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ABSTRACT

A research investigation, both experimental and analytical, into the
generation, suppression and prediction of fan noise has been compieted.
The technical effort of the program was divided into three major areas:
theoretical investigations, acoustic normalizing techniques, and noise
minimization and suppression design techniques. The three basic areas
of investigation were supported by an extensive accumulation of scale
model and full scale fan noise measurements, which have been presented
in this report. Significant results have been obtained in each of the
areas.

The theoretical investigations have provided insight into the basic noise
generating mechanism of fan noise commonly called fan or compressor
"whine". Analysis of the mechanism has included the classical theories
of sound propagation as well as aerodynamic cascade theories and small
perturbation concepts.

Acoustic normalizing techniques have resulted in a correlation curve of
the overall sound power for 13 separate fan and compressor vehicles with
each one being from a different design family. The curve covers designs
from scale model to full scale and is useful in determining scaling
effects as well as providing a basic guide to design engineers.

Investigation of noise minimization through design techniques incorporates
the results of the analytical investigations and the normalized sound
power relations. Results indicate the effect of rotor-stator spacing,
blade number, RPM, inlet length and centerbody design.

Suppression techniques evaluated were wave cancellation, deflection, and
absorptive suppressor designs. Test results of an absorptive type
suppressor show up to 10.5 db maximum suppression as tested with a scale

" model fan configuration.

The noise data accumulated throughout the program are presented in table
form for the sound pressure measurements made on each configuration.
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SYMBOLS

rotor blade height
rotor blade chord

2

aspect ratio, '%
rotor stage annulus area, ft

flow passage area between blades at stage exit, ft

speed of sound, ft/sec or m/sec;
chord length of blade, in.

cycles per second
decibel

rotor hub diameter, ft
rotor tip diameter, ft
directivity index, db
energy flux, btu/sec - £t2
frequency

total enthalpy, Btu/lb
blade height, in.
inlet guide vane
kilowatts

kilocycles per second
length

passage open width, ft
passage length, ft
difference in length
mach number

rotor speed, revolutions per minute
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2} E 5 gﬂru gmz Hz

SPL
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number of rotor blades

number of stator blades

overall

pressure ratio

sound power level, db re 10713 vatts
revolutions per second

revolutions per minute

distance from sound source to receiver, ft
specific fiow resistance, mks ray'es/meter
blade circumferential spacing, in.

sourd pressure level, db re .0002 microbar
temperature, °R

temperature rise, °R

time, sec;

material thickness of lined passage, in. or meter;
blade thickness, in.

change in time, sec

local velocity, ft/sec

free stream or undisturbed velo:ity, ft/sec
average velocity of diffusing passage, ft/sec
average velocity of converging passage, ft/sec
vertical takeoff and land

weight flow, 1lb/sec

axial distance downstream or upstream from rotor blade, ft

xvi




y circunferential distance, normal to X, ft

a phase angle between two signals, degrees

Bl angle of flow into rotor blade, degrees

52 angle of flow out of rotor blade, degrees

Bos flow angle at free stream, degrees

y arbitrary angle to indicate sinusodial wave signal, degrees

(2] angle from inlet axis of fan or compressor denoting position at
which sound measurements were made, degrees

)\ wave length, ft

P density, lb/ft3 or kilograms/ m3

G solidity, _rotor blade chord

c
rotor blade spacing s

xvii



INTRODUCTION

Recent developments in advanced propulsion system designs have utilized
fan type configurations, such as the General Electric/Ryan XVS5A air-
craft, Figure 1 . The noise associated with a system of this type is
generally less on a sound pressure level (SPL) basis than that associated
vith turbojet systems of the same thrust class due to the lower Jet
velocities. However, the fan noise or "whine" being generated by the
rotor at the blade passing frequency is a very distinct sound that re-
quires special consideration since standard jet noise suppreesion
techniques are not applicable. This fan "vwhine" is the same noise
-generating mechanism as that associated with compressor noise. Some
analysis of this type of discrete tone noise mechanism has been done
previously, but only a limited amount of published data is available for
evaluation of various analytical techniques. This effort and report
provide extensive supporting data for analytical investigations, past and
present, and a normalizing technique on a sound power level basis (PWL)
for the performance of all the various design fans and compressors
tested, In addition, suppression concepts have been investigated, and a
10.5-db reduction absorptive type suppressor that will provide a guide

for future absorptive type suppressor applications has been designed and
demonstrated.

This report is divided into sections corresponding to three major areas:
analytical investigations, acoustic normaliz’'ng techniques, and noise
minimization and suppression design techniques. A fourth section
describes the vehicles tested and presents the basic data accumulated
during the program.

Figurc 1. XV=-8A Aircraft in Hover Mode




SECTION ONE - ANALYTICAL INVESTIGATIONS

Analysis of discrete tone noise from fans is made difficult by the
many anonlinearties involved in the physical aspects of the problem.
Previous investigations (references 15 and 18) obtained qualitative
results by using the basic wave equation with appropriate boundary
and initial conditions and making necessary assumptions such as
rigid walls, small pressure fluctuations and homogeneous medium.
These results defined the sound field both in the fan duct upstream
and downstream of the rotor face and in the radiated field at a
distance from the fan inlet or exhaust. The supporting data for
these investigations, however, was sparse and did not adequately
verify the results. :

The problem of defining the discrete tone noise generating mechanism -
at the fan rotor is generally divided into two cases: rotor or
rotational noise associated with the pressure field around the rotor
blade, and rotor - stator interference noise resulting from the inter-
action of the viscous wake from a stator row upstream of the rotor
with the rotor blades or the viscous wake from the rotor blade
interacting with a downstream stator row. In all cases, the discrete
tone fundamental frequency or first harmonic is defined by the product
of the rotor speed, RPS, and the number of rotor blades, N.. The
analysis of this mechanism using the classical wave equation results

in the definition of a "cutoff" frequency, which is the frequency above
vwhich the sound waves propagate from the rotor face and below which the
sound is attenuated at o very fast rate. This cutoff frequency is
defined for both the case of rotational noise and the case of

rotor - stator interference noise. Appendix I is an analycis similar
to that made by other investigators which shows the development of the
cutoff frequency concept.

In the case of rotational noise, the cutoff frequency is not attained
until rotor tip speeds approach Mach 1.0; thus, for the various scale
model vehicles tested during this program, the necessary cutoff
frequency was not reached. The rate of attenuation predicted for

the sound field below the cutoff frequency is in the range of 55 db
per blade space (reference 18, page 60), which would mean that the
resultant sound pressure levels at distances of ten feet or more

from the fan face would be insignificant. This same rate of attenuation
was predicted using flat plate cascode theory as shown in Appendix II
and Appendix III and Figures 2 and 3. Figure 2 shows the atteruation
in velocity for the limiting case of no-flow velocity, while Figure 3
shows the effect due to Mach number, M, and flow angle, . The test
vehicles, Section Four, did not substantiate this theory, since all
the vehicles tested with a lone rotor produced significant sound
pressure levels at distances up to 50 feet.



‘#- x > -X

(Upstream) (Downstream)

Figure 2,1. Velocity Field of a Flat Plate Cascade.
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Sound Pressure Level Decay per Blade Space (db)

110

100

T0

15°

—~—)
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50 \\\ \
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° 0 2 i 6 .8 1.0

Mach Number

Figure 3. Sound Pressure Level Decay vs Tip Mach Number
for Various Flow Angles,
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The case of rotor - stator noise requires a variation in the cutoff
frequency to account for the different pressure pattern at the rotor
face due to the aligmment of the rotor blades and stator blades. This
is shown in detail in Appendix I. The conclusion drawn by this
analysis and the previous analyses was that rotor - stator noise would
be substantially more significant than the noise generated by a

lone rotor. Test results of the rotor - stator fan and single-stage
compressor test vehicles, Section Four, Table 1, with and without a
stator row are shown in Figure 4. These test results show that the rotor
only condition is still significant relative to the rotor - stator case
and that a considerable variation is found in the db reduction obtained
by removing the stator row. The rotor - stator fan attained only a
k-db reduction, while the single-stage compressor attained a 22-db
reduction.

The above discussion for the rotational end rotor -~ stator ncise genera-
ting mechanism indicates that further investigation is required to
better define the amount of interference required to generate the high
noise levels. For example, discontinuities on the fan inper surface or
upstream and downstream support struts may be sufficient to interact
with the rotor to produce discrete tones. Tests with no-l1ift devices,
such as wires, placed near the rotor face would be an example of the
type of investigation required.

Appendix IV is an analysis based on the interaction of cylindrical
waves to define the sound field resulting from rotor - stator inter-
ference. The partiicular advantage of this type of analysis is the
elimination of the cutoff frequency as it is presently defined and the
relatively simple geometry .of the analytical model. The cylindrical
waves produced by each rotor - stator interaction are space and time
sequenced so as to combine to produce plane wave fronts that propagate
without attenuation. The disadvantage of this approach is the lack of
a simple acoustic potential as is associated with plane or spherical
waves, thus requiring the spplication of the unsteady flow method of
characteristics. The results of the analysis were programmed for
computer use as presented in Appendix IV, but further investigation

is required to obtain realistic numerical results,

Having defined the noise mechanism at the rotor face and the prop-
agation characteristic to the fan inlet or exhaust, the radiation
pattern to space or directivity must be defined. This analysis is
presented in Appendix V. The directivity patterns predicted by the
analysis are a function of the number of rotor and stator blades, N,

and Ng respectively, RPM, and physical size of the radiating face. The
analysis was programmed to utilize a computer in meking the necessary
calculations., Typical results from the program are shown in Figures 5.1
through 5.4, Note that the program predicts a considerable decrease in

12
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Sound Pressure Level Relative to Maximum Level (db)

=10

=20

=30

No. of Rotor Blades (Nr) = 32
No. of Stator Blades (Ns) = 36
Rotor Speed = 1890 RPM (Ns) = 36

Figure 5.1, Predicted Directivity Pattern
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Sound Pressure Level Relative to Maximum Level (db)

10

<10 | Lo°

=20 |
60°

70

80°

-wkﬁ 90°

Rotor No. of Rotor Blades (Nr) = 32
Axis No. of Stator Blades (Ns) = 32
Rotor Speed = 1000 RPM

Figure 5.2. Predicted Directivity Pattern.
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Sound Pressure Level Relative to Maximum Level (db)

Axis No. of Rotor Blades (Nr) = 32
No. of Stator Blades (Ns) = 33
Rotor Speed = 1000 RPM

Figure 5,3. Predicted Directivity Pattern.
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Sound Pressure Level Relative to Maximum Level £db)

Rotor No. of Rotor Blades (Nr) = 32
Axis No. of Stator Blades (Ns) = 34
Rotor Speed = 1000 RPM

Figure 5.4 , Predicted Directivity Pattern
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sound pressure level at some positions. This is the same type of
directivity predicted in reference 18, peage 35 . Variations in sound
pressure level in the order of 15 db are not readily measured in

actual cases, as evidenced by the date in Section Four and &s shown in
Figures 6 and 7. Further investigation of measured directivity patterns
showed co” 17 v “le variatior in the patterns &s a function of the
distance fi.c /* . tan face. Typical results are shown in Figures 8 and
9. The radial variations do not correspond to the spherical divergence
relationship, s shown in Figure 9. In addition to the variations
found in each test, considerable variatfon is found in measurements
made on the same configuration but on different days. Figure 10 shows
the variation for two runs made on different days with the development
vehicle fan, Section 4, Table 1. These inconsistencies in measuring
directivity patterns make correlation of analysis and test results
unrealistic. In addition, they raise the question of the validity of
attempting to predict directivity, since in practical applications

the many variables encountered would meke predictions unrealisiic.

p\&ﬁ_e\

ux:y//;yf’ﬁ;—_:=CFf==:{*“ %}—‘x:;i
ANA

(db re 0.0002 amicrobar)

__A/—N /a.\j

Fundamental Prequency Sound Pressure Level

T0
O - 100% speed
A - ldle (75%
60 | speed)
0 20 ko 60 80 100 120 1ko 160

Degrees from Inlet Axis (@)

Figure 6. Sound Pressure Level Circumferential Survey of CJ805-23 Fan,
200-foot Radius (reference Table 1).
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Fundamental Frequency Sound Presisure Level,

(db re 0.0002 microbar)

O - 10-foot Radius
A - 20-foot Radius
0O - 30-foot Radius
O— 40-foot Radius
f\ - S5S0-foot Radius
85

3
1

70

) e
—

65

60

20 25 30 35 40
Degrees from Inlet Axis (0O)

Figure 8. Radial Directivity Variation of Development Vehicie
(reference Table 1).
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SECTION TWO - ACOUSTIC NORMALIZING TECHNIQUES

When a new fan design is ir the development stage or when scale model
fan test results are being extrapolated to predict full scale per-
formance, applicable normalizing techniques are required. One of

the methods used previously to determine acoustical performance of

fans or compressors was a curve normalized on a shaft power basis and
applicable to a particular design family. A typical prediction curve
for various families is shown in Figure 11. This curve does not allow
for new design analysis unless a similarity is maintained between

the new design and one of the earlier families of designs. In addition,
little or no data was available to substantiate the fact that the
families of design lines were consistent from scale model to full scale.
Utilizing the scale model and full scale data as presented in Section
Four, shaft power was used to normalize the fan sound power, PWL, for
the family of Vertical Takeoff and Land, VIOL, vehicles: inlet guide
vane (IGV) - rotor fan, rotor - stator fan, 1ift fan, pitch fan, and
cruise fan,all of which are described in Section 4, Table 1. This in-
dicated, as shown in Figure 12, that the shaft power correlation did
hold from scale model to full scale for predicting fan or compressor
sound power, but the normalized relationship still did not allow eval-
uation of new designs.

The problem of normalizing the various design families onto one curve
was solved by using an energy flux, E, concept and a design parameter

10 log A B (nﬂ/DT)a

N
r

with 2
A_ = Rotor annulus area, ft

n = Rotor speed, RPM

K
on

Number of rotor blades

DH/DT = ratio of rotor hub diameter to rotor tip diameter.

