied primarily
by changing the stagnation temperature of the primary or secondary stream,
the energy input for VS/Vp = 1 is a minimum. The only comparisons that
may be fairly made in Table 4.1 and 4.2 are between standard and inverted
velocity profiles with the same thrust and same mass flow. Comparisons
of acoustic data on this basis are further displayed in Figures 4.1
through 4.6.

Figure 4.1 shows two OASPL directivities from a constant thrust
series (Th/A = 11.20 1b/in2). The comparison of the directivities in
this figure shows that the inverted profile with hot outer flow is
quieter in the region of maximum noise, that is up to about sixty degrees
from the jet axis, but is slightly louder for larger angles. The
maximum difference occurs at about 30° and is approximately 9 dB.

Figure 4.2 shows a compurison of the sound pressure spectra at 30°
for the conventional and inverted profiles. This figure reveals that
the primary noise reduction occurs in the medium to low frequency range
where the spectrum for the conventional profile peaks. The spectrum for
the inverted profile is relatively flat and contains a greater amount of
high frequency noise.

Figures 4.3 and 4.4 show similar aocustic data for the higher thrust
series (Th/A = 14.30). It is of interest to note that the spectrum
at 30° for the inverted profile case shows a double peaked character that
has been observed by other investigators (Ref. 6). Figures 4.5 and 4.6
show directivity and spectral data for the higher mass flow series, at
the extreme velocity ratios. Under these conditions both the primary
and secondary streams are choked with supercritical pressure ratios
(cf. Table 4.2). At 30°, the OASPL of the inverted profile is approximately
12 dB lower than for the conveutional profile, although the conventional
profile has about a 3% thrust advantage.

A semi-empirical calculation has been carried out for the four-inch
coannular nozzle data to obtain the sound pressure level at 30° for a

synthesized flow and a fully mixed flow. The procedure for computing
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Figure 4.1. OASPL Directivities in the XZ Plane of the Four-Inch

Coannular Nozzle at Elevated Temperatures and Constant
Thrust.
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Figure 4.3. OASPL Directivities in the XZ Plane of the Four-Inch
Coannular Nozzle at Elevated Temperatures and Constant
Thrust.
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Figure 4.5. OASPL in the XZ Plane of the Four-Inch Coannular Nozzle
at Elevated Temperature and Constant Mass Flow.
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the synthesized and fully mixed sound pressure levels is the same as
described in Section 3.0 where the empirical curve fit was used for

the single nozzle sound pressure level at 30°. Table 4.la gives a
summary of the test conditions for the constant thrust series of

Th/A = 14.30 lb/in2 along with computed mixed flow conditions. Figure
4.7 shows a comparison between measured sound pressure data from this
series and the computea synthesized and mixed values. The abscissa in
this figure is Vp/Vs for the conventional velocity profiles (dark
symbols) and vs/Vp for the inverted profiles (open symbols) so that the
velocity ratio is always greatc¢r than or equal to one. In this way a
direct comparison can be made between the sound levels for the standard
and inverted profiles at constant thrust and constant mass flow. The
lower portion of this figure shows the variation of the total mass flow
with velocity ratio. Figure 4.8 shows similar comparisons for a constant
mass flow series with m/A = 0.52 1b/sec inz. The lower portion of this
figure shows the variation of thrust with velocity ratio. It should be
emphasized again that in Figures 4.7 and 4.8 the energy input is

changing as the velocity ratio is varied. Thus, as the velocity ratio,
Vslvp or VP/VS, increases above 1 the mass average velocity also increases
causing the overall sound output for both the standard and inverted
velocity profiles to become greater. Figure 4.7 and 4.8 show that the
synthesized calculation agrees reasonably well with the measured

values for velocity ratios less than or equal to one but results in

sound pressure levels at 30° which are as much as 15 dB larger for the
inverted velocity profiles than the experiments given. The noise calculated
for a fully mixed exhaust is always below that based on the synthesis of

the noise of circular nozzles. The comparison of noise from a coannular

flow with the corresponding fully mixed flow is more realistic than

citing noise reductions on the basis of the synthesized values. As
shown 1in Figures 4.7 and 4.8, the OASPL for the inverted profile experiments
display consistently a lower sound intensity than those calculated for

the mixed flow.
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Figure 4.7. Sound Pressure Level, Mass Flow, and Energy Input versus

Velocity Ratio for Constant Thrust/Area = 14.30 1b/in2

(Four-Inch Nozzle, Hot Flow).
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Comparing the sound pressure levels for the standard and inverted
profiles in these figures shows that the reduction in noise associated
with the inverted velocity profile increases initially with increasing
velocity ratio. For the constant thrust series shown in Figure 4.7 the
difference appears to be leveling off as a velocity ratio of two is
approached. For the constant mass flow series the difference is still

increasing at the highest velocity ratio measured.

4.1.1 JT8D Test Series.

In addition to the constant thrust and constant mass flow series
for the four-inch coannular nozzle, a separate test program was performed
to simulate operating conditions for the JI8D engine and to determine the
effect of profile inversion on the noise characteristics of this engine.
Primary and secondary flow parameters were set to simulate the core jet
and fan stream conditions for typical takeoff, cutback, and approach
power settings. In the comparable tests for the inverted profiles the

primary and secondary flow conditions were simply reversed.

Table 4.3 summarizes the flow conditions and the acoustic results
for the JT8D conditions. The sound pressure levels cited in this table
are values measured at 30° to the jet axis or calculated for a synthesized
or fully mixed flow using an empirical correlation as explained before.

For the conventional profiles, A through C, the measured OASPL values

generally lie between the synthesized and mixed values, although they are

closer to the synthesized values. For the inverted profiles the

experimental data is as much as 12 dB below the synthesized values and
7 dB below the fully mixed. Since the exit areas for the primary and
secondary streams are the same, the differences between the calculated

noise levels for the conventioral and inverted flow are due only to slight

differences in run conditions. Table 4.3a gives a summary of the test
conditions and the computed mixed flow conditions for the JT8D series.

Figure 4.9 and 4.10 shows a direct comparison between the acoustic
data obtained for the conventional takeoff condition and its inverse. These
data show trends similar to other '"constant thrust-constant mass flow'
comparisons presented in preceding parts of this section. The directivity
comparison in Figure 4.9 shows about a 10 dB reduction in the region of
maximum sound pressure (convective lobe) for the inverted flow but only

a slight difference at the larger angles with their low sound pressure.
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The spectra at 30° show a relatively flat double peaked shape for the
inverted flow as compared to the familiar haystack shape for the
conventional flow. Figures 4.11 and 4.12 show similar comparisons between
the acoustic data for the JT8D approach cendition and the corresponding
inverted flow. The inverted pr>file sound spectrum at 30° does not
exhibit a dual peak for this case but otherwise the results are similar

to those for the takeoff condition.

In reviewing the acoustic data obtained on the four-inch coannular
nozzle, the most salient feature of the results seems to be the enhanced
effect when the inverted velocity profile is accompanied by an elevated
temperature of the outer annular stream. The free field results for cold
flow summarized in Tables 3.3 and 3.4 show only a small effect due to the
inverted velocity profile on the overall acoustic power and generally only
3 to 5 dB in the maximum radiation direction. In contrast to this for the
heated flow tests there are differences of the order of 10 dB between the
conventional and inverted flow cases in the maximum intensity region

(convective lobe) and as much as 8 dB in overall sound power.

