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ABSTRACT

Mechanisms of fan/compressor noise generatio» , .ransmission, radiation and
propagation were physically defined and mathemav.cally described in terms of
functionzl relationships between acoustic, geowevcic and aerodynamic parameters.
Based on these mechanisms, analyticai and semi- :rspirical predictions of pure
tone, broadband and multiple pure tone fan/comp:essor noise were established
in terms of sound power spectra, directivity judices and the resultant sound
pressure sgpectra.

Test data on a - wiety of fan and compress. v vehicles were used to virify the
basic prediction te :hniques and to study the ispact of specific d-sign para-
meters upon fan/conpressor noise, including vsnre-blade spacing, vane and blade
numbers, tip speed, blade loading, rotor sw.en, inlet guide vanes and vane
lean. Effects of refraction on tone direct.vities were measured and compared
with expectations. Propagation of acow_tic waves were studied, with specific
experiments conducted to investigate ground refiection phase factor and atmos-
pheric absorption at high frequencies.

The prediction systems were summarized in terms of flow charts and tables,
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VI. EXPERIMENTAL INVESTIGATION OF REFRACTION/PROPAGATION EFFECTS

(A) Refraction Effects. An expciiment was conducted as part of this pro-
gram in order to explore the validity of the offects predicted in Section III-C,
. namely:

. Is sound refracted outward from the jet axis as a result
. of the velocity and el.vaicd temperature of the airstream
containing the sound?

Can this trend b»e reversed by uslug a hot chroud of air
around the sound source so that, rather than an increase,
@ veduction in the raximum sideline noise is attainable?

IR
.

(1) Experimental Rig, Tests Conducted,and Data Analysis. The experi-
mental rig is shown by the sketch in Figure VI-Al and the photograph in
Figure VI-A2; the nozzle discharge is shown by the photograph in Figure VI-A3,
It conszisted of a pipe,terminated with & con cal nozzle enclosed by a larger
concentric pipe also with a conical nozzle, irranged so that the two nozzle
exhausts were concencric and co-planar., The inside diameters of the two
nozzlee are shown on the gketch, the outer ou. L...., slightly more than 8"
and tke inner one being less than 6", so that the annular width between the
two was about 1-1/4", This annular thickness is large relative to the wave
length of the siren tone, so acoustic ray analysis is applicable.

A PRI ST PO N

L)

% Air was supplied to the outer pipe; a burner was included upstream so that
‘ the shroud air could be heated. A high frequency (20,600 Hz) siren was used
to introduce a high intensity tone into the inner pipe. The siren was located
as shown in Figures VI-Al and VI-A2, The siren was contained in a box chamber
as shown in Figure VI-A4. A microphone was included inside the box so that the
. tone f:equency and sour! .ressi.re level in the box could be set by appropriate
regulation of the air supply to the siren motor and to the siren disc pienum.
The sound pressure level of the one-third octave band containing the tone was
controlled within ¥ 1 dB for all tests. The rig was assembled outdoors over
a concrete and gravel field (see backgiound of Figure VI-A2)} with nine micro~
phones on a circular arc of 20 ft, radius from the center of the nozzle dis-
charge plane, These microphones were in fixed pesitions shown by the diagram
in Figure VI-A5 . Eigit microphones were placed at 10° increments between 20°
and 90° from the jet sxis, the ninth being placed at 25°, The jet efflux pre-
cluded r.1iable measurements any nearer to the jet axis, although this would
have been desirable to dei:ct any channeling of scund which wight have occurred
within the shroud jet. During each run, noise measurements were made at each
far field microphone and in the siren box; since the sound level of the one-~
. third octave band containing the siren tone was controlled in the box within
t dB, any larger change in the far field microphone level wns caused by the
refraction/reflection effects of the shroud air flow.

After measuring the siren noise level in the far field without air flow, the
shroud air Mach number was fixed by setting tre nozzle pressure ratio at 1.20,
and measuremects were made 38t all positions fer shroud air temperatures of
520°R, 960°R, 1400°R and 1960°R. The theoretical angle, 6p, of compiete internal
reflection undev -hese test conditions is shown in Figure VI-A6, calculated from
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c
-1 [ o ]
[}] 23 sin e
c C+v, |

02, V2 =  Suroud sonic velocity and comvection velocity,
res, ectively

c =  Ambient sonic velocity

The figure shows that at ambjent temperature of the shroud, only the angles
of 50° or less from the jet axis are expected to be affected. At 950°R the
critical angie moves to 60°, Finally, at 1960°R, it moves to 70°. Noise
originally at angles less than the critical angle is expected to be captured
in the shroud.

Data reduction included both aarrowband (10 Hz bandwidth) and one-third
octave band analyses for the frequency band containing the 20,600 Hz signal.
Both kinds of data are required because the noise spike generated by the siren
wee not only affected by ve, action freflec ion) but also by modulatior intro-
duced by the tnirbulence in the jet mixing zone. This modulation caused
scattering of the sound energy into #djacent frequencies within the one-third
octave band 1limits (18,000 to 22,400)lz. The siren noise spike was sufficiently
near the midpoint frequency so that, as revealed by the narrowband data, the
scattered energy remained within the one-third octave band limits. The sireg
noise spike as measured in the siren box contained sideband noise at 20,600 =~
1550 Hz because of modulation associated with the siren disc rotational fre-
quency. Except for the sideband noise spikes, which were generally 10 dB below
the primary siren spike, the signal-to-noise ratio of the siren spike was more
than 15 dB, generally being 20 dB.

(2) Results. The narrowband results are given in Table VI-Al and the
one-third octave band, in Table VI~A2, Graphical presentation of these same
data is given in Figures VI-A7 and VI-A8. In the tables and in the graphs, the
measured far-field sound pressure levels are shown.

(a) For the siren alone - This gives the levels at each microphone
without any flow effects, These are the datum levels used in Figures VI-A7
and VI-A8,

(b) For the shroud air flow alone ~ This shows how much of the
nolse was introduced by the jet.

(c) For the sir.n with the shroud air flow - This shows the combined
sirer and jet noise.

Data for each far field angle measured from the jet axis, are given for each
of the four shroud air temperatures. ' In the two figures, the arrows indicate
the changes in far field levels induced by the shroud air flow, and the bars in-
dicate the jet noise contribution. The jet noise shows an increase with shroud
air temperature because, with constant Mach number (fixed by nozzle pressure ratio
the velocity increases with temperature,
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Shroud Air Temperature (P.R. = 1,20

550°K 960°R 1460°R 1960°R
Microphone |} Siren Jet Jet + Jet Jet + Jet Jet + Jet Jet +
wocation Alone | Alone Siren | Alone Siren | Alone Siren | Alone Siren
20" 77 42,5 55 47.5 50.5 | 53.5 53 57 53.5%
25 70 39 44 52 52% 53 52*% 57.5 56%
30 66 39.5 48 44,5  45% 53 53.5% | 54 56.5%
40 77 51 66 52 56.5 55.5 55.5%| 60 58.5%
50 74 45 67.5 49 61.5 56 57.5% | 61 59%
60 70 43.5 70 48 67 54 61 58 58%
70 72 43 72 48 66 53.5 63.5 56.5 59
80 63 (47) 58 45 58.5 50 58.5 52.5 56
90 62 40 57 45 56 52 55 55 53.5
Siren 135 - | 13 - | 13 - | 135 - | 13
Box |

*Tone completely absent; the value given is the broadband
noise level.

+Angle from jet axis (degrees)

TABLE VI-Al

10 Hz Narrowband Sound Pressure Level, 20,600 Hz (dB)

Refraction Test Rig
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Shroud Air Temperature (P.R, = 1,.20)
550°R 960°R 1460°R 1960°R
Microphone Siren Jet Jet + Jet Jet + Jet .Jet + Jet Jet +
Location Alone | Alone Siren | Alone Siren |Alone Siren | Alone Siren
20+ 89 72 79 79 79 82 83.5 87.5 85.5
25 81 0 71 81 82 84 84 86 86.5
30 80 66 72 73.5 74 84 84 84.5 88
40 89 76.5 88.5 82 84 87 87.5 91.5 90
50 85 76 91 81 85 87.5 89 93 91
60 83 76.5 90 79.5 88 86 87.5 90 90
70 80 78 87 79 87 84 86 87.5 88
80 75 an 81 76 81.5 82 83.5 85 85
90 70.5| 73.5 77 76 79 81 82 84 84
Siren 148 - | 147 - |85 | - 149 L - | 148
Box

+ Angle from jet axis, degrees

TABLE VI-A2

One-Third Octave Band Sound Pressure Level, 20,000 Hz (dB)

Refraction Test Rig
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(3) Discussion of Results. The narrowband analysis was originally in-
tended to provide the data to show the refraction/reflection effect, using a
filter bandwidth of 10 Hz to permit identifying the tone level without inter-
ference by the jet noise floor. Thus, relat've to a ome-third octave filter,
the 10 Hz filter provides an improvement of 26 dB in the signal-to-noise ratioc.
The data in Figure VI-A7 shows that in most cases the jet noise floor was more
than 20 dB below the siren tone level datum (no flow case).

The data in Figure VI-A7 do, in fact, show an impressive reduction in the
siren tone level when the air shroud is used. This reduction occurs at all
angles and for all shroud air temperatures, excepting only two out of 36 data
points. Even the 80° and 90° locations showed a reduction in the tome level;
here, the narrowband data indicate that the reduction is a result of modulation
of the tone by the jet mixing turbulence such that the rone energy is scattered
into a range of frequencies. Therefore, the one~third octave band data analysis
must be used to separately evaluate whether the siren tone was captured within
the shroud (consistent with the prediction of Figure VI-A6) or was wmerely
gcattered into a wider frequency band,

When the data is analyzed by the one-third octava filter, the jet noise fioor
begins to intrude in some cases. Also, the datum level for the siren-alone has
strong directionality around the measurement arc. For these reasons, the data
has been normalized relative to the datum and corrected for jet noise, with ihe
results as shown in Figure VI-A9, The data show that:

(a) The siren noigse level is reduced for all angles of 40° or less
relative to the jet axis.

(b) At 50° the siren noise level is increased for the 520°R shroud
temperature, but decreased for the higher shroud temperatures. Note that Figure
VI-A6 shows the 50° angle to be marginally outside the region of internal re-
flection when the shroud temperature is 520°R, but is it is well within it for
the higher shroud temperatures. Thus, the changeover point between the 520°R
and 960°R shroud temperatures for the 50° angle is confirmed.

(c) At 60° the siren noise level is increased for the 520° and
960°R shroud temperatures, there i1s not much change for the 1460°R case, but it
is decreased for the 1960°R case. Here Figure VI-A6 shows the 60° to be well
outside the captive region for 520°R, to be marginal for the 960°R case, slightly
within the capture region for the 1460°R case, and somewhat further within it for
the 1960°R case.

(d) At 70°, the siren noise level is increased for all shroud tem-
peratures excepting the 1960°R case, for which a reduction still occurs. Again
this is consistent with the crossover from affected to unaffected regions pre-
dicted by Figure VI-A6.

(e) Finally, at 80° and 90° an increase in the noise level occurs
except for the highest shroud temperature (1960°R). 1In that case the jet noise
level is the same with or without the siren, so the tone has not contributed
significantly to the jet noise. The narrowband results in Figure VI-A7 show that
some trace of tone was remaining at 80° but none at 90° for the 1960°R case,
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These comparisoas indicate that the shroud does capture the neise by
internal reflection, consistent with the predicted trends.

The increases in noise shown by Figure VI-A9, however, show that the
directivity of the siren-alone noise (without flow) has, in fact, been changed
by the shroud air. Ever though the narrowband data of Figure VI-A7 show that
the tone level did not in any case exceed the siren alone tone level, the one-
third octave band data of Figure VI-A8 ghow that siren-plus-jet noise was well
above the siren alone noise for angles 50° and greater, even when the jet noise
is so low that it makes no contribution. Therefore, the data in F?~ire VI-A9
raises the question whether the shroud, rather than reducing the sideline noise,
actually causes it to increase, Thir would be possible if there had been no
internal reflections such that the nozzle of the inner pipe became a sound source,
completely inserting the siren noise into the shroud air, resulting in subse-
quent refraction toward the side,

To evaluate whether this could have happened, the refraction effect was cal-
culated assuming that there was no internal reflection within the shroud and
no spatial scattering by the jet-mixing turbulence, with the results as shown
in Figure VI-Al10. The calculated directivity index was obtained from:

T
1
DIer = DIei + 20 log (1 + M sin Qi) + 5 log T

- sinei
o, = sin ‘[ T~ ] M = airflow #ach number
1
T (1 +M sind,)

It is pertinent to note that the shadow angle, shown in Figure VI-Al0 by the
downward pointing arrow, is the same as the critical angle for internal reflecticn
(Figure VI-A6). As a result, the previously discussed trends of Figure VI-AY
which were given to support the concept of internal reflections, now can be seen
to be consistent with the possibility that the higher temperature shroud merely
moved the shadow angle more and more toward the sideline. That is, rather than
che noise being captured by the shroud and redirected toward the axis, this
suggests the possibility that the noise was merely refracted without internal
reflections, and the observed decrease in noise, say at 60°, as the shroud tem-
perature was incressed, could have occurred simply because that microphone was
in the shaduw zone for the higher temperature. A contrary indication from the
data is the fact that the calculated refraction level of Figure VI-A1l0 would
require at 70° and 80° the siren noise level should increase with increasing
shroud temperature, The data in Figure VI-A9 show this did not happen; the trcnd
is strongly in the opposite direction, indicating that although there was some
sidewise refraction with the unheated air shroud, internal reflection reversed
the effect as the shroud temperature was increased.
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This is more clearly shown by the data as presented in Figure VI-All, a
plot of directivity index versus polar angle for the siren without shroud
airflow and for the siren noise with airflow corrected for jet noise. The
space averaged sound pressure level is 83.6 dB for the no-flow case, but 36.7
dB for the 520°R shroud temperature case. The reason for the higher value
with flo.. is not understood, since the sound level at the source (siren box)
was the same within 1 dB. This change in average level is one of the factors
that makes the data in Figure VI~A 9 subject to misinterpretation. The space
averaged sound pressure levels for each case are tabulated below, showing
that after the initial increase caused by flow, the space averaged leveli then
decreased as the shroud temperature was raised.

Space-Averaged Sound Pressure Level (dB)
Ll

Siren Siren, corrected for Jet Noisc at
Alone Shroud Temperature of:
520°R 960°R 1460°R 1960°R
Space Avg. SPL 83.6 86.7 83.6 80.1 *

*Could not be determined because jet nolse too high,

Thus, while the value is higher at 520°R, it is the same at 960°R, and
lower at 1460°R than the siren-alone value. The space averaged value of 86.7
dB was used as the reference for all cases with shroud flow, thereby peraitting
graphic illustration in Figure VI-All of the noise reduction achievable by
elevating the shroud air temperature, all other factors being held cons:.unt.
Such a reduction could result only from capture of the noise within the shroud.

A final point of interest in Figure VI-All is that the initial directivity
"without flow" still has a strong influence on shape of the directivity "with
flow" for the 80° and 90° locations. This shows that the modal patterns of the
inner nozzle were not completely randomized by the air flow turbulence in the
shroud. This is believed to be the result of having no air flow and the asso-
clated turbulence in the pipe through which the siren noise was channelled,as

would be the case in an engine exhaust.

317




90

83.6 dB
86./ dB

3

80

|

NO DATA @ 1960°R BECAUSE

. NO SHROUD _

C e
!

t

[

-
-~

+

pa

i
| 1
LI
WITH FLOW1 "
*‘|
11’ -
444 d. o
TEMP
0rf‘
ad 0
A,J—
t
-

, WITHOUT FLOW..:

w3
=3
- =
5 A
- ol
BN il - w
“‘ 2iges i owm @
: 47ERE] HIEE: Ras:=1is’ tAEH FETIS DR MO I T m ~8 &
: ) i Fhade s 48 S PR RS EESES PURES FE IR NS B .
! 8. R =1y’ N AR ISyl 13=t LTS RS chg OOF \. o m
| 4= w SEESE JEAES BANE 19R2 RS FERFY EEES= T RE2 SESXE RONE S Ate snses FE L T ToOEl 8 S
I Bnl*«H { T P u.«an 2RSS SR SAES LRSS 11 n ..._1*.‘ SUPIDON SMH OO e} (=] ea]
! M oa nmn snave B2 LR sis SUAES ERLSE SHCES SRS DIES° URSRS tRude JIIRE B olov =
| |28 Fr T Imew FRIRI RIS SRR RSRE ICSEEERRE. S522E SRERD SIRRY B ——2<213 " SE
} buswalpn i & I aapou nfohl Fiins viene FEusS SANE FikS v v -
! g w T 9 <5 S1ERTYRa00E: Rty so0us SPORE \EaDifchs IDRRI IS 5] £ 8
| S o e e ] & B
e ChmndiE Ly EREEETIRNEE SiEiE | P B
i e - s RS SR . . . 3
B8 o eargussanss § gk ~r S 4 N — QRE 52
=luny [IISICRIMANNEE § - Sl o) SEERSERI MRS SERIS FRSEC AEE S 5 178 °g
Sl S P t b T N RA RS Rl SSd i ; i E:
ek Pl d - ,ﬁ._.}.J.v [RESssEyeY Aphaypaais PM.M fi. L _ m = O =
ST ERSE IR MRS EO0R) EPUN r SRS REE S Bl ESS EEN T8 1 §°8 °
| g - O (HE N b e D ) el B
= » r ¥ of A : ._nﬂ i selanERIGS S5 6 an niil : e s O R O
oy 2 4 -— 4 s F -t - . B OEIEE BENN 4 L3 E
Sraee s -+ T NS SESARY SSPYSSNERD Sy B J
s mr up BEPON 554 ﬁ..foxf M oS n 58 .fu IR ba e Ex
i .TM. e <~ + 4.||1|.1.0 A.H..!vv.m; e IH.M JA_MTL.hljﬂ dp{rbe- 1 o m Fm
.t rd oy vl.»-‘_o'«.ryl e ek A - - - FF R I IR vy - . N Q K<
ﬂnm gD Sulits B ons ail - Slat RS ERNOE AT IR | 2
AALF. 4 Mf..ﬁi.. 4l+.rm¢ .4n|”4r.u.ﬁ.~ 4 Am ”1.. ™ 117 “.an " ; o
N T T 1 -4 -
e IEE uuq.,,ﬁ it by STL. 2 POEl " © 4
L*m “.v.w L9 SPRE BENAE SE O 2 it SERE . — <
BN S8 WNhGE S Hat T T - ] !
SPT i) e TS O s e st | il =
, o
_ — — — -t — ~ AR
_ N
n + ' + 1 1 1 ' o]
| =
[
{ (dp) I ‘XIANI ALIAILOTMIA fxe
|
1
1
1




DI

DIei

s

NOMENCLATURE - SECTION VI-A

Directivity Index of the sound after refraction.
Directivity Index of the sound before refraction,

Mach number of the following airstream containing the sound.