The normalized acoustic performance curve is shown in Figure 13. This
empirical curve is based on scale model and full scale data and includes
designs ranging from the 62-inch VTOL 1ift fan to scale model com-
pressors. The solid symbols in Figure 13 represent data accumulated by
the program, while the open symbols are measurements made prior to the
program. The abscissa of the curve represents the total energy, E, of
the air as it leaves the fan or compressor rotor stage on a per-unit
time and area basis. The ordinate of the curve was determined by a
parametric study of the various design parameters and the results of the
noise data obtained on each vehicle.
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Since the curve is based on the fundamental acoustic parameter sound
pover, it allows the designs of various vehicles to be compared
directly. This type of analogy is useful from both a research view-
point and a design viewpoint. For research, the normalized curve
eliminates many of the irregularities presently found in fan and com-
pressor noise measurements. For Lhe designer, the normalized curve
provides a basis on vwhich the various design parameters (rotor annulus
area, Ag, rotor speed, n, rotor blade number, N, hub - tip ratio,

Dp, fan air flow, W, and discharge total temperature, Tp) may be
evaluated to determine the optimum combination for minimum noise gener-
ation. This 1s discussed further in Section Three.

The evaluation of advanced designs may be extended from the sound
pover level, determined by the normalized power curve, to a sound
pressure level, SPL, by using additional normalized or average results
from the test data. This is particularly important when the advanced
design must conform to an SPL far field acoustic requirement. The
overall power level may be reduced to a spectrum power level, SPWL,
for each harmonic using Figure 14. This normalized power spectrum is
the result of averaging the measurements taken on the various fan con-
figurations, as shown in Figure 15. Note from Figure 15 that a con-
siderable spread is found in the harmonic power spectrum data. Sound
pressure level and power level are related to the directivity index,
DI, and distance from the source, r, by the following equation:

SPL = PWL + DI - 20 log r - 10.5

wvhere the value of r is the radius at which the SPL is to be determined
and the value of the directivity index, DI, is assumed to be 5. The
value 5 corresponds to the average DI at the angle of maximum noise for
the various vehicles tested. The angle of maximum noise or directivity
was not normalized; thus, the SPL calculated can only be assumed to be
in the vicinity of 30 to 60 degrees from the inlet or exhaust of the
vehicle. This range for the angle of maximum noise is a reasonable
value based on the data given in Section Four. If a design is to be
considered that is similar to one of the test vehicle configurationms,

a more realistic value for the angle of maximum noise may be determired
from Section Four.

As an illustration of the procedure discussed, assume the following fan
design parameters:

Outer diameter DT = 4O inches
Inner diameter DH = 30 1inches
Weight flow W = 150 1lb/sec
Stage temperature

rise AT = 15°R
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Figure 1k Normalized Power Spectrum of Compressor and Fan Noise.
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RPM n = 5,000 RPM

Rotor blad« no. = Hu
inlet temperature T = 520°R

Calculate the following:

DH/D,,, = 30/40 = .75

FY

(DH/DT)2

A=—’i—x(DT)2 1-— = x(;—) Ll- 562]

A

( 75)° = .562

JL = & f+
o= X 11.2 x 438 = 3.86 £t2

TT=T+AT=520°R+15°=5§5°R
HT Total Enthalpy = 125 B;'; at 535°R (from gas tables)

E_H’i‘xw_l28x150_
- A - 3.86

a

From Figure 13, at E = 4,96 x 103 -%t?

Aa n DH
PWL - 10 log — N. ot/ = 133 db

A

10 log ;_“ (DH/DT)2 = 10 log 5.86 ;cheooo X .562

1

10 log 322
10 x 2.50E =

P¥l = 133 + 25 = 158 db overall

Spectrum PWL, Figure 1li:

First harmonic

PWL - 3.5 = 15& - 3.5 = 15k.5 b
Second harmonic = PWL - 5.5 = 158 - 5.5 = 152.5 db

Sound pressure level at angle of maximum noise (assume a 100-foot radius):

SPL = PWL + DI - 20 log r - 10.5

3¢




SPL = 158 + 5 - 20 Lo 100 - 10.5
163 - 40 - 10.5 = 1€3 - 50.5

SPL = 112.5 db at 100 feet, angie of maximum noise

The above procedure allows « dirzct analysis of the acoustic performance
of a developmeat vehicle bazei on the fan design parameters. The
question of installation effects, however, requires further analysis.
Several installation parameters were investigated empirically: inlet
length, exhaust duct lengtk, centerbody shape, and exhaust louver
vectoring.

The tests were made by varying the various parameters on the 26-inch-
diemeter VIOL scale model fans (reference Section Four, Table 1).
Figures 16 through 19 show the results of these tests. The two center-
body configurations, Figure 16, showed no effect due to the throttling
of the longer circular centerbody on the sound power distribution. If
the circular centerbody was sufficiently large in diameter to block the
flow, obviously a definite effect would be obtained. Three irlet
lengths were tested: U4 inches, 9 inches, and 23.5 inches. Some data
scatter is evident in Figure 17, but no derfinite trends are indicated to
show an effect due to the varying inlet length. Figure 18 shows a com-
parison of two configurations with and without & 16-inch exit duct. The
two configurations also vary in inlet length and centerbody, but the
previous discussion allows & direct comparison. The data as shown on
Figure 18 has some scatter, but no effect due to the long exit ducts
may be concluded. Results of varying the exhaust louver angle with
respect to the flow direction also thowed data scatter, Figure 19, but
again no definite trends were indicated. Thus, of all the parameters
varied, it was generally concluded that no definite effect could be
associated with installation characteristics excluding radical changes
or those that varied the fan performance.
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SECTION THREE - NOISE MINIMIZATION AND SUPPRESSION

MINIMUM NOISE GENERATION PARAMETERS

Various design parameters are of particular interest when defining a
new fan configuration for minimum noise generation. A basic dusign
guide to be followed, at this point in the state of the art, is given
by Figure 13, which was discussed in Section Two. This normalized
pover level curve shows that a large fan doing the same work as a
smaller fan should be inherently quieter on an energy flux basis, but a
smell fan doing proporticnally the same work as a large fan may generate
nearly the same amount of noise. For fans of a given power requirement,
the parameter

10 log A, n (DH/DT)2

N
r

may be evaluated to determine qualitatively the proper design approach.
Factorsain the numerator of the normalizing function, A , n, and
(Dgin$) , should be minimized. The area, A , also appeirs in the energy
fl erm, the abscissa of the curve. Thus, if the area is varied, the
amount of work done by the fan must be varied to maintain constant
energy flux; but this requires that the fan performance requirement be
redefined. The factor n, or RPM, shows that the work, if done at a
slower speed, will generate 1essanoise, vhich is consistent with pro-
pellor theory. The term ( /DQ) , hub-tip ratio squared, is a measure
of the radial distribution of the blade loading. The higher D./D
terms are representative of a short blade; thus, for the same number of
blades and the same work, they have a higher blade loading. With the
lower D /DT terms is associated a smaller tlede loading on the same
basis..HThe denominator, N_, blade number, has the same correlation as
DH/DE, in that the higher flade number for the same fan pover indicates
a lower blade loading and obviously the smaller blade number indicates
a higher blade loading. This, too, is consistent with propellor
theory. Utilization of the normalized power curve in the above manner
could provide at least a guide in defining the most optimum configuri-
tion acoustically. In particular, designs that are near the knee of
the curve, energy flux values up to

3x 103 Btu

sec - ft2

could benefit appreciably from proper design.
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One of the common characteristics of all the various fan and compressor
designs shown on Figure 13 is the relatively close rotor - stator
spacing. This spacing has a definite effect on the noise generated by
the fan, as discussed in Section One. Several tests were made on the
scale model fan configurations to define the amount of noise reduction
Jbtained by increasing the rotor - stator gap. Obviously the case of a
lone rotor is the maximum amount of noise reduction that can be obtained
through this particular design parameter variation. Figure 20 shows
the results of there tests in terms of power level variation with axial
rotor - stator spacing. The extreme variation in maximum reduction
obtained without a stator row indicates that more data must be obtained
to determine how much interference is required to produce the high
sound pressure levels. For instance, even with the stators removed,
there may be a disturbance between the rotor and some discontinuity in
the surface of the stator row or perhaps a disturbance between a down-
stream or upstream strut that is significant.

130

120 ‘? ‘ “—““‘-=-_4L.=f

A
}

Sound Power Level (db re 10 '3 watts)

105 1
®O - Laboratory Compressor
A- VIOL Rotor-Statcr Fan reference
[J- Single Stage Scale Model [ Table 1
100 Compressor A J
0 12 oh 06 08 100 102 @

Rotor-8tator Spacing (Inches)

Figure 20. Variation in Sound Power Level with Rotor-Stator Axial
Spacing.
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A design parameter of considerable interest is the blade passing
frequency of the fan, the product of the number of rotor blades and the
RPM. If this frequency is put beyond the audible range through high
blade numbers and/or high RPM, obviously the result would be a quiet

fan. Investigation of this approach was beyond the scope of the research
investigation, but should be kept in mind as a possible means of elim-
inating noise.

NOISE SUFPRESSION SCHEMES

Three suppression schemes were evaluated on an engineering assessment
basis: deflection methods, wave cancellation, and absorptive suppression.
Of the three methods assessed, one, absorptive suppression, was selected
for further evaluation and was demonstrated on & scale model fan config-
uration.

DEFLECTION METHODS

The concept of altering the directivity pattern of a particular fan
configuration to minimize noise in specified areas was assessed qualita-
tively as being unrealistic under actual operating conditions.

The tests described in Section Two, in which various installation charac-
teristics were investigated, showed no consistent effect on the directiv-
ity patterns, while results of Section One point out the irregularity of
directivity patterns for the same design and the difficulty in predic-
tion of directivity. The control of these directivity patterns would
require a major effort in acoustical design for each operating condition
and fan configuration. As additional information is obtained with

regard to the basic noise generating mechanism of fans and as an accu-
rate representation of the sound field being produced by the rotor is
defined, control or prediction of the directivity patterns will become
more realistic.

WAVE CANCELLATION

The pure-tone characteristics of the fan noise allows an analysis to be
made, assuming a sinusoidal wave shape, that shows conciderable reduc-
tion in level obtained by varying the phase of two signals being radi-
ated from adjacent sources. Figure 21 shows the relative amplitude of
the addition of two signals as a function of the phase shift between
them. Obviously, a 180-degree phase shift produces total cancellation;
however, with a shift of approximately 115 degrees, & reduction in
amplitude of 50 percent is obtained that would provide a notable reduc-
tion in noise level. The phase shift obtained between two signals
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nay be anslyzed &s a function of the distance ,L, traveled by the two
waves to the point at which they interact. Figure 22 is a8 resultant
plot of this type of analysis showing the difference in distance, &4 L,
versus frequency for various degrees of phase shift.
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Figure 22. Correlation of Length of Wave Travel, Frequency, and Phase
Shift for Sine Wave Interaction,

Tests were conducted on a systes of this type, as shown in Figures 23
and 2. Microphones 1 and 2 were used to deteruine phase shift, while
microphone 3 was used ©0 deterizine the db reduction. The results are
shown in Figure 25 in terans of the A db obtained and phase shift as
compared to the theoretical reduction. The data were consistent and
showed that reduction could be obtained over the local area of inter-
ference between the microphones; however, measuremnents made at various
distances from 10 feet to 1 foot away from the tubes did not show re-
duction. In these laboratory tests, the phase shift was obtained by
varying the distance of the source from the plane of eanission, but in
an actual application this is not practical; thus, the phase shift
must be obtained aerodynamically. This may be done by designing al-
ternate diffusing and converging passages for the flow, thus varying
the velocity at which the signal passes through each section. At the
sane frequency and a different velocity, the wave length varies; thus,
a phase shift is obtained. The system used for demonstration is
shown in Figures 26 and 27. This flow passage was designed for a 180-
degree phase shift at an inlet Mach number of .30 and a source of
1670 cycle per second, c/s.
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‘"hese figures were based on the followir> relationships for the
two possages:

at 120 degrees phase shift

240t
and
t:—!‘-— - L
v1 v2
where
b ¢ = frequency, c/s
At = time difference, sec
t = time, sec
L = length of travel, ft
Vi = average velocity through diffusing passage, ft/sec
Vé = average velocity through converging passage, ft/sec

No substantial data was obtained with this systemn due to instability of
the air flow through the passages, the difficulties in wmaintaining a
signal that could be effectively changed in wave length, and reflections
of the signal from the walls of the flow passage sufficient to affect
the wave length variations.

The conclusion drawn from the tests was that the wave cancellation

technique would require excessive aerodynamic design and alteration of
the fan design, such as "egg-crating” the exhaust to provide significant
noise reduction.

ABSORPTIVE SUPPRESSION

The use of acoustical amaterial to suppress fan whine had been demon-
stratved previously in the development of an absorptive suppressor for
the CJ805-23 aft fan engine, reference Table 1. This suppressor con-
sisted of a fiberglass-type naterial covered with a fine mesh screen

and perforated netal and located on the inner diameter of the fan exhaust
passage. The suppression obtained was quite significant, particularly
on a A db per linear length of suppressor basis, being approxinately 1
db suppression per inch. This type of design is applicable to inlet and
outlet guide vane nodification as well as flow passage applications,
assuning that this same suppression rate .nay be naintained or improved.
This method of suppression was chosen for further investigation and for
demonstration on a scale model fan configuration.
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Figure 23 Schematic of Wave Cancellation Test Instrumentation.
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Figure 27.2 Flow Duct for Wavz Cancellation Evaluation,
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ABSCRPTIVE SUPPRESSOR DESIGN

Absorptive suppression lends itself to several areas of physical
application: outlet guide vanes, OGY, inlet guide vanes, IGV, flow
passages, and, as in the case of an "in-wing" 1ift fan device, exhaust
vectoring louvers. This latter area was chosen for design of an
absorptive suppressor, as it could have a direct application t5 develop-
ment vehicles and was readily adaptable to the VICL scale model rotor-

stator fan with exhaust louvers, Figure 28.