4.2 Free Field Tests on Eight-Inch Nozzle.

The eight-inch coannular nozzle is the largest nozzle that has been
tested in the UTSI free field facility. Since the air supply system for
the free field facility is a blow down type with limited air storage
capacity and mass flows of the order of 25 lb/sec were required for these
tests, the time available for cach test run was less than 5 minutes.

Associated with the high mass flow rates for the eight-inch nozzle
tests was the requirement of achieving quickly a high enough heat release
rate to bring the temperature of the heated air flow stream up to the
desired level. For this reason, the supply system for the combustion
heater had to be substantially modified before adequate fuel flow rates
could be achieved.

The currently available air supply pump-up time precluded the
possibility of running more than one test a day. Thus a relatively small
number of data points were obtained with the eight-inch nozzle. A major
objective of the experiments for different nozzle sizes was to determine

how well data from the four-inch tests could be scaled up to the eight-inch
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Figure 4.11. Comparative Directivities for Simulated Approach Conditions
C and F for the JT8D Series with the Four-Inch Nozzle at
Mean Thrust Per Unit Area of 12.10 1b/in® and Mean Mass
Flow Per Unit Are. of 0.337 1b/sec in2.
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nozzle size. Thus, much of the eight-inch nozzle data presented in this
section is displayed along with the corresponding four-inch data scaled
up, and in the case of spectra, frequency shifted, to account for the
difference in diameter.

The relatively short run times for the eight-inch nozzle dictated
a change in data acquisition procedure. Two data channels were used for
the eight-inch nozzle tests with one microphone being set at 30° from the
jet axis and the second at 90°. Spectra from these two microphones were
taken for each test condition. For runs where the mass flow rate was low
or where test conditions stabilized fairly quickly, a sweep was then made
with the 30° microphone. However, there were a number of runs where a
sweep could not be obtained before the supply air pressure dropped below
the operational level.

The eight-inch nozzle test program included a series of simulated

JT8D conditions, a constant thrust series, and a constant mass flow series.

4.2.1 JT8D Test Series.

Table 4.4 summarizes the flow parameters and the acoustic results
for the eight-inch test program. The first three conditions in the table
designated A through C simulate operating conditions for the JT8D engine
and are essentially the same as like designated conditions in Table 4.3
for the four-inch nozzle. The test conditions designated D through F
were obtained by interchanging cthe primary and secondary stagnation
conditions. Since the primary and secondary nozzle exit areas are the
same, this interchange preserves total thrust and total mass flow. Included
in this table are measured OASP. values at 6 = 30° and 0 = 90° as well as
synthesized values at 30° and tae computed values of sound pressure level
for a fully mixed flow. Table 4.4a gives the test conditions for the
JT8D series and the computed mixed flow conditions.

Figures 4.13 through 4.17 show a comparison of the acoustic
results for the JT8D takeoff condition (A) and condition (D), its inverse,
along with corresponding data from the four-inch test series scaled up
to the eight-inch nozzle by adding 6 dB to the measured sound pressure level.
Figure 4.13 shows the OASPL at 30° and 90° for the eight-inch nozzle

tests along with a sweep from the four-inch nozzle tests. The agreement
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Figure 4.13. Directivities for Simulated JT8D Takeoff Conditions

A and D Comparing 8-Inch Nozzle Data with Scaled
4-Inch Nozzle Data at Mean Thrust Per Unit Area of
22.54 1b/in? and Mean Mass Flow Per Unit Area of
0.552 1b/sec inZ.




63

"ZUT 99s/qT T16S°0 JO Baiy Irun 1ad #OT4 sseR
Uealy pue LUT/QT QZ°€Z JO ®aay 3Tun 1ad Isnayl uesl I ( PUB Yy SUOTITPUO)

J309de] d8Lf p@23eTNUIS 103 ,Of 3B 2[22Z0N Ydoul-g @yl jo ei3ldadg aar3ieiedwo) *4[°4 2In813

zZHy ‘4Adouanbaag M

0'0%  0'0z . 0°0r 0°¢ 4 0°'T ) z'0 1°0
06
Ll
— 001
. _
..Lr\. _m @
s Eegit i
e 011 p
& | 3
Tt i e .nl |
@ .-\ ‘ ._- 5 .J..ﬁt—..._kc w.. |
/ 4 ,
T 0zt A
P i
) mdw
=y
'—P‘,\;.L i .(. I .
s o . 0€1
] -. _ ”
|
; 0% |
0671  <ne st e o wer () |
, ,"
YoGEC W, 00€T 00°2 G1°¢ c9° w@ .
so do Ml %3 a>
1 1 <0 dJo s
d d A

il M i . oo




64

*zUT 99S/qT GGG 3O elay 3Tun 13d MO SSBR UBIy pue
2UF/AT 8S°¢¢ 30 eeay 3Itup 1ad 3sniy] ueSK 3B Y UOTITPUO) FJOa3eL (QLL P2IeTnUTS
103 ,0¢ 3Ie B13d2dg 9TZZON YouI-4 Pa[eIS YITM BIID2d§ 3[Z20N youl-g Jo uosTiedwon

zZHy ‘Aousnbaiyg

*G1*% 2an31g

0°0Y 0°0¢ 0°0T1 0°¢ 0°Z 0°'T S 0 z°0 °0
e | ¥ T | 06
o . ~_ | |
| |
) _ . | ! _
|
A T M t 001
[ i m i _ “
et ﬂ | B z
$io 9 m | ey iz
. o . “ @ 0TIl a
ﬁlu | “ o " _ ! | =
m ® v ~ , ® O |
O
| o ° | | _ m
e 1 — o 1 0C1
® ¢ _ m ® { |
. o _ O | |
z9¢ 97T S9° ¥ e o ®o | w
o & % (o] ; W
® ,
¥,5€6  ¥,006T 29° .8 e s | ek
_ ]
i |
so do n> _
1 1 5 2218
; o

NOILIONOD 4J403AVL d8Lr




zyPy ‘Aduanbaiyg

ZUT 99S/49T 6%G°0 3O ®2ay 13Tu) 13d MOTJ SSEB UBDK pue
0672 30 ®aay 3tu J1ad 3ISNAYL UBIK IB @ UOTITPUO) JJOANB]L (QI[ Pase[nu
o0€ 3B B13D2dg 27220N Youl-v paTedS Yirm eizoadsg azzoy youi-g jo uostieduo)

Zur/at
TS 103

06

00T

OTT

0T

0ET

0°07 0°0Z 0°0T 0°¢ 0°¢ 0'1 ) z'0 1°0
SRR TONOER to R ||,||Jﬁ‘:|.1j
| _
4 | i
. s | | j
i % N} “ _
® _ m |
| |
m o | f _
m D
] Q. | _ OA
1 | 1 U
_ 0® i s0 s o ’
: | o® e * o ® o] 0 > o
| m T T e ® W Y, ¢ °
_r 4» i
2971 09 05°T .% “
0621 d.6%¢ 19°T .8¢
SO do d
o i i
S
A