Angle of incidence of the scund measured from the normal to the plane
of the interface between two media.

Angle of refraction of the sound measured froa the normal to the
plane of the interface between two media.

Absolute temperature of moving air containing the sound.

Absolute temperature of ambient air.
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(B) Experimental Investigation of Propagation Effects. The mechanisms
asgociated with the propagation of sound in the atmosphere were discussed
and mathematical models describing these mechanisms were described in
Section III-D of this report. The phenomena were treated in four parts:

. Invers: Square Law Divergence

. Atmospheric Absorption of Acoustic Energy

. Additional Absorption by rhe Ground Boundary Layer
. Reflection of Sound Waves by the Ground

As indicated in Section III-D, the interpretation of ztmospheric absorption
and reflection are complicated by inhomogeneities in the atmosphere (for ex-
ample atwospheric turbulence, thermal gradients, etc) and by the deviation of
any real surface from an ideal reflector due to surface roughness, absorption
by the surface, and by a phase shift in reflected sound at the surface., Thus,
the models used to represent the propagation phenomena must include factors
which are derived from experimentation. The two semi-empirical factors from
Section III-D that most require experimental determination are:

. Reflection phase factor, ¢
. Atmospheric Absorption Coefficients for high frequency data

A series of tests were conducted at the Generai Flectric test facility near
Peebles, Ohio to investigate the phenomena associated with acoustic propagation.
The first part of the tests was aimed at an investigation of the reflection
phase factor, and the second portion of the series consisted of an investiga-
tion of atmospheric absorption at high frequencies. No systematic investigation
of the reflection coefficient was included in this test series; however, ob-
served values were used in the tests to verify the models.

é (1) Reflection phase Factor. The phase factor, ¢, was defined in
Section III-D to be

Ar!

where

Ar = ideal path length difference (reflected signal path
minus direct signal path)

Ar' = effective path length difference, a function of Ar,
non-ideal surface, and atmospheric inhomogeneities
(turbulence, gradients, etc,)
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The phase factor may alsc be expressed as:

2 Ar

¢+ i* e X

fnull actual n=0,1, 2, ....

where

]
]

acoustic velocity

fnull actual = frequency at which maximum cancellation of direct and
reflected signal occur,
The phase factor is a function of surface, distance (Ar), angle of inci-
dence, frequency ana meteorological conditions (wind, etc.).

(a) Phase Factor - Test Objectives and Set-up. This series of
tests attempted to determine the variation of phase factor with type of sur-
face, angle of incidence, and geometric path length difference (4r).

Two types of surfaces were considered: concrete and gravel, In addition,
the surfaces were wetted in order to determine the sensitivity of the surface
to weather conditions,

Two test configurations were designed for the testing of phase factor. The
first, Configuration A (Figure VI-Bl), was designed to test the variation of
phase factor at nearly constant angle of incidence, while the path length
difference varied. The second, Configuration B (Figure VI-B2), was designed
3 to test the variation of phase factor with angle of incidence, The microphone
. located ten feat from the speaker was used to monitor the speaker output so

that any null noted (local minimum) at other microphones can be assigned to
reflection and not to speaker output,

The sound for these tests was produced by driving a speaker with a sine wave
generator that produced a one minute linear frequency sweep from 450 to 10,000
Hz. Generator output was set at the highest power level attainable, The pure
tone sweep was recorded by the microphones at various locations,

In order to obtain an indication of the location of the reflection point, a
4 foot x 4 foot x 4 inch Scottfoam pad was placed at 21, 25 and 29 feet from
the speaker with the microphones located in Configuiation A,

With the €. pilon of tests performed for the concrete surface with the
mikes in Con ‘:u¢ -..on A (Figures VI-Bl) the tests were performed with negli-
gible wind speec.. For the noted tests wind gusts of one to five miles per
hour were observed., Whilec the wind may have introduced some scatter in the
data, the consistency between data for repeat runs indicates the effect was
negligible,

For each combination of configuration and :urface, a minimum of 4 repeats
(frequency sweeps) were performed. This was done su that such random effects
as atmospheric turbulence may be eliminated through the averaging process,
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(b) Phase Factor - Results and Analysis. Typical values of
Sound Pressure Level (SPL) recorded, versus frequency, are presented in

Figures VI-B3 through VI-B4l.

(1) Type of Surface. Using the relationship between
phase factor (¢) and test measurements:

2 x Ar x £

¢= n+1 c null action n=0,1,2....

yields, for the recorded sound pressure levels, ¢ as a function of frequency
(and surface). Results of the above calculation for each microphone over
concrete and over gravel are presented in Figures VI-B42 through VI-B46.

Prior to discussion of the test results the expected variations in phase

factor due to measurement errors must be determined. Taking the differential
of the equation relsting phase factor to test measurements yields

[ﬂ] .,t\/[.‘i_(b_r).]2+ ) (e 2
¢ r (fnu11> (c)

raes

where

rss - denotes root sum gquare of the variances

Ar - geometric path length differential (reflected minus
direct signal)

null frequency at which a null is observed

¢ - acoustic velocity

Now c is const.x\‘T

vnere T = absolute temperature.

So
de . 1)
c 2 “\T

Now, congidering the geometry of the problem, it can be shown that:
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2 h _h 2
d(ar) = | = - -i:- (dL)? +[ *‘r" L “r S (dh))
b o d T d

h h h 2
- 2
+[ s+ r . .8 r] (dh )
h o r
o d

where

1 = horizontal separation between source and receiver
h = height of sound source
k= height of receiver
- 2 2
r -‘l(hS + hr) + L
- __ ) 3
T, -\/(hs h )%+ L

Thus we have 5 types of possible measurement errors to contend with
(dhs, dhr’ dL, dT, and dfnull)'

The values dh_ and dh_ indicate (in addition to measurement error) the un-
certainty with which we know the exact location of sound source and rzceiver,
respectively. The value dL reflects a physical measurement error, For example
if the microphone stand is 2° out of perpendicular for the 18 foot microphone
this alone introduces an error of & inches in L,

The error dT is strictly a measurement error.

The valre of dfnyll 1s not only a function of the measurement system but
alco the r. solution of the frequency scale for reading f,,13. This is, to
a laige part a rindom error and should be cancelled through the averaging
procedure, Fo- any given sweep, dfpy11/f,,1] should be significant only for
the lower frequencies, i.e., in comparing repeats one would expect more
scatter (due to measurement error and reading f,,;17) in the values of ¢ at
low frequencies,

Using the following valies
dL = 1 foot

dhS = 2 inches

dh = 1 inch
T

dT 1°

dfpu1y = 0
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Yields for these tests

Thus, one would assume that, if an ideal reflecting surface (# = 1) were
used in these tests, the observed values of ¢ would be

+

¢ = 1,02

ideal

Referring again to Figures VI-B42 through VI-B46, it may be seen that con-
crete essentially behaves as an ideal reflecting surface. There is, however
a "breakdown" in the cancellation/reinforcement pattern at frequencies greater
than 26 KHz (see for example Figure VI-B3).

This breakdown at the high frequencies is assumed to be a result of the
variation of the effective path length difference (Ar') with time (the wave
lengths are of the same order of magnitude as the variation in Ar'). Because
¢ varies with time, f;411 actual also varies in time. Thus, a pure tone
(above breakdown frequency) measured near a reflecting surface will have a
time varying amplitude. The variation in amplitude recorded for a pure tone
results in no discernable nulls or peaks when a frequency sweep is being re-
corded, The coEtr;bution to measurements as a “esult of reflection then approaches
10 log,, (1 + Q°/Z7) (see Section I1I-D) at high frequencies where the effects
of cancellation ani reinforcement average to zero over the time sample.

The phenomenon of breakdown occurred at lower frequencies for gravel (2 - 2.5
KHz) than it did for concrete (26 KHz). In addition, the phase factor varied
between .95 and .75 over the frequency range of ,5 to 2KHz.

This is due to a result of two effects (1) the surface acting as a resonator,
and (2) at higher frequencies the wave length approachzs the magnitude of the
surface roughness, resulting in a diffuse reflecting surface, causing extreme
scattering of the reflected signal. For surfaces such as gravel, no consistent
prediction of phase factor seems apparent, so that the phase factor must be de-
termined experimentally for use in any analysis of the propagation problem.

Values of the phase factor (average of the repeats) versus (2n + 1)/2
(for all microphones Configurations A and B for concrete and Configuration A
for gravel) for wet and dry surfaces are presented in Figures VI-B47 through
VI-BSS .

It should be emphasized again that the expected accuracy is b 2%. The ex-

panded scales used in these and subsequent figures, are used only to observe
trends, while actual values are accurate to - .02 x 4.
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L e

The effect of water on the surface is to raise the value of the phase
factor for both gravel and concrete. This is probably caused by water
filling the "gaps" in the surface and thus presenting a more uniform re-
flector. In addition, breakdown occurs at higher frequencies for wet gravel,
This also indicates thoat breakdown is not only a function of time variation
of atmospheric properties alone but a function of surface roughness.

The initial objective of placing Scottfoam on the surface was to locate
the reflaction point and its effective dimensions, but the results of this
portion of the tests indicate a greater effect on phase factor than on the
strength of the reflected signal.

Over gravel, no effect of placing the pad on the sur’ace could be seen
(Figures VI-B17 and VI-B41),

This result is caused by the fact that the gravel field is reflecting over
a broad area, and not at a point or small region, Little effect in the level
of the reflected signal was produced by placing the pad on the concrete., The
peak to null spread versus frequency (shown in Figures VI-B56 through VI-B58)
for concrete without the pad and with the pad at varicus locations shows almost
no evidence of the pad affecting the recorded levels; however, the pad did
affect the value of the phase factor. Values of average phase factor versus
pad position are presented in Figures VI-B59 through VI-B6l. As noted above,
the pad tends to lower the phase factor when placed at the area of maximum re-

flection,

(2) Angle of Incidence Variation. For the configuration de-
signed to test the variation of ¢ with angle of incidence, the angle was varied
between 25.5° and 35.75°. The observed phase factors versus (2n + 1)/2 for the
three microphones are presented in Figure VI-B62 for concrete and Figure VI-B63

for gravel.

For concrete the phase factor was apparently higher for lower angles of in-
cidence. However, the data was within the range expected for an ideal reflecting
surface, and the range of angle variation is small,

For gravel, phase factor tends to go down as incidence angle decreases.
Many measurements of engine noise are perfcrmed with a gravel surface.
Using observed phase factors from engine tests and from these tests, phase
factor (50 Hz < frequency < 1500 Hz) versus angle of incidence for gravel is
presented in Figure VI-B64,

(3) Path Length Difference Variation. Phase factors versus
2n 4+ 1)/2, for the configuration to test variation with Ar (Configuration A),
are presented for the three microphones in Figures VI-B65 (concrete) and VI-B66
(gravel). Referring to the recorded SPL's for concrete (Figures VI-B3 through
VI-B8), the phenomenon of breakdown occurred at lower frequencies for larger Ar's
This 1s a result of atmospheric varilations affecting the signal over a greater

distance,

For the gravel surface the larger {r appeared to produce a larger phase
factor., Further tests involving Ar variation, however, are necessary in order
to arrive at any definite conclusion about this effect.
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(4) Subgtantiation of Reflection Analyses. 1In order to
verifty the models and empirical results, engine data (1/3 octave bands)

taken at 150' and 250' arc radius were correcced to 150' arc in “"free field"
3 (no reflection). The corrections applied wecte

3 }

. Inverse square low divergen:e

. Atmospheric absorption per Reference 1.

. Extra ground attenuation per Reference 2,

. Reflection effects computed using (see Section III-D)
Q= .o; ¢ = .8,

Figures VI-B67 through 7I-B7C are typical results of this effort. The re-
maining Jiffercuces in the vpectra are probably due to use of constant ¢ and
Q, where in reality they vary with frequency. The comparison, however, is
quite good and indicates that, while further efforts in the investigation of
phase factor are necessary, the results to date may be used with confidence
in accounting for the major effects of ground surface reflection in noise
data.

(2) Atmospheric Absorption. Acoustic testing of scale models presents
an advantage from the lower time and cost involved in developing test vehicles
and instrumentation, and also allows acoustic data to be taken early enough in -
the design process to influence the final vehicle design. Projecting scale
model data to full scale value, however, does require projection of high fre-
quency values of sound into the audible range. For instance, a half-scale
model will require data at 20 ¥Hz to provide an estimate of the 10 KHz level
for full scale., This in turn requires a knowledge of atmospheric absorption
of high frequency sound, so that source levels may be determined.

Values of atmospheric absorption for 1/3 octave bands for the acoustic range
50 Hz to 10 KHz (geometric mean frequency) are given in Reference 1, but no values
are available for higher frequencies. The following curve fits have been de-
veloped for the values presented in Reference 1.

Given input of T . = remperature °F

b

and Hamb = absolute humidity in gm/meter3.

Calculate for each band

4 Q
H = 0.0289618 x plo-31093%
max
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where:

<
F =f_ for £, = 4000
c c

F=0,39 x fc for fc > 4000

where f_ - Geometric Mean Frequency

« = F x 0.00357451 x (0.0117537 x T, )
max
<
e _ /M S L0
®act 5 20 A
TfHL- = (.74335316 x 10) X - (.17186058 x 107} X
max
+ (11814166 x 10%) X> - (.23793759 x 10) x2
+ (.13220157 x 10) £ + (.52305810 x 107
where X = Hamb/Hmax’

IfH ./H > 1,0 but < 6,5
amb’ max

[}]
.EESE = (1.6955546 x 1072y x* - (.35055924 x 1071 x°
max

+ (.28070973) X - (.10581673 x 10 x

+ (.18209020 x 10%)

where H = Hamb/Hmax‘
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amp’ max

a
act

a
max

act

Solve for o = O X ——
act max o

max

aac represe:.ts the dB per 1000 ft. of distance of atmospheric absorptisn
in eacﬁ frequency band.

For the purposes of scaling data, these curve fits have been used for values
of f. >10 KHz. 1In order to verify this extrapolation, a series of tes.s were
performed to determine high frequency atmospheric absorption coefficients.

The pertinent atmospneric conditions range from 69°F to 71°F and from 77% to
83% relative humidity. There was 1o measurable wind during the test,

The source for the test was an eirhorr "th a fundamental of 140 Hz with
harmonics out to the higher frequencies. nhe data were recorded at distances
of 25 fr., 50 ft., 100 ft., and 200 ft, from the source (Figure VI-B71).

All noise below 5 KHz was filtered out,

Because the jsound pressure decreases iuversely with the distance from the
source, there is a 6 dB decrease in sound pressure level for each doucling
of distance. There will also be different EGA (Excess Ground Attenuatior. -
see Reference 2), and ground reflection spectra recorded at each mike position.
Any other difference in the data recorded at the four microphones will be
attributed to atmospheric absorption,

The test was conducted over a two-hour peried, during which 8 one-minute
sampiings of{ Jaia were recorded, Despite the time differential and small changes
in ambient weather, the data recorded in the repeats were remarkably consistent,
At anx selected [requencv, the scatter about the average recorded SPL was less
than = 1 dB,

Figure VI-B'2 shows the average sound pressure levels recorded at each micro-
phone and adjrsted by "square law" and EGA, The slope of the line connecting
the data poirts represents the atmospheric absorption rate, Due to the frequency
response of the recording system, data recorded above 30 KHz was not believed to
be valid. Although there is a significant amount of scatter, the extrapolated
curve fits of the SAE Specific: tion (Reference 1) do approach the average absorp-
tion rat:.s recorded in the test.
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VII. SEMI EMPIRICAL FAN NOISE PP™ “(TION

(A) Introduction. The overall objective of this program has been the
establishment of a network of techniques which would enable comprehensive and
accurate prediction of fan/compressor noise. A primary requirement on each
of these techniques, established at the inception of the program, was that
each aspect of the prediction had to be based upon a mechanism which repre-
sented a functional relationship between acoustic parameters and aerodynamic
and/or geometric parameters. For this purpo-s, sections II and 1II have des~
cribed in detail the pertinant mechanisms of fan/compressor no::3e generationm,
transmission, radiation and propagation.

With respect tn fan/compressor pure tone generation the mechanisms derived
‘n Section III gan be incorporated directly into the over-all predictor
model, Pure tone transmission and radiation, on the other hand are complex
udige phenomena, As demonstrated in Section III, certain aspects of transmission
and radiation can be accurately predicted when the prediction is applied towards
experiments performed undar highly selective » “‘or controlled conditious. In
this regard, thne phased speaker modal pattern . ilysis, the low tip speed research
compressor modal pattern analysis, the plane wave refraction experiments, and
the transmission loss tests through a laboratory cascade indicate that the
mechanisms presented in thic report are in fact significant and valid. When these
concepts are used to evaluate large size, high speed and high flow turbomachinery,
however, other data are necessary to factor into the mechanisms. 1In this category
are the effects of turbulence on blade row transmission and modal pattern gener-
ation and the effect of incipient modal radiation or external nacelle aerodynamic
flow fields upon inlet or exhaust refraction. The prediction of thoase effects
is feasible, but in many instances the aerodynamic data necessary to establish the
prediction parameters is not available. It is either extremely diffizult to measure
or has not been measured on vehicles frow which existing acoustic data has been
ucsed in this program, Certainly,derivation of such data was clearly beyond
the scope of this program,

Broadband fan noise predictions entail similar problems. The mechanisms
have clearly shown the importance of turbulence intensity and blade relative
Mach number to broadband noise levels. It has also been shown that controlled
two and three dimensional cascade expcriments provide verification cf these
effects on a relative basis, Turbulsnce intensity data on fan stages, is not,
however, information that is accurately calculated in the design phase of engine
development. Accordingly, the use of these analytical mecharisms is limited to the
availability of parameters which are necessary for input into the equations., Clearly
the most accurate of predictions is of little use if the input parameters are not
known,

Consequently, it 7as decided to perform specific aspects of the prediction
in a semi~empirical manner. In each semi-empirical derivation, the formulations
were based upon that parameter which, according to the mechanisms dzveloped in
Sections II and III, was most influential on the type of noise under consideration,

+01




The results of this effort are described in subsequant pages of this section.
: It entails a useable system of predictiocus which requires use of normally
: available design parameters and, as sheum in Section VIII is reliably accurate.

402




(B) Broadband Noise/Multiple Pure Tone Sound Power Levels Generated by
IGV Less Fans, The correlation of experimental data was done on a one third octave
basis and the results were non~dimensionalized with weight flow. Experimental
data indicates that the one third octave band levels below 400 Hz are dominated by
* fan jet noise and were therefore left out of the correlation. It was shown
in Section II that the key parameter affecting broadband noise generation is the
blade relative Mach number, It was also shown that even though overall sound
- power level trends provide a qualitative valuable piece of information, they
do not quantitatively represent the right trends in every one third octave band.