Figure 28. Exhaust Vectoring Louvers.
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DESIGN METHOD

Absorptive suppressors can be designed readily by using a procedure as
outlined in reference 9, page 243. The procedure utilizes a design
curve shown schematically in Figvre 29. The design parameters are
passage width, ly, thickness of material,t, percent open area (which
are, interrelated), and freguency. By varying these parameters, a specific
flow resistance, R,, can be determined for the thickness of material;
and from this data"the proper material can be selected by using a curve
similar to Figure 30. This general outline of the procedure gives some
insight into the problem of applying this type of design to a passage
where there is air flow. If the aerodynamic perfcrmance is to be
maintained, the proper flow conditions must be keptj; but they are in
general a function of the passage width, length, and percent open area.
Thus, a compromise between aerodynamic and acoustical design must be
made.

3 \,*)‘ ﬂ\

TN

Flow-resistance
parameter F =

1
y

2 25 1.25 //0 .75

J//ly - Duct Width

Attenuation per Length of Duct Equal to the Duct Width,
(db)
N

1 1x - Length of Duct
17 / A\ - Wave length
en_ly x 100R - Flow resistance/unit lenkth
Area” 1y x 2t ec - Characteristic impedance
of air
t = Lining t.hic)meea
o] 1 [ | 1 L
0.01 0.1 l
1l
J/A

Figure 29. Design Chart for Acoustically Treated
Ducts Iined on Two Sides.
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For fans and compressors, a basic design paraneter for stator blades
is (reference Figure 31):

P - c/s 2
A2 ~ | AR cos B, h/c cos B,
where
52 = flow angle out of blades
c = chord length

= flow passage area between blades at stage exit

_ chord length - £
G =1 salidity blade spacing 8

_ blade height _ h
MR = aspect ratio hord length ~ <

chord
- axial spacing
- span
thickness

- exit flow angle

R adh- 2 p]
1

Figure 31. Schematic of Compressor Blade Design Parameters.
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Obviously, as the blade thickness, t,is varied for addition of absarptive
material, the chord, c¢, must also be varied to maintain the thickness
ratio, t/c, and to provide sufficient length for ample suppression.

With a varying chord length, the above parameter must also be adjusted.
Generally, c is increased; thus, since blade height, h, is predetermined,
the spacing, s, must be increased to maintain c/hs a constant. When s

is increased, the proper percent open area,

i x 100,
s

must be maintained to satisfy the acoustical design parameters. This
type of design procedure becomes difficult when a low-frequency signal
is being atienuated in a small passage, since the material thickness
is in general large for low-frequency suppression and the small open
area is affected to a large degree by the increaced blade thickness.

For the application of absorptive material to the exhaust louvers of

the scale model fan configuration, the fundamental frequency was too

low to provide a realistic louver configuration due to the large material
thickness required. To demonstrate a suppressor properly, the desig

was made to suppress the higher harmonics of the fan which would
correspond to the furdamental frequency of a full scale vehicle. The de-
sign as made on this basis would also be of the same general physical
configuration as would be required by a full scale vehicle. The ab-
sorptive louver design is shown in Figure %2, and as mounted on the

scale model fan in Figure 35. The design calculations are given in
Appendix VI.

TEST RESULTS

The absorptive louvers were tested initially in a reverberation room
environment without ailr flow. The louvers were attached to a large
plenum, Figure 33; by using a loudspeaker and random noise genervrator
as a sound source, the signal was measured for the standard louver
case. The tests were then repeated for tne treated louver case. The
results are shown in Figure 34 as a function of the SPL reduction
obtained. Also shown on Figure 34 is the design suppression. The re-
sults were within two db of the predicted suppression at the maximum
suppression point.

The louvers, treated and standard, were next tested in a free field
environment, Figure 35, using the scale model rotor - stator fan to
determine the effect of air flow. The effect of air flow on the
suppression characteristics of absorptive suppressors is generally to
reduce the peak suppression by 25 percent ani to shift the point of
maximum suppressior to a higher frequency (reference 17, psge 4). The
test data, Figure 34, in terms of pressure level reduction indicated
approximately a 35 percent reduction in suppression and a shift in the
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maximum suppression point to a lower frequency. The shift to a lower
frequency was not expected and is not explainable in terms of the
characteristics of absorptive material. The results show a very
effective reduction in noise level for the design, and the maximum
suppression occurs in a region that would correspond to the fundamental
frequer.cy of a full scale vehicle. The variation in the radiated sound
pressure due to the absorptive suppressor is shown in Figures 36.1
through 36.3 for the first 5 harmonics. As would be expected, the
largest suppression occurs on the exhaust side cf the fan.

Leading Edge

No. Lorvers X Dimension, No. Description
Required for in. (Reference
Fan Figure 35) 1 | Perforated Mrtal, 20 Ga.
Z ) 1/L" holes on 3,/8" centers,
2 24 2 | Flat Sheet, 1/32" thick.
2 27 3 | .00LS Wire Screen, 80 mesh,
3 29 b Absorptive Material,
= 41b/ft3;
R, = 1.5 ¥ 10" mks rayles
L meter

Figure 32, Absorptive Louver Design for Rotor-Stator
Fan (reference Table 1).
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Exhaust Vectoring Louvers on Reverberation

Room Plenum.

Figure 33.
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Figure 35. Rotor-Stator Fan with Treated Louvers.
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SECTION FOUR - TEST DATA

TEST VEHICLES

The following data describes the various test vehicles used during the
program to provide information as described in previous sections. The
data given is for the basic test vehicle and does not account for various
design changes as they are presented in the appropriate sections. The
data is summarized in Table 1.

VIOL SCALE MODEL FANS

Two scale model fans of the same design family as tlhie full scale VIOL
lift and pitch fans used in the XVS5A aircraft, Figure 1, were tested.
They are designated the IGV-rotor fan and the rotor - stator fan, the
first configuration being one that induces swirl ahead of the rotor
and the latter being one that induces swirl in the rotor.

Inlet guide vane - rotor fan (Figure 37)

DT = 26 inches
D
-I-)l{-.-. 45

T
W = 27.8 1b/sec
RPM = 1780 (constant speed drive)
N o= b
N = 48

s

P

r

= 1.011 (fan pressure ratio)
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TABLE 1. JUMMARY OF TEST VEHICLE CONFIGURATIONS

Vehicles Te:.ed During the Research Investigation

Dy Dg/Dp " ] & N P
Name inches 1b/sec

IGV-Rotor Fan 26 45 27.8 17680 L7 48 1.011
(Constant)

Rotor-Stator Fan 26 R 2t 1 1780 36 90 1.005
(Constant )

Lif¢ Fan 62.5 .40 -20 2640 36 90 1.115
(Max imum)

Pitch Fan 36 4y 1hh LOTh 36 90 1.08
{~xloum)

Cruise Fan 62.5 40 529 264 36 90 1.115
(Maximu.)

Single Stage Scale 26 .86 11 1760 56 48 1.008

Model Compressor (Constent)

Development Vehicle

Proprietary Information

Vehicles Tested Priur to the Research .avestigatior

Rame

Report from which Data was Obtained

laboratory Compressor

€JB805-3 Compressor

J93 Compressor

Research Compressor
No. 1

Research Compressor
No. 2

R. Co. 12 Compressor
and RA26 Compressor

€J805-22 Fan

CFT00 Fan

Window Fan

Hunter, W.J. and Smith, L.H., Jr., Inlet Guide Vane-Rotor Interfereice Noise Meas.rements,
TIS DF63FFD55, General Electric Company, Cincinnati, Ohlo, Jsnuery, 1963.

Semrau, W.R., Effect of Variation of Stator Vane Angle on CJB0S5 Comprvassor Noise, DIM 425,
General Electric Company, Cincinnati, Ohio, May, 1961.

Data not issued as report.

Smith, E.B., Noise Measurements of MJ2Sk Compressor FSCT at Lynn, DIM LiB, General Ele -tric
Company, Cincinnati, Ohio, November, 1961.

Lee, R. and Semrau, W.R., Low Speed and Transonic Speed Research Compressor Acoustics
Measurements, DIM 457, General Electric Compeny, Cincinnati, Ohio, December, 1961,

Coles, G.M., Title Unknown, Rolls Royce Company, January, 1960.

Dalke, C.A. and Smith, E.B., Third Noise Measurement of the GE CJ805-23 Engine and Sffects
of OGV's and Secondary Nozzle Sound Treatment on At Fan Whine, General Electric Company,
Cincinnati, Ohio, November, 1959;

Hallbach, J.R. and Keener, J.R., Basic Design Certificaticn Verification Report for
TB-SSF-30 Sound Suppressor, TIS ROIFPD108, General Electric Company, Cinclianati, Ohio,
March, 1961.

McCann, E.O. and Smith, E.B., Kuise Measurement of the CF700-2B Engine, DIM 534, General
Electric Company, Cincinnati, Ohio, June, 1963.

Wells, R.J., Industrial Acoustics Course II Lecture No'es, Fan Ncise Problem, R53GL2L1-6,
General Electric Compeny, Schenectady, N.Y., May, 1954.
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<=:::j ’(v/, Inlet Guide Vane Angle
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Vectoring Augle ’E?;;:
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- Inlet Guide Vane Row
] ~«—— Air Flow
( - Degrees)
-<
Design Setting
< e
</
<
-
<
<
_./---/-/

— - -

4"
e o

Figure 37. Test Configurations of Inlet Guide Vane - Rotor
Fan (reference Table 1),
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Rotor - stator Fan (Figures 38, 39 and 40)

D, = 26 1inches

D

£ = ko

T

W = 26.1 1b/sec

RMM = 1780 (constant speed drive)
R, = 36

R, = 9

Pr = 1.005

Figure 38, Rotor-Stator Fan-
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Ctator Row

/ e 4" —
Sound Absorptive
Louver

—— Rotor
—==—T =||| .

- — . — "
‘—
<=::::j Air Flow
Standard Louvers < B ——
<«

D
Ak

3/8" Normal Rotor-Stator
Spacing

Figure 40. Test Configurations of the Rotor-Stator Ean (reference Table 1),
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VIOL LIFT FAN

The VICL lift fan is utilized in the XV5A aircraft and was tested as
mounted in the aircraft and in a static test facility (Pigures 1 and
b).

DT = 62.5 inches

D

N S

Dy,

W = 529 1b/sec @ 2640 RPM

RPM = 2640 maximun

N, = 36
N = 90

S

P, = L1i5

VIOL PITCH FAN

The VIOL pitch fan is utilized in the XV5A aircraft and was tested as
mounted in the aircraft and in a static test facility (Figures 1 and

41).

DT = 36 inches
Dy s
DT
W = 14k 1b/sec @ LOT4 RPM
RPM = LOTL4 maximun
Nr = 36
Ns = 90
P = 1.08
r
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CRUISE FAN
The cruise fan configuration is of the same basic design as the VIOL lift

fan, but is used in a pod type installation as compared to a wing instal-
lation.

SINGLE-STAGE SCALE MODEL COMPRESSOR (Figures 42, 43, L4k, and 45)

The single-stage scale model compressor was capable of having a variable
rotor - stator spacing with approximately .5 inch of travel in the stator
row. A significant characteristic is the high hub-tip ratio or small
ann.lus height, which is in keeping with the basic assumption discussed
in section One.

DT = 26 inches
D
D_“ = .846
T
W = 11 1b/sec
RPM = 1780
Nr = 56
N = 48
s
P = 1.008
r

DEVELOPMENT VEHICLE

The data presented in Figure 13 and in the following tables under develop-
ment vehicle are the results of a scale model fan test utilizing a fan
configuration of proprietary nature. The noise data is not classified or
proprietary.
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Figure 42. Single-Stage Scale Model Compressor,
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Figure 43. Single-Stage Scale Model Compressor,

71




R~tor-Stator
Spacing (Design) Rotor

\%ﬂ:// —

Stator Row

—
Air Flow
o S
) |
2" ﬂn 2" e
f
Annulus
Height

Figure 44, Test Configuration of Single-Stage Scale Model Compressor
(reference Table 1),
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TEST PROCEDURE AND EQUIPMENT

FREE FIELD MEASUREMENT

Free field noise measurement of the various scale model fan and compressor
vehicles were made in generally the same manner. The test vehicles were
all driven by a 25-horsepower constant-speed electric motor that was fed
through a bank of reheostats used to bring the motor up to speed. When
steady speed was attained, a microphone was placed at the desired location,
and the sound was taped for a minimum of 15 seconds; then the microphone
was moved to the next location. This procedure was the same for
circumferential surveys, Figure 46, and for radial traverses of the
vehicle annulus over the rotor face. A 1/2-inch microphone was used with
a nose cone as required. The various systems utilized are shown in
Figures 47 and u48.

The cruise fan and XV5A aircraft free field measurements were made with
the recording system shown in Figure 48. The fan or aircraft was brought
to the desired speed; then the data was recorded at the various circum-
ferential locations, Figures 49 and 50, with a sufficient recording time
for data analysis.

VIOL STATIC TEST FACILITY MEASUREMENTS

Measurements made of the VIOL 1ift and pitch fans on the VIOL static test
facility, Figures 51 and 52, were done using a multiple channel recorder
with 17 microphones positioned around the fans. The applicable operating
conditions were provided by the test facility operator when the fans were
at the desired RPM. At the desired operating condition, the microphone
outputs were recorded on the multiple channel recorder in sets of three.
The instrumentation is shown schematically in Figure 48.