4403XVL 40 ISYIANI

‘9T % 2and1g

ap ‘11ds




66

(4

"ZUT 99S/QT 1SS0 3O BAiy ITun 12d MOTJ SSBR UBDR pue
uT/qT 0Z'€Z 30 eBeay 3Ituf 13d 3ISniy] uedy JB ( PUB Y SUOTITPUO) JJOBNBL QLS
P93BTNUIS 10J [2ZZON 1B[NUUEBO) YdUI-g DYl JO _0f = g Ie ealdadg aayjesedwo) -/

ZHy ‘Aouanbaijg

00y 0'0Z-. 0°0F 0% a7z 01 0 20 10
",f
™ RMJGF*
P. ﬁ
~aA k ..51; ’
| ; M
" o LA
f~ " ﬁJgs.‘ga
ﬁ ﬂsﬁ \?‘L-’\
V40 aS¥aANT  <vs o6zt etz 00z 19°T (@)
420TVL  ¥.c6s  ¥,006T 86°T w1z 290 (V)
so d ‘a "2 .
o
- i s =W
a d A

T'% 2an81y
oL
08
wm
06 &
a
{+<
00T
01T
0z1




67

between the two is quite good - the inverted profile of the eight-inch
nozzle test is quiecer at 30° by approximately 9 dB and about 0.5 dB
louder at 90°. Comparison of the spectra at 30° for the eight-inch
nozzle in Figure 4.14 shows that the maximum noise reduction occurs in the
mid-frequency range where the p-ak intensity is being radiated by the
conventional profile.

Figures 4.15 and 4.16 show comparisons of the spectra at 30° from
the eight-inch nozzle and the four-inch nozzle for conditions A and D
respectively. The standard profile curves (condition A) of Figure 4.15
show that the eight-inch spectra peaks around 1000 Hz and the Strouhal
scaled four-inch spectra peaks around 700 Hz. The data agree within 1
to 2 dB in the vicinity of the veaks but gradually deviate as the frequency
increases. The inverted profile curves (condition D) in Figure 4.16 show
better agreement in the high frequency region although there is some
discrepancy in the location of the second peak. In general, the agreement
of the spectral data is considered to be quite good.

Figure 4.17 shows a comparison of the sound pressure level spectra
at 90° for the conventional ancd inverted profile conditions for the eight-
inch nozzle. There is no discernable difference between the two spectra
up to 2000 Hz. However, for higher frequencies the inverted profile becomes
increasingly noisy as compared to the conventional profile. The noise
spectra at 90° to the jet axis are thought to give the most direct informa-
tion about the characteristics of the sound sources themselves. This is
because the sensor at 90° sees the radiation from the source region
without that sound being signitficantly altered due to oblique propagation
through the turbulent shear layer or by the effects of convective
amplification and Doppler frequency shifts. The comparative spectra in
Figure 4.17 seems to indicate tnat the inverted velocity profile causes an
increase in the gross strength of the high frequency sound sources while
not appreciably changing the strength of the low frequency sources. Then
if the sound sources themselves are randomly oriented so that there is no
inherent preferred orientation to the source radiation, the noise reduction
at lower angles associated with the inverted velocity profile must be

primarily due to effects other than source modification, Tt should be
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noted that the directional characteristics of the sound radiated from a
conventional jet are currently attributed to convection and refraction

effects rather than a preferred orientation of the sound sources.

Figures 4.18 and 4.22 present comparisons similar to those
discussed above for the JT8D cutback condition (B) and the corresponding
inverted profile condition (E). Figures 4.23 through 4.27 show analogous
data for the approach condition and its inverse. Virtually all of the
statements made about the takeoff conditions apply to the comparisons for
cutback and approach. The inverted profile is quieter by approximately
10 dB at 30° and slightly louder at 90°. The scaled up data from the
four-inch test agree quite well with the eight-inch data both with regard
to overall level and frequency content. At the lower power settings the
double peaked character of the sound spectrum at 30° for the inverted
profile disappears and is replaced by a flattened broadband noise spectrum.
The maximum noise reduction is shifted to lower frequencies as the velocity
level decreases. Figures 4.22 and 4.27 compare the conventional and
inverted sound spectra at 90° for the cutback and approach conditions
respectively. Both of these exhibit the same trends as shown in
Figure 4.17, that is, no appreciable change in the low frequency noise
but the inverted velocity profile radiating more high frequency noise
in the 90° direction.

Figure 4.28 gives a summarizing graph for the JT8D test conditions
showing both the four-inch data and eight-inch data plotted versus thrust.
OASPL data for both standard profiles and inverted profiles are given along
with computed values for the synthesized noise and the noise from a fully
mixed flow. The synthesized estimate agrees reasonably well with the
measured data for the conventional profile although overpredicting the
noise by about 3 dB at high thrust. The OASPL for the inverted velocity
profile is consistently about 10 dB below the standard profile over the
whole thrust range. The sound pressure level for the fully mixed flow

lies about mid-way between that for the standard and inverted profiles

indicating that the inverted fiow has about a 5 dB advantage over the

fully mixed flow.
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Figure 4.23. Directivities for Simulated JT8D Approach Conditions C
and F Comparing 8-Inch Nozzle Data with Scaled 4-Inch Nozzle
Data at Mean Thrust Per Unit Area of 11.90 1b/in? and Mean 1
Mass Flow Per Unit Area of 0.358 1b/sec inZ2.
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4.2.2 Constant Thrust and Constant Mass Flow Series.

Table 4.5 gives a summary of the flow parameters and acoustic

results for a constant thrust series and a constant mass flow series

with the eight-inch coannular nozzle. The first five entries in the
table designated G through K are a constant thrust series with
nominally Th/A = 18.0 lb/inz. As was normally done for the four-inch
heated flow tests, the thrust was held constant in this series by
maintaining the exit Mach numbers constant and the velocity ratio
varied by changing the stagnation temperature. The last five entries

in Table 4.5 designated L through P are a constant mass flow series

of nominally m/A = .36 lb/in2 sec. Table 4.5a gives the test conditions
and computed mixed flow conditions for the constant thrust and constant
mass flow series with the eight~inch nozzle.

Since the velocity ratio, in these series, was varied by
changing the energy input to the primary or secondary streams, the
fairest comparisons are between standard and inverted velocity
profiles with the same thrust and same mass flow where the total
energy input is also the same. Figures 4.29 and 4.30 give acoustic
data for two test conditions from the constant thrust series with
the same total energy input. Figure 4.29 shows that the inverted
velocity profile (VS/Vp = 1.54) is about 9 dB quieter than the
standard profile in the maximum intensity region at 30°. From
Figure 4.30, it is seen that the reduced noise of the inverted profile
is due to a suppressibn of frequencies between 300 and 5000 Hz where
the peak intensity is being radiated by the conventional profile.

The inverted profile has a sl.ght peak around 500 Hz but is essentially
flat over the 300-1000 Hz range.