(1) 1IGV-Less Fans. The power levels of a number of vehicles (Develop-
ment Vehicle I and 1I, CJ805~23 Fan) were, therefore, correlated on a one third
octave power level spectrum basis as a function of blade tip relative Mach
number MR. The following reiationships were obtained (one for every one third
octave band).

- 2 3 4 _ 4, .m
[PWL -~ 10 log W/Wolf = Af + Af MR + Af MR + Af MR + Af MR = L Af MR
0 1 2 3 4 n=0 "n

(VII-Bl)

The Af, were derived using the General Electric computer program POLFIT***, Table
VII-Bl lists the calculated coefficients, Figures VII~Bl to VII-B3 compare the
normalized experimental power levels with the derived curves, These curves are
replotted on a dimensionalized basis five one third octave at a time in Figure VII-B4
to VITI-B6. It is inte.esting to note that the average power dependence on
relative Mach number is 5.7 in the region Mp=1. At sonic Mach numbers one can
notice a flartening of the curves due to inlet choking, At supersonic Mach
numbers the sound power levels rise sharply at the frequenclies below the blade

‘ passing frequency due to the presence of muliiple pure tones., The special
handling of blade sub-harmonic tones(MPT's) will be discussed in the latter
part of this Section.

(2) 1IGV Fans. The experimental results of Section V indicate that a
basic difference exists betweer the broadband/multiple pure tone characteristics
of IGV and IGV-less fans., It was, therefore, decided to use an empirical pre-
diction applicable exclusively to IGV fans. The data obtained on several vehicles
(D/V IT11, TF39 D/V) were used in that correlation, Here again a third octave
power level spectrum prediction was obtained and the same relationship as defined by
Equation VI{-Bl resulted.

[PWL - 10 Log wlwolf

]
2™
1
[«

>
PR
5

(V1I-B2)
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WIS, S v —— .-

— e o o RS S =

4

.. i n
[PWL - 10 log,, (W/Woﬂf = nfo A (M)

f Ab A A2 A3 A,

400 86,0019 14,3208 6.6665 0 0

500 85.9315 17.3125 5.9072 0 0

630 - 154,543 887.377 -1111,27 597.794 ~ 108,901

800 - 65.8737 524,330 - 543.590 194.362 0

1000 -2293.78 9775.47 -14754.1 9776.13 ~2394.67
1250 -4275.99 17862.8 -26967.0 17877.4 -4385.01
1600 ~-3076.80 13038.5 -19787.4 13198.3 -3258.63
2000 -3561.08 15012.9 -22755.6 15152.4 -3734,95
2500 -1686.07 7270,56 ~-10919.1 7215.87 -1767.31
3150 -2732.12 11443.6 ~17064.9 11186.2 -2719.12
4000 -1396.10 6034.49 ~ 8962.63 5867.10 -1426.25
5000 806.943 -2991.15 4720.36 -3225.10 808.644
6300 860.663 -3222.96 5128.08 -3556.19 909.602
8000 - 153.176 763.546 703,176 213,614 0
10000 81.9917 68.5888 - 28,6312 0 0

TABLE VII-B1

Broadband Noise/Mul*iple Pure Tone Prediction - Polynomial Coefficient

IGV Less Fans
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Tthe correlation coetlrogents tor IGV faas were again devived with the POLFTR*
Program and are shown on Table VII-B2Z, Fijures VII=B7 to VI-RY show 4 comparison
of the nermatized cxperimental power levels with the derived curves, A comparison

between Figures ViI-81 te 83 and Vi1-B/ co B9 indicate that as previously shown
in Section V the LGV fan has a higher broadband noise but a lower multiple pure
tone (low frequency) contribution due to iulet guide vane blocking.

(3) Frequency scaling. When the empirical prediction is applied to a
vehicle of a different size than the one that has provided the data for the
initial correla*tion, the resulting sound power level frequency spectrum has to
be frequency scaled.

Careful examination of experimental date has shown that when the physical tip
Mach nurber My is less than one, broadband power levels maybe scaled by keeping
the parameter fD constant (D = fan outer diameter). This comes from the fact
that in standard practice tiiere is a very close relationship between fan 0.D.
and rctor blade chord which is the key parameter defining broadoand noise
~haracteristics. The frequency scaling procedure for broadband noise is as
follows: If one, is interested in PWL at a frequency f on a fan of diameter D and
a weigi:t flow (W), one goes through the following steps: One finds first
which third octave bands f; and f, are such than (fD);< fD< (iD), one calculates
PWL3* and PWLp* corresponding to fD)1 and (fD), using either Table VII-Bl or B2
depending on whether the fan under investijation does not or deces have an

IGV, One then finds

PWL* PWL*

1 2
* = Y o er—————
PWL*; = 10 log,, (57, - (i), 10 * Ty, - o, 10 (VII-B3)

Having found the normalized PWLf one calculates PWL by just adding 10 log10 (W/Wo).

The prediction of multiple pure tone frequency scaling is very similar to

the above procedure except that the scaling parameter is fD/fgpp (fppr = blade
vassing frequency). This technique applied only to the frequency bands below
fppp with Mr > 1. The scaling parameter was derlved from the fact that MPT's

are essentially su™-harmonics and are, therefore, directly dependent on tne blade
paszing frequency, Now if one is interested in (PWL)MpT on a fan of diameter

D at a given Mach number MR one first finds what one third octave bands would
give (£D/fppp); <« fD/fppr < (£D/fppp)2. Onz calculates PWL*} and PWL*; using
either Table VII-Bl or VII-B2. The interpo .ation formula becomes
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N I T
=
(-]
N
[a4)
(-

PWL*} £D fD PWL%,
" fapp 10 Eapr \npp )1 10
BPF/ 2 .
% =
PWL VPT 10 log D ) ( D ) 10 + ( D )_ (_ﬁ'_, 10
4 fBPF 2 fBPF1 fBPF 2 ‘fBPF2

One adds 10 log W/Wo and obtains the desirod power level,
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PR WA

IR e

4
[PWL - 10 log, W/W_ )« I A ()"
n=0
f Ao Al A2 A3 AA
400 67.3349 91,1491 - 70.1414 23.9973 0
500 88.2161 26.1668 0 0 0
630 - 3.4689 350,187 - 377.341 142,560 0
800 131.684 - 70,795 52,1573 0 0
000 7 9.2752 348,681 - 392.262 148. 661, 0
1250 -630.786 3480. 62 -6039.63 4596.00  -1288.77
1600 - 42,2946 '  529.630 - 591.815 220,258 0
2000 -392.080 2148.36  -3362.95 2302.69 - 581.214
2500 95,4247 - 104.£54 479.959 - 557.677 202,245
3150 - 95.0009 684,170 - 712,917 242.641 0
. 4000 - 31,7717 484,319 - 502.018 170.355 0
5000 87.4706 61.1089 - 23.0562 0 0
6300 - 25,8840 493.060 - 541.961 195,252 0
8000 - 70.701 600,918 - 614.873 206.,47). 0
19290 187.980 - 281,592 361.662 - 242,452 0

TABLE VII-B2

NPT

Broadband Noise/Multiple Pure Tone Prediction - Polynomial Coefficients

IGV Faus

413




IS N PRCNS JPan T T T ],
190} f0=1.42 x 10% m/sEC | 1 i B
3 ] t: A

.‘.i
.

f

| fme1.775 x 164 AN

110] - s - At e O -

oS S0 N I U o AR

100— RIS IO U St FEOE CEO0S MR
: | O EXPERIMENTAL DATA

-
S
-

dB (re 10”13 wATTS)

——CURVE FIT ANALYSIS

~ 444 8

o
., <3

10
)
N
o
P
..
-
o
g
N
®
&
-]
H
o
. '#
C)\b

“r K a
b - 3 . -
i
R
|

W/wW
-
N
-
l
"
H
N

4

PWL - 10 LOG
HA

——

12q -

. 1
110p : SO s é; J S ; 4‘ JED

'
_—— — .

10 : ‘
0.6 0.8 1.2 1.6 0.6 0.8 1.2

FIGURE VII-B7 NORMALIZED POWER LEVELS VERSUS MR

(GE D/V-III) FOR A NUMBER OF fD's

414




——
- — -

v
.

1’

TR
L
10"
i
+
‘x
0.8

e

O
111111 : b Fel —_
' 1 ool e - -1. - D
thate. . 1 S B . A s P h
Tocl‘mv.“- ..M..ﬂ.,q i N - [ gty - ———— : - ..rﬂ
-+ Ty ed s . 4+ 44— .th“. .‘.n” N R -~ i : o .
Y I EONES SSTN FRbec ST pr SRR R gk ] : U
o ?Sl.rr. O - A DY SRS MI : S = Mw
T e T3 SENI LRI N ) SRR EE Sl |- 2
REARY ¥ S Saail A WO e >
SRS O 4t 3 ; - ,
SR REE: P 9 DS Sy .vb.. : -
i <2RNE betrad BG4 s ot
* M
{

e
+-1 4
"t
Les 4
; e
g}
T
-
SERES By
e
Il
t
FERN

e SRR A
: Jape - P
PUREME SIS - .. e oo IR Ay ” B
M S s U s i o L. fTHET : 1
Ny i -1t = s ~ " ]
+ . L Lo e .-
n-SRPE =
r

£D=7.10 X 10

b
L

| £0=11.20 X 107
'
17,75 X 10°°
£D=17.75 X 10,
Bos

s g
38 68

AL Ran i s |

}

B S Eh]

. e
i5y!

T
ey

s 4!
1
0.6

iy
b
]
i o
'L
|

|

[

}

O R
v

VE FIT

H

11

+
EXPERIMENTAL DATA

P BB I e ) —
1 t v “L R BN =
' - @RS SR BEREN S .
3 ; i Bshl n BOte ahaly Setsal was 38 BESTS EECE Ricam nad - .
Sha i R e ER s Bl SEFus Sunil phoms 15535 FOEES SEsi fads iged EAJUS AP
xrl_Tm i hatE i TTT UL T el oe- - . i a
3 - - s R - ﬁ bed B . — o S : — -
L di e + RTINS & S m £ Snenchanias Sl SO ~ Lo ﬁ
T4 [ 8 RIHUOAN 14T . m.ﬁ; ~ f..w,, ey RAOSIR SRS B SO —t — 3 S © ~
R I ; ] — [ & N Ay AR ees prntd aiiial ol . s
shees Siias sRais Fpptl NSRS 05t 2 O 1 B Bl Sigun LERRS COES P DR S . —
- _A._y Rt e i 5 8 S8 - . + T ~ Al i e B hA ~
iy hes & : =
T P N | PRI S T v e B otpes Sl B - pd
2t DS g5 IS RPN § BN T._o el e - - e | ERSE Rhhe GRS o
. .N_ T NP SRy AN .HAJ e 71441. - RS IBUDERPI R - [EDERNE e
! © pomde P - e - b —-—— .wl.'.t#
1 Ly I W

(GE D/V IIT)FOR A NUMBER'OF fD's

{F
e

1.2

-
IRt
It

i
1
.
3
v

l|.|II_L

X 104 1N/8EC -}

e ol
. T
-
[
i 13 KRN
La
ERER Ik
RN
K] + -
DRSS
4
i ie
i i
[
|

0.8

14.20 X 10
- )

/
+
t
4
!
.t
[ER}
4 ot-d
[a
P
f
[N
i
T!
‘
-
-
|
1
-t
i
+
!
1
)
1
11
i
-
-
!
'

-

B
[

., fD
)

{

Bl
i
u
l
'
-
|

D=5 ,68

3
T
uss
]
i1
Trll
s b
1
4
e
FIGURE VII-B8 NORMALIZED POWER LEVEL

0.6

130 ]
~ 120

130 »f"

120}

110

100

s -

PRI i = T
.
-

o P e R 2
AL S o

B con e

At e DG S o s A




RIS T T A - - -
3 e 2 e et e e - ——r e

T

=TT T
| tpm22,4 X 10% 1N/5KC ]

oyw i

T

; 12 Q;P,L. T
g '..:: :. ‘ "l‘
G t R
% .
3
110f—H~—trt - T
NI A 52 IR SN
G B

: O EXPERIMENTAL DATA
100 - CURVE FIT ANALYSIS

. .- ‘
o I [

. ' 4 - .

130 B T .- T 1 T

R ER

4.7 )

e )

o

| £D=28.4 X 10
R I V< ™ RN I, I
120}~ 0

-

PWL - 10 LOG,, w/wo

110~

100—
130

120 U’V ,

110,-_ it ‘ ‘ ' = grearn = ]

ool L
0.6 0.8 1.2 1.6

"

FIGURE VII-B9 NORMALIZED POWER LEVELS VERSUS MR

(GE D/V-1II) FOR A NUMBER OF fD's

416




(C) Fan Blade Passing Frequency Directivity. To predict at a point along
an arc or a sideline the correct radiated sound pressure level one has to have
a detailed knowledge of the radiation pattern, i.e., the sound directivity index
distribution vs, polar angle. Section II discussed in some detail the
different mechanisms affecting blade passing frequency tone radiation. It
was shown that tip speed, spinning lobe number and refraction parameters have
an effect on tone directivities. Examination of experimental data indicates
that fan tip speed and refraction effects overshadow the spinning lobe (vane/
blade ratio) effects. This 1s shown very clearly in Section IV. Refraction
effects are directly related to inlet/exhaust velocities and temperatures, which
are related to fan pressure ratio which has a fairly constant relationship to fan
cvip speed in a modern -fan design. Because of these considerations it was decided
to correlate the fan directivity index with fan tip physical Mach number My.

(1) IGV-Less Fans. Experimental results obtained on a number of fan vehicles
(D/V I and II, CJ805~-23) were correlated, Directivity indices as a function of
angular position (angles of interest 20 to 160° in increments of 10°) were
obtained for nine different tip Mach numbers Mr using a General Electric
regression analysis program MULFT$***, The following relationship was obtained

sin3e + A sin66+ A_. cosf (VIII-C1)

DI = A+ Ay sind + A, ain26 + A, 4 5

Where directivity index DI = SPLgpgle - SPLaverage. The coefficients for
Aose+.Ag are listed in Table VII-CI and VII-C2 for respectively the front and
the rear quadrant directivities. Comparisons between experimental results and
data computed from the correlation formulas are shown on Figuve VII-Cl.

(2) 1GV Fans. Experimental results on directivities obtained on
vehicles D/V III and TF39 D/V were correlated. The following relationship was
obtained

cos2 20 + A_ sin 1.56

cos 20 + A 4 5

DI = Ao + A1 sin 1,586 + A sin 20 + A

2 3

+ A5 sin 1.5 esin28

The coefficients Ay, A),..A5 are presented on Table VII-C3, Comparisons between
experimental results and data computed from the correlation formula are shown
on figure VII~-C2,
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IGV LESS VEHICLE

HT Ao Al A2 A3 Aa A5

0,422 -102.836 114,424 - 99,423 26.436 47,505 81.488
0.507 - 77.279 -1082.050 2578.48 -1875.15 424,546 233.796
0.591 - 58.321 36.397 132.484 - 207.609 93.234 40.527
0.675 -165.339 477.971 - 918.473 638,333 -~  46.505 92.408
0.759 - 9.182 1391.70 3092.40 -2160.20 442,348 222.312
0.798 -218.682 -~ 199,551 814.532 672.045 247.542 225.543
0.832 -156.996 ~ 292,958 935.266 - 724,538 216.503 180.007
0.860 -151,550 245,296 751.293 - 546.802 170,034 172.391
0.894 ~ 164,782 - 192,079 731.479 - 589,806 194.345 170.292
0.916 - 163.053 -~ 48,975 413,838 - 369.097 149,218 145,953
0.957 - 75,285 65,943 98.629 ~ 165.526 71.441 43.385
1.041 - 50,825 534.433 -982,373 608.906 - 106,140 =~ 54,092
1.068 9.097 343,901 -668,204 425,197 - 102.935 ~ 79.697
1,096 ~ 28,358 550,682 -1049,73 660,607 - 124,161 - 80.042
1,124 ~ 3,974 373.125 - 686,65 406,752 - 82,08 - 77.836
1,151 45,209 481.123 -1004,31 649.478 -~ 154,455 - 140.791
1,179 34,999 656.952 -1426.16 978.165 - 226.125 - 156,881

D.I. = A + A
[o}

TABLE VII-C1

Coefficients for Polar Angles 20° <ol 80°

1

2

418
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sin® + A sinze + A, sin"60 + A, sin 6 + A_ cosH
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IGV LESS VEHICLE

Coefficients for Polar Angles 90° Z 6 2 160°

D.I. =A_ +A
0

1

singé + A

2

sinze + A3

3

6

sin"® + A, sin' 6 + A_ cos8

4

5

HT Ao A1 A, A3 éﬁ, A5

0.422 -83.556 322,493 -687.879 529.730 -~ 87.999 27.341
0.507 -25.924 - 43.337 23,645 62.287 - 21,426 32,270
0.591 11.718 -192.879 349,063 ~181.93 12.267 15.514
0.675 -29.246 398,087 -995.243 811,252 -185.889 31.709
0.759 - 7.909 -~ 12,697 - 25.816 72.350 - 27.683 8.163
0.798 ~71.994 334,162 -670.823 470.609 ~ 62.024 12.821
0.832 -67.878 325,297 -678.377 484.551 - 63,515 11.985
0.860 -50.352 141,072 -268.098 188.338 - 11.149 20,681
0.894 -45,556 171.756 -340,753 243.88 - 29,253 10.821
0.916 =41,217 66.200 -122.419 95.290 1.870 24.910
0.957 -30.646 210,379 ~514.43 411.05 - 75.387 1.382
1.041 -37.589 45,326 -185.081 215,203 ~ 38.859 32.181
1.068 -50.951 277.828 -678.828 558.926 -106.959 8.124
1,096 -35.232 238,639 -649,968 576.305 -130.10 1.716
1,124 -27.977 63,488 -233,634 259.857 - 61.814 18.507
1,151 =49.147 219.149 ~544,984 475.042 - 99.667 11.362
1,179 -35.822 248,570 ~643,764 556.826 -124.003 4,092

TABLE VII-C2

o oy e T




IGV VEHICLE
]
*
fBPF
M, (ﬂz) A, Ay A, Aq A, Ag _

. 706 3150 26,211 -38.658 ~21,085 32.422 -22.457 -23.380

777 3150 8.865 - 7.315 - 5.160 8.008 9.547 -10.016

91 4000 2.841 - .232 - 2,557 3.585 1.744 -~ 7.707

1.059 5000 -16.053 28.367 8.188 -21.046 7.070 9.626

1.115 5000 3.038 336 - 2,361 1,362 3,761 -~ 6.226

1.2 5000 -~ 2.091 7.144 L7777 - 4.082 1.882 - 5.117

*f is the center frequency of the 1/3 octave band which
contains the blade passing frequency

TABLE VII-C3

Coefficients for Polar Angles 20° <8 2 160°

2
D.1I, = Ao + A1 sin 1.56 + Az cos 20 + A3 sin 20 + A4 cos~ 28

+ AS sin6 1.56 sin 20
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(D) Broadband and Multiple Pure Tone Noise Directivity . Broadband noise
and multiple pure tone radiation mechanisms are essentially similar to blade
passing frequency tone radiation mechanisms and are functions of the same para-
meters. Therefore, following the same considerations it was originally decided
to correlate broadband noise 2~d multiple pure tone directivities in function of
fan tip Mach number MI. Therc is however in IGV fans and IGVeless fans respect-
ively, a close relationship between My and the tip relative Mach number Mg. Due
to the fact that all sound power level predictions for broadband noise and MPT's
were already derived in terms of Mp, it was decided to use MR as a correlating
parameter to facilitate the use of the prediction procedure.