REVERBERATION ROOM MEASUREMENTS

Reverberation room tests of the treated and untreated exhaust louvers were
made using a noise source shown in Figure 53; the speaker was mounted

in the plenum chamber to which the louvers were attached. The vacuum tube
voltmeter was used to monitor the input to the speaker, and the oscillo-
scope was used to insure that the signal was not distorted. The signal
was measured using a one-third octave analyzer and level recorder for
comparison with and without the treated louvers.
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Figure 46. Test Layout and Microphone Station for Noise
Evaluation of 26-inch Scale Model Fan Vehicles,
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Calibration Standard 4133
(124 db) Microphone

Cathode Follower

Power Supply

Tape .lecorder
(a) Single Channel
(b) Four Channel

Figure 47 . Data Acquisition System - Field Test.
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Calibration Standard
(121 db)

Microphones

Power Supply

Dual Channel
Tape Recorder

Figure 48 . Data Acquisition System - Field Test.
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180°
\\\\\\75-Foot Measuring Radius

Figure 49,

Lift Fan

/

Pitch Fan

X

Q

Test Layout of XV-5A Research Aircraft,
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Concrete

50-Foot Measurement
Radius

135°

145°

160° —

Figure 50, Test Layout for Cruise Fan Noise Evaluation.
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Figure 51. Test Layout for Pitch Fan Noise Evaluation.

80




-0

15. ?....

25°

10' Rudius

\r Flow
| ||

///1ite Fan  Yy/

RERR _f—

Simulated I

Wing

i7°* ~

Ground Plane

A T i

Figure 52, Tezt Layout for Lift Fan Noise Evaluation.
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DATA ANALYSIS

DATA REDUCTION

Data reduction of the noise tapes made on the various vehicles was done
using the two systems shown schematically in Figure 54. The spectrum
analyzer provided an ana’ysis at a 10-cycle bandwidth, while the narrow
band analyzer was a constant 6 percent oandwidth. The 6 percent band-
width was sufficient for reduction of the first, second, and occasionally
the third harmonic noise level of all the vehicles tested. Noise levels
of higher harmonics were obtained using the 10-cycle bandwidth analyzer.
The 6 percent filter was not used when the harmonic peak was not at least
5 db above the background or white noise.

SOUND POWER CALCULATIONS

The sound power levels were calculated in two manners corresponding to the
circumferential surveys at constant radius and the radial measurements in
the vehicle annulus near the rotor face.

The circumferential survey sound pressure levels were put into a computer
program designed to calculate the sound power level based on three fourths
of the surface area of a sphere having a radius equal to the measuring
radius. The three-fourths surface area is a compromise between total
ground reflection, 50 percent surface area, and total ground absorption,
100 percent surface area.

The sound power level was calculated from the radial sound pressure levels
in the vehicle annulus using a technique developed in previous compressor
measurements (reference 14, page 3.) The power level is calculated from
the following equation:

N

PWL = Z(SPL + 10 log A)

where A is the annular area corresponding to each radial SPL measurement.
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Tape
Recorder Frequency Analyzer
6% Bandwidth
|
|
i
|
|
: Panoramic Analyzer
- o - — with Recorder
10 Cycle Bandwidth
Figure 54 .

Levei Recorder

Data Reduction Instrumentation.
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TABLE 2.

TEST DATA,

INLET GUIDE VANE - ROTOR FAN

Neasurement Location:

see Figure M6

Fan Speed:

Meaguressnt Radius: 20 ft Fan Fundagental wjz
Sound Pressure Level Sound Pavg{ el Configuration
(db re .0002 microbar) (db re 107 vatts} (reference Figures 37 and 39)
Angle, @
0 20 S50 80 10 130 150 160
Harmonic
Pundamental 7 91 8 82 83 B89 87 85 121 9 in. {nlet duct. O0°® IGV
Second 65 8 T8 T1 75 T2 85 T8 113 setting and exhaust louver
Third 73 76 T8 15 T 70 TT T 110 setting.
Fourth 68 10 TL 61 66 T9 T2 Te 108
Pifth @2 T0 €68 64 €6 T1 T3 €6 104
Angle, @
0 30 56 80 1i0 130 150 170 180
Harmonic
fundumental ™ B8 8 8 7179 8 T3 81 89 119
Second 66 18 T2 68 76 T8 T0 T8 B4 111 9 in. inlet dunt. 0° ICV
Third ™ T2 18 T8 o mn 1% 6 715 713 110 setting and 20° exhsust
Fourth 73 70 T3 66 €6 T1 65 T0 T8 106 louver seiting.
Fifth 63 73 6 & T1 T2 63 66 76 105
Angle, 0
0 30 50 60 110 130 160 180
Harmsonic
Fundamental 72 8 8 T9 19 T6 81 B85 us
Second 67 73 15 61 8 16 713 80 112 9 in. inlet duct. 0° IGV
Third 1 68 7 5 T” T 7% 80 109 setting and 30° exhaust
Fourth 68 67 T2 66 68 T3 T2 80 106 louver setting.
Fifth 65 T3 671 6 69 T2 73 T8 106
Angle, @
0 20 40 60 80 100 120 140 160 160
darmonic
Fundamental 76 91 92 86 79 8 89 B89 89 89 123
Second T 8 176 B T 18 T1 18 715 82 113 9 in. imlet duct. O0° IGV
Third 75 T8 T 69 66 73 U v 13 716 108 setting and 40® exhsust
Fourth 68 69 T0 65 65 T TL T1 Th T4 104 louver setting.
Fifth 6 70 T3 68 65 T2 T2 73 710 T3 105
Angle, @
0 20 40 60 80 100 120 10 160 180
Barmonic
Fundamental 93 104 104 95 97 98 103 99 105 98 136
Second 100 99 100 96 90 93 89 o9i 96 90 131 4 in. inlet duct. -27° IGV
Third 84 87 91 B6 B6 86 81 89 87 85 123 setting and 0°® exhsust
Fourth 81 8 719 76 15 T4 81 8% 81 T7 115 louver setting.
Fifth 8 19 T8 T8 T0 76 80 80 82 T 113
Angie, 9
o} 20 40 60 80 100 120 140 160 180
Harmonic
Fundamental 87 97 98 87 82 90 9 90 9% 9 129
Second 83 83 9 83 79 81 8 8 90 8 122 9 in. {nlet duct. -28° IGV
Third 82 79 60 83 B0 776 8 81 8 T3 116 setting and 0° exhaust
Fourth % TT 72 T3 079 76 TT T+ 69 111 louver setting.
Fifth v 76 Th 6B 66 66 T6 16 76 68 109
Angle, @
0 20 40 60 80 100 120 140 160 160
Harmcenie
Fundamental 80 9% 91 85 8 8 93 86 8 176 125
Second B0o 83 8 87 8 T6 82 83 B0 T8 119 9 in. inlet duct. -16" IGV
Third 79 8 83 T8 T2 T4 82 82 B8 68 115 setting and 0° exhaust
Fourth 68 73 T8 T0 63 66 76 19 T 67 110 louver setting.
Fifth 0 4 17 68 65 61 T2 16 16 61 106
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TABLE 3. TEST DATA, ROTOR-STATOR FAN

Messurement Location: see Pigure ub Pan Specd: 1780 RPM
{Measurement Radtus: 10 0t Fan Pundemental Preguency: 3070 c/s
Sound Pressure level Sxund Power level Configaration
{db re .7002 mizrobur) (b re 10 13 vatts)} (referecce Pigures ¥ ani 40)
Angle, 6
0 10 20 3 W % 60 70 80 90 100 110 120 13 10 1% 160 170 180
Harmor:1
Pundssental [81 79 88 92 85 9 & 80 85 85 8 8 & 91 77T 8 B 0 8 17
Second 75 76 77 83 76 62 80 70 75 77 81 15 79 82 B 76 vO T 716 109 Far equipped vith & in,
Third 68 72 77T 79 8L 718 B0 T8 T 0 T 12 17 5 80 T2 TT - T 107 izlet duct., No siator
Fourth 71 70 6 71 70 1% 72 66 63 66 6, 75 T« T2 13 T6 63 - - 101 rov or exhsust louvers.
Fifth 63 67 76 70 70 65 65 6 63 K 6 6 71 67 19 T2 68 - - -]
Angle, &
C 10 20 3 0 50 60 70 80 90 100 110 170 130 140 1% 160 170
Sarmonic
Pundementul {87 B85 93 9 B6 92 95 36 82 86 9% 9% L2 I B6 90 88 92 120
Second 82 82 83 81 88 83 By 718 78 B8O 53 77 &2 B8 18 B0 T 1ns Fan equipped wvith & in.
Third 75 81 B4 83 B9 B89 B2 87 B9 By 90 B u & 80 77T Bs s 116 inlet duct and ststor
Fourth 73 71 68 71 68 75 70 69 T2 72 B0 T 13 U5 0 Th 106 rov. ¥o exhaust louvers.
Fifth 9% 73 B0 79 68 76 713 65 62 W 6 15 v €1 8L 15 13 712 1095
Angle, &
0 10 20 3 % 5 60 70 80 90 10 110 120 130 1% 250
Harmonic
Pundementa) (88 85 88 91 B3 88 Bk 82 8 8 B8 88 92 B6 86 9 17 Fan equipped with & in.
Second 83 83 Bu B0 B> B0 78 80 79 8 79 Bk 8 82 B89 B8y 112 inlet duct and stator
Third 7 T 75 80 73 7% B0 75 T 7. B0 B0 76 81 BO T 107 rov. Stator row spacei 1.0
Fourth 67 72 68 7% 72 T T T2 71 73 T8 L 75 15 T4 19 102 in. from rotor ss compared to
Fifth Te 63 73 67 T1 71 68 6k 65 67 b 66 T+ 17 Th T2 100 normal spacing of .375 in.
Angle, 8
0 10 20 3 & 5 60 7¢ 80 90 100 110 120 130 140 1% 160
Harmonic
Fundamentsl {87 76 86 92 88 B2 82 A< Bk 70 85 85 77 80 L 79 B8y 1l Fan equipped vith i in.
Second 80 72 771 18 € 18 795 18 18 75 69 68 € 0 73 175 66 105 inlet duct, stator rowv, and
Third % 72 13T M T2 78 12711 10 6 % TT 13 13 68 68 103 12 in. acousticaily treated
Fourth 70 68 73 70 75 63 68 68 63 60 B Sk 61 & % B % exhaust louvers (0° louver
Fifth e 78 83 77 75 76 15 6b 65 ST B 68 65 62 65 Lk 62 102 agle).
Angle, @
0 10 20 3 &« 5 60 70 80 9 100 110 120 13 1k 15 160 170
Narmonic
Fundasental 193 B8 92 95 9k 93 93 90 91 90 85 Bl 88 92 9 91 85 9 120
Second 8% 79 82 88 B7 Bu 77 83 8 78 &2 7 88 86 87 80 80 9 1l4 Fan equipped with & ir.
Third 75 Bo 82 Bo 84 86 B4 B7 88 B1 B8 89 B6 B85 B 73 79 88 115 inlet duct, stator row, and
Fourth T 72 76 72 72 76 75 41 T 7@ M 72 73 11 15 118 719 83 104 standard exhaust louvers
Fifth 82 76 83 B3 78 B0 70 7k 75 7k T 69 73 8L 19 T T3 19 106 (0° louver angle)
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TABLE 4.

TEST DATA, ROTOR-STATOR FAN

Heasurenent Locstion:
Measurement Radius:

see Pigure L6
20 £t

¥an Speed:
Far Fundamental Frequency:

1780 RPM
ioTe

</8f

Sound Frescure Level Sound Pow_:fslgvel Configuration
{db re .00C2 microbar) (db re 10777 watts) (reference Figure 39)
Argie, A
\ 0 20 40 8 100 120 10 60
Harmonic
Fundamentsl 88 18 T0 82 76 80 85 O 117
Second 72 7% 76 R 70 76 70 109 L in. inlet duct. No
Third T - - 78 80 73 a2 75 2k ex:t duct or plug.
Fourth " T2 T2 69 68 Th 72 72 106
Fifth B T2 T2 65 69 13 73 0T 106
Angle, 6
\ ¢ 20 4 6 8 1066 120 140 160
Harmonic
Fundamentsal 8 81 17 8 8 83 87 90 84 120
Secund 83 4 83 T T Ta T1 82 76 11k G in. inlet duct. No
Third 8o 8 79 8 715 T7 i 84 75 114 exit duct or plug.
Fourth & T ™ 71 T0 T2 75 ke T2 109
Fifth B 76 72 69 66 70 T2 76 Th 177
Angle, 0
0 20 Lo 60 80 100 120 1o 160
Harmonic
Furdamental 85 8 85 8 &2 80 78 80 76 116
Second 8 83 18 71 T2 L 78 82 75 113 23.5 in. inlet duct.
Third 5 76 7% 6 Th 80 75 ez 78 13 No exit duct or plug.
Fourth 70 T2 T2 63 66 68 71 - T2 105
Fifth 8 78 T0 o7 64 67 71 715 ° 106
Angle, 6
0 20 W 60 80 100 120 140 160
Harmonic
Fundamental 81 79 T4+ 75 76 72 82 82 78 114
Second 75 76 T6 Th 69 72 75 76 68 109 9 in. inlet duct. 16 in.
Third 80 178 T6 13 T4 13 T0 76 T 110 exit duct and cylindrical
Fourth B 76 T4 68 64 Al 5 Th T1 1 exit plug.
Fitth 7T 73 72 70 64 - 69 77 72 106
Angle, 6
0 20 4 60 80 100 120 WO 160
Rarmonic
Fundumental 8 B8 8 719 79 68 82 78 82 115
Second 76 75 72 4 75 69 68 77 T 109 9 in. inlet duct. 16 in.
Third 82 72 7T 76 70 T3 T1 % Th 109 exit cuct and conical
Fourth 8 ™ 7 n 67 66 Th Th 69 107 exit plug. Fan exit duct
Fifth 79 T« 72 70 63 64 0 T 7h 107 ares with plug = 446 in.2
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TABLE 5.