Figure 4.31 shows a comparison of the measured acoustic data
with mixed and synthesized for the constant thrust series of 18.1 lbs/inz.
The lower part of this figure shows the variaion of total mass flow
and energy input with velocity ratio. The results show that the
synthesized OASPL agrees fairly well with the measured values for
standard velocity profiles (dark symbols) but departs substantially from
the inverted profile data as the velocity ratio increases. The fully

mixed flow is about 5 dB quieter than the conventional profile but
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is louder than the inverted profile by about the same amount. The
trends shown in this figure are very similar to those shown in
Figure 4.7 for a constant thrust series on the four-inch nozzle.
Figure 4.32 is a plot of the OASPL directivity for two test
conditions from the constant mass flow series with the same energy
input. As in the constant thrust tests the inverted profile
(Vs/Vp = 2.57), as compared to the standard profile (Vs/Vp = .39),
produces a reduction of up to 10 dB in the sound level in the high
sound intensity region 30° from the jet axis. For angles greater
than 60° the directivity patterns are essentially the same.
Figure 4.33 is a comparison of the spectra at 30° for these two
conditions and shows that the noise reduction of the inverted profile
(up to 15 dB at 1000 Hz) is due to a suppression of frequencies
between 200 Hz and 6000 Hz where the peak intensity is being radiated
by the conventional profile. Again the inverted profile is essentially
flat, in this case extending over a region from 300 Hz to 6000 Hz.
Figure 4.34 shows a comparison of the measured acoustic data
with mixed and synthesized for the constant mass flow series of

.36 lbs/sec inz. The results are similar to those shown in Figure 4.8

for the four-inch data.

PR,
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5.0 DISCUSSION.
5.1 Mechanism of Noise Reduction.

The most widely accepted current theories of jet noise view the
sound radiation from turbulent jets as originating from moving quadrupole
sources embedded in a co-moving fluid. In this view, the major factors
contributing to the jet noise radiation pattern are: the strength and
directivity of the quadrupole sources associated with turbulent velocity
fluctuation, the convéctive amplification and Doppler frequency shift
associated with the motion of these sources, and the alteration of the
emitted sound field due to its transmission through a turbulent
moving medium.

In his pioneering paper on aerodynamic noise Lighthill [7] deduced
that the sound sources in a region of turbulence possess a guadrupole
nature and that their strength is proportional to fhe eighth power of the
mean velocity. Although the sound field radiated from a single acoustic
quadrupole is highly directional, the random orientation of these sources
in the jet flow tendsfto obscure this directionality and it is expected
that the conglomerate noise source, at rest, would have no preferred
orientation. In this view, the very pronounced directivity observed
in jet noise signatures is associated with the convection of the noise
sources and refraction of the sound transmitted through the mean flow.

In the theory developed by Lighthill [8] and Ffowcs Williams [9],

a theory in which the‘interaction of the sound with the flow is neglected,
the far field intensity distribution for subsonic jets is given by:

2V EDZ
1, 8« Pm '3 x £ ()
p a SR? (1 -M cos 6)°
oo c

where subscript "o" refers to property values of the ambient air,

R and 6 are the coordinates or the far field observation point, P

3

Mc = Vc/ao is the convection Mach number. The convection velocity, Vc,

is a mean jet mixing region density, V, is the jet exit velocity and

is normally taken as .65 of the jet velocity. The function f (8) allows
for the inherent directionality of the source distribution and it is argued
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that this should be constant. The factor (1 - MC cos 6)—5that appears
in the above equation accounts for the motion of the quadrupole sound
sources and is referred to as the convective amplification factor. This
factor produces a sound intensity distribution that is focused forward,
in the direction of the jet flow.

The interaction of the sound generated by the moving quadrupoles
with the mean flow cannot be simply expressed quantitatively. One can say
that the sound field should be governed by some kind of convected wave
equation in the moving medium rather than the usual acoustic wave equation
for a medium at rest. Qualitatively, one of the major effects of the
sound-flow interaction is a refraction effect which for circular jets and
coannular jets with conventional profiles tends to refract the sound
away from the jet axis and creates a quiet zone along that axis. This
effect is accentuated for heated jets and for coannular flows with the
inner flow heated where temperature gradients as well as velocity
gradients affect the ;ound transmission.

Figure 5.1 is similar to a figure presented by Ribner [10] and
attempts to pictorialiy represent the effects of convection and refraction
on the sound field generated by a jet flow. It should be noted that both
the source convection effects and the refraction effects are small for
sound radiated at 90° to the jet axis.

With this background, an attempt can be made to explain the
reduced noise of the coannular flow with inverted profiles compared to
conventional profile flow. Comparison of the sound pressure spectra
at 90° for the inverted and conventional profiles presented in Chapter 4
revealed very little difference between the low and mid frequencies
with the inverted profiles being slightly louder at high frequencies.

The conclusion was, therefore, tentatively reached that the sound
reduction at 30° was not mainly due to source modification but rather had
to be also associated with either convective or refractive effects. Each
of these will now be examined to determine whether they offer a possible
explanation for the noise reduction.

The forward beaming of sound due to the motion of the sound

sources depends primarily on the mean flow velocity through the
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convective Mach number in the factor (1 - Mc cos 6)-5. If the

maximum mean velocity of the flow is reduced, the sound intensity at
small and moderate angles to the jet axis will be reduced in accordance
with the above convection factor. This reduction is over and above
any due to the source strengt!i modification. Comparative mean
velocity data (Figure 5.2) for the conventional profile and the

inverted profiles show that the maximum mean velocity for the inverted

profiles decays much more quickly than for the conventional profiles.
This is because the high velocity jet exhausting from a comparatively

E thin annulus is slowed relatively quickly by the high turbulent shear

| forces acting on it. Thus the overall convective amplification effects
should be smaller for the inverted profile causing a reduction of
noise at small and moderate angles to the jet axis.

This qualitative argument can be strengthened by considering the
differences in the spectra at 30° (See, for example, Figure 4.14). High
frequency sound is generated close to the exit plane where the shear
layer is thin and the mean velocity gradient is large. In this region

both the acoustic source strength and the convective amplification are

L aia o eaie e i o e el e o L

larger for the inverted velocity profiles so that more high frequency
noise should be radiated to 30° for this configuration. This is

observed in Figure 4.14. Very low frequency noise is generated relatively
far downstream where the influence of the details of the initial profiles
has been destroyed by the turbulent mixing. The velocity profile in

fully developed region is governed primarily by the total momentum

efflux from the nozzle which f>r the spectra shown in Figure 4.14 was the

same. Sound in the mid-frequency ranges are probably generated

primarily in the transition region where differences in the maximum

mean velocity are the greatest as shown in Figure 5.2. Thus, these

mid-frequencies would be most affected by differences in the convective
amplification between the conventional and inverted velocity profiles.
The inverted profile, having the lower maximum mean velocity in this
region should radiate iess mid-frequency sound to the microphone at 30°.

This is also observed in Figure 4.14 and similar spectral comparisons.

T T i : . o .
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Finally, it has been observed that the differences between the
conventional and inverted profiles is greatly enhanced when the velocity
differences are produced by increasing the temperature ratio of the two
streams. This result can be explained by considering the mass flow
and momentum of the individual streams. When the inverted profile
is produced by increasing the pressure ratio of the outer stream while
holding the temperature constant, both the mass flow and the mowentum
of the outer flow are increascd. On the other hand, if the inverted
profile is produced by increasing the total temperature of the bypass
stream while maintaining the c¢ame pressure ratio, the mass flow of
the outer stream decreases inversely with the square root of the
temperature and momentum remains constant. In this case the hot bypass
air will rapidly loose its momentum by mixing with the cold ambient
air and the convective amplification effect will be decreased.