(1) 1IGV-Less Fans. Experimental data obtained on D/V I and II and the
CJ805~23 fan were used for correlations done for each of nine relative dach
numbers. The range of angles covered was 20 to 160° in 10° increments. Fifteen
third octave band frequencies (from 400 Hz to 10000 Hz, were considered. The
following directivity index formula was obtained

D.I. =A + A, sin 1.56+ A, cos 20 + A, sin 2 + A cos2 20
0 1 2 3 4

+ A5 sin 1.50 sin 26 (ViI-D1)

The coefficients Ay, j =0, 1, ----- 5 are a function of My and frequency. They
were obtained by regression analysis. The results are presented in Tables VII-D1
to VIiI-D6. The comparison between experimental results and data derived from
equation VII-D1 are shown on Figures VII-D1 to VII-D24,

(2) 1IGV Fans. Similar correlations were derived for IGV fans using the
experimental data obtained on D/V III and the TF39 D/V. Correlating formulas
were obtained for six tip relative Mach numbers, for fifteen one third octave
frequency bands ranging from 400 to 10000 Hz as a function of polar angles varying
from 20 to 160° in 10° increments., Same equation D.I. = £ (0).

As shown previously, the coefficlents Ay, j = 0, l1,----, 5 were derived
by regression analysis. The coefficients are here again functions of
MR and third octave frequencies. The results are listed in Tables VI1-D7 to
VII-D15., Comparisons between experimental results and data computed from
the correlation's relationships are shown an Figures VII-D25 to VII-D39,

(3) Frequency Scaling. 4roadband noise and multiple pure tcae frequencies
have to be scaled to fit the vehicle under consideration. The directivity indices
will be scaled using the same scaling frequency parameter used in the sound power
level prediction, namely "fD" for broadband noise and "fD/fgpp "for MPT's, Again
using the same nomenclature with the subscripts "1" and "2" representing the
adjacent bands one obtains:
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For Broadband Nolse

DIl DIZ
(fD)Z - (£D) 10 (fD) - (fD)1 10
= e - A}
; D.I. 10 loglo (fD)z —~ (fD)l 10 + —(-FIT)—ZT(fD)l 10 (VII-D2
1
For Multiple Pure Tones
DI1
D. L= 10 1og (tD/FBPF)Z - (fD/fBPF) 1di6—
10 (fx)/fm,,f..)2 - (fD/fBPF)l
D12
¢ (ED/f5p0) - £D/f,0) 0 100
(fD/fBPF)Z - (fD/fBPF)l (V1I-D3)

Comparisons between experimental results and data computed from the correlation's
relationships are shown on Figures VII-D40 to VII-D4S.
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[
é D.I. = Ab + A, sin 1.58 + A, cos 20 + A3 sin 26
+ A4 cos2 20 + AS sin 1,56 sin 26
£ A, Ay Ay A3 A, As
400 - 4,20788 13.6514 4.77902 -~10.3642 4.63938 7.44632
? 500 - 4,66136 7.7L959 2.23694 ~ 6.74423 1.91658 3.95528
630 3.62761 - 2.40796 - 2,37659 2,0617 - 4.44452 - £,27851
800 8.77786 - 9,81079 -~ 5,68278 8.29568 - 8.33415 - 8.5:029
1000 15,6428 -22.5526 ~12,3904 19.5415 -13.1878 ~13.4805
1250 20.6013 -29.696 -15.3382 26.1269 ~16,2398 ~18.2162
1600 17.6397 -24.5695 ~12.7671 21.4834 -13,9844 -16.0016
2000 21.0922 -30.4234 ~15.3625 26,5853 -16,107 -18.9901
2570 20,4726 -29,9483 -15,3603 26,1322 ~15.8636 -18.3664
3150 22,4349 -30.9152 -15.6202 27,6452 -17.218 -20.891
. 4000 23.7936 ~31.8587 -15.9236 29,0571 ~18.5572 -23.,2488
5000 24,0169 ~32,9657 -16.9303 29.42 -18.3156 -23,333
6300 23,0943 -34,5125 -17.6344 29,9345 -17.8326 -20.7523
) 8000 20.727 -27.4378 -15.3374 24,5304 -19.5603 -18,5908
10000 22,545 -31.0919 -16.6452 28,0617 -18.6151 ~21.0071
TABLE VII-D1

Directivity Correlation Coefficients

M= .76
R

IGV Less Fans
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| D.I. = ALt Al sin 1.56 + A, cos + Ay sin 29
+ A& cos2 20 + A5 sin 1.50 sin 28
f Ao Al AZ A3 A& AS _

400 ~ 2.02454% 4.59299 1.06747 - 4,06662 - 571258 2.2396

500 - .0263473 ,0346881 - 1,22965 - 1.52511 - 1,32449 .35363

630 4.97094 -~ 5.4714% - 3,71518 4.63716 - 4.80629 - 4.9369

800 10.9286 -~14.6174 - 7.21522 12,6878 -~ 8,2843 ~1C.1969
1000 16,9511  -~23,9978 ~12,2799 20,9778 -13.4438 ~14,7943
1250 19,2056 -28.4791 -15.4213 24,8556 ~15.3652 ~-16.9943
1600 10,8542  ~29,2705 -15.5842 25,8817 ~15.3253 -17.91
2000 19.8265 -30.2837 ~16.4326 26.6177 ~15.0444 '8.2718
2500 21.0895 -31.8012 ~17.0762 28.3366 ~-16.3786 -19.5646
3150 18.263 -27.4539 ~16.5758 25,9226 ~15,7416 -17.317
4000 20.044 -29.7637 ~17.1103 27.0278 -16.0 -19.5112
5000 21,7294  ~31.9453 ~17.7653 28,3781 -16.3261 ~-21.825
6300 22,4441 -33,3209 ~18.4500 23,3216 ~17.2908 -22.0727
8000 16.8959  -22.5625 -14,5168 21,1202 -17.06452 ~-16.,1402
10000 27,6474  =37.4746 -18.5834 33,8154 -21.3287 -26.344

TABLE VII-D2

Directivity Correlation Coefficients
M= ,872
R

IGV Less Fans
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D.I, = Ab + Al sin 1.56 + Az cos 20 + A3 sin 26

+ Aa casz 26 + AS sin 1.56 sin 26
i Ab Al A2 A3 Ah AS

400 ~ 3.59116 7.11721 1.67373 - 6,75803 -~ 1,30712 5.36451

500 ~ 2.59b36 3.90171 421011 - 4,93813 - ,357312 3.32725

630 6.28865 - 7.37793 - 4.6982 5.6888 - 6.06076 - 6,1228

800 13.7308 ~18,1741 - 8.60166 15.5234 ~10.266 -12,8969
1000 18.053 -24,7486 -12.4865 21,8227 -14,1284 -16.3454
1250 20,6317 ~29,4921 =15.4574 25.7617 ~16.0982 -18.8559
1600 21,3096 ~31.0242 -16.1102 27.3046 -16.0654 ~19.6894
2000 19,3817 -28,0934 ~15.5077 24,8206 -15.265 ~-18.2968
2500 22,2096 -33,1237 ~17.5228 29,1877 -16.6365 -20,9147
3150 20,2293 -29,2157 ~16,3797 26.8074 -16.3144 -19,4715
4000 20,8372 -30.068 -16.569 27.421 -16.0229 -20.7363
5000 21,9237 -31.4352 ~16.9844 28,5251 -16.1681 -22.5144
5300 20,7115 -30.8259 -17.7763 26,8737 ~15.725 -21.778
8000 16,7158 -23,2358 -14.9707 21,5263 ~16.3616 -15.9759
10000 23.9157 ~29,1762 -14.7565 26.1 ~19,8588 ~24,0328

TABLE VII- p3

Directiv.ty Correlation Coefficients

M= .939
R

IGV Less Fans
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D.I., = Ab + A1 gin 1.50 + A2 cos 26 + A3 sin 20
| +a, cos? 20 + Ag sin 1.50 sin 20
| £ A Ay A, A, A, Ay
El 400 - 2,75201 4.28498 .182494 - 4,66253 - 1,71304 4,92215
500 1.04546 - 2.45452 - 2,46922 127913 -~ 2.06936 - .296157
630 6,62462 - 8,73723 - 5.71048 6.61372 - 6.09545 -~ 6.43996
800 10,925 ~15.4367 - 7.7783 11,9846 - 8.19129 -10.0897
1000 12,7385 -20.7788  -10.8099 16.41 - 9.41934  ~10.3092
1250 4.84951  -~32,4248  -17,3239 28.6215 17.6074  -20.7193
1600 19.7448 ~28,9348  -15.3181 25,1707  -15.0114  -18.2429
2000 21,4598 -33.9245  ~18.4602 29,3661  -16.0036  -19.4089
2500 22,1457 -34.4989  -18,3869 30.0383  -16.3035  -20.5454
3150 22,5588 -33.5741  -18,1213 30,2609  -17.4023  -21,1375
4000 22,7234 -34,1178  -18,4915 30.6608  -17.0698  -21.6597
5000 22,6462 -34.6619  -18,8882 30.9406  -16.,5882  -21,998
6300 23,2827 -36.6057  -20.5757 30,7893  -17.3993  -24.,1162
8000 18.6556 ~26,222 -15.9084 23,5945  -16.7682  -17.9313
10000 22,4002 -30.1801  -16.3793 25,4346  -18.6123  -21.9162
TABLE VII-D4

Directivity Correlation Coefficients

M= 1.0
R

ItV Less Fans
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D.I. = Ao + A sin 1.56 + A2 cos 26 + A3 sin 26
+ Aa c052 20 + AS sin 1,56 sin 20
f A, Ay A, A3 A, AS

400 - 4,24077 9.72514 2,32412 - 9.77427 - 3,24979 7.37988

500 - 2.85547 3.41317 -~ .,163555 - 5.32308 .00046 3.14353

630 5.77718 - 6.82988 - 5,1058 4.56778 -~ 6.09956 - 6.30357

§0C 9.01658 =12,5733 - 7.30492 9.45716 -~ 7.4492 - 8.85498
1000 10.6588 -14,6139 - 8.0368 12,3985 -~ 8.61093 - 9.96737
1250 1.23463 -16,1947 - 9.89852 13,9314 10.1904 -10.2781
1600 16,7785 ~23,6497 -13.1481 21,1885 ~13.4567 -15.8003
2000 14,9167 -22,4633 -13,1722 19,5309 -11,8533 -14.1734
2500 17.2195 -56.3872 -15.1844 23,1869 -13.4671 -16.4582
3150 18.404 ~26,5437 -14,9643 24,4801 -14,7184 -18,122
4000 16,2821 =24,2797 -14.3266 22,2956 -12.8467 -16.308
5000 14,2726 -22.3391 -13.6818 20,3662 ~11,2446 -14,8821
5300 15.8519 -25,4543 -16,0257 21.9928 -12,5019 -17.7686
8000 17,9056 -23,0371 -14,1159 21,4972 -16.264 -18,5805
10000 17.4904 -21.4959 -12,9975 19,2803 -15.9199 -18,4019

TABLE VII-D5
Directivity Correlation Coefficients

M = 1.046
R

16V Less Fans




D,I. = A + A
(o]

sin 1.56 + A, cos 26 + A, sin 29

1 2 3
+ A4 cos2 26 + 5 sin 1.56 sin 26

f A, A A, Aq A, A,

400 - 2.88414 -~ 1.24977 - 1,36796 - 1,13598 3.15487 1.95452

500 4.47598 - 7.4793 - 3.89521 3.12806 -~ 6.32898 -~ 2.02739

630 7.55105 -10.7457 - 6.199 6.36166 -~ 8.56214 - 6.2225

800 10.2075 -14,6896 - 7.23588 9.81511 - 8.86773 - 9,38458
1000 9.8063 -17.8086 -10,0765 13.2662 - 8.58302 - 6,78217
1250 11.5635 -18,2594 -10.7718 15.5277 ~11.1668 - 9.6176
1600 6.96344  ~16.5356 -11.5808 13,7024 - 7.82446 - 5,09148
2000 7.3155 -19.3 -14,2598 15.8546 - 5,46598 - 5,64919
2500 5.74722 -18.0172 -13.7468 14,9591 - 7.56692 - 3,30214
3150 7.17885 -19,5947 -13.68565 17.9578 .6892 - 5.83013
4000 20,6252 -32.2636 -16.9727 29,5378 -15.0349 -20.0491
5000 20,197 -32,257 ~17 4213 28.8454 -14,4328 -18,9178
6300 20,5889 -33.7013 -18,3991 29,3958 -15.2252 -18.7252
8000 20,3054 -31.4655 ~17.8133 27.929 -15.8876 -19.319
10000 27,0133 =38,5504 ~19.9365 33,098 -20.8752 -26.4796

TABLE V1I~D6

Directivity Correlation Coefficients

Pk= 1,141

IGV Less Fans
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D.I. = Ab + Al gin 1.56 + A2 cos 20 + A3 sin 20

PR TR T Ty

! + A, cos® 260 + A, sin 1.5 sin 20

1 . £ A A A, A, A, Ag

2 400 - 2.40276 2.20092 - .577555 - 4.74369 - .821832  4.10939
P 500 .230953 - 4.43444 - 3,55397 - 156473 - 2,34824 .399302
630 2,59917 - 7.99954 =~ 6.5893 3.56536 - 3.22735 - 1.57442

5 800 - 1,77976 - 3,72026 - 5.65463 1.37433 - ,0759 2.72261
; 1000 - 1.35856 -10,7001  -12,1213 7.50228 - 2,75428 3.83613
§ 1250 - 6.073 - 8,16369 -12.5543 5.75193 2.46127 5.61144
% 1600 - 7.13347 - 3.08357 - 8.56047 1.81351 2.09064 8.09075
§ 2000 7.55704 -23,1435  -18.1984 19.4123 - 7.65627 - 6.11388
% 2500 2.71925 -14,5119  -12,6451 11.5317 - 4,17531 - 1.05552
g 3150 4,75387 -13,9523  -11.4623 12,429 - 5.7974 - 3.41653

| 4000 15,7835  -26.2205  -14.7315 24,1043  -11.9327  -14.8839

: 5000 15.6855  ~26.2262  -15.4609 23,2617  -12,0969  ~-14.3324

6300 15.0866  -26.3009  -16.2035 22,5032  -12,2427  -13.8524

8000 14,5262  -22.7053  -15,5292 20,1211  -13.457 -15.1276

10000 18.0649  -26.5416  -16,497 22,3949  -15.1929  -19.4138

TABLE VII-D7

PN Yoy 3

Directivity Correlation Coefficients

M= 1.201
R

IGV Less Fans

455
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il Ll TR R

D. I'

A + A, sin 1.560 + A, cos 26 + A

sin 20

o 1
+ Aa cos2 29 + AS sin 1.50 sin 29
£ A A A, Ay A, Ag

400 3.04357 1.99589 -~ 1,41493 - 5,24981 - 1.67821 6.45927

500 2,30701 - 2,12288 - 3,25809 - 2,7989 - .152388 4,21297

630 2.1725 - 5.,75528 -~ 9.62145 2.61634 - 2.73762 4.59917

800 2,27026 - 3,20682 - 6.41665 1.012 - 484741 3.18849
1000 2,25596 - 7,95076 - 9.97899 4.80772 - 1.19049 4,70835
1250 3.39182  -20.8223 -17.719 17.7979 8.06404 - 1.,92084
1600 2,41297 -13.2879 -12.0709 10.6163 - 4.92038 .168453
2000 .193454 -13,2833 -12.6085 10.1775 - 2.98776 2.42645
2500 5.9018 -18.8164 ~14.3309 14,7958 - 6.35046 - 3,38154
3150 476763 - 3,43495 - 4,59511 4.33776 - 2.15029 -~ ,554869
4000 12,4684 -21.9565 -13.4324 19.945 -10,3729 ~11.4011
5000 15.5332 -26,1522 -15,9073 22.5611 -12,3681 ~14,198
6300 17.9889 -30.34 -18.3971 25,1653 -14,3252 ~16.9431
8000 11,8916 -20,5744 -15.3605 17.9283 -11,3468 ~13,1628
10000 14,9269 -22.2585 ~15.5041 18,6176 -13.9105 -16.5607

TABLE VII-D8

Directivity Correlation Coefficients

M = 1.266
R

IGV Less Fans

456




D.I. = A+ A, sin 1,56 + Az cos 26 + A, sin 26

1

+ A4 cos2 20 + A_ 31 1,50 sin 29

5

f A, Ay A2 A3 A, A5
400 - 4,3082 3.85515 - 1.37059 - 5.5285 - 396448 €.38641
50¢ ~ 95052 - 2.15015 - 4.1563 - 1.36668 -~ 2,46364 3.24755
630 ~ .599979 =~ 3.46275 - 6.10395 .721951 - 3,90684 3.69019
800 2,15915 -11,5668 -11,6883 8.00608 - 6.13066 1,5028
1000 2,80135 -10.4559 - 9,53963 6.91688 - 4.97502 .273533
1250 - 484699 -21.6864 ~14,7338 18,1024 10.912 - 6.65073
1600 %.05361 -21.0027 -14.1348 17,2553 - 9.10672 - 5,18276
2000 9.9253 -21,5157 -13.4395 18.3211 -~ 8.63536 ~ 6.74735
2500 11,2824 -22,549 -14,1809 18.7356 - 9.7619 - 6.38627
3150 11.9455 -20.55 -12.6873 18,0037 -10.6202 - 9.71424

4000 16.4814 -24,8593 -13.3676 22,6914 -12.8546 ~-15.5668
5000 22.5015 -35.6056 ~19,0102 31.447 -15.4367 -22.6433
6300 27,7145 -46.1653 ~24.6119 40.0198 -17.9076 ~29,5891
3000 14,3323 ~21.4314 -14,3803 19.091 -12.8518 -+ 15,8871