TEST DATA, ROTOR-STATOR FAN

¥
Yessurement Location: see Figure 45 For Speed: 1750 FEM
Measurement Redius: &0 ft - Yar. Fund tal Preguency: 1070 c¢/s
Configuration
Sound Pressure level Soand Puwer level (reference Figures
{dn re .00D2 mi.Tobtar) {dz re 3010 wares Sy omid <0,
\'f"” 0 10 20 0 W S¢C 60 70 80 36 100 110 120 130 143 1%0 160 170 150
Harmonid™
Pundamental {77 80 79 78 80 75 71 73 75 T3 o7 H6 Ty & 16 1 TT 7Y IS 116 Fan equipped with
Second 6% 68 65 65 T0 €9 o6 65 60 SB 62 62 68 71 €5 67 60 64 65 107 4 in. izlet duce,
Thir3 61 3 61 6+ 65 67 66 6T 61 9 56 00 S5 5 L K 64 5T 62 104 %o stator row or
Fourth 5% ST 62 &3 9B 65 65 53 SB 51 S€ 55 62 53 55 %2 S2 5T =7 101 exhaust louvers,
Fifth S1 51 58 ST %M 57T 5 51 % 51 8 W8 53 % N 51 i 50 52 9
"\ Angle, 6
~ V19 20 % 0 0 S BO 90 100 310 120 10 -0 i"0 150 170 156G
a.mnk
Fundsamental |B4 82 B4 80 8 73 77 T7 T7 75 71 72 7 B0 B2 72 87 82 71 12C Fac equipped vith &
Second 71075 16 T5 69 67 T2 69 68 €7 66 11 12 68 TS B 1% 7 i 3 in. inlet duct and
Toised 66 69 69 65 68 715 69 T3 T2 T0 T+ 71 0 €66 of <8 96 o &0 1132 S1ALIL Yow. JUatOr
Fourth B €5 65 €5 66 S8 6L %6 55 53 57T % 66 63 63 &7 65 €0 % 16% row sjaced i in
Fifth 61 S8 60 63 635 B ST 55 54 51 53 S% 59 41 % &b 66 5T Sa 0l fros rotor as coa-
pared to rormal
spacing <f . 375 in.
N Angle, 6
S 0 10 20 % & 5 60 70 80 90 100 110 129 130 140 150 150 170
Harmonic _
Fundmmental |84 77 78 79 80 76 71 72 72 T4 67 66 66 3 19 (i 17T 70 116 Fan equipped with i
Second 64 67 67 66 71 67 61 59 6k 5h H 66 52 T 9 61 O 58 107 in. inlet duct,
Third 61 5% 65 61 67 66 65 66 £5 62 6 59 64 B % 0 P 51 105 stator rov, and 12
Fourth 57T 61 AB Sk 66 59 61 Sk 55 S1 6 £ B 63 B 8 8 | 102 in. acoustically
Fifeh Th (1 T2 66 69 69 61 62 55 LT 55 55 61 61 H Sk Sk Sk 105 treated exhaust
louvers {0° louver
angle).
Angle, 8
0 10 20 % W 5 60 70 80 90 100 110 120 1% 140 150 160 170
Harmonic
Fundamental {81 79 77 73 76 71 8u B2 82 77 68 77 718 8% 82 75 80 72 1 Fan eguipped with &
Second 61 69 T1 T3 73 67T 70 72 71 7 71 T0 A3 70 70 T4 72 67 112 in, inlet duct,
Third 61 67 TC T7 T4 69 735 T3 66 €7 70 69 75 69 6% 65 69 62 ns3 stator rov, and
Fourth 60 62 64 65 64 60 61 SB S5 56 S8 ST € 62 62 70 SB S5 103 standard exhaust
Fifth 73 61 61 69 72 6 61 62 2 64 5T 6 64 67 69 66 60 Sk 107 louvers {0° louver
angle).
Angle, 6
0 10 2¢ 30 % 5 60 70 80 95 100 110 120 13 140 150 160 170 180
Harmonic
Fundemental {82 84 84 82 85 84 83 8% 81 76 7% 76 77 B85 81 B85 8 74 70 124 Fan equipped with &4
Second 66 735 T3 69 76 T3 64 68 62 64 62 64 6B A5 T2 T6 75 65 60 112 in, inlet duct and
Third 65 635 68 T2 719 61 715 61 8 16 72 719 I3 715 61 70 63 61 62 116 stator rov., No ex-
Fourth 65 61 66 69 62 67 45 62 9 60 61 61 63 68 60 65 66 L 55 106 hanst louvers.
Fifth 79 66 74 TO 63 81 62 6% 59 SB 70 64 73 T0 60 15 62 % 6 110
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TABLE 6. TEST DATA, LIFT FAN
Measuremeat lLocation: See Figure 52 Messurement Madius: 10 ft
Sound Pressure Level Sound Level MSpedl PFundamegta’
(ab re .0002 microdar) db re 10713 wtts RPM Frequency c/e
~ e, ®
Earmon<d 5 15 25 35 90 136 150 1M
Fundamental 9.5 95.5 96 91 9% 90.5 100 89 105 126 633 380
Second 95 98 9 9l 89 8 97 88.5 102.5 12
Third 9% 97.5 R.5 93 90 81.5 96.5 87 100 121.5
Pourth 95.5 100 9.5 9.5 9.5 90.5 9.5 87 98.5 123
Fifth 96 100 97.5 95 * 9.5 98 88 B 124
e, 8
Barmoals 5 15 25 35 60 90 13 15 171
Fundamental 109 167.5 103.5 96.5 106 99.5 11k.5 109 11k 138 1124 675
Second 10k 105.5 100 95 101 97 108 102 13 133
Third 105.5 105.5 108.5 97.5 102.5 105.5 111 9.5 11k 136
Fourth 102.5 105.5 100 90.5 96 98.5 110 101.5 109 133
Fifth 103.5 105.5 10 90 97 96 111 101.5 108 134
e, 6
Nermonic 5 15 2 35 60 9 13 1% 1T
Fundemental 117.5 112 108.5 113.5 113 109.5 118 115.5 132 16 1393 840
Second 106.5 108.5 112 107 10k.5 106 116 110.5 126.5 12
Third 107.5 199  110.5 106.5 105 106.5 119.5 110.5 125.5 163
Fourth b 106.5 107 102 100 103 115 10h 122.5 13
Fifth 108.5 107.5 106  101.5 99.5 101  118.5 10k.5 122 151.%
Angle, 6
Barmonie= 5 15 25 35 60 90 136 150 171
Fundamental 123.5 121.% 110.5 117.5 115.5 111.5 11i.5 117 123 1k 1736 10k0
Second 112 117.5 110 113 110.5 109 113.5 11k  120.5 151
Third 13 115.5 113.5 111.5 108.5 109 111  111.5 119.5 150
Fourth 108 111.5 110 109.5 10% 106.5 11k 107.5 18 1%
Fifth 108.5 113 109 108 104 101 11k 109 118 1%
\%6
Harsonis 5 15 25 35 60 9% 136 1% 1M
Fundamental 123 123.5 116 117.5 112.5 113 128 122 123.% 121 1905 11k0
Second 110.5 115 11k 113 10.5 110 126 111.5 121.5 149
Third 111.5 113 117.5 108.5 105.5 108.5 120.5 1il1.5 120 1ks
FYourth 109 111.5 112 106.5 101.5 103.5 12k 110.5 118 146
Fifth 109.5 113 111.5 106 101 100.5 122 116.5 118 1kk.5
\%@
Harmonic 5 15 25 35 60 90 136 15 17
Fundamental 131 125.5 118.5 126 125.5 116 129 126.5 130.5 155 2203 1320
Second 117.5.116  117.5 117.5 16 116 123 117.5 124.5 148
Third 118 116 117  115.5 11k 112 12k.5 115 126 148
Fourth 115.5 115 11,5 112 111.5 106.5 122.5 117.5 120 146
Fifth 113 113.5 11k 109.5 110 106 122.5 117 120 146
wQ
Harmonis 5 15 25 35 60 90 136 150 171
Fundamental 130 129.5 125 123 128 120 129.5 122.5 131 156 2327 1400
Second 118 19 118 116.5 121 126.5 125 118 126 150
Third 119  117.5 122.5 115.5 120 11k 128 117 12k.5 151.9
Fourth 11k.5 116.5 116  111.5 117 108 126.5 118 121.5 150
Fifth 107.5 11k.5 117 108 115 106.5 125 18  121.5 148
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TABLE 7. TEST DATA, PITCH FAN

Measurement Location: see Figure 51 Measurement Radius: 6 fu.
Sourd Presgure level Sour.d Power level Fan Speed Fan Fundsasental
(dt re .0002 sicrobar} {20 re 1013 varts) RPM Freguency c/s
~. Angle, @&
N o 1 B 16 80 1@ 180
Harmonic
Fundemental 9L.9 96.5 99 4.9 - 0.5 it 117 1035 620
Second 98.5 100.5 S - 90.5 152 16
Third 100.% 100.5 102 114 g2.5 102.% 2
Fourth 101 99.5 100.5 9.3 9% 3o} 120
S\ Angle, 6
\\ 0 1€ 38 76 80 148 180
dermonic ™
Fundamerztal (101.5 302.5 108 > & 105 1.5 128 1756 1050
Secocd 106 101.5 €5 101 97 10+ 1.5 i
Third 105.5 100.5 10+.5  §7.5 96.5  103.5 107 125.5
Fourth 105.5 100.5 102 .9 3.5 02,5 10%.5 i
Angle, & N .
0 1c 38 16 a0 18 i80
darmonic ™.
Fundamental }107.5 109.5 111.5 03 100.5 104.5 11€ 130 2255 1150
Second 108.5 103.5 103 100 35 105.5 112.5 b
Third 106 104.5 101 9.5 96.5 103 107.% 1
Fourth 101 101.5 100.5 99.5 %6 100 109 123

Fundsmectal [110.5 109 113.% 107.5 _07.5 116.5 120 137 28716 175
Second 11 1 109 b 102.9 1% 116.5 13
Third 1 107.5 106.5 10s.5 101 122 113 14
Fourth 105 105.5 106 103.5 100 120 110 1%
Angle, 6
0 16 38 7% 80 148 180
Harmonic
Fundamcntal (112 104 118 109.5 113 116 118 129 b s 18s0
Second 108 102 116 110 115 15 116 1%
Third 1 99 105.9 104.5 112 117 112 1%
Fourth b 99 107.5 107 i 113 110 125
Angle, 6
\ 0 16 8 1% 80 18 180
Harmonic _
Fundamental {119 109 117.5 1i1 120 118.5 124.5 143 5546 2130
Second 381 107.5 117.5 1(7.5 112 120 122.5 1kl
Third 110 105.5 111 167 110.5 117.5 119 138
Fourth 1.5 90 110 105.5 112.5 114,95 90 137
Angie, 8§
= o 16 38 76 80 148 180
Harmonic ™~
Fundamental [115 11k.5 117 113 118.5 b 126.5 145 3956 2340
Second 11k 11 il17.5 117.5 116 125.5 122.5 1i4s
Third 14 108 i 110.5 115 119.5 117 1k
&m‘th 12 105 111.5 106 11k n3 13.5 13
H
4
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TABLE 8. TEST DATA, CRUISE FAN

Measuremert Location; see Figure S0 Messuremert Radius: 50 ft.
Sound Pressure Level Sound Povei‘lgnl Yan Speed Fan Fundaserntal
{db re .0002 microbar) (db re 1072~ wmtts) RPM Frequency c¢/s
Angle, €
9 12,5 135 1S
Harwonic
Fundamectal | 56 92 87 g 89 R 750 50
Second 33.5 92.9 8B 83 129
T™hird 90.5 91 85 T 5 126
Foarth 9k 92.5 88.5 80 76 129
Fifth w6 g2.5 B9 82 81.5 130
Angle, &
0 12.5 45 135 A4S
Harmonic
Fundsmentsl | 36 100 98 100 21 1é3 1110 666
Second 9.5 % Q1.5 78 134
Third 85 95 a8 9% 85 i%
Yourth 0 9 93 9 83 13
Fiftn 90 92 9545 9 79 i
Angle, ¢
0 12.5 &5 13 15
Harmonic
Fundsmental {102 11 105 108 92.9 3 1400 8480
Second 89 95 Qi 90 88 135
Third 91 100 104.5 38 23.5 145
Fourth 8¢ 91 90 91 5.5 132
Fifth 88 G2 9% 89 ez 134
12.5 k5 155 1aS
![_anonic\
Fundsmental {105.5 113.5 109 106 106.5 151 1730 1038
Second 98 1 103 99 98 s
Third 99 106 101 b 99 143
Fourth g1 95 94 % 91 137
Fifth 95 9.5 93.5 9k §3.5 137
Angle, &
0 12,5 & 135  1a%
Harwonic
Fundsmental J110 111 I 106 162 150 1900 1140
Second 197 106.5 110 106 97 151
Third 102.5 10% 106 103 g8 1k6
Fourth 96 98 97 97 92 1
Fifth 96.5 100 96 93 91.5 138
SN Angle, §
\ 0 12.5 45 120 135 145 160
Harmonic
Fundamental [116  110.5 110 10k  -109.5 105 58 151 2200 112
Second 106 108 11 117 115 103 44 157
Third 102 10k.5 104 103  106.5 95 89.5 1
Fourth 100 101 99 101.5 10i.5 945 %O 1h3
Fifth 99.5 120 98 97.5 98 93 86 10
~N_Angle, 6
0 125 120 135 145 160
faoaii
Fundamental {116 110 102 112 107.5 105 149 2k10 14k6
Second 108 110 13k 109 105 103 155
Third 106 107 108 105 100 9.5 19
Fourth 102 100 92 99 3.5 92 1k3
Fifth 106 102.5 101 98 96 92 143
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TABLE 9. TEST DATA, XV-5A RESEARCH AIRCRAFT