Next, consider the interaction between the radiated sound and
the mean flow to determine whether the refractive effects can be responsible
for the noise reduction observed for the inverted profiles. Mention has
been made of the fact that conventional velocity and temperature profiles,
where the velocity and temperature are decreasing radially tend to bend

"quiet zone"

the sound rays outward away from the jet axis and create a
along the axis. Conversely, sound rays encountering the velocity and
temperature gradients of the inner shear layer for the inverted profile,
where the velocity and temperature increase radially, tend to be bent
back toward the jet axis. Sound rays impinging normally on this shear
layer in the 90° direction, tend to be transmitted through with very
little alteration, while sound rays striking the shear layer obliquely
tend to be partially reflected back into the flow and thus partially
ducted down the flow tube. Figure 5.3 attempts to show pictorially the
transmission effects produced by the conventional and inverted profiles
for a coannular nozzle.

It can be argued the mid-frequency sound will be primarily
affected by differences in transmission effects for the conventional and
inverted profiles resulting in the spectral differences exhibited in
Figure 4.14. As discussed betore, the high frequency sound is primarily
generated by the outer shear layer and therefore is not transmitted

through the inverse velocity ¢nd temperature gradients. The very low

R — ’ . : : ——— e —— —
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Sound Ray

a) Conventional Velocity Profile
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b) Inverted Velocity Profile

Figure 5.3. Schematic of Flow-Acoustic Interaction for Conventional
and Inverted Velocity Profiles.




T

T WY Y

e e VT s - R A

97

frequency nolsc is probably gencrated far cnough downstream that the
velocity and temperature profiles for the conventional and inverted
flows are becoming similar. The low frequency noise would then be
generated by similar sound sources and subjected to the same transmission
effects for both the conventional and inverted profiles. The mid-
frequency sound is probably generated near enough to the exit plane
that the inverse gradients would offer substantial impedance to the
sound transmission and thus cause a reduction in the far field intensity
at small and moderate angles to the jet axis.

Since the characteristic impedance of air is a strong function of
temperature, it is clear that increasing the temperature of outer
stream would enhance the effect of the inverted velocity profile on
sound transmission. Indeed, Ahuju and Dosanjh [11] have shown that a
heated annular flow can act as a shield to the noise generated by a
cold inner jet even if the flow velocities are the same.

It appears then that both the convective amplification phenomena
and the interaction of the transmitted sound with the mean flow could
be contributing to the advantage that the inverted profile exhibits in
sound radiation over the conventional profile. Cargill and Duponchel
[2] have mentioned both of these phenomena as possibly being responsible
for the noise reduction although they favor the acoustic-flow inter-
action. 1t appears to the authors of the present report that further
experimentation is required to determine which one of these effects

is dominating the noise reduction mechanism.

5.2 Noise Reduction Potential of Inverted Profiles.

It has been shown that the maximum noise radiated by a coannular
jet with inverted velocity and temperature profiles is on the order of
10 dB quieter than that of a jet with conventional profiles at the
same mass flow and thrust. This reduction is confined to the maximum
noise radiation direction (about 30° to the jet axis) and there is
little if any reduction in the sideline direction (90° to the jet axis).
However, it is the noise radiated at small angles to the jet axis
that is primarily reduced by the forward motion of the aircraft. Also,

I —
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an observer is generally twlco as lar I'rom the aircraft when
experiencing the noise radiatcd at 30° to the jet axis as when
experiencing nolise radiated at 90° to the axis (See Figure 5.4).
Therefore it is pertinent to ..sk how much quieter a flying aircraft
using a turbofan enginc with inverted velocity profiles would appear
to a stationary observer than a plane with a conventional turbofan
engine. Some rough calculations have been made to attempt to
estimate this differencc.

Figure 5.5 shows the conparative directivities of the conmventional
and inverted JT8D take-o{f coiditions for the 4-inch coannular nozzle
as presented in Section 4.0.

This data has been corrccted for forward speed effect using

the empirical correction

v, .
A OASPL = 10 lo:, . (

)
710 v, -V
J -~
where A OASPL is the dilference between the OASPL at static and flight

conditions, V. is the maximum jet velocity, V_  is the flight velocity

and n is an eipirical exponent that ranges from about 3 at 6 = 90°
to about 10 at 6 = 30°. The values of n used in this estimate were
taken from Reference [13].

Figure 5.6 shows the comparative directivities of the conventional
and inverted JT8D conditions ‘orrected for a forward speed of 300 ft/sec.
From this figure an estimate -an be made as to the difference in
noise that a stationary observer would experience as the aircraft
passes. When the aircraft with the conventional turbofan engine is
at position P of Figure 5.4 the observer at O experiences say 106 dB
(OASPL) as read from Figure 5.6. When the aircraft reaches position Q,
the observer experiences an OASPL of 114.5 dB, where 6 dB has been
subtracted from the value shown in the figure to account for the
doubling of distance. :

Although the preceding cxample calculation is very crude it
does give some insight into the noise reduction potential of inverted

profile engines showing the significant advantage of the inverted

it e




e

Flight
Path

53 0 (Observer)

. Figure 5.4. Relative Position of a Observer to Moving Aircraft.
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Figure 5.5. Comparison of Static Directivities for Conventional
and Inverted JT8) Conditions with 4-Inch Nozzle. ;.
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Figure 5.6. Comparison of Estimated OASPL Directivities for
Conventional and 'nverted JT8D Conditions with a
Forward Velocity »f 300 ft/sec.
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profile over the conventional engine not only at static conditions but
also at forward speed of the aircraft. It is interesting to note that
the calculation for the inverted profile indicates very little difference
in noise received by the observer when the noise is emitted when the

aircraft is at position P or at position Q.
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6.0 FLUID DYNAMIC MEASUREMENTS FOR CONVENTIONAL AND INVERTED PROFILES.

In order to gain further insight into the noise generation mechanism
of coannular flows, fluid dynamic measurements were carried out in the
flow field of a coannular nozzle using a Laser Velocimeter (LDV). Since
it was desired to make these measurements for a heated flow where the
difference in noise measured for the standard and inverted profiles is
greatest, it was necessary to conduct the experiments in the free field
facility where heated flow can be produced. A special support structure
was fabricated to mount the LDV in a position to make measurements in this
facility. Figure 6.1 shows the free field facility with the support struc-
ture in position and with laser and optics mounted on a rail-platform
assembly. The support structure was designed to accommodate a traversing
system with two degrees.of freedom so that velocity and turbulence profiles
can be obtained at several axial stations in the flow field. Figure 6.2
shows a close-up view of LDV optics system in position to make the velocity
measurement near the nozzle exit plane.

The Laser Velocimeter used in these experiments was recently developéd
by the Gas Diagnostics Division at UTSI, and the measurements were carried
out in collaboration with Dr. M. W. Farmer and Mr. J. 0. Hornkohl of that
Division. The coannular measurements described here were the first in
which this instrument was employed and the signal processing system was
continually being modified and improved during the course of the experiments.

A schematic of the LDV optical system used for measurements on the

coannular aeroacoustic jet is shown in Figure 6.3. Light from a 15 milli-
watt HeNe laser (A = 632.8 NM) is split into two beams of equal intensity.