10000 15,9585 -23.4999 -15.4027 20.0428 ~13,6475 ~18.3499

TABLE VI1-D9
Directivity Correlation Coefficiente
M = 1.296
R
IGV Less Fans




TR

PR

cos 20 + A, sin 26

sin 1,560 + A2 3

D.I. = AO + Al

+ A c032 20 + A_ sin 1.58 sin 26

4 5

£ Ao Al A2 g A4 A5

400 - 2,1200 7.4402 3.1168 - 5,5490 ~ .1005 1,6379

500 - 6.5442 14,1351 5.9877 ~12.6894 2.6017 4.6543

630 .0039 - 1,2254 - 2.8841 - 1.3392 - 2.1464 L4046

800 8.5851 - 5.7480 - 2.3274 7.1856 - 7.9406 - 7.9373
1000 - 3.4393 14.7231 6.9861 ~10.1304 - .9848 1.1175
1250 ~ 3.4855 12,4406 4£,2714 -~ 8,1452 - 1.3014 1.4787
1600 .3863 9.2264 4,1404 - 5.1036 - 2.8973 - 3.5909
2000 - 4,1652 18.2667 7.9971 -12.1353 - .8529 - .2429
2500 - 2.3435 14,5545 5.0783 - 9.5090 - 4,1072 - .3920
3150 2,5909 6.0967 2,1009 ~ 2.2846 ~ 5.16¢1 - 5.4994
4000 6.9773 - 1.7811 - .5857 4,4571 - 6.0377 -10.3737
5000 -~ 5.2233 19,1819 6.8633 -13,0843 - 1.3290 .3023
6300 4.9165 .6416 - .3810 1,782 - 6.1852 - 7.3043
&300 - 9.3895 27.5911 11.1439 ~19,2993 .1669 4.4597
10000 -~ 3.9744 13.5100 4.0473 - 8.3058 - 2.3538 1.5623

TABLE V7I-210
Directivity Correlation Ceefficients

My= 637

IGV Fans
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D.I. =A 4+ A, sin 1,50 + A, cos 26 + A, sin 20
o 1 2 3

+ A

cos2 20 + A_ sin 1.50 sin 26

() 5
f Ao A1 A2 A3 A4 A5
400 11.8669 -19.7694 - 7.9371 14,0726 - 6.5011 ~ 9.0206
500 - 5.5007 10.9647 4,1175 -10.8092 1.7179 4,2302
630 -15,1083 25,3753 10,1438 -24,4479 6.3741 12.6797
800 6.4939 - 4,524 - 1.6770 4.8094 - 6.5705 - 5,6629
1000 - 2.9748 12,7747 5.1691 - 8.9413 - 1.5489 1.0344
1250 3.8631 - .6591 - 2,0287 2.0595 - 5.9503 - 4.2744
1600 4,2444 5055 - 1.1735 1.5206 - 5.6390 - 6,2302
2000 3.9797 2,8237 . 2541 .1330 - 5.7397 - 6.7863
2500 13.1117 -14.2271 - 8.3043 13.6207 -12,2608 ~13,0660
3150 12.8027 -13,7418 - 7.6227 13,3436 -10.9219 ~13.5560
4000 11,2281 -11.1816 - 6.0822 11,4215 - 9.0761 ~13.1585
5000 4.1095 .7232 - 2.2560 1.4311 - 6.2193 - 7.5430
6300 10.6015 - 9,9540 - 5.8856 10,3392 - 9.8594 -11.9746
8000 4,2 79 3.5812 +6555 .1081 - 7.0103 - 6.9591
10000 - 1,8312 7.2097 1.1001 - 3.9540 - 2.5466 - .1299

TABLE VII-D1l

Directivity Correlation Coefficients

M= .,712
R
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sin 1.50 + A, cos 26 + A, sin 2@

: D.I, = Ao + Al 2 3

+ A c052 20 + A_ sin 1.50 sin 26

E 4 5
; £ A A Ay Ay A, As
| 400 - 4.4581  11.9733 5.3523 - 9,7883 .7922 3.3416
500 - 7.1817  15.4337 6.5356  -14.2140 2.4170 5.3750
630 ~11.6780  21.2593 7.2808  -20.3597 2.8725 9.1757
800 8.9551  ~8.9050  -3.4889  8.0270 -7.3522  -8.2680
1000 - 5.2016  17.1159 7.9229  -12.2669 6304 2.4827
1250 - 4.0170 12,8766 4.9969 - 9.0670 .3424 1.2202
1600 2.1259 3.7126 - .0222 - 1.3926 -4.4207  -4.9034
2000 8.2829  -7.2382  -4.4970  8.1304 -7.0522  -10.2363
2500 13.3204  -16.3666  -9.8043  15.1336  -11.8604  -13.2508
3150 28,4735  -42.7356  -19.9853 36,6143  -i7.7187  -27.9833
4000 15.7991  -20.763/  -11.1649  18.7915  -11.4076  —17.4640
5000 2.8585 1.5900 - 2.1736 6994 - 4,9599 - 6.8157
6300 7.4484 - 8,7666 - 7.1131  8.4555 - 7.2735  ~ 9.7316
8000 -14.8968 34,4871  12.3455 -25.3893 3.254 8.3921
10000 -10.0870 24,8217 7.9918 18,2312 5069 5.3435

TABLE VII- D12
Directivity Correlation Coefficients

M = ,85

R 5

IGV Fans

460




D.I. = Ao + A, sin 1.50 + A, cos 26 + A3 sin

+ A cos2 20 + A

1 2

sin 1,56 sin 26

28

4 5

£ A i A Ay Ay A

400 -23.5073 44,2195  19.3434  ~-37.1008 10,7105  18.6955

500 - 8.0936  13.1108 4.9472  -15.0088 3.2822 8.3723

630 ~-10.0453  19.6905 8.2710  ~17.3635 4.3056 7.9340

800 2.3308 - 3.1449 - 2.,9233 6311 - 2.9699 2.1595
1000 ~11.1716  20.4684 6.9583  -18.4687 3.8140 8.6351
1250 2.0157 - 5.2480 - 6.2018  3,1721 - 3.7090 1.5718
1600 - 3,012 7.7044 1.0976 - 6.9049 - .7055 .9554
2000 4.4025 - 5.1226 - 4.5669  3.9906 - 4.6098 5.4459
2500 2.5998 - 5.0730 - 4.7504  5.0417 - 2.0784 3.5024
3150 5.0130 - 7.6651 - 5.3237  8,0407 - 3.7612 6.0040
4000 2.4338 - 1.4246 - ©,8975  2.9921  ~ 2.4395 5.7307
5000 3,1853 =~ 1,1450 - 1.6765  3.4350 - 2.3856 6.2589
6300 3.3702 - .1741 -~ .1860  3.3237 - 2.1367 6.4509
8000 - 8.5135  20.0696 7.1655 -13.3759 2.9983 2.4932
10000 -16.3671  28.6084 8.6185 -21.4567 7.2175  10.2479

TABLE VII~ D13

Directivicy Correlation Coefficients
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Yerowm

D.I. = Ao + A1 sin 1.59 + AZ cos 26 + A3 sin 26

+ A4 cos2 26 + A5 sin 1,56 sin 29

Y A ATy

f A, Al A2 A3 A,4 AS
400 -11,6556 19,0963 6.9392 -18.2886 4,3537 11.0377
500 - 9.8739 13.7516 4,3969 ~16.0783 3.5042 8.8407
630 - 3.1517 7.8436 2.8414 - 7.6384 L2179 2.4849
800 ~14,2917 22,4715 5.8643 ~19.6547 4.7502 13.0470

1000 -11.2707 16.5793 3.8832 -16.6357 3.9331 9.9773
1250 ~21.0711 22,7372 1.6285 -19,9428 7.0546 26,5839
1600 -14.6335 19,0917 1.6787 -17.3539 4.3697 12.6556
2000 - 6,4625 5.2563 - 4,2138 - 5.1758 - 5144 6.4142
2500 2,7373 ~10.7718 ~-10.1594 9.0100 - 4,2855 - 1.4481
3150 5.4034 ~12.9826 - 9.7054 11.6959 - 5.7421 ~ 3.6718
4000 9,0831 -13.0048 - 8.3483 12.3463 - 7.2165 ~ 9.7936
5000 6.0794 - 6.8220 - 4,9166 7.7681 - 5.0316 - 7.5488
6300 3.3753 - 1.3048 - 1.6191 3.5806 - 3.0471 - 5.6242
8000 0795 4,7222 .1830 - 1.3569 ~ 1.9389 - 3.9408
10000 2.0977 - 7706 ~ 4.,2794 1.5792 - 4.6284 - 5.0727

TABLE VII-D14

Directivity Correlation Coefficients

MR= 1.082
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D.I, = Ab + Al sin 1.56 + Az cos 20 + A3 sin 20

+ A& cos 2 20 + A5 sin 1.50 sin 26

f A.o A1 A2 A3 A4 Ag
400 -~ 7.6352 11,7524 3.5983 -12,0753 2.5574 7.8072
500 - 5,7206 6.4609 1.0783 - 9.9233 1.4201 5.5798
630 1.5798 .1628 .1812 - 1.1155 - 2.0868 - 1.2164
800 - 1,0497 - 3.7295 - 7.2350 2.3720 - 2.5533 1.9880
1000 - 5.7916 4.4464 - 1,7084 - 7.1090 1.8355 6.2209
1250 - 6,4967 5.0006 - 2.6224 - 5.9474 .6269 8.2072
1600 4,6580 ~12,3141 -10.1699 8.7077 - 6.0678 - 2.0824
2000 5.8394 -10,3527 - 6.9998 7.6891 - 5.0034 - 4.8389
2500 13,1096 -25.0886 -13.5114 20.2097 - 7.6947 -10.7320
3150 13,5687 -24,3314 -12.,0586 20.4246 - 7.8902 -11,1220
4000 11.0920 -16.3847 - 8.1115 14,8223 - 6,1380 ~12.0871
5000 7.2793 - 9.8253 - 5.5594 9.3311 - 3.9675 -~ 9.4425
6300 2,8490 - 2,3165 - 2,5588 3.1374 - 1.,5323 - 6.4975
8000 - 6,2151 13,1141 3.1221 - 9.1727 1.9245 1.3778
10000 - 7.4245 11.1922 .4102 - 8.8992 2,0230 2,2743

TABLE VII-DLJ
Directivity Correlation Coefficients

= . 8
MR 1.180
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(E) Summsry. The following represents a block diagram of the developed
semi-empirical fan noise prediction technique.

INPUTS

. Fan hub/tip diameter
. Fan weight flow
. Fan RPM

. Fan velocity diagram at three radial stations

. Fan detailed blading geometry (inlet/outlet angles,
solidities, etc.) at three radial stations

. Interblade spacing at three radial statioms

(Program will calculate all necessay other para-
meters to be input in the following’

'

Calculs te BPF tone sound power
level using wodel deweloped in
section II-A,

Calculate D.I, for BPF tone
using Tables VII-Cl and VII-
C2 for ICV less fans; Table
VII-C3 for IGV fans; (Inter~
polate to obtain D,I, at
required Mr)

Calculate BPF tone SPL at a
given point on an arc or a
sideline using the result: of
1 + 2 and the results of
Section VI (Air and Ground
Attenuation)

¥

4.

Calculate broadband/noise MPT
sound power level, Spectrum

(in 1/3 octave bands) using
Tables VII-Bl for IGV less fans
Table VII-E2 for IGV fans
Frequency scale using VII-B3
relationship for broadband noise
VII-B4 relationship for MPT's

Calculate D.I. for 15 1/3 octave
bands using Teble VII-D1 to VII-
D6 for IGV less fans; Tables
VII-D7 to VII-D15 for IGV fans;
(Interpolate to obtain D.I. atre-
quired Mg frequency scale using
relationship (VII-D2) for broad-
band noise and (VII-D3) for MPT'g

Calculate 1/3 cctave bands SPL's
at a given point on an arc or a
sideline using the results of 4
and 5 and the results of Section
VI (Air and Ground Attenuation)

D

|

!

7. Combine the results of 3 and 6 to give |
total fan spectrum and PNdB

OUTPUT

any given arc or sideline

Fan SPL spectrum plus PNdB at angles rarging
between 20 to 160° (in 10° increments) along
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The semi-empirical prediction technique developed in this Section has been
checked successfully against experimental data obtained on a variety of
vehicles, The details of these comparisons are discussed in the following

section.
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VIII. VERIFICATICN OF FAN NOISE PKEDICTION METHOD

(A) Blade Passing Frequency Tones. In order to substantiate the accuracy
of the pure tone noise prediction procedure. described n Section 1I-A, it was
applied to a number of fan vehicles for which extensive acoustic test data
already existed. The fans chosen represented a wide variety of sizes and design
features, to emphasize the geuneral applicability of the prediction technijue.
Comparisons betwezn measured and predicted pure tone sound power levals, for
each fan studied, are presented herein. Pertinent design details of each fan are
included.

(1) €J805~23. The CJB855-23 (Figure VI1I-Al) is a low bypass ratio
aft fan engine; the single-stage fan is a first-generation design. The acoustic
data was taken from a standard production engine configuration which was tested
at the Edwards Flight Test Center (Figure VIII-A2). Basic physical and aero-
dynamic design parameters for the CJ805-23 fan are listed in Table VIII-Ai.
Figure VIII-A3 is a comparison of measured and predicted blade~passing frequency
fundamental PWL's for this fan, plotted as function of fan tip Mach uumber;
Figure VIII-A4 is a similar comparison of the second harmonic PWL's. A g~od
correlation between measured and predicted values was achieved for beth pure
tones.

(2) CF700 Fan. The CF700 (Figure VIII--AS) is a 627 scale model of the
CJ805-23. Design parameters for the CF700 fan are also presented in Table VIII-Al.
Figure VIII-A6 is a comparison between measured and predicted values, for the
fundamental PWL's; a good prediction of the data was again achieved.

(3) TF39 Fan "Family'! There are four vehicles in the TF39 "family".
The full-scale TF39 fan (Figure VIIT-A7) is a high bypass ratio front fan of
second generation design. It has a "one and one half stage" configuration,
which is effectively divided into an inner panel and an outer panel flowpath
(Figure VIII-A8). The TF39 Development Vehicle (D/V) (Figure VIII-A9) is a
687% Scale Model of the full-scale TF39; it has, of course, the same configuration.
The TF39 Outer Panel (0/P) test rig is a 45% scale model of only the outer
panel portion of the full scale fan. (This vehicle thus includes only the
second stage rotor), The TF39 Outer Panel Freon Model is described in Reference
1 and is shown in Figure VIII-Al10., It is a 14% scale model of the O/P rig, run
with Freon C318 as the test flow media.

The basic design parameters for all four vehicles are listed in Table VJIi-A2,
Inclusion of this series of vehicles was thought to be a good test of the acruracy
of the prediction technique over a large range of fan sizes. Figures VIII-All
to 20 compare measur~1 and predicted pure tone power levels (plotted as a function
of tan tip Mach numb ) for the following:

Figure VIII-All - TF39 Full Scale - Stg. 1 rotor fundamental
Figure VIII-Al2 - TF39 Full Scale - Stg. 2 rotor fundamental
Figure VIII-Al3 - TF39 Full Scale - Stg. 2 rotor 2nd harmonic
Figure VIII-Al4 - TF39 D/V - Stg. 1 rotor fundamental

Figure VIII-Al5 - TF3% D/V - Stg. 2 rotor fundamental

Figure VIII-Al6 - TF39 D/V - Stg. 2 rotor 2nd harmonic

Figure VIII-Al7 - TF39 Juter Panel - fundamental

Figure VIII-Al18 - TF39 Outer Panel - 2nd harmonic

Figure VIII-Al9 - TF39 Quter Panel - Freon Model - fundamental
Figure VIII-A20 - TF39 Outer Panel - Freon Model - 2nd harmonic

DS SR |
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PARAMETER CJ805-23 CF700

Fan Dianeter (in.) 49.0 30.0

Blade and Vane Numbers

Rotor 54 54

oGV 55 57
OGV_Spacing .33 Rotor Chord .33 Rotor Chord
Design Weight Flow (1bs/sec) 240 90.6
Design Pressure Ratiuv 1.58 1.58
Design Tip Speed (ft/suc) 1185 1185
Design Bypass Ratio 1.49 1.49

TABLE VIII-Al

Fan Design Parameters~CJ805-23 and CF700

o

1 438




e, e TR T

" BRI o o

PARAMETER

Fan Diameter (in.;

Outer Panel
Inner Panel

Blade and Vane No.

Outer Panel
IGV

Rotor

oGV

Inner Panel
Rotor 1
Stator 1
Rotor 2
Stator 2

Outer Panel IGV Spacing

Outer Panel OGV Spacing

Design Weight Flow (lbs/cec)

e e o e e TR SRR R AR

Overall Fan Pressure Ratio

Design Tip Speed(ft/sec.)

Outer Panel

Overall Design Bypass Ratio

TF39

36
40
50

25

36

40

25

.25 Chord
.25 Chora
1549

1.45

1426

7.88

TABLE VIII-A2

TF39 D/V

36
40

72

25
36

40
36
.25 Chord
.55 Chord
725

1.46

1425

7.88

Fan Design Parameters-TF39 Family

489

TF39 0/P

RIG

42.5

.25 Chord
.55 Chord
180

1.55

1500

TF39 o/P
FREON

€.0

36
40
72

—————
————

.25 Crord
.55 Chord
8.65

(Freon C3)
1.50
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It is apparent from examination of these comparisons that good correlation
was achieved for all vehicles, regardless of size or test flow media employed.

“ (4) NASA Two-Stage Fan. A full scale TF39 fan was modified (Reference
£ 2) to form a low-tip-speed fan test vehicle (Figure VIII-A21). The outer
panel portion of the TF39 fan was removed, and the inner panel blade-vane
spacings were increased (Figure VIII-A22), Three separate fan exhaust nozzles
were employed on the vehicle. The nozzles were sized to provide pressure ratios
of 1.50, 1.45, and 1.35, for a fan design aivflow of 750 1lb/sec; fan design

: parameters are listed in Table VIII-A3., Figure VIII-A23 is a comparison of
predicted and measured sound power levels for the second stage rotor fundamental
tone; three sets of data are presented, one for each fan nozzle area variation,
The prediction was accurate for all operating lines.

4 o e e
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Fan Diameter (in.) 66,88

Blade and Vane Numbers

Rotor 1 25
Stator 1 36
Rotor 2 40
oGvY 25

Blade ~ Vane Spacings

Rotor 1 - Stator 1 1.06 Chords

Stator 2 - Rotor 2 1.24 Chords

Rotor 2 - OGV 1.22 Chords
Design Weight Flow (1bs/sec) 750

Pressure Ratio

] Small Nozzle 1.50 (A1l with 750 1lbs/
4 sec ight flow)
1 Nominal (Design) %ozzle 1.45

f Large Nozzle 1.35

‘ Design Tip Speed (ft/sec) 1015

TABLE VII1-A3

NASA Two-Stage Fan Design Parameters
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(B) Broadband Noise Verificatic'. In order to verify the method for predict-
ing broadband noise presented in Section VII, the suggested prediction techni-
que was applied to several turbofan engines and compared with experimental data.
Three fans were considered: NASA's LF336, Fans A and B; GE development vehicle IV
and GE's CJ805. For each of the fang considered sound power-level and sound-
pressure level spectral predictions were compared with 1/3 octave band noise
measurements. The sound-pressure level spectral comparisons were made for
angular positions relative to the engine inlet duct of 20°, 80° and 120°.