Measurement Locstion: see Figure &9 Wessurenent Radtum: 7% £
“ctave Band
Zeteve Mand Scund Fressire Level Souni Poweg,level
{8b pe .0OOC Eizrcbar} {45 5= 15777 wmena}) fonfiguration
€,
20 5] -5 50 [24] % K 330 10 1e0 185
Jetave
3 JEONEES S U S B T 1 Ha $ o Ed 132
2 20 120.5 i3 313 215 i - Hes FEO RS pEs ) Le>] 187.9 Alrcraft in conven-
3 123 126 1235 11y ide 1 .S e 1S 105 182 LoE.h
. 25 % 23 328 UL ST BN L T B We.s 1 R
< 12§ 127 125.% Izl 16,5 1313} 114 s o6 ioe.% Lk
3 122 123 ZI., 120 L7 13 o igh .5 ks ae2
7 11 12 19,5 18 116 113 10%.5  Lin,S 15 o2 1G
8 113.5 1£.5 16,8 138 L 399 15 101§ 191 3 254,
¢ x &0 % &3 ) 7] 10 Bt W3 e 1w
Sorave
1 J€.9 316 115 12.5 1o7.s E A3 H=
2 15 12G.5 26 il 113 10 36 Rirceafe i OTOL
3 123.5 22 125 1® 116 1% H
Y pon 4 12 130 12F 128 3 168,.5
5 Pyl 3% 130 A .3 106 168
6 iy 2 LA 25 73 155 1%
7 116.5 121.% 124.5 122.% 119.5 101.% i3
8 1:3.% 1155 121.% 119.5 i16.5 3.5 10
20 &0 C 8c 10¢ 120 0 1% 10 iTo i
Octare Bar
1 85.5 85.5 8 86 Be 8.5 BE 3 gh.5 825 By &7
2 ] 3 91 83.5 B8.5 88,5 &B.3 8.3 27 27 &5 ) Aircraft ip VIGL
3 3C 34 93 93.5 %€ .2 0.5 R 9i 5 38,5 3¢ Az, Lift fans
L3 % 93 9% 9T 9% % 97 95 % ® $1 = cperating es 3E.9%
5 bod 5 97 98 3B 3% 97.%  95.5 95 *. s k.5 Rk speed (%55 PrM).
6 95 9% 97.% 100 9% n 98 96 b kS 1.5 93 EBfteh fen Sperating
? g2 33 9% 95.5 95.9 % % 97 XK. * % e ar &3 speed (1755
] 89 1 91 9i.5 Gk 10 190 00 I % jt TR T RIM}.
< 5
\%\ A % 100 10 120 130 & 156 160 70 ¢
Jetave
i 97 1.5 X o 93 93 % s X a1 5.9
2 % R 95 P % 3.5 3 ol 2 1.5 53 Arcreft in VIOL
3 9B % 97 95 9.5 96.5 & % e 5.5 9 wode. Lift fanc
'S 5 120 100 101.5 101.5 i@ 3 & 95 57 9% cperating st
5 W2 w7 w6 1 106 07 16k 102 w00 M@ 67.5% speed,
€ 104 187 6 116 135 107 w6 103 106 G& 1638 1ok fan cpersting
7 £3.5 04,5 106.5 iUk.: 30M.5 108.> 10k,5 101 96.5 102.5 102.5 &2 75¢ speed,
] 3 20,5 & 06 X 1 105 2 7 161 ¢
Angle,
156 160 :17¢ 180
(ctave Bax
1 109 x 9% 9E:
2 193 95 95.5 96.5 Afrcreft in ¥TOL
3 % 95 @5 9% wode. Lift fas
& 100 97.5 9.5 B operating at 524
b) 103 99 o) U B speed, FPltch fan
é 104 i 105 103 cpersting st g
7 103 ler 105 i0k.S speed.
8 g7 g7 101 101.5
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TARLE

11,

TEST DATA, SINGLE-STAGE

SCALE MODEL COMPRESSOR

Nesiurese:t LocaZion: m.ruun% Par Spevd: 1780 RPN
Keasurement Radius: &C ft Yar Fandamental Fregueancys 18600 ¢ss
Souni Pressure level Round Puwer Cnafigusation
(db re .0CO2 micrcher) Level,(dat (reference
re 107 watts)]| Pigure ¥4)
Asgic. 81o 5 10 15 20 25 30 35 0 45 56 55 6 6 75 T5 B0 8 90
Harmonic
Pundamental 70 75 78 75 T2 76 80 79 86 87 &3 55 87 93 85 85 77 ]
Second 7L 69 67 76 T1L T5 81 65 B4 BT 86 85 S: 8 76 TP 7L IS T
Axgle, 87700 100 105 110 115 120 125 13¢ 135 160 145 150 155 160 165 170 17% 180 Standard
Harmonic configuration,
Pundamental 79 385 86 85 87 8 91 83 83 82 82 87 86 80 86 82 83 T8 27
Secord #67673177h7h1o6776776676756970626869 121
Agie, ] 5 5 10 15 20 25 30 35 4 45 50 55 60 6 70 75 80 8 %
Harwonic
Pundamental |65 67 70 67 65 67 66 71 70 65 68 69 6L 64 61 55 57 59 56
Second 61 63 64 65 63 63 62 61 64 64 63 61 57T 55 - 53 - 53 53
Angle, & o5 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180
Harmonic
Pundamental |60 59 58 65 66 66 69 6B T0 67 TO 67 64 69 68 60 58 61 107 Stator row
Second 56 57 60 59 62 61 61 6 65 6 € 63 64 57T 61 S8 60 56 103 removed.
¢t —
Agle; 8 1o 5 10 15 20 25 30 35 0 45 50 55 60 € 70 75 80 85 90
Harmonic
Fundamentsl - T 75 T4 T3 T4 T4 81 87 89 89 86 87 89 86 84 79 81 80
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APPENDIX . JET ENGINE COMPRESSOR NOISE

FURPOSE

The purpcse of this work is to review 1lnvestigations on the generation
of noise in the compressor assembly of et engines and its subsequent
propagation. Most of the reported material is not new but has been
assemvled from works that are given in the bibliography section. It

has been edited in a manner, considered by this author, as systematic
and logical in order. The problem of the noise of a compressor assembly
cf a jet engine is reduceable to a problem of generation and propagation
of scund waves. If classical assumptions are acceptable physically,
this type of investigation turns intc an eigenvaiue protlem with the
wave equation as its field equation. Thus the previous work of others
is not essential.

Throughout Appendix I, the follovinrg symbols will be used in place of
those listed on page xv.

(x, y, 2) Cartesian coordinates

(r, 8, z) cylindrical coordinates

( g , 9,§ ) nondimensional cylindrical coordinates
t, T time, nondimensional time

c velocity of sound

W angular velocity of rotor

v stream velocity

u velocity of pressure disturbance
g vz/c

ro, r1 radii, outer and inner cylinder
@ velocity potential

ES ( ) Dirac delta function

Jns In Bessel functions

n, m, J, k sumation indexes

N, Ns number of blades, rotor, stator
h rl/ro
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Interest in the study of compressor noise of jet engines centers abuut
tne vroblem of the generation of sound in the compressor and its
subsequent propagation to aa observer somewhere in space. The gezer-
ation of noise is closely associated with the pressure fluctuations
icflicted upon the medium under comsideration by tht compressor assembly.
The propagation of poise is thus identical to the propsgation of the
pressure fluctuations. If one is interested in investigating these
problems analytically, he wouid have to describe the rnature of prop-
agation of the pressure variations by means of equations called field
equations representing faithfully this phenomeson.

The formal way of ottaining the field equations is to start with the
fundamental laws of mechanics: namely (1) the comservation of matter,
(2) the conservation of momentum, and (3) the conservation of energy.
These are supplement2d by the thermodynamic equations cf state for the
medium under consideration. If, however, it is assumed that the problem
under consideration adheres adequately to the assumptions of classicel
acoustics, the above yield the well-known wave equation

2 2

1 3°¢
Viei- 2 3w "° (1)
as the field equation for the problem.

To complete the formulation of the problem, it remains to impose
boundary and initial conditions upon it. These are usually dictated by
the geometric and physical aspects of each individual case. For a Jet
engine, for example, the boundary is the core of the engine on the in-
side and the casing on the outside. On the boundary it is reasonable to
assume that the velocity normal to the surface of the boundary is the
same as that of the boundary itself, Thus, if the core and the casing
are coansidered rigid, the velocity of the medium in the normal-to-the-
surface directiorn is zero,

Another condition can be extra:ted from the continuity of flow. Since
in classical acoustics changes of the state of medium are negiected,
then the velocity of the fluid in the axial direction should have no
Jumps or discontinuities. Therefore, it is required that the axial
velocity be continuous. The last condition is formulated from the
aection of the blades of the rotor and of the stator on the fiowing
medium. If the blades of the rotor, say, are equally spaced and if the
rotor is rotating at some angular velocity, w , then the tangential
component of the wvelocity should suffer a discontinuity every time a
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blale passes by. Thus this condition can be expressed as a finitz dds-
continuity of the magnitude of the tangential wvelocity. Now, the
analytical protlem of noise generction and propagation is caxpletely
defined by

CATE i AL

w (r)) =y (r)=0

|u2 continucus (2)

| a=20

i“}l .

£ir) S 0-w)
o

vhere u = (u), up, uz) - grad p, ¢ 1is the acoustic potential, a::dS
is a Dirac delta functioa indicating a jump.

The solution of this mathematical problem will predict how the pressure
fluctuations created by the compressor assembly propegate through the
Jet engine toward the intake and exhaust of it. Once the pressure

vaves find themselves at the open ends cf the Jet engines, they will
disperse through the surrounding space. This is called rudiation of the
pressure waves, and the manner by which they radiate wil) determine the
intensity, directivity and frequency by which they reach an observer,
Here, again, some clarifications of the boundary conditions of the
radiating surface are necessary. One simple way of looking et this part
of the problem is to imagine that the whole space is separated into two
parts by a surface contairing the rsdiating faces. The radiating fuces
(in this case the open end of the engine) are characterized by the
pressure fluctuating as predicted by the vropagation part of the solu-
tion; the rest of the surface is rigid. This is all that is necessary
to calculate the radiation field completely, outside of a description of
the medium itself.

It should be pointed out that, while the above statements contain all
the fundamental parts necessary for the study ¢f noise generation and
propagation by the compressor assembly of a Jet vongine, it is also a
simplification of the overall problem, as it will be shown subse-
quently.

A schematic representation of the problem of gereration, propagation
and radiation of noise is given in Figure 55.
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ith this brief introduction to the fundamental problem, one now can
undertske the formulaticn and solution of the et engine noise in a
systematic manper. The basic spproach is rather fixed, as indicated in
Figure 55. There is, however, quite a choice in the crder. Some
authors prefer to start with the effect of the rotor and of the rotor =
stator interaction on the solution of the field equations. Others
choose to formulate the eigenvalue problem first and obtain its
solution, then irject the rotor and rotor - stator effects to narrov the
solution to the specific problem at hand., The final results should be
the same regardless of the choice. In this review the following subjects
ghall be discussed,

(1) The formulation of the eigenvalue problem from the physical
end geometric aspects of the jet engine.

(2) The solution ard its meaning. The influence of the rotor
effects and rotor - stator interaction on the critical speed.

(3) Important aspects of the obtained solution. A discussion of
the design parameters which enter into the significant results
of the solution and if possible their effect on noise
characteristics.

The radiation of the acoustic waves into surrounding space will not be
discussed in thic report since it will be covered extensively in sub-
sequent work.,

THE MATHEMATICAL PROBLEM

The first commitment made here is adherence to the classical acoustics.
The meaning of this assumption is thet the behavior of the pressure
fluctuations is described by the classical vave equation. Inherently
this equation of acoustic waves implies that the pressure fluctuations
are very small, This is most likely an incorrect assumption, but the
price for a more accurate description is the introduction of nonlirear
terms in the field equations, which mean an e¢xtremely difficult problem
from the very start. Thus, it is probably wiser to accept the lack of
proper descriptioa at this point for the sake of accessibility to a
formal solution. Therefore, the field equation employed for this kind

of wark is
2
2 1 o)
Vig- L o
¢ ot

where ¢ is the acoustic potential, or velocity potential as sometimes
called.
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The second simplification is on the geametry of the Jet engine. The
core and the enclosure of the engine are approximated by two concentric
cylinders. The region of interest to this problem is the annulus
contained betweeu the inner and outer cylinders. Furthermore, it is
assuned that the annulus region extends from «-o tO +c in the axial
direction. The exaggeration is imposed in arder to make the subsequent
mathematical problem more accessible. It means that it is not necessary
to have any boundary conditions at same finite length from the
canpressor assembly to worry about. The introduction of this simpli-
fication has an effect on the magnitude of the reflected wave. But it
has been pointed out that this influence may be neglected without great
sacrifice to the practical aspects of the problem.

Next it is assumed that the surfaces (walls) of the concentric
cylinders are rigid. This implies. that, since the walls are non-
deformable, the mechanical vibration of the care and the enclosure of
the Jet engine are neglected. Experts claim that the coupling between
the acoustic pressure waves and the characteristics of the surrounding
structures is not of importance in the problem under consideration.

Figure 56 shows what the Jet engine looks like after the above simpli-
fications have been introduced.

Figure 56, Mathematical Model,

Now introduce a cylindrical coordirate system (r, 6, &) as shown in
Figure 56. Then the problem put in mathematical form becomes:

2
Ved-—ig :—t-g - 0 (3)
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u, (r)) =y, (r;) = 0 (%)
lu, m=0)| = 1(z) §(6-wt) (5)
ug (s = 0) = continuous (6)

vhere U, Uy u3 are the velocity components in the r, 6 and z direc-

tions respectively. Equations (4) through {6) are the boundary condi-
tions of the problem. Equation (4) i8 a consequence of the rigidity of
the walls. Equation (5) expresses the fact that the tangential component
of the velocity varies with the radius and that its megnitude contains
finite discontinuities due to the chopping of the blades. Equation (6)
states that the flow in the axial direction is continuous. Conditinn
(5) further states dependence of the velocity on the angular velocity
of the blades and also on the position of the point. Some authors
prefer to use different boundary conditions instead of (5). For
example, they assume that the pressure distribution at the plane z = 0
is known.

p(r,60 t) = £(r, 6 0, t) (7)

This is not unreasonable since one can measure the pressure at some
convenient plane and use it as a datum, This, however, commits the
problem immediately to numerical methods and also divorces the
analytical problem completely from the design of the compressor. The
choice here is mostly dictated by the experimental approach one wishes
to use., In this review the former formulation is preferred due to its
possible tie with compressor-blade design.