A lens of variable focal length brings the two beams to a simultaneous
cross-focus in the region of measurement. During typical operation the
optical system was adjusted such that the conversion constant, § , from
signal frequency to flow velocity was 70-100 microfeet/sec/MHz. Light
scattered from the cross-focus region was collected in the forward scatter
direction by an F/4 observation lens and focused to a variable slit covering
a photomultiplier tube. This slit was usually adjusted to yield a

minimum spatial resolution of 2-3 mm along the optical system axis, 0.5 mm
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Figure 6.1 Photograph of LDV System Mounted on the Free Field Facility.
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Figure 6.2. Photograph of Laser and Optics Mounted on Rail-Platform
Assembly.
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Figure 6.3. Schematic Diagram of Laser Velocimeter Optics.
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parallel to the centerline of the flow, and 0.3 mm perpendicular to the
direction of flow. A preamp with a gain of twenty was used to drive the
LDV signal to the signal processing electronics located in the laboratory
70 m away from the jet. The entire optical system was mounted to a planar,
two-dimensional transverse system for manually scanning the flow during

a test.

The signal processing system consists of the instrument used to
measure the time period of the LDV signal (a so-called burst processor)
and a micro-computer system for storing and manipulating a data sample.
After the incoming signél is low-pass filtered, the device measures the
LDV signal time period by computing two averages of the time period over
a pre-set number of signal cycles. For operation in these measurements
one average was computed for 16 cycles of signal and one for 10 cycles.
These averages are compared to determine if the signal is periodic within
some pre-set limit. This limit ultimately determines the processor
resolution and upper limit on system accuracy. Both signal time averages
are stored in computer memory until a software program tests the averages
for signal periodicity. Those measurements which pass the periodicity
test are used to compute mean flow speed, siandard deviation, and the
kurtosis of the speed distribution. This information is recorded by a
digital printer for hardcopy.

Should the operator choose, all measurements forming the distribution
can be recorded to form histogramns of the velocity distribution. The
system operator is also free to instruct the system in the number of
measurements which should enter a particular data sample. During typical
runs, this was 200-400 measurements per sample and 2-5 samples were
obtained per spatial position.

Two flow conditions were selected for the LDV measurements
corresponding to simulated approach conditions for the JT8D engine with
conventional and inverted velocity and temperature profiles. In order to
allow sufficient run time to obtain profile data, the experiments were
carried out using the 4-inch coannular nozzle. The flow parameters for
these two conditions are listed in Tables 4.3 and 4.3a as conditions C and

F. Comparative acoustic data are shown in Figures 4.11 and 4.12.
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The profile data taken for the approach condition C with hot,
high velocity inner flow and cold,low velocity outer flow are shown
in Figures 6.4 and 6.5. Unfortunately, the traversing device used for
these experiments did not have sufficient lateral range to traverse
across the entire jet width. The LDV probe volume was initially set up
near the centerline of the jet and the traverse was made through the jet
] center to the boundary of the outer shear layer. It was discovered during
} the course of the experiments that there could be up to 1/2-inch error
in the location of the lateral position of the probe volume. This error
combined with the uncertainty in the exact location of the jet centerline,
an uncertainty which increases with distance from the jet exit plane,
resulted in a lateral displacement of some of the profiles. Thus, some
of the mean velocity and turbulence profiles shown in Figures 6.4 and 6.5
have been adjusted latefally so that axial momentum is approximately
conserved.

The stepped profile shown in Figure 6.4 represents the exit velocity
as calculated from the étagnation conditions assuming isentropic flow.

! The difference between the calculated maximum exit velocity and the measured
exit velocity represents an error of between 3 and 5% and is probably
associated with the uncertainty in the fringe pattern spacing in the

sample volume (see Figure 6.3).

The LDV processor was beinz continually improved during the course
of the experiments. Eariy in the measurement program when the profiles
very close to the nozzle exit plane were being taken, the LDV processor
had not been programmed to deliver turbulence information. Thus, the
first turbulence intensity profile shown in Figure 6.5 was obtained
2 at x/Do = 2.25.

g The turbulence intensity values in Figure 6.5 are computed from

(o

the standard deviation of the individual velocity measurements,
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where

These values are normalized with respect to the local average velocity, U,
yielding somewhat higher values than would be obtained by normalizing
with centerline velocity or the jet exit velocity. Figure 6.5 shows that
the turbulence level is increasing with distance from the jet downstream
of x/D = 2; it may be speculatec that further upstream this trend is
reversed.

Figures 6.6 and 6.7 show profile data for the approach condition F
with inverted velocity profiles. Unfortunately, the experimental program
had to be curtailed before data could be obtained for axial positions
greater than x/Do = 2. However, the data obtained is in the most interest-
ing region. The mean velocity profiles in Figure 6.6 show that the maximum
mean velocity decreases much more rapidly than occurs for the standard
velocity profile. Also, Figure 6.7 shows that the turbulence level for the
inverted profiles is much higher than that for the conventional profiles
in the region x/Do: 2. The two results are certainly consistent. The
very high turbulence level caused by the steep velocity gradients in
the outer shear layer of the inverted profile indicate very large turbulent
shear stress which would quickly reduce the velocity in the annular region.

Figure 6.8 and 6.9 are summary graphs showing the decay of the
maximum mean velocity aﬁd the change in maximum turbulence intensity.

Note in Figure 6.9 that ‘the turbulence velocity is now normalized with
respect to the maximum exit velocity so that the values can be compared
directly. These graphs reveal dramatically the difference between the
conventional and inverted profiles in the first few diameters. It is
expected that if the measurements were taken further downstream the
curves for the standard and inverted profiles would gradually come
together. Both the maximum mean velocity and the maximum turbulence

velocity should asymptotically approach the 1/x decay rate predicted by

turbulence jet theory.




et i o Tl L s o o e b g

112
Axial Position
O x/D_ = 0.50
o)
& x/p =1.00
o)
0O x/D = 2.00
o
1400
1200
1000
)
[+
wy
.
& 800 SrifSnSnIngTy
>
o]
8 600
-~
)
>
3
o
P
= 400
(3]
~
200
0
-0.75 -0.50 -0.25 0.00 +0.25 +0.50 +0.75

Radial Position, r/Do

Figure 6.6. Mean Velocity Profiles for Approach Condition F
with Inverted Exit Velocity Profile.




r—————r—— e r———

g e

113

Axial Position U - Local Mean Velocity at

O x/D = 0.50 Station x/Do and Radius
o ¢ r/Do

a x/D =1.00
o

m] x/D0 = 2.00

30 TR ey
] 1]
a2 ' Original [Exit AN
8 : Yelocity Hrofile L ﬁ
—~ [
® 40 - . 3
= ! [
= 1 i
=) S L = S T e . Bl
F 30
-l
1]
=1
[+
-
B {
-~
v 20 O
(=1
5 {
—~
.g A y/‘
s :
& 10 82y -
AQA__
g
0 o
-0.75 -0.50 -0.25 0.00 +0.25 +0.50 +0.75

Radial Position, r/D0

Figure 6.7. Turbulence Intensity Profiles for Approach Conditiom F
with Inverted Exit Velocity Profile.




Figure 6.8.

1.2

1.0

0.8

0.6

0.4

0.2

0.0

o Conventional Profile
0 Inverted Profile
Ue ~ Maximum Exit Velocity
MAX
Wvo'ﬁ&”““wL-o--_ 1o
N e
\ i [ S
\ ~
Ch‘~d# To
1 2 3 4 5
x/Do

Comparison of Maximum Mean Velocities for Standard and
Inverted Conditions. (LDV Data).