(1) LF336 Fans .. and B. NASA's LF336 Fans (tested under NASA Contract
NAS2~-5462) are 1.3 pressure ratio, thirty-six inch diameter lift fan propulsion
systems. (See Figures VIII-Bl and VIII-B2}. They are designed tc power high
speed vertical takeoff and landing aircraft utilizing two General Electric J85
turbojets and a tip turbine to drive the fan. Fan A was designed by NASA to
demonstrate installation and propulsior system technology. Fan B is a modified
Fan A. Fan B's axial spacing (rotor-out!~t guide vane distance was increased
from 15% of the rotor chord, to a two rutor tip chord spacing.

All of the predictions and data comparisons were made on a 250 foot arc
distance. The fan speeds considered werv: N = 5140, 5442, 5700, and 6047 RPM.
corresponding to power settings of 85, 90. 95 and 100%.

The results of the LF236 broadband noise predictions are illustrated in Figures
VIII-B3 through VIII-B18. For each of the fans speeds considered there are four
figures. The first of each group of four figures is the sound-power level
spectrum comparison and the three rcmaining figures are the sound-pressure level
spectrum comparisons at different angular positions,

For all of the cases considered, reasonable agreement between predicted and
measured values was obtained for frequencies up to the blade passing frequency
(the location of blade passing frequency is designated by a solid vertical line
at the center frequency of the 1/3 octave band at which it occurs) and marked
as BPF. At the higher frequencies the predictions usually fall in between the
Fan A and Fan B data points. The difference in the noise levels between Fan A
and Fan B data seems to be due to the unusually close spacing on Fan A,

(2) Development Vehicle IV, The development vehicle IV is a low tip
speed 36" Diameter fan with twenty-six (26) rotor blades and a 2.3 vane-blade
ratio. The fan pressure ratio at design is 1.,5. 1Its design tip speed is 1100
ft/sec.

All of the prediction-data comparisons were done for 100 foot arc distances.
The fan speeds considered were:; N = 5510, 5970, 6350, 6525 rpm; corresponding to
power settings of 72, 77.9, 82.0, 86.3 and 90,7%.

The results of the Deavelopment Vehicle IV broadband noise predictions are illus-
trated in Figure VIII-B19 through VIII-B38. For each of the fan speeds considered
there are four figures illustrating the prediction-data comparison. The first
figure of each group of four figures is the scund power luvel spectrum comparison,
and the remaining three figures are tie sound pressure level spectrum comparisoas.
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For all the fan speeds considered, the power-level spectrums show a gcod
comparison between the predicted broadband noise levels and the measured data.
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(C) Verification of Size Parameter. A common practice in the design
of fans and compressors is the building of scale models for use in test
programs. These much less expensive scale models can be used to verify the
performance of the final design. It is important, from an acoustic standpoint,
to be able to project noise measurements recorded for the model in order to
accurately predict the noise characteristics of the full-scale machine. With
this end in mind, investigations have been carried out to determine the necessary
acoustic scaling relationships.

The mechanisms derived in Section II indicate that in addition to physicel
similarity, scale models should be aerodynamicallv designed in such s manner
that their Mach diagrams are identical to those of the full scale vehicle, at
"scaled" rotor speeds. If the model and prototype are tested in the same
gases (at essentially the same temperature)}, it can be seen that the identical
Mach diagrams prescribe identical velocity diagrams. Thus, the only remaining
difference between the two vehicles (at scaled speeds) is in their relative
annular flow areas, which are directly propcrtional to their relative weight flow
rates., The difference in pure tone sound power levels generated by the model
and full scale vehicle would thus be expected to be functionally dependent on
this weight flow ratio. For equal airflow densities, this becomes:

W Prototype

APWL = 10 log 1o fyodel

It is sometimes advantageous to test the model in a gas other than air,
It is readily apparent that identical Mach diagrams then do not necessarily
indicate identical velocity diagrams. The difference in acoustic power level
thus becomes a function of the physical properties of the test gases as well as
of the relative flow areas, and the simple weight flow relationship no longer
holds. Studies of the Model Freon Compressor (Reference 1) have provided the
derivation of the following scaling relationship for a model run in a different’
test gas (at scaled speeds):

r R ¥
A PWL = 20 LoglO;P- +5 Log Kﬂm + 15 Log 10—’2
m m

r = radius ot rotor blade
R = gas con-tant

¥ = ratio of specific heats
Subscripts:

m = model

p = prototype
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These factors are employed in the pure tone noise prediction procedure,
to project scale model predictions to those for the prototype. Figure V1II-Cl
through 3 provide examples of their use.

Figure VIII-Cl is a plot of fundamental blade-passing PWL versus speed, for the
CJ805~23 fan and the "scaled", CF700 fan. Both vehicles are described ian Section
VIII-A., Figure VIII-Cl presents bLoth measured and predicted fundamental PWL's.
The CF700 accustic data and predictions were scaled to the CJ805-23 size by taking
PWL's at equal blade tip Mach numbers then adding the " A PWL" calculated from
the aforementioned relatlonships. (The scaled predictions are, of course,
identical.) As can be seen,close agreement was achieved between ccaled model data
and the full size data; both sets of data, in turn, are vary close to the
predicted values.

A sim!Jar analysis was carried out for the TF39 "family" of fans (Reference
Section VIII-A). The measured fundamental PWL's (second stage) for all vehicles
were scaled to the full size TF39, and these data are presented in Figure VIII-C2
along with the predictions. The scaled data is seen to once again agree closely
with the full size levels, as do the scaled predictions.

The TF39 scaling scudy was Yepeated, this time for the power levels recorded
for the second harmonic of the blade-passing frequency. The results are pre-
sented in Figure VIII-C3, It is apparent that the scaling relationships apply
equally well to the harmonic power levels as to the fundamental.

The scaling relationships exawined in this study provide an accurate means
of predicting pure tone noise lew:1ls for the full scale vehicle, from scale
model data, The predictions are sslid, regardless of the size of the model or
the test flow medium employed.
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IX, SEMI-EMPIRICAL PREDICTION OF COMPRESSOR NOISE

The basic mechanisms of compressor noise generation, transmission and
radiation are the same as those which apply to fan nnise. Accordingly,
if the proper geometric and aerodynamic performance input parameters are
knowna, it is possible to use the mechanisms developed in Sections I and
IIT of this report to predict multi-stage compressor noise.

In the case of low speed single stage axial flow compressor, the pure
tone mechanisms described in Section II are readily applied with good
arcuracy. This is shown in Section X of this report.

In the relacively simple case of nure tone noise from the first stage
of a multi-stage compressor, analytical predictions can still be applied
with a reasonable degree of success. This is also demonstrated in Secticn
X. More comprehensive prediction of the noise radiated by the rear stages
of high speed multi-stage compressors is, however, somewhat more difficult
to establish. As described in Section VII, the aerodynamic data necessary
to establish the predictioa parameters is often not available. With multi-
stage compressors, the problem is several times greater thLan that experienced
with fans. Tn such vehicles, prediction of the effects of interstage flcw
and acoustic wave interactions, interstage pressure field interactions and
transmission reflections through multiple blade row sets require analysis
ard/or data which is not available.

The most logical way to correlate compressor noise data is to do it with
respect to parameters which are readily available in preliminary compressor
design. Two such parameters are the tip relative Mach number (Mp) of the first
stage of the compressor and the compressor's weight flcw.

As with the fan correlation of Section VII the 1/3 octave power levels

(PWL) were curve fitted using the polynomial:

4
‘ N
PWL* = nio AN (MR) (1¥-A1)

The coefficients for this equation for tune 1/3 octave bands were obtained
from the GE4 compressor data obtained in the farfield from 630 Hz to 10 KHz
and are shown in Tabie XI-Al, Figures IX-Al and IX-A2 show the data cal-
culated with I¥-Al and the experimental data.

In each case the PWL's have becen normalized Ly the weight flow such that
PWL7 o= PWL - 10 log, (w/wo) (1X-A2)
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N=0
£ A Ay Ay Ay A,
630 91.058 79.311  -179.656 108,157 0
800 102,333 39.660  -116.915 78.136 0
1000 109,840 17.787 - 77.741 57.915 0
1250 114,748 9.172 - 58.139 46.365 0
1600 116.487 13.914 - 54.684 41.064 0
2000 385,175 -1778.563  4177.288  -4093.420  1428.073
2500 172,426 - 288,921  440.144 - 194,199 0
3150 123.285 - 35.803 36.927 0 0
4000 115.453 23,082 54.339 39.681 0
5000 155.358 - 194,087  300.243 - 132.747 0
6300 129.121 - 63,327 93,200 - 33.517 0
8000 144,967 - 157.671  254.055 - 133.651 0
10000 143.165 - 149,727  238.787 . 105.258 0
TABLE IX-Al

Coefficient Table for Compressor Noise Power Level Prediction
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where W is the weight flow of the various data used in the correlation and
ﬂs is 1 1b/sec.

The power spectra nre, of course, only part of the story. The power must
be "spread" intc 2 directivity pattern on an arc a-ound the compressor. For
this purpose a correlati~~ has been made for directivity indices (D.1 ). The
directivity index is defined as the difference between tne measured SPL and
a space averaged SPL. The space averaged SPL may be determined from the L

as,

SPL_ = FWL - 10 log (4mr?y (IX-A3)

where r is the radius of the arc on which the noise level is desired without
the effects of any attenuations such as that due to the air or any ground
plane absorption. Both the SPLyy and the PWL in equatiou (IX-A3) are fre-
quency dependent. The data of SAE AKP 866 can be used for air attenuation.

The actual SPL at any given angle can be determined from

SPL(f,68) = PWL* (f) - 10 log,, W - 10 log (4nr?) (IX-A4)
+ D.I.(98)

The D.I.'s were correlated for a range of first stage tip relative Mach
nunbers from .35 to 1.09, The data for each frequency band was correlated
from data for angles trom 10 degress to 160 degrees in 10 degree increments.
The equation used was

D.I, = A + A, sin 1.56 + A, cos 20 + A, sin 26
(V) 1 2 3

+ Aé cos2 26 + A5 sin 1,50 sin 29 (IX~AS5)




The coefficients for each Mach number and frequency band are shown in
Tables IX--A2 to IX-A6, The comparisons between calculated and measured
data are shown in Figures IX-A3 to IX-Al2, The data calculated with 1X-AS
is obtained at discrete relative Mach numbers and will require interpolstion

» arrive at the gpecific Mach number desired. A linear interpolaticn,
such as that gshown in equation (IX-A6) is suitable.

“: - M,
D.I. f,ﬁ) W E— D.I' (fe) - D.I.(f,O) 4
+ oM H.; M
I VS M
+ D.I. (£, 00+ (1%-A6)
r
where
“r = Tip relative Mach number at which D.I.(f,0) is desired.
M_ = Tip relative Mach number just below M_ in Tables
r IX-A2 to IX-A6.
H: = Tip relative Mach number just above M in Tables
IX-A2 to I[X-A6.
D°I'(ft9§{‘ = Directivity index as determined from equation IX-A5
b g at Mach number H;.
D.I.(f,exib = Directivity index as determined from equation IX-AS
r

at Mach number H;.

The application of the D.I. found in Equation (IX-AS5) to Equation (IX-A6)
results in the prediction of a 1/3 octave spectra at each angle; however
it is most likely that the frequency of the varicus components of the spectra
are not yet compatible with the compressor whose noise level is being pre-
dicted. Scaling for frequency can be handled by shifting the 1/3 octave
spectrum by the difference between the blade passing frequency of the first
stage of the compressor being considered and the corresponding reference blade
passing frequency of the correlated data. Figure IX-Al3 indicates the tip
relative Mach number versus reference blade passing frequency for the corre-
lated data. Thus, for example suppose the blade passing frequency (BPF) of
the first stage is 4000 Hz at MR = 1.0 From Figure IX-Al3 at My = 1.0 the
reference BPF 18 2660 Hz. That is, the compressor being predicted is in the
4 Xiiz 1/3 octave band and the reference frequency is in the 2.5 KHz band;
therefore the frequency shifting of the predicted spectra (from Equation IX-A4)
is two 1/3 octave bands up. That is, all the SPL's predicted by Equation
(IX-A4) are indexed up two 1/3 octave bands.
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D.I. = Ao + Al sin 1,50 + A2 cos 20 + A3 sin 26
+ A cos2 20 + A, sin 1.56 sin 20
f A1 A, Ay A, Ag A6
630 2,255 8.8084 7.7390 -~ 2.6628 - 4,3337 - 6.9783
800 .9207 10.6488 8.7751 - 3.585" - 3.4498 - 6.1865
1000 - .3257 12,7055 9.9286 - 4,853 ~ 2.7476 - 5.2026
1250 ~-1.8089 14.8687 11,0745 - 6.1007 - 1.9714 - 4.1571
1600 1.2147 9.0903 8.1874 - .9045 - 21,9033 - 6.4497
2000 -4,8067 17.5589 12,7426 - 5.1683 - .6566 - 4,5025
2500 -14,6484 31.0667 18.7949 -18.0481 6.8868 4.2273
3150 5.9820 1.9490 4.3595 3.1827 - 5.1894 -10,8703
4000 12,1398 - 4.,4720 1.,9914 9.7863 -10.8500 -17.7690
5000 14,2436 - 6.0790 .1279 9.3138 -12.7208 -19.7954
6300 8.8670 - 3277 3.2616 3.7231 - 7-.4987 ~14,4182
8000 5.3952 2.0414 4.5474 .7623 - 3.7237 -.J.3915
10000 5.8034 .1481 2.9077 1.1791 - 5.1920 - 8,71711
‘TABLE TX-A2

Coefficient Table for Compressor Directivity Indices

MR = .35
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D.I. = Ao + Al sin 1.50 + A2 cos 20 + A3 sin 20
+ A cos2 26 + A5 sin 1.50 sin 26
£ A, Ay A, Aq A, AS
630 -10.1540 19,0277 6.9371 -13.2974 3.1016 7.7781
800 - 8.2156 18.1126 7.4738 -11.4055 2.1461 5.1436
1000 - 6.2909 16.9501 7.9313 - 9.4921 1.1415 2.3978
1250 - 4.6541 16.1861 8.5038 - 7.6932 .0118 - .1928
1600 - 11,7234 13.1642 8.1989 - 4.1447 2,0977 - 4,1319
2000 .2280 11,4590 8.4365 - 1.4254 3.7014 - 7.8002
2500 10,3282 - 1.1406 2.6684 7.7667 9.9849 -15.6687
3150 5.5931 2,7608 3.9441 3.9164 5.3528 -11.0228
4000 4,0020 6.3698 6.5063 1.,9610 3.8199 -11.3135
5000 - 4426 10.0848 6.7236 - 6.0509 1,2158 - 4.0095
£300 - 1.,4406 12,2328 8.6187 -~ 6.9190 .1119 - 4,1951
8000 - .0578 8.5616 6.3940 - 4,2200 . 7005 - 4,3971
1000u .5437 5.5359 4.3885 -~ 3,1634 1.4455 - 2.9825
TABLE I¥~-A3

Coefficient Table for Compresscr

MR = 0.48
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D.I. = Ao 4+ A, sin 1.56 + A, cos 20 + A, sir. 20

1 2 3 ‘

+ A cos2 20 + A_ sin 1,590 sin 28

f 4 5

’ f Ao Al A, A3 Aa Ag
630 26.9497 ~27.0112 - 6.8965 24,4700 -20.5382 -30.3101
800 26,5041 ~1%.8592 - 2.1037 16.5:/8 -16.7684 ~24,3398"
1000 15.8747 - ,.6823 9643 1.85%5 -13.5310 -20.3252
1250 7.5821 2,8250 5.4264 3 4255 - 8.2778 -12.6247
1600 - .6128 13,3704 9,3294 -~ (,1120 - 3.2742 - 5.3922
2000 -17.3591 35.5341 19,9540 -.0.6502 6.7971 6.0262
2500 -18.0760 34,8565 19.5933 -24,2382 8.5588 7.9331
3150 7.9203 - 2.0806 2.5763 6.5595 - 6.0605 ~12.2950
i 4000 14,1891 - 8 9672 - .1814 14,1395 ~11.64540 -18,9440
E 5000 14,1596 - 7.7898 - 1.,1078 11,1042 ~12,6665 ~17.7372
63C0 7.8332 - .4286 1.4187 4,2643 - 8.0380 -11.2750
4 8000 5.3007 3.347¢ 3.4783 .8482 - 5.7712 - 9.5669
10000 5.7612 - 5.1978 - 1,1816 6.9207 ~ 8.6088 -12,4767

TABLE IX-A4

Coefficient Table for Compressor Directivity Indices

1 MR = .61
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D.I. = Ab + Al sin 1.50 + A2 cos 20 + A3 sin 26

+ A c032 20 + A_ sin 1.56 sin 26

4 S5
i Ao A1 A2 A3 A4 A5
630 - 8.9686 13.5477 6.3445 -11.2108 5.6640 8.1304
800 - 7.5695 12,2524 5.9222 - 9.6746 4.9896 6.1408
1000 - 6.6617 10.7516 5.2935 - 8.0211 4.8095 4.9729
1250 - 6.1887 9.9517 4.9436 - 7.0288 4.9136 4,0654
1600 - 4,5092 8.1632 4.2966 - 4.9338 3.9503 1.7913
2000 1.5713 - 2.3546 - 1.1173 3.8264 - .0731 - 3.1351
2500 - 7.0328 13.1167 9.7105 - .9355 - 2,5734 - 5.6797
3150 9.1695 - 6.3610 - 1.5721 8.4161 - 6.1453 -13.3345
4000 16.6994 -21.7983 -10.7712 19.3683 -11.8539 -18.6154
5000 14,9300 - 9.2674 - 1.7108 14,9458 -14,2170 -19.1561
6300 2,8488 - .4303 - .9265 1.6617 - 2.9331 - 5.8828
8000 .6204 7.4318 5.1692 - ,9635 - .9929 - 6.0634
10000 16.7360 -19.2541 - 7.5308 18,4456 -10.7421 -19.4379
TABLE IX-A5

Coefficient Table for Compressor Directivity Indices

MR = ,95
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D.I. = Ag + A,

sin 1.50 + A, cos 20 + Al sin 0

g T TR TR R AT AT

+ A, cos 20 + Ag sin 1.50 sin 26
Ab Al A2 A3 Ah AS
630 - 4,2870 5.4685 3.8490 -~ 4.4687 4.3464 2.2410
800 - 1.7651 2.9985 2.7701 - 1.4986 2,0958 - 0441
1000 3.9207 - 4.8214 - 3461 5.8085 - 1.5100 - 5.2295
1250 5.6198 - 5,6782 - .8018 7.5108 - 3,4831 - 6.9424
1600 8.0230 -~ 7.6669 - 1.7510 10.3976 - 6.0728 - 9.7671
2000 8.7986 - 7.3551 - 1,7723 11.0371 - 7.5537 -10,9422
2500 9.3096 - 4,803} .6451 11,1482 - 8.9343 -13.8721
3150 10.4953 - 7.9768 -~ 1.6374 11.9229 - 8.27R2 -14,0221
4009 17,7885 -25.7920 -12.6438 21.4618 -12,1552 ~-18.7621
5000 14,0283 -11.9904 - 4.3311 13.1416 -11.5241 ~16.4060
6300 5.5782 - 2.3120 .0995 4.1858 - 4,8623 - 7.5810
8000 6.8321 ~ 4,8311 - .4866 6.2383 - 4,9810 - 8.3562
10000 9.0967 -13,5881 - 5,8123 11.2285 - 5.6833 - 8.6756
500 - 6.4821 6.0234 4,2513 - 6.2550 6.7496 4,5338
TABLE [X-A6

Coefticient Table for Compressor Directivity Indices

MR = 1.09
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In sum:ary, the compressor noise prediction is made by application of the

following flow chart:

Step #1

Step 2

Step

Step #4

Step #5

¥ind the normalized 1/3 power spectra as a function of
first stage tip relative Mach number, equation (IX-Al)
and Table IX-Al.