Introducing the nondimensional coordinates ( g , 6, (‘E ) such that

r=ro€ 'Z=ro(f ()

8 =20 t

=)

Equstion (3) expressed in the cylindrical coordinates (g, 9,5 ) and T
becomes
(9)

2 2 2
d d ol P

1 + 3 o . 9
L 3  [% 307 a2 aT?

+

32
oL
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Novus\methatﬁsﬁ(g,6,€;T)1t.‘ofthe1’am

g=x()3() Oo-w1) (10)
vhere the@ = @ (6 - wt) is suggested by ccudition (5). Further-
more, the equal spacing of all blades and the angilar velocity of the
rotor suggest that@ is periodic, and of the form

O- ein(ﬂ-vt);

therefore,
¢ =R (f) z(£r=lo-), (1)
Substituting (11) into {9),one obtains

z (£) - Ame“"‘f + Bme"m'f

R0 = Ch\ml) * % (Aml) (12)
)\.':.’m - n2w2—m2 '

and the velocity potentisl has the farm
¢ (g: 9)&:7-) = {Amemg + Bme-mg} . {Can ()\IWC)
+ DY ()\nmg)} 5 {em(e -V T)} . (13)

Now the poundary conditaons (4) through (6) are utilized to determine
the arbitrary constants introduced into the analytical problem. The
nondimensional variables introduced by equation (8) are used. Equation

(%) yie1as

d d r,
g (b, 8,£,T) = 0 p (1, 6,6,7)=0; h=—
T $ 57 B g :

o
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c gy (bA) + DY (BA) =0
' (A\y) +0Y My = O

Solving far Cn and Dn’ one obtains the characteristic equation
IO YA -3 A )Y (A) =0, (1)

vhose solution ylelds the values of )\ nm which satisfy boundary condi-
tions (4). Note again that

Ao%m =02 - 2° o mf = 23 - Am . (15)
Equation (6) requires U3 = continuous or
s =0

%% |£= or %g‘ |£° : (26)

Substituting (13) into (16),one finds that

A, = -B - (17)

Condition (5) can te approached in the following manner: consider a
vartex of intensity I..'(r) created by a blade; then

['(r) =§uaa=rojlu2 gde .

By equation (5) this becomes

P(g) - rog f(g).

Thus 2quation (5) can be written as

u2<§,e,-u,r)| -1“1(551 Ste-wr) ;
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and since there are N blades, then

Lﬂg_l 8(9+§L|1

uz(C,e,O,T)I = rog - -vT).

EMz

Introducing the potential function @, one obtains

3
34

N
wo =10 Z Sle+ 2% = wr) (18)

under the assumption of identical blades, thus equal vortex intensity
r (C ), Nov, using equations (13) and (17),

5

Then by Fourier-Bessel expansion, (18) and (19) yield

(19)
- 2 22 Amnein(e-w"-) Can(>\nm€) ¥ DnYnO\mnC’?}.
n m

=0

>

w - T LT ) ot (2
vwhere

R = ¢ (rgnl) * DF, (Am {)
is the normalized form.

Thus the completely defined solution, ¢, for this problem is

¢ (§,e.f,’r) - °§ °Z° A in {(e-w'r ) +f(n2w2_ 2“m)§}ﬁ0\nm€)

n=kKN m-1 D°%¢

(21)

where K = % = integer. This obviously is a restriction on n, which
comes from ~mathematical considerations; hut, as will be shown later, it

is physically necessary also, It merely 3ays that the index n has to
be a multiple of the number of blades, N.

110




It is possible now to draw some conclusions without considering the
rotor - stator assembly any further. Examining equation (21),it is
evident that the critical component of the solution is the exponential

term,
oln {( 6-wT) +/n2w2 ->\2nm€} ,

and in particular the coefficient of 6 « If the argument of the
radical is a positive number, then the solution in z-direction will be
sinusoidal in nature; thus the @ solution , and therefore the acoustic
wvaves, will be propagated without attenustiocn in z. If the argument of
the radical is negative, then the z-solution is exponentially decaying;
thus the acoustic waves are attenuating. Therefore, if

w>)‘—gm 3 propagation in & (22)
w<)—\—x;"E ——> decayins' (23)

and

—— =V,  critical speed. (24)

This w ° 1s quite often referred to as the cutoff speed. It depends,

so far, on the eigenvalues of the wave equation, which were imposed by
the rigidity of the boundary. It will be shown, in the next paragraphs,
that the critical speed depends on the interaction (or interference) of
the rotor - statar system, the tip Mach number, the spin velocity, etc.

THE CRITICAL SPEED

In the previous section the motion of acoustic waves in the Jet engine
has been discussed and its dependence on such variubles as the geametric
shape of the engine (through) pm), the speed of the rotor w, and the
number of blades (through n = KN) has been indicated. The influence of
the rotor - gtator assembly .and of the flow velocity on the critical
parameters om, w, 0, () and subsequently on the critical speed
wm; will be undertaken in 8 section.
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THE ROTOR EFFECTS

The formulation of the problem in the previous section it essentially
the problem of generation of acoustic waves by a rotor. .t remains now
to justify some of the assumptions made there. At first the pressure
fluctuations are creatzd by the rotating blades. Therefor:, the pres-
sure field is cspinning around with the same angular wvelocity as the
rotor. Hence if one expressed the pressure with respect to a blade,
the pressure would be expressed in terms of its position with respect
to that blade. If, however, the reference frame is stationa~y, then
the 8 component of the pressure will have to be corrected by wt, the
arc traveled by the blade in time t. Thus the dependence of the pres-
sure field on 6 and t has the general form

P(o,t)=P (6 -wt).
This is consistent with the form of traveling waves.

If the blades are assumed to be equally spaced and identical [n design,
then the pressure fluctuations will be periodic in nature wita a period
1 . n veing the number of blades. Thus the pressure functior has the
K

form

P(6,t)="P {N ( e-wt)} ,

wnich is the same as obtained previously, where the index of summation
is n = kN, k = integer, rather thann =1, 2, 3 .... As for the crit-

ical speed w;m, the previous remarks remain unchanged, for the "rotor
only" case.

THS ROTOR - STATOR INTERFERENCE

The interaction of the rctor - stator assembly is caused by the cutting
of rotor waves by the stator blades, the cutting of the stai>r wakes by
the rotor, and interference on rotating pressure patterns. ‘Thils their
; relative influence depends on the geometry of the vlades, thciiv rela-
tive distance, the aerodynamic aspects of flow, and whether une deals
with viscous wakes or nonviscous vorticity sheds, they a’l have one
common property: the same periodic recurrence. Therefore, the
periodic behavior of these interactions will be discussed first.

Consider a rotor and a stator, concentric to each other, the rotor having
Nr blades and the stator having Ns blades, both being equally spaced
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over a 2 x interval. The periodic nature of the pressure field in 6
and t is expressed by the relationship

P(6.t) =P (645, t + 1) (25)

The intervals 6 and t can be obtained as follows: Let, at time t, 8
blade of the rotor, say, number 1, be located opposite a biade of the
stator, say, also number 1. If N,. # Ng, then the rest of the blades are
not centered with respect to their rotor or stator counterparts. Since
the rotor is rotating with angular velocity w, it will take

A6 2 x 2x

v ;Ae:—-—-

Ns Ni

t = for N >>N_ (26)

time to have the next pair of rotor and stator blades centered with
respect to each other. This relatively equivalent position of the
stator snd rotor position 1is repeated at intervals of time of intergal
multipies of A 8 . Thus

= (21)

In the period of time i, the pressure pattern has traveled along from

stator blade 1 to a neighboring stator blade, say, 2. The arc interval

is obviously 2 x . As the rotor rotates by another A 6, the pressure
N

s
pattern shifts by another 2 x . Therefore,

(28)

o 8 5.1 R
W= — = W= —w (29)
t Nr Ns AN
Next it is realized that the period on 9 1is _§_£; thus, in view of the

comment under "The Rotor Effects", one can express the pressure field as

» (6,t) =\/,/(e-€z t) £ (t) (30)

where f (t) is a time function due to the fact that 6 and t do not
rotate. However, since the frequency on time is , £ (t)

WINEA
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muy be expanded in series

£ () = %‘. Rty —‘;—t (31)

and consequently (30), after similar expansion, ylelds

1IKAN(6-wt) -2rij—— t 2
P (6,t) = ;,Zke (6-wt) _ = (32)

or
Plo) - F oHANO ot (ke + 22 3) & . (33)

ExaminatZon of equations (32) and (33) yields the following information:

(l) The pressure field rotates with angular velocity
Nr
T (34)
b o 8
in distinction to w for the pure rotor case.
(2) The general expression of the harmonics generated is given
by
- 2 n Nf Ns
v (kAN + 5 J) = w KN +Jd—x—]° (35)

Equations (32) and (33) define the nature of the acoustic -potential in

6 and t for the case of rotor - stator interaction. The wave propagation
for this case is identical to the problem solved previously except for
the

component, which assumes the form given by equations (32) and
(33).” Thus the potential is given by

s EEE apmemimbonadh ont)
(36)
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vhere row the coefficient off 5 kk m is given by
2
N_N i/2
_ r s 2 2
Kem = [(kNr+'j AN ) LA nm] (37)

with the restriction on n= k . N, n = integer.

The critical speed, in general, will be

° Xnm AN
we = . —_ . (38)
nm kNrAN + 3 Nr Ns

Assuming § = O, since it appears that the contribution of the J's will
be in high harmonics, one obtains

oo Amo_ a8 (Qm (39)
r

nm kN n
bo

Equation (39) compared with equation (24) indicates that the critical
speed changes by a factor of AN/ Ny, with frequencies of the interaction
between rotor and stator being harmonics of N, w (of the pure rotor
case), for the case of J = 0.

THE EFFECT OF CONSTANT SUBSONIC ¥LOW

So far, the problem under consideration has been for sound propagation
in a medium standing still. The case of the stream moving with a
velocity ¥V ,/ ¥/ <C, subsonic and constant in magnitude will be
developed. The same result may be obtained if one considers the medium
at rest and the sound source moving with - ¥ velocity. The field
equation to start with is the same,

2 1 8295
§7 ¢ - = 0,
c2 at2

and the position of the source is (x* (t), y* (t), z* (t) ). Intro-
ducing the new variables,

Xx = x-x% (t)

Yy = y-y* (t) (40)
z = 2z -2% (1)

t = tl
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The transformatior introduces the change in @:

) (x; Y, 2, t) = ¢{i + x*¥(t), yey* (t); z 2% (t); t} o (41)

Substituting into the wave equation, one obtains the proper form of the
field equation for a moving medium:

2 2 -
v ¢- :—tg+ 35 {2(%.(7) %{-’— - (WNwWy) g+ ( g{.v)gﬂ} =0.
c
(k2)

o_ |+
)

Uniform Axial Flow

This case is characterized by

v=[0 0 v,] (43)

vz = constant .

Substituting equation (43) into (42) yields

2 2
2 1 322 ov, d° '] i’ ° ¢
i; ¢ cJ - + Z - P = O . (uh’)
o a2 02 otoz 2 d ‘i?

Introduce now the variables in cylindrical coordinates

Eot

r:rc H 2:1‘ S AR
(o]

0= 6 ; t=r —_— ; Pp= - (45)

and the field equation assumes the form

2, & 2p 32
v 5% — Sgor

]
(o]

(46)
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The solution to equation (46) is obtained, as shown previously, by the
method of separation of variables, and is of the sime form as equation
(21). The difference is in Z, where the factor 5 1s included

l1-8

1n1§.and7r.
Thus

p(l, 66,1 =2 Z 4 (e -3 amdl; Am8) ()

m

and
w
1- g2

N2 \2 H )
amzn{tK ¥ ) _ Z\.gl_:l _ s b, (18)
1- p2 n2(1-6°) 1- g2

The critical speed is obtained by setting Qpy =.0; thus,from equation
(26), one gets
- 0 Xm

w -

o - An (49)

ie =f1-82 -@ (50)

This indicates that the critical speed or cutoff speed decreases as vg
or B increases. Similarly, one can obtain the effect of moving medium
on the rotor - stator system. The critical or cutoff speed in the case
of a one-stage compressor becomes

Vv 1- g2

W =

or

wo = A (51)
A m¥-+JNsNr
AN

in contradistinction to equation (38). For more complicated cases, such
as the inclusion of swirl velocity, one proceeds in a similar way by
introducing a set of variables, as in equation (u44), where
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®-=r 6 7 T 7 = 9 (52)

1-72

vhere v¥* 1s the swirl velocity.
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APPENDIX II. THE INCOMPRESSIBLE PRESSURE FIELD OF A FLAT PLATE CASCADE

Weinig (reference 20) concluded tha’ the incompressible, inviscid flow
performance of any cascade could be described in terms of an "equivalent
flat plate cascade". Weinig and many others, including the present
author (references 12 and 13), have developed techniques for quantitative
demonstration of the equivalence between real cascades and flat plate
cascades. With the help of modern computing machinery, some of these
methods could be used to evaluate pressure fields for real cascades. For
qualitative evaluation, however, consideration of the flat plate cascade
can be useful.

The development of reference 20 shows that the field of velocity coan-
ponents of a flat plate cascade (Figure 57) may be described parametrically
in terms of a "picture plane", Figure 58.