114

s e

v b




; !
115

O Conventional Profile

O Inverted Profile

Ue - Maximum Exit Velocity
MA>
] 0.30
=\ S e
0- 25 \ ’,'
N p/ -
% |
N /
0.20 A 4
b /
k¢ /
e
T !
U, 0.15 3
MAX J
/
i
0.10 e
/
0.05
0.00
0 1 2 3 4 5 6
x/Do

Figure 6.9. Comparison of Turbulence Velocities for Standard and
Inverted Conditions. (LDV Data).




T TR T ————

YT P T T

116

In order to supplement the limited laser data obtained and to
achieve further insight into the fluid dynamics of coannular jets with
inverted profiles a théoretical analysis to calculate mean velocity pro-
files was undertaken. This work involved a numerical solution of the
conservation equations for mass, momentum, and energy using an eddy
viscosity model to relate the turbulent shear stresses to the mean
flow properties. The complete results:of this study are reported
in Ref. [14] but Figure 6.10 shows some calculated results for a
constant thrust series{with Th/A = 11.20 1b/in2. In this figure
comparative axial distributions of the maximum mean velocity for both
inverted and conventional initial velocity profiles are plotted. The
calculations show the same trends as displayed by the LDV data in
Figure 6.8 with the maximum mean velocity dropping very rapidly for
the inverted velocity profile. Since the total momentum is the
same for the constant thrust series, all of the velocity profiles
approach a common asymptotic distribution for large x. This is
indicated in Figure 6.10 by the fact that the maximum mean velocity,
for all the initial conditions, reaches a common curve by x/Do = 10.

A comparison of the velocity and turbulence profiles for the
standard and inverted flow conditions give additional insight into the
aeroacoustic differences between these two types of flows. If the
turbulence intensity is taken as an indicator of the acoustic source
strength, the turbulence profiles suggest that the sources near the
nozzle exit are much greater for the inverted flow than for the
conventional flow. This is als> indicated by the high frequency parts
of the sound power spectra for the 2-inch nozzle (c.f. Figure 3.4) and
the spectra at 90° for the 8-inch nozzle (c.f. Figure 4.27).

The difference in the maximum mean velocity between the standard
and inverted flows shown in Figure 6.8 is thought to be one of the most
significant results of the Laser Velocimeter measurements. The fact
that the maximum velocity for the inverted flow is substantially less
than that for the conventional flow over a considerable portion of the
jet means that the convective amplification factor (1 - Hc cos 6)_5
is smaller for the inverted by as much as a factor of 5 for 6 = 30°.
This difference is probably responsible for much of the noise reduction

achieved by the inverted as compared to the standard profile.
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An attempt was made to compute the sound field for standard
and inverted profiles based on the mean flow calculations of Ref. [14].
This effort was based on the Lighthill theory implemented in a manner
similar to that described in Ref. [15]. This method did not yield
sound directivity spectra in good agreement with the experimental data
and the effort was eventually abandoned.

Although temperature profiles were not measured during these
experiments, the rapidldecay of velocity in the secondary flow region
for the inverted profiles would certainly be accompanied by a corresponding
decay of the maximum temperature. This rapid smoothing of the velocity
and temperature gradients together with the fact that the strongest
acoustic sources appear to be in the secondary flow region make it
likely that the convective amplification effect is a more important
factor in the noise reduction obtained by inverted coannular flows
than the reflection-refraction phenomenon described in Section 5.0.

In summary, the comparat ve velocity and turbulence profiles for
the conventional and inverted J18D approach conditions show a very rapid
decay of the maximum mean velocity for the inverted flow together with
a very large initial turbulence intensity. These observations are
consistent with conclusions drawn from the acoustic measurements that
the high frequency sources for the inverted profiles are greater than
for the conventional and that the reduced convection velocity is in large

part responsible for the noise reduction at angles near the jet axis.

—
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7.0 SUMMARY AND CONCLUSIONS.

7.1 Overview of the Investigation.

An in-depth investigation of the noise characteristics of the
exhaust jets from coannular nozzles with conventional and inverted
profiles has been carried out. The investigation consisted of five
principle phases listed below:

l. Reverberation Chamber Tests on a 2-inch nominal diameter

coannular nozzle under cold flow conditions.

2. Free Field Tests on a 4-inch nominal diameter coannular
nozzle under cold flow conditions.

3. Free Field Tests on the 4-inch diameter nozzle with
either primary or secondary flow heated.

4. Free Field Tests on an 8-inch diameter coannular nozzle
with either primary or secondary flow heated.

5. Laser Doppler Velocimeter measurements on the exhaust
flow from the 4-inch nozzle with conventional and
inverted profiles.

All tests were performed using circular coannular nozzles with equal
primary and secondary area (AS/Ap =1).

The majority of the acoustic tests were carried out holding
either the total thrust or the total mass flow of the jet exhaust
constant while varying the velocity ratio, VS/Vp. In the cold flow
tests the change in the velocity ratio was accomplished by changing
the stagnation pressure ratio of the primary and secondary stilling
chambers. In the heated flow tests, the velocity ratio was varied
primarily by changing the stagnation temperature of either the primary
or secondary flow.

In the free field test facility, which was used for the bulk
of the testing in this program, capability presently exists to heat
only one flow stream. For this reason it was not possible to maintain
both the thrust and mass flow simultaneously constant while varying
the velocity ratio. In addition, for consisteacy, all tests for

velocity ratio of one (Vs/Vp = ]) were performed with both streams
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unheated. This constraint usually resulted in the equal velocity

condition yielding the minimum noise level in a constant thrust or
constant mass flow series. This condition corresponds to very low
energy input and is not very meaningful for practical applications.

Since the primary and secondary exit areas for the nozzles
tested were the same, inverse run conditions where stagnation pressures
and temperatures of the primary and secondary streams were interchanged
resulted in comparable conventional and inverted profiles with the same
thrust and the same mass flow at equal energy input. Most of the
comparisons cited in the report are made between these types of profiles,
where vs/vp)Inv. = vp/VS)Std.

In addition to the constant thrust and constant mass flow
series a number of tests were made on the 4-inch and 8-inch nozzles
simulating the take-off, cut back,and approach conditions of the JT8D
engine. Corresponding inverse flow conditions were alsc tested for
direct comparisons.

The final phase of the iivestigation involved Laser Doppler
Velocimeter measurements to determine mean velocity and turbulence data
on the simulated approach conditions for the JT8D engine with standard
and inverted velocity and tempcrature profiles. These measurements were

made with an LDV recently built at UTSI by the Gas Diagnostics Division.

7.2 Summary of Major Results.

Unless otherwise noted all acoustic comparisons cited in this
summary will refer to comparisoas between conventional and inverted
profile flows at the same total thrust, the same total mass flow, and

at equal energy input.