[ Find the directivity index at tip relative Mach
numbers just above and just below the desired M.,
equation (IX-A5) and Tables IX-A2 to IX-A6.

Use linear interpolation to find the D.I. (f,g) at the
desired tip relative Mach number, equation IX-A6.

Apply the PWL's of Step /1 and the D.I.'s of Step #2
to equaticn (IX-A4) with the appropriate weight flow
and arc radius

Scale the spectra of Sten #4 by the number of 1/3
octave banlds berween ti. first stage blade passing
frequency of the compressor being predicted and the

reference blade passing frequency at the same Mr




X. VERIFICATION OF COMPRESSOR NOISE PREDICTION METHOD

3 {A) Low Speed Single Stage Axial Flow Compressor Pure Tone Levels. A series
of contigurations on low speed single stage axial flow compressor was tested

by Copeland, et.al. (Reference 1) in an anechoic chamber at NASA's Langley
Research Center, The blade-passing fundamental tone power levels were measured
(at one speed point) for each of four configurations These measured values

are compared to the corresponding predictions in Figure X-Al details of each
configuration are also given. The prediction technique again yields values
which closely agree with measured data, irrespective of changes in vane-blade
nutber ratio and vane-blade spacing.

Ll s la gl dal

The pure tone noise prediction method is thus seen to be accurate with this
type of vehicle.

(B) High Speed Multistage Compressor Pure Tone Levels. The pure tone

1 noise prediction technique was exercised for two multi-stage compressors (J-79

3 and GE-4). The measured first stage fundamental PWL's for the two machines are
presented in Figures X-Bl and X-B2, along with the assoclated predictions. Since
y the predictions were to be for noise radiated forward, it was necessary to
a:count for the fact that some of noise which might be transmitted downstream

i (if the stage were isolated) is in fact reflected upstream. In order to compen-
sacte for this phenomena, the flow convection effects developed in Reference

2 were used to project the resultant noise levels radiating out of the inlet,
Good correlation is seen to be achieved.

(C) Multistage Compressor Directivity Predictions. The prediction method
presented in Section IX was applied to the first stage of the J93 compressor, in
order to predict the blade-passing fundamental sound pressure levels and
directivities. Figure X-Cl is a comparison of predicted and measured 250 tt. arc
data, for the forward quadrant. Good correlation was achieved.
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CONFIGURATION L: IGV-ROTOR (62 VANES, 53 BLADES)

SPACING: 0.535 CHORD
MEASURED (NASA LANGLEY) 132.0

CALCULATED 132.2

CONFIGURATION 2: ROTOR-OGV (53 BLADES, 62 VANES)

SPACING: 0.535 CHORD
MEASURED (NASA LANGLEY) 123.0

CALCULATED 123.5

CONFIGURATION 3: IGV-ROTOR-OGV (62 VANES, 53 BLADES, 62

VANES) SPACING: (I-R) 0.535 CHORD,
(r-0) 0.535 CHORD
MEASURED (NASA LANGLEY) 132.0

CALCULATED 132.3

CONFIGURATION 4: IGV-ROTOR-OGV (02 VANES, 53 BLADES, 62

VANES) SPACING: (I-R) (.25 CHORD,
(R-0) 0.535 CHORD

MEASURED (NASA LANGLEY) 124.0
{J_-l_n.___—f]
- CALCULATED 124.0
FIGURE X-Al COMPARISON OF MEASURED AND CALCULATED

SOUND POWER LEVELS FOR NASA 14,/5-XNCH
DIAMETER COMPRESSOR

186
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XI. NOISE REDUCTION METHODS

(A) Results of Analytical Studies. The previous sections have examined
the various noise generation and transmission mechanisms present in faus
and compressors. These mechanisms are influenced, both djrect'; and in-~
directly, by certain physical and aerodynamic design para: -“ers. Quite
obviously, a knowledge of the ultimate acoustlc effect of these parametric concepts
will be applicable to the design of "quiet" fans and compressors.

The following sections present the effects on fan/compressor noise of several key
design/performance parameters as predicted by the procedures supmarized in Sections
VII and IX of this report. Note that while specific designrs have been used for pur-
poses of illustrating the effects of certain parameters, the quantitative ciffer-
ences due to design changes cannot be generalized and every vehicle must be eval-
uated on its own merits (Reference 1). As an example, the effect of a 10%
decrease in rotor tip speed may decrease noise by .5 dB on some vehicles where-
as the decrease could be 5 dB on other vehicles. On yet other vehicles, if
the tip speed reduction is accompanied by an increase in blade loading, the noise
could iacrease.

In summary, quantitative evaluation of thr effects of design parameters
on any specific design must be evaluated on an individual basis according to
the procedures summarized in Sections VII and X . Generalizations of these
effects cannot be made on a reliably accurate basis.,

(1) Rotor-Tip Speed. Some previous noise prediction schemes have employed
tip speed as the main correlation parameter. This is quite satisfactory for broad-
band nolse, as reference to the aforementioned generation mechanisms indicates
that broadband levels do increase as the 4th to 6th power of blade relative
velocity.

Increases in pure tone noise with tip speed are only incidental. This
conclusion is apparent from the equations which define the noise generating mech-
anisms., It 1s seen that for rotor alone pur> tone noise, the sound pressure
levels geunerated are a direct function of circulation around the blade row, The
larger the circulation, the higher the pure tone levels. Now, with pressure ratio
held constant, pradicred rotor-alone pure tone levels decrease as the design
speed goes up (Figure XI-Al, for example), This results from the fact that the
rotor loading, and consequently the circulation, goes down with increasing tip
speed.,

A similar effect exists for blade-vane wake interaction pure tone noise. As
before, the radial unsteady circulation about the blade is the controlling factor,
The defining equation indicates that, for wake interaction, the major variable
influencing the circulation is the unsteady upwash on the rotor G§. From the
equation defining G3 (Equation 1I-25), it can be seen that there is no unique rel-
ationship with tip speed. The quantities Vg/Vr (velocity ratio, rotor inlet to
rotor discharge) aad B (rotor turning angle) vary with varying tip speed, but
are dependent on pressure ratio as well, Indeed, for a constant pressure ratio,
Vg/Vr and B would decrease as tip speed increases; as before, this would result
in a decrease in predicted wake interaction pure tone levels with increasing
tip speed  (Figure XI-A2).
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(2) Pressure Ratio. Conversely to those effects noted in the previous
analysis, predicted rotor-alone pure tone levels increase with increasing
pressure ratio (speed held constant) (Figure XI-A3). Increasing pressure ratio
at constant speed causes the blade loading (and circulation) to increase.

Again, a parallel exists for blade-vane pure tone interaction noise, When
the pressure ratio across the fan is increased (at ccnstant speed), more
turning has to be done in the blade row and the loading goes up. The terms
Vg/Vr and 8 subsequently increase, and this in turn dictates an increase in
predicted wake interaction pure tone noise., Figure XIA~-4 preseuts a theore-
tical example study; separate curves are included for the case of constant fan
size, and for that of constant fan thrust.

The concept of pure tone noise increasing with speed can, therefore, be quite
misleading. It is true that the pure tone levels rise as the speed is increased
cn a particular vehicle, but so do the rotor loading and stage pressure ratio.
Blade loading, (a more important factor in fan pure tone noise generation than
tip speed) should be a major consideration of the designer.

(3) Number of Rotor Blades. For constant solidity, Section II-B indicates
no broadband noise change with blade number changes. However, in the equations
defining both rotor-alone and wake interaction pure tone noise, the numbers of
blades present are important variables. These numbers dictate the solidities,
nuober of rotating line sources, number of diametral modes, etc., which are employed
in the equations, For both rotor alone and wake interaction noise, the theory

indicates that increasing the numbers of rotor blades (all other parameters constant)

will decrease the generated pure tone power levels, This predicted effezt is
jllustrated for rotor-alone noise in Figure XI-A5, and for wake-interaction noise

in Figure XI-A6.

This of course should not lead to the automatic supposition that a fan design
should incorporate the maximum number of fan blades physically possible, psycho-
acoustic effects must be considered. Since the number of fan blades directly
determines the frequencies of the pure tones generated (for constant speed), this
number should be so adjusted as to keep the pure tones out of the critical areas
of psychoacoustic annoyance. Tradeoff studies must be conducted in order to
arrive at an optimum number of blades.

(4) Vane-Blade Number Ratio. Again there is no effect on broadband noise.
The defining equations for all of che pure tone noise generating mechanisms contain
N, the number of spinning lobes, as a variable. At the blade-passing fundamental
frequency, N is determined by:

N=B-kV

wherein:

-]
]

number of rotor blades
number of stator vanes
any interger (or zero)

~ <
| I |

594

- —— oot e



14
12
m
o
~ 10 >
. Vd
i v
g v
o 3
B /
(@]
By
E 6
f S /
wn
S
i -
! : )
3
B i
TIP SPEED = 1114 ft/sec
NUMBER OF BLADES = 66
0
1,2 1.3 1.4

PRESSURE RAT1v

FIGURE XI-A3 EFFECT OF PRESSURE RATIO ON ROTOR - ALONE
PURE TONE NOISE FCR A TYPICAL FAN

TN

595




NVd TVOIdAL V ¥0d4 ASION ANOL FWNd
NOILOVYIINI IMVM NO OILVY AYNSSA¥d 40 IDIAJT ZV-IX 3dNO14

OILVd TNSSIdd

0%°1 Se°1 0E°T S¢'1 omom
{

£€C°Q = aJOHD/INIOVAS
9¢ = SINVA JO ¥ALNAN
99 = SHAVIE J0 WIYWNN

298/31F IIT = addds dI K
ll||||\\|\\\\\4 Isnayl juelsuo

| —— .m

‘T4AT0 dENOd ANMIOS AATIVIAY

92T juvelISuUO)
\\
(o
NOIIOVYIINI AD0/H¥01OY -
—. . T
ek vk . N o —— o

596




NVd TTVOIdAL V ¥0d ISICN 3NOL JdNd

FANOIV - ¥YOILOY NO SYILNN IAVIE ¥OLOW JO0 LDOUAAd SV-1IX FdN913
SAAVId 40 YIIWON
09 0S oy ot 0¢
T 8- ~
998/33 $ITT = aadds dil m
6€E°T = OILVY JHNSSNId H
o 3
w ~
o) .
n w
g
- g
o
=
=
// z nﬂ_.
=
=
&
0

i (D - 3 el Wk = e o i - »' L oy ox Feurd

B RIS IS IPREL S e




A L AL A Amti AR AR e AN e ke A

08

NVd TVOIdAL V ¥04 ISION IANOL Tdnd
NOILOVYIINI MIVM NO SYIIWNN IAAVIL YOILO¥W J0 1OFII%

SHAVI 40 ¥IIWON

CL 09

0S

[ap]

Gc

OV-IX J49090Td

01

0% a
v ¥

€2°0

soysul G/
035/33 HITT
650 = OIivd

4

i
!

AJ

QYOHI/INIDVIS
MILINVIA]
azdqds Jik
*ON FAYIE/ANVA
€°T = OILVM FYNSSTUA

£

NOILOVYEINY AD0/¥010¥
i 1

e An ot e it o e e o

S Sl Dbiibitend TR (it

ot-

_ N .

4P “TEAT MAMOS INNOS FATIV

598

#
2, ku!:.!,H




NVd TVOIdAL V ¥0d4 ASION IANOL HiNd

NOILOVYEINI TMVM NO OIlVY IAVILd/3ANVA J0 iDFJJI LV-IX TdNOI4
OILVY 3IAVIL/IANVA
oTMlnPllllllM”a 9°'1 71 A o.aml

/

=

52!

- &

€2°0 = @IOHI/ONIOVIS m
998/3F HIIT = qa3ds dIil w
s9youl 6/ = YALINVIA m
6€°T = OI1lVd TINSSTAd 8

T A .

w

o

£

<%

531

Ly

¢ &

599




SUPPRTE .

It can be shown from the relationships in Section Il that the lewer are the
minimum values of N obtainable, the greater is the pure tone accust:ic ciaetgy  cu-
erated, For low noise it is, therefore,desirable to design the tan such that thesc
lowest obtainable values of N are as large as possible: the above equation
indicates that this may be done by making the ratio "V/B" high. As the
vane-blade number ratio increases, the predicted pure tone interaction noise
levels indeed decrease (Figurc XI-~A7). As was previously shown, however,
high blade numbers are also desirable, and there are of course practical limits
to the number of vanes employable. Optimization studies are again necessary.

(5) Blade-Vane Spacing. Changes in spacing do not affect broadbard
noise output. The effect of spacing on pure tone noise is somewhat more com-
plicated. This parameter is directly contained in the wake interaction pure tone
noise equations, and the predicted change in pure tone level with spacing is pre-
sented in Figure XI~A8. It can be seeu that an appreciable reduciion in pure tone
levels is obtainable with increased spacing.

The qualitative effects of increasing the hlade row spacing are well known,
and several researchers have investigated this phenomenon. Quantitive results
have been inconsistent, however, with some researchers reporting a 2 dB reduction
in pure tone sound pressure levels per doubling of axial spacing,while others
have found 4 or even 6 dB decr~ases per doubling. This inconsistency can be
explained first by the fact that several other parameters besides axial spacing
are involved in the wake decay process, and second, because the concept of
"per doubling" is not strictlw correct for pure tones. Reference to the equations
(I1-22 to 1I-30) indicates that geometric quantities (such as the solidity of the
upstream blade row, the blade chords, etc.) as well as aerodynamic quantities
(drag coefficient, air exit angle, etc.) are of major importance in the wake

uc2raction decay. These parameters vary from one configuration to another, and
ignoring them is bound to lead one to inconsistent conclusions. Also, it can
be seen that the wake decay is not a simple function of blade row spacing, and
will not result in a constant ratio "per doubling" of the axial spacing.

(6) Vane Lean. A leaned vane is non-radial. Leaned vanes reduce i.oise
generation by decreasing the strength of the viscous wake interaction and by phas-
ing that interaction so as to produce a degree of phase cancellation. In order
to determine an optimum lean angle an analytic model was constructed under a
NASA contract (NAS2-6056). Typical results of blade passing frequency versus
lean angle for an IGV rotor interaction are shown in Figure XI~-A9 for two
spinning lobe numbers. The unique features of this figure are that the higher
lcbe number (greater vane blade ratio) gives a greater noise reduction for a
given lean angle and that both curves have optimum lean angles, i.e., angles beyond
whicy noise increases. The decreasing and then increasing curve if a result
of multiple blade wake-siator interactions which occur as the Jean angle is
increased. Ir some cases the leaning weakens the wake interaction; however at
some point the multiplicity of interactions exceeds the affect of the weaker
interactions and noise increases.

The rising aud falling curve is a result of multiple blade wake-stator
interactions occuring as lean is increased. As wmore and more wakes are overlapped
by a given stator, the noise generation fluctuates. However, the overall trend
is that lean decreases blade passing frequency noise.

600




NVd TVOIdAL V ¥01 JSION INOL TiNd NOILOVIHALNI
TAVM NO ONIDVAS dJAVId-iANVA TVIXV J0 LDHJJd

Q¥0HD d1L ¥OIO0d OL ONIOVAS TIVIXV J0 0ILvd

8V-IX FINOIA

* » * a
0°c S°1 0°1 m_ om.mn
Fayoul ¢/ = HILIAWVIA
99 = SHAAVII 40 YIIWNAN
9¢ = SUNVA 40 YIIWIN
TIIIII 6E°T = OILVY FTdNSST™d
23s8/371 HT1IT = adads dil
/ o1~
// c-
NOILOWVYEINI AD0/¥0LOY
| 0

ap ‘TAATT ¥IMOd ANNOS FAILVITY

601



THd 4d9 SNSYIA TNV NVIT ADI 6V-IX AINHIJ
sIFYHAA = X ‘FTONV NVIT

13 €2 0¢ Sl 01 S 0
_ _ cl-

. mme w0 e ;ﬁ. D G SRS N »

. €c# T0T ot=

+
H
!
1
t
e
i
l
]
T
!
}
'
i

602

" OT# =LONT

TAd d4d9 FATLVTIY




SUORS-0 AR WA B Y o0 i AR R L ilatv s 0 T2 A bR LM Lniha i 0 00 0 - X3 LS

LT R T Ty g e g T T ma e

e e S——

LS L TR e

TOXTEIPEYY FARRE, AT CIBACY I T WrSR § = L RAs Ta

L2 L ah B eds o

(7) Vane fseep. In -he event that axial transiation cf an entire
stator with respect to an adjacent rotor for the purpose of increasing spacing
is nct possible, stator sweeping may be a viable altermative. The swept
stater puts more rotor-stator spacing at the tip than at the hub.

A typical study for a high solidity rotor is shown in Figure Xi-Al0. In
this instance the swept stator is an outlet guide vane of a siugle stage front
fan. The "haif way measure™ of blade sweep is seen to produce about half the
noise reduction cf full span spacing, although this should not be taken as a
general result., Differences in the aeromechanical design of particular stages
way produce significantly different results.

(8) Wake Control. A major source of noise in fans and compressors
(Section 1i-A) is the interaction of the wakes shed by ore blade row (rotating
or stationary}) with the following blade or vane row. The elimination or reduction
of these wakes would in most practical cases result in an appreciabl-= noise
reduction. An attractive method to reduce the strength of the wake shed by a
blade is to energize the low momentum region of the wake by the intrnduction of
nigh energy air bled from an outside source (for example, the high pressure
cumpressor) .,

The amoint of air necessary will be a function of the momentum deficiency
in the wak2 as well as the velocities at which this secondary air is introduced.
Ihe dzita momentum of the secondary air should be equal to the moment deficiency
in the wake. The actual mass flow necessary will depend on the geometry in
guestion, The design as well as the results of such an experiment are reported
in Section XI-B.