7.2.1 Cold Flow Results.

Reverberation chamber measurements in the cold-flow tests on the
2-inch coannular nozzle revealed very little difference in the overall
sound power produced by the standard and inverted profiles at the same
thrust and mass flow. Comparison of sound power spectra (Figure 3.4)
showed that the high frequency noise generated by the inverted profile

was greater and that the low frequency noise was reduced.
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Similar cold flow comparisons in the free field on the 4-inch
coannular nozzle showed (Figure 3.7) a moderate reduction (< 5 dB) in
the intensity in the direction of maximum noise radiation for the inverted
profile. The sound pressure level at 90° to the jet axis was only
slightly different for the conventional and inverted profiles. Comparison
of the sound pressure levels in the region of maximum noise radiation
at about 30° (Figures 3.10 and 3.11) indicate that the noise reduction
achieved by the inverted velocity profile improves as the thrust level
and velocity ratio increases. The sound pressure spectra at 30°
(Figure 3.9) show that the inverted velocity profile has a much flatter
spectra with more high frequency noise radiated and less low frequency
noise compared to conventional profile at the same mass flow and the

same thrust.

7.2.2 Hot Flow Results.

Free field tests on the 4-inch coannular nozzle where either
the primary or secondary flow stream was heated yield trends which
are generally similar to those obtained in cold flow. However, the
difference between the noise levels of the conventional and the
inverted profile flows is much greater in the case of heated flow.
A comparison of hot and cold flows, at the same thrust and the same
velocity ratio (Figure 3.10 and Figure 4.7) show that the noise
reduction achieved by the inverted profile where the outer flow is
heated is much greater than when both flows are cold. A direct comparison
between the maximum sound radiated at 30° for the simulated JT8D conditions
and the corresponding inverted flow conditions show a 10 dB advantage
for the inverted profiles over the entire thrust range.
A comparison of the sound pressure spectra at 30° to the jet
axis (Figure 4.4) show that the spectrum for the inverted velocity
profile is much flatter than that for the conventional profile. At
very high thrust levels, the sound pressure spectra for the inverted
profile develops a double peaked character such as shown in Figure 4.10.
The noise reduétion exhibited by the inverted profile flows is

greatest in the region of maximum noise radiation, that is, at angles
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less than 45° to the jet axis. For radiation angles greater than 60°
there is very little difference between the noise radiated by conventional
and inverted profiles with the same thrust and total mass flow. A
comparison of spectra at 90°, in fact, shows only an increase in the
high frequency noise for the inverted profile without the decrease

in low and mid-frequency noise that occurs at 30°, (Figure 4.17).

This result suggests that the noise reduction observed at the lower
angles may not be due primarily to a decrease in the strength of the
acoustic sources in the inverted flow. It is thought that the principal
mechanisms of noise reduction may be the reduced convection effect in
the inverted flow and an increase in the interaction between the

radiated sound and the high velocity, high temperature outer mean flow.

7.2.3 Comparison with S'nthesized and Mixed Flow.

The acoustic results for both the conventional and inverted
profile flows have been compared with semi-empirical estimates for
synthesized flow and fully mixed flows. The synthesized flow estimates
were determined by converting the secondary flow annulus to a circular
area and adding the sound intensities of the two circular flows without
considering mutual interference. This technique has been recommended
[Ref. 5] for estimating the noise output of standard profile coannular
flows. In the present study, the results of the synthesized calculations
were found to agree reasonably well with measured acoustic data for
standard velocity profiies. although somewhat overpredicting the noise
output at high thrust and high velocity ratio (Vp/vs)' The synthesized
sound level is a somewhat arbitrary standard and to assess the noise
reduction potential of the inverted profile flows it is much more
meaningful to compare with an equivalent fully mixed exhaust flow. Any
coannular flow with conventional or inverted velocity profile can
theoretically be converted to a fully mixed flow with the same total
thrust and the same total mass flow. The computed sound pressure level
for the fully mixed flow generally fell approximately mid-way between
measured values for the standard profile and the inverted profile. These
results indicate that the noise reduction obtainable by mixing the
standard coannular profile is only about one-half of that achievable by

inverting the velocity profile.
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7.2.4 Effect of Nozzle Size.

Comparison of the acoustic data for the 4-inch and 8-inch
coannular nozzles show that the overall sound pressure level scales
very well with nozzle area (Figure 4.23). Applying standard Strouhal
scaling to the observed sound frequencies reduced the 4-inch and 8-inch
sound pressure spectra to comparable curves (Figures 4.15, 4.16).
Although there is some discrepancy in the location of the peak
frequency and some deviation in the high frequency sound levels, the

overall agreement is considered to be reasonably good.

7.2.5 Results of LDV Measurements.

The mean velocity and turbulence measurements taken on the
4-inch coannular nozzle reveal clearly the great differences in the
flow fields of the conventional and inverted conditions in the first
few diameters. For the inverted flow the maximum mean velocity drops
very rapidly initially and quickly reaches a plateau value at about
the inner jet velocity. On the other hand, the maximum mean velocity
of the conventional profile flow remains near the inner jet exit
velocity for several diameters before beginning to decay. Thus there
is a region of several diameters where the maximum velocity of the
conventional flow is substantially higher than that of the inverted
flow. This result supports the suggestion that differences in the
convective effect between the two flows is contributing to the
differences in the noise radiacion.

The turbulence intensity profiles indicate that, as expected,
near the nozzle exit plane the turbulence level for the inverted profile
is much higher than for the standard profile. This suggests that the
noise sources in that region are greater for the inverted profile and
is consistent with the increase of high frequency noise observed for
that type flow.

Some results from a theoretical investigation of the free
turbulent mixing of coannular jets are reported to give additional
insight into the comparative evolution of coannular flows with
conventional and inverted profiles. Complete results of this study

are given in a Master's thesis by Dathe [14].
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7.3 Conclusions.

The results of this study show that coannular flows with inverted
velocity profiles are quieter rhan standard velocity profiles at the
same thrust and mass flow. The acoustic differences between these two
types of flow are much greater when the velocity differences between the
inner and outer streams are caused by changes in the stagnation tempera-
tures rather than by changes in the stagnation pressure ratios of the
primary and secondary flows. The major differences in the sound fields
occur at angles less than 45° from the jet axis, where the greatest
noise is radiated, and result from a reduction of the peak frequency noise
of the standard profile.

The reduction in noise obtained by the inverted velocity profile
is thought to be largely due to the rapid decay of the maximum mean
velocity that occurs compared to the standard velocity profiles. This
implies that the source convection velocity is reduced with a
corresponding reduction in sound radiated near the jet axis. The
fact that the effect is enhanced when the secondary flow is heated
is due to the fact tha£ the low density, high temperature secondary
air looses its momentum more rapidly by mixing with the cold ambient
air.

The noise reduction obtainable by mixing a standard profile coannular
flow to produce a uniform velocity profile with the same thrust is less
than that attainable by inverting the standard profile.

Standard jet noise scaling techniques can be applied to coannular
flows with inverted velocity profiles to determine large scale noise

levels from model tests provided the area ratios are the same.

7.4 Limitations of the Study.

In the present test series only one flow stream, either primary
or secondary, could be heated. This limitation prevented the investigation
of intermediate conditions between hot primary - cold secondary and
hot secondary - cold primary. By controlled heating of both streams it
would be possible to investigate the influence of varying velocity
ratio over a wide range of value while holding both the total thrust

and the total mass flow constant.
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In the present study only coannular nozzles with area ratios
of one were tested. While this provided a convenient way of directly
comparing the standard and inverted profile flows it may not be

near the optimum nozzle configuration. Additional studies investigating

systematically the influence of area ratio and controlled heating
of both streams would be useful.
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