(9) Inlet Choking., The theoretical effects of completely cloking an
inlet are well known. Once the velocity of inlet air flow reaches the local sonic
velocity across some plane in the duct, a"sonic block™ is set up. Any pressure
disturbances attempting to propagate upstream cannot penetrate this block, and
consequently, the noise radiated forward is greatly reduced. (Figure III-BS,
for example,) Complete chcking is sometimes impractical in an actual fan or
compressor inlet. An aiterrative concept is that of "partial" choking (local-
ized regions of sonic flow) between the IGV's., The noise reduction would not be
as great as in the case of complete choking, but substantial attenuations of
forward~radiated noise are still theoretically possible.
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(B) Experimental Investigation. Acoustic data, recorded from a number
of fan vehicles, provides confirmation of the predicted cifocts o seme ot the
concepts discussed in Section XI-A.

(1) Rotor Speed, Data showing the accuracy of predicted pure tone
levels as a function of fan speed has been shown (typical examples are Figures
VIII~-A3, VIII-A4, and VIII-All to 20) in Section VIII. With respect 1o
broadband noise, Figure II-B2 indicated that good results are available when
using the procedures of Section II in predicting overall broadband sound power
(pWL) as a function of fan speed on a given vehicle. Figures XI-Bl and XI-B2
are additional esamples of the accuracy of those procedures. Figure XI-Bl
presents the measured overall broadband sound power levels from the CJ805-23 fan,
plotted as a function of rotor tip speed; the predicted values are also presented.
It is apparent that the broadband sound power levels do increase with increasing tip
speed, almost exactly as predicted. Figure XI-B2 is a similar plot for the TF39
Development Vehicle fan, indicating similar results.

Data from an experimental two-stage fan configuraticn supports the con-
tention that tip speed alone is not the determining factor in pure tone noise
generation. The two stages of this fan have common rotor tip diameters and a
common shaft, hence they operate at identical tip speeds; all «ther parameters
(oressure ratio, etc.) are different, Fundamental blade-passing sound power levels
recorded for the first stage (25 blades) and the second stage(40 biades) are plotted
as a function of tip speed in Figure XI-B3. Also presented are the predicted
fundamental PWL's for each stage, said predictions teing determined from the tech-
niques outlined in Section II. It is apparent that throughout most of the fan
operating range, the rotors generate significantly different (accvrately predicted
by tne methods in Section II) noise levels, even though both have the same tip .
speed, Tip speed alone cannot, therefore, be the controlling parameter.

It is of course, not surprising to find that, on a given fan vehicle, increasing
fan speed results in increase in noise when the vehicle is operating along a fixed
operating line. As the fan RPM of any given fan increases, pressure ratio,
loading, weightflow,etc., also increase. Any and every parameter contributing
to roise becomes more intense and the noise increases,

(2) Pressure Ratio. Data from the aforementioned two-stage fan also pro-
vides examples of the importance of pressure ratio to pure tone noise generation.
Figure XI-B4 presents aerodynamic and acoustic data recorded for the second
stage of the fan, This data is in the form of an operating map; i.e., a plot
of corrected weightflow through the stage, against pressure ratio across the stage.
Three different fan nozzle areas were employed, hence three operating lines are
plotted. Lines of constant fan speed are superimposed on the map, as are
"isonoise" lines for the seco.d stage fundamental PWL's., These isonoise lines
are lines of constant noise level, established by plotting measured fundamental
PWL as a functicn of fan weightflow and fan speed, then crossplotting these
points onto the operating map. Examination of Figure XI-B4 indicates that as
the fan pressure ratio is decreased along a constan. speed line, the measured
fundamental PWL's also decrease. More importantly, it can be seen that if fan
speed is increased , while holding the pressure ratio constant, the fundamental
PWL's remain constant or decrease,
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T

Rotor aerodynamic loading is a measure uf the work done by the stage, and is

 dependent on the amount of turning done by the rotor; this is in turn dependent

on rotor tip speed and pressure ratio. Ultimately, either decreasing the pressure
ratio with tip speed held constant, or increasing tip speed with pressure ratio
held constant, translates into a decrease in rotor loading. It is thus apparent,
from Figure XI-B4, that the pure tone noise levels vary in direct proportion to
the rotor loadirg.

From this data, one can see that a lightly loaded fan could, in fact, be as quiet
or quieter than a more heavily loaded fan which ran at a lower tip speed.

Blade loading, rather than tip speed alone, is, therefore, seen to be a
controlling parameter in fan pure tone noise generation. The prediction prc-
cedure was applied to this same second stage rotor, in Section VIII, (Figure
VIII-A23 ). As was indicated therein, the predictions achieved were quite
accurate.

(3) Vane-Blade Number Ratio. The testing repcrted in Section IV is of
course the prime example for confirmation of the predicted effects of varying
vane-blade ratio. As was pcinted out in this section, the actual increases in
pure tone noise level obtained with the reduced vane-blade ratio are very close
to the predicted increases.

(4) Blade-Vane Spacing. Figure (XI-B5) presents the results of IGV
spacing tests run on the TF39 Development Vehicle. The normal IGV-rotor spacing
(40 blade rotor) is 0.25 IGV chords; this spacing was increased to 2 chords, The
predicted decrease in noise is accurately reflected by the measured data,

Additional data on rotor-stator spacing variations has beern shown in Section VIII,
indicating that the procedures in Section II for pure tone noise generation are
valid well beyond the 2 chord range. 1In fact, Figure VIII-A24 indicates that
the prediction is accurate even when spacing is increased by a factor of almost
20:1 to a spacing in excess of 6 IGV chords.

Potor-0GV spacing tests were conducted on an IGV-less single stage fan vehicle,
Two OGV spacings were employed: 0.15 chord, and 2 chords. Figure XI-B6 com: res
the measured and predicted ~indamental blade-passing sound power levels (at 100%
design speed) for each spicing configuration. An appreciable reduction in
fundamental PWL is seen to be achieved with increased OGV spacing; the predicted
reduction is very close to that actually obtained.

(5) Swept Rotor. In principle,the swept rotor, just as the swept
stator, provides a reduaction in wake interaction noise by increasing the vane-
blade spacing at the tip. The hub spacings are unchanged, but the great majority
of the noise generation occurs at the blade tips. A test was conducted to
compare swept and non-swept rotors, The two configuraticns employed are shown
schematically in Figure XI-B7, which cowpares the blade~vane spacings (as a
percentage of upstream blade checrd) and blade numbers.
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In this particular test, two salient factors would lead to the conclusion
that the pure tone noise levels should be higher for the swept rotor. Obvious,
from Figure XI-B7 is the fact that the swept rotor haa closer jlade-vanc
spacings than the non-swept rotor, except for the tip IGV-rotor spacing.
Secondary, the vane-blade number ratio of 1:1 fo. the IGV-rotor combination
on the swept rotor fan 1s worse from a nolse standpoint than the 36:40 ratio
present in the standard configuration.

Figure XI-B8 compares the blade-passing fundamental power levels recorded
for the two vehicles, along with the associated f -edictions. The swept rotor
fundamental levels are, as predicted,higher.

(6) Wake Control. In order to provide experimental verification

of the theoretical noise reduction obtainable with wake control, the following
tests were initiated:

A fifteen inch diameter single stage laboratory compressor was modified
for use in the tests; a schematic of the vehicle is presented in Figure XI-B9.
The compressor consists of a 32-blade rotor, driven by an electric motor;
no OGV's are employed, and the IGV's are simulzated by a set cf 3/8 inch
dianeter rods, spaced 1.25 inches upstream of the rotor. For this test, eight
holliow rods, each with ten 1/8 inch diameter holzs evenly spaced along the
span, were placed in the compressor. The rods were connectied to a common
air supply manifold, allowing pressurized air to be injected from the downstream
side of the rods, into the wakes. An indexing system was employed with the
rods, allowing variation of the angle between the compressor longitudinal
axis and the direction of wake injection.

An acoustic prcbe, placed at the plane of the IGV rods, at mid-span height,
and centered between two rods, was used to obtain sound data. The raw data
was recorded on magnetic tape for reduction at a later time.

Comparative measurements were thus made between configurations with and
without IGV rods, and with various rates of wake injection flow, at various
injection angles. Compressor speed was kept constant (2635 RPM) throughout
the tests.

Calculations of wake strength from the rods showed that the optimum total
wake-injection flow rate (distributed through all rods) for this particular
speed was 4.07 of the total compressor weightflow (4,42 lbs/sec, corrected,
at 2635 RPM). This 4,0% filow rate should yleld the maximum possible "filling"
of the rod wake velocity decrements, and hence provide the maximum reduction in
the wake interaction noise, Prelininary acoustic measurements, however, indicated
that maximum noise reduction was actually achieved with a wzke injection flow
rate of only 2.9%., 1In order to investigate this phenomena, a total pressure probe
was used to traverse the rod wakes for each of the two flow rates (at 00 injection
angle) as well as for zero injection flow. The changes in the total pressure
drop ( A Pgp) downstream of the rod would then provide a comparison of the effect-
iveness of each wake filling rate.
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Figures XI-B12 through XI-B1l3 are typical comparative plots of the &£ P ‘s
transversely across the wake (referenced to the freestream values of PT),
measured approximately 1 inch downstream of the rods, for 0, 2.9% , and 4.0%
wake injection flow rates, Each plot is at s different immersion depth (across
the total annulus height of 2.63 inches). Examination of the plots indicates
that for certain immersions (Figures XI-Bl0 and XIB-12) the 4.0% flow rate did
result in smaller pressure drops than the 2.9% rate. At other immersions, however,
(potably Figures XI-Bll and XI-Bl3)the larger flov —~ate "overfilled” the wake,
actually increasing the total pressure to & point 1. >r than the freestream
value. With the 4.0% rate, therefore, the absolute caange in total pressure
experienced by a blade passing behind the rod is at certain immersions, as
great or greater than that for the unfilled wak~. The total effect across
the blade span is to negate the potentially better performance of the 4.0%
flow rate.

Figures XI-B'4 through XI-B18 are comparisons of the probe sound pressure
levels recorded for various configurations. These are presented in the form
of 50 Hz narrowband frequency sound pressure level (SPL) spectra.

Figure X¥I-Bl4 compares the SPL's from the compressor without IGV rods, to
those frci the compressor with 8 IGV rods in place (no wake injectior). Addition
of the rods is seen to cause an increase in broadkband noise levels; however,
the most dramatic effect of the rods is the increase in pure tone levels, part-
icularly for the second harmonic of the blade-passing frequency. Indeed, the
SPL spectrum measured for the compressor with IGV rods in place is dominated
by this strong second harmonic tone.

Figure XI-Bl5 compares the noise spectra recorded for the wake injection process
(2.9% flow rate) operating alone (without compressor operation) to that recorded
for the compressor running with IGV rods and no wake injection. Figure XI-Bl6
is a similar comparison for the 4,07 flow rate, These comparisons indicate the
naximum noise reduction possible with wake injection., The wake-injection noise
for the 2.9% flow rate is 5 - 10 dB lower than the operating syste. (compressor
+ rod) noise floor, all across the frequency spectrum. However, for the 4,0%
flow rate, the injection nocise fluor is equal in level to the compressor ncise
floor at frequencies above 5000 Hz; the large: injection flow rate would thus be
expected to increase the compressor broadband noise.

vigure XI-B17 comparvs the spectrum recorded {or the compressor with IGV
rods and no wake injection, to that recorded for the compresscr with the wake
injection operating at 2.97 flow rate, 0° injection argle. Figure Xi-R1IR is
a similar comparison for the 4.0% flow rate at 0° injection anglz. (Additional
runs were made, in which the injection .ungle was varied 15° to either side
of the zero position, but the 0° angle -ung are typical of the results achieved
for these variations,)

Figures XI-B19 rhrough XI-B2) suuma.’ze the reductions in pure tone SPL
achieved for the fundamental and tivst .we harmonic tones, at the variois
injection angle. tested, for the 2,9% flow rate, The pure tene noise reductions
achieved with the 4,07 flow rate exhibited the same cualitative relatiovnships te
injection angle as did those for the 2.97% rate. The magnitude, of the reductions
were, however, ccnsiderably smaller,
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The pure tone reductions obtained by the wake injection do not seem to
have been as sensitive to injection angle as might have been supposed (with
the possible exception of the second harmonic levels). The "optimum" injec-
tion angle appeirs to be 5° to the right, However, reference to the wake
PT plots (Figures XI-Bl0 through XI-B13 indicates that the wake injection method
employed resulted in some preswirl to the left; hence it is thought that angling
the rods to the right may have merely offset this effect.

The results of the wake control tests can be summarized in Figure XI-R22,
It is seen that most of the pure tone wake interzction noise created by the
presence of the rode has been eliminated by the "wake filling" process.

With respect to broadband noise, the presence of the inlet rods increased
broadband noise levels. Thls increagse 1s entirely consistent with the IGV vs.
No IGV data repcrted in Section V. Since much of this is believed due to inlet
turbulence, reduction of the rod broadtand noise would not be expected to

result from trailing edge wake filling.

It was shown that care must be taken in the selection of the wake injection
flow in that too much flow can "overfill" the wake and can also generate
excessive noise in the injection process. Such conditions have been shown to
generate more noise than the no-injection case,

It is thus apparent that the concept of wake conirol can be applied, in
practice, to obtain substantial reductions in wake interaction pure tone noise,
Particular care must be taken, however, in the design of the wake injection
system, to avoid loculized "overfilling" of the wake.
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X1I. SUMMARY AND CONCLUSIONS

As a result of this program, the following conclusions ~an be drawn:

1. A mathematical model nas been derived for the generation of fan/conpressor
tiade passing frequency tones and their nigker harmonics. The model describes
the different geperarion mechanisms {rotor alone., wake and potential blade
rov interaction, etc.) in terms of basic turbomachinery geometry and aero-
dynamics. The mzthematical model enables the engine designer co study parametrically
the effects on fan/compressor noise of such parameters as blade and vane numbers,
tip speed, pressure ratio, blade loading, blade/vane lean and sweep, blade
and vane solidities, and blade row spacing.

2. The mathematical model for pure tone generation has been checked against
a number of diffevent types and sizes of subsonic and transonic vehicles,
The cowparison between predicted and measured data has been shown to be extremely
good.

J. A theorerical model of the overall broadband sound power generatad in fans
and compressors has been shown to correliate the experimental data obtained on
three high speed fans extremely well,

4. A mathemr:ical model has been derived for the brcaasband noise spectrum
prediction. The modzl imcorporates velocity profiles and unsteady fluctuations
in airfoil wakes and permits the prediction cf airfoil ncise vs. frequency.

5. Detailed velocity fluctuation measurements were made in the wakes of
cylinders, symmetric airfoils and typical sections of transonic airfoils. The
results were very helpful in the understanding and quantitative evaluation of
vortex shedding noise.

6. Experiments conducted on a research compressor indicated that trailing
edge wake contrcl can be a very efiective means of significantly reducing visrous
wake interaction noise.

7. A mathematical mocel for the sound transmission through rotating and station-
ary hlade rows has been derived and checked against experimental data., The model
permits the engine designer to parameirically study the effects of blade stagger,
vane/blade ratio, and vane solitities on sound crangmission.

8. It was shown that refraction cffects at the terminatioans of turbomachinery
ducts were the key phenomena cuntrolling the sound radiation pattern. Refraction
experiments were conducted ind sncwed that sound Zirectivities could be controlled
by refraction parameters.

9. An experimental investigation of vane/blade ratin effects on fan/compressor
noise has been carried out on a high speed transonic tan, The results indicate
that a high vane/blade ratio reduced the blade pass‘rg frequency sound generated
by about 4-5 dB at low speeds and about 1 to 2 dB a:t high smecds. This vane/tlade
tatio variation did rot have any appreciable cffects on broadkband noise gereration
and on sound radiation directivity,
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10. In the prediction of actual noise levels for ground or flight cases, and
especially in the comparison of test data to predictions or to other test
resulte taken under differing conditions, the factors affecting propagation
of sound from the source to the receiver must be taken into accoun*. The work
done on reflection indicates that much of the experimentally cbservable varia-
tions in data can be correlated and systematized on an empirical basis.

11. An experimental investigation of the effects of the presence of IGV's
of fan noise was conducted on a high speed trans: nic fan. The results indicated
that IGV's if properly designed and placed far away from the rotor, will not
affect the sound power generated at the blade passing frequency. They will
increase the broadband noise generated at low speeds and decrease the multipl-e
pure tones radiated at high speeds.

12. The prediction methods for fan/compressor noise derived as result of this
program show good correlation across a wide range of sizes and design parameters
with a number of different fans and compressors. The methods expressed have
been summarized in terms of prediction flow charts which incorporate analytical
relationshi: s derived in the report and infliuence functiors which have been
put in tabular form.
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XIII. RECOMMENDATIONS

At the completion of this program, the following recommendations for further
research can be made:

1. A simi’ar program on turbine noise generation, transmission and radiation

i ] should be initiated. The progr:ss in fan/compressor noise reduction and suppression
' that was made in the last few years has resulted in a situation wherein turbine
noise is becoming a primary source of noise in low noise high bypass-ratio engines,
E A similar program to the one just completed on fan/compressor noise is needed

: for studies of turbine noise. The effects of vane/blade ratio, vane/blade spacing,
1 vane lean, number of blades and vanes on turbine noise will be investigated or
turbines to the same degree as they have been on fans and compressors in this
report,

2., The work initiated on this program on detailed aeroacoustic measurements
on airfoils in cescades should be continued., The analytical developments on
broadband noise reported im Section II-B indicate that a detailed knowledge of
! the unsteady aerodynamics of airfoils in cascades is necessary before & meaning-
full broadband source noise reduction program can be implemented. A step in
this direction was taken on this program but it is felt that considerable
research still remains tc be done in terms of measurements in twc and three
dimensional cascade systems.

3. Based upon the demonstrated strong influence of refraction on tone direct-~
vities, additional studies should be conducted to further investigate the effects
; of velocity, and temperature ratios in co-annular ducts upon refraction and tone
scattering, Such experiments would enable more detailed analyses to be made of
whether certain flow conditions provide more beneficial directivity patterns on
engines designed for low sideline or flyover noise. These tests should cover
not only the range of conditions applicable to fan tones, but also to the refra-
ction and scattering of turbine tones,

4, It is reccmmended that efforts to correlate the coefficient of reflection
and the phase factor for a variety of surfaces and source-observer geometries be
centinued, and that further studies be made into the effects of atmospheric
absorption, gradients and wind on far field acoustic data.

5. One of the major barriers in further propulsion system noise reductions for
CTOL and particularly V/STOL aircraft is created by the exhaust jet noise. Con-
siderable work is needed to develop the understanding necessary to reveal the
basic mechanisms of jet produced noise through the range of efflux velocities,
and temperatures typical of present and future commercial aircraft propulsion
systems. An analytical and experimental program based on fundamental jet noise
mechanisms and leading to meaningful jet noise prediction and reduction techniques
should, therefore, be initiated.
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