3

weu - iuy =c i (53)

g:

U

+ g2iP §+ 1 + ih (54)

X, y_1_
s T 5" oxn {]” lng-l+ih

Suitable algebraic expressions are available relating picture plane
paraaneters h, ’ to the physical plane geometric paraneters u_ and

B, and the aefb&ynamfc variables B, and B,. The identification of®

values of the paraneter corresponding to physical plane points on a
desired contour, such as a vertical line at a specified distance from

the cascade, is a formidable job for a desk calculation, but can be done
expeditiously with the help of the IBM 7094 computer. Some representative
results are shown on Figure 2. It is clear that the magnitude of the
velocity fluctuations seen by an observer moving parallel to the cascade
axis diminisl::s very rapidly with distance, either upstream or downstream.

An analytical expression for the decay rate may be deduced from equations
(53) and (54) . In the region far upstream froa the cascade, equation
(54) is effectively

x Y (55)
e ln(§+l-ih) e, -
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If the vector distance of the parameter g from the inafe of upstrean
infinity, (-1 + ih), is expressed in polAr form, r (e)i®

ln(§+1-1h)=lnr+19 (56)
so that the distance between two points (xl, yl) and (x,, y,) 1s
X, = X Yo - Y e, -6
2 1 2 1 1 2 2 1
5 +1 5 —-é—’(—-ln-r—l'-&i x| (57)
Then, if the two points have the same ordinate, (y, = y;),
r (x, - x,)
.2.: exp 2% .2____1. . (58)
r, 8

Equation (53), conveniently expressed in logarithmic form, can be
developed as a Taylor series based on the image of upstream infinity:

W=ln(u -1 u )=lz ¢ + In (- gs) - 1n (Z-ZL)

=W +I:(°l+ih) T1+1h7 ](§+l-1h)+0(§+l-1h)
Z_ tL (59)

Neglecting the quadratic and higher order terms, and using the polar
form for the vector distance, as in (56),

ie
W-W, =c're o (60)
It is also convenient to use a polar form for the velocity vectors

u -1iu =ve'1¢
x Y

W=1lnv-1¢
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Now, applying (60) and (61) to a point far upstream from the cascade,
vwhere the local velocity magnitude is not much different from that at
infinity,

v v -V,
lnv. -1(¢-B¢,)=ln(1+-7”——-).-1(¢-6~)
7 - Vg

'-3'7.——'-1(9’-3..)

= r'[ée (¢') cos ® - Im (c') sin é}
+ in [ZRe (c') in @ + Im (c') cos é]-(62)

Then the real part of (62) may be applied to the two points (xl, yl) and
(x2, Yé) with the same ordinates (ye:yl):

V2 o V‘
Vv
« T
2
== . (63)
V] " Ve 1l
V~
Now, substituting (58) into (63),
Vo, =V (X -X )
2 " w 2 "1 o
RO "
Vl - Vu 8 \

It (x2, ya) is farther from the cascade than (x,, y,), the exponential
is negative, demonstrating a rapid decay rate. lThi rate is approxi-
mately a factor of 530 for each blade spacing away from the cascade,
which is consistent with Figure 2. The rate is also approximately

55 db for each blade spacing, and appears to be quite close to Figure
14 of reference 18.

The analysis downstream of the cascade is similar, except that the log-

ari?hm)in (55) 1s negative, which leads to a sign change in the exponent
of (64).
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APPENDIX III. SUBSONIC COMPRESSIBLE FLOW INFLUENCE ON THE
PRESSURE FIELD OF A CASCADE

In the stucy of noise generation and propagation from the compressors
and fans of aircraft jet engines, one of the mechanisms investigated
has been the inviscid pressure field associated with an isolated cascade.
Reference 18 #ives a treatment of this feature which makes it appear to
be fundamentally dependent on cylindrical geometry. Actually, the sub-
sonic results appear to be primarily two-dimensional, as can be seen in
the following analysis based on the Karman-Tsien approach.

A logarithmic hodograph plane, Figure 59, is the basis for the quasi-
conformal transformation relating the complex velocity potential, the
compiex velocity, and the physical plane ccordinates, Figure 60, far
away from a cascade. In this plane

(- ao- 1 (65)

represents the flow conditions without the disturbances due to indi-
vidual blades.

=0 - O -i()\-ﬂ,) (66)

='- ik '

represents the disturbance velocity, which, if related to physical
plane coordinates, produces the sound sensation. The compressible
velocity function, w , is related to the ratio of the actual velocity
to the undisturbed velocity, Y_,with the Mach number M of the undis-
turbed flow as parameter, by *®

(67)
w .
A suitable complex velocity potential is
o = f +1x
-rep (o) /2xm (L) +0 (L. (68)

In the regime of interest, the terms O (C') may be neglected in compar-
ison with the logarithm.
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The transformation fram hodograph plane to physical plane is defined
by

¢xtyy) _ |pexp (- '>az; / (£ , (69)
[. 1/ [Béxp (L") exe (20e) al] 7 (axl).

The constant B is the same in equations (68) and (69) and is to be
determined so that one circumnavigation of ( ., in the hodograph plane
corresponds exactly to one movement across B blade space 3 parallel to
the cascade. This condition is satisfied if the real and imaginary
points of B are respectively

_lee 2wy ) cos L (79)
B = 1l - exp oo 1

__exp (2 sin 2 L
By = l - expm%—h%) 16 (12)

A useful measure of the decay of the pressure field of the cascade
going away is the ratio of the disturbance velocities

! - -
Vi, =Y = Yo

(12)

v'2=v2-vm,

found at distances x and xp fram the cascade. Using (66) and (67),
this ra*io becomes

va"b:ve/"oo -1
v, = Yo vll%o -1

[u exp (@',) exp ( ) J1 - Ma_oel- 1 (73)

= [h - exp (2 @',) exp (anco)] ti_q;

[hexp(w'l) exp (@) Y1 -Mgs|-1

[4-em (20') e (2)] My

L

(73) may be simplified considerably by using a relation between w
Mg implied by (67). The end result is

Cl,a.mi
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v -y, [ (ef) -1 b+ exp (') exp (2o, ) (74)
V] - w exp (o) -1/\F+exp (0',) &P (20e ) /°

For
o', <L 1,

a further simplification is possible:
v -v~~m'2 . (76)
VitV T

s

A path of integration for (69) which is restricted to real d g andg
serves to identify a locus of maximum velocity difference from the free
stream; then, retaining the restriction {£&8),

d(x 2 1y)_ ;“ {B - 1/4 B (cos 2B, - i 8in 2@ )] o (M

or 2
[1 -2 (1/2 exp ) cos 25«:] (o 'y/e ') (78)
1 - (1/2 exp a).,)u
(1/2 exp “’..)h n(w'y/e'y)
. .

1 - (1/2 exp a)‘,)h
Inverting (78) and substituting in (76),

2x (x, - xl) /s =

2x (A - A1) 1 - (1/2 exp a)..)h
= 1-2(1/2 exp m.,)é cos 2Bep + (1/2 exp a,)
(79)

which is equivalent to equation (64), Appendix II, for the limiting
case of zero Mach number.

exp N
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APPENDIX IV. ACOUSTIC PRESSURE FI1ELDS DUE TO INTERFERENCE
BETWEEN SUCCESSIVE BLADE ROWS

ROTOR - STATOR INTERFERENCE ANALYSIS

Several investigations (references 3, 15, 18) have studied the possi-
bility of production of propagating sound waves duve to rotor - stator
interference. All three of these analyses are quite similar and lead
to, among other results, the concept of a cutoff frequency given by a
rather complicated expression, involving the radius ratio of an annular
configuration and one or more Bessel functions, usually of high order,
Same of these analyses have been supported by experimental investiga-
tions confirming the existence of a cutoff frequency. The extent of
experimental confirmation has usually been rather slight. Other
experiments often show that rotor - stator combinations are noisy over a
wide speed range, with no particular speed at which the npise produc-
ion changes quantitatively. Consequently, a tentative conclusion was
reached, that the interference model may have been unrealistic or
that the sophistication of the analysis might have hidden the essential
meaning of the phenomena being studied.

A different model is proposed, which will permit a study of sound wave
propagation due to interferences between adjacent blade rows, without
dependence on a cylindrical geometry. Analysis of the model may be
separated into two parts: (1) production and propagation of a cylin-
drical wave, starting from a cylinder the minimal size of the stator
leading edge (this enalysis is made for a statar following a rotor,
but is expected to apply also to a rotor following an inlet guide vane
row); and (2) interaction and combination of cylindrical wave fronts,
with periodically spaced and time-sequenced origins, to form plane
wvave fronts which can propagate without attenuation.

The wave front chosen here as a fundamental component is cylindrical
to represent the signal propagation from an interference condition over
the entire blade span at the same time, This is inconvenient in that
the cylindrical wave does not have a simple acoustic potential like
those for plene and spherical waves (reference 6, pages 127 - 128,
163). However, the techniques of the unsteady flow method of charac-
teristics (reference lh, pages 933 et seq) may be adapted to study

the propagation of a cylindrical wave with the initial conditions: zero
particle velocity at zero time for all radii; sinusoidally varying
particle velocity at the initial radius for one period, followed by
zero particle velocity thereafter. The FORTRAN source list for this
computer program follows the analysis. Realistic numerical results
from this program have not yet been obtained.
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Figure 61. Equal Rotor and Stator Blade Numbers.

The summation of cylindrical wave fronts to form a plane front requires
a determination of the proper time relationchip between reference
points on interference signals originating on successive stator vanes.
The simplest situation occurs when the number of rotor blades is the
same as the number of stator vanes (Figure 61), Then interferences
take place at the same instant or all stator vanes, The symmetry of
the situation indicates that the individual signels will combine tc
form a plane wave front parallel to the blade rows, which propagate

in the axial direction away from the blade rows. The next more complex
situation occurs when the number of rotor blades is slightly different
from the number of stator vanes, and when the time required for a
signal to travel from the leading edge of onme stator to the leading
edge of the next stator is coanstant.

/ /,s’;////
VYV

Figure 62. Varying Rotor and Stator Blade Numbers.
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In Figure 62 the number of rotor blades is greater than the number of
stator vanes, in the ratio 5 to 4. Interferences occur later on each
successive stator vane in the direction of rotation, by an interval
one-fifth of the time required for one rotor blade to move from one
stator vane to the next. 1If this time delay is less than the travel
time of a signal from cne stator leading edge to the next, the sigmai
continuing down a stator vane passage will be a combination of the two
eignals. If, however, the first signal reaches the next leading edge
before the signal starts there, there will be no intersection between
the waves. Instead the signals will travel independently.

Although none of the cutoff frequency analyses states this explicitly,
it seems likely that this lack of wave intersection may be the mecha-
nism behird the cutoff frequency. Some qualitative study has suggested
that wave interactions leading to plane wave formation mey occur
between signals originating farther apart in time. Quantitative confir-
mation of this possibility i1s one of the objectives of the computer
program that follows. Such confirmation might imply a desirability of
revising the cutoff frequency concept.

THE METHOD OF CHARACTERISTICS FOR CYLINDRICAL WAVE PROPAGATION

Propagation is based on the following equaticns (reference 4, pages 1,
15, 28, 29) relating dependent variables (pressure, p; density, p ;
sound velocity, c; and particle velocity, u) in terms of independent
variables (time, t; and radius, r).

Continuity:

TSP SN @

Momentum:

%%+ua‘;+% -%E:O (81)
Isentropic flow of a perfect gas:

P = b7 (82)
Definition of sound velocity:

- A (83)

&
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Ao

or

g%ﬁ =(y -1) %2’ =(y-1)dlnp (834)

g ? oo o

(80) may also be written

o(ru) % _
——g%'+ -%' or tY 73" 0

or

a:tmo PR +;+%ur.=o, (85)

The potential velocity and densiiy are to be continuous, single-valued
functions of radius and time, so that an exact differential formulation
is pcssible:

d 1lnp =%m-dr+%—qe—dt; (86)
du =%dr+-%dt. (87)

Fquations (84), (85), (86), and (87) are to be taken as simultaneous
equations for the partial derivatives Olnp , Olmp , Ou, Jdu. A

typical derivative, _g%, may be expressgg in deggrminaﬂ%rfo;éggs
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1l c 0

2 0 u 1

r

du at 0 0

d(1np ) 0 d dt (88)
du _ u 1 0 )
or 1 0 u 1

a dt 0 0

0 0 d_ a,

The principle of the method of characteristics is that ’%}%’mﬂy not dbe
uniquely defined if the denominator vanishes; i.e., if

%% =u+ec . (89)

For present purposes, attenuation will be confined to cases where u
may be disregarded in comparison with ¢, so that

dr
T - rc¢ o (90)

Thus, lines along which

r=r +ct (91)

)
are lines across which there may be a discontinuity in :, or any
other of the partial derivatives, or, put in a different Way, lines
along which an acoustic signal is transmitted.

d
If u is to be continuous along a line such ass 12, : may not be
infinite, so the numerator of (88) must also vanish, = Using the plus
sign in (90),
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0 1 2 0
-u 0 u 1

du it o 0 =0 (92)

d(lmp ) O c dt

or making use of (83A),

2 uc _
dn+—7T dc+T dt = O . (93)

(93) defines the relation between changes in c and changes in u along
lines such that radius increases with time., Alternatively, if the
minus sign in (90) had been used in (92), a result would have been

=du +

2 uc
spde+ - dt= 0, (94)
vhich gives the relation between changes along lines such that radius
decreases with increasing time.

The process of exploring the propagation of a wave involves specifica-
tion of u on all radii at zero time, and over all time at the initial

radius. Then (93) and (94) provide the necessary relations to comstruct

the field at all times.
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PORTRAN SOURCE LIST FOR CYLINDRICAL WAVE PROPAGATION

CCYLWVPRP CYLINDRICAL ACOUSTIC WAVE PROPAGATION
DIMENSION U(60+100)sCTR(60: +DISTL1I0U)+STORE(491830)sLIST(60)
1 JSTOR(4+1830) sALIST(10+60)9sJLIST!10U+60)sRATIO(100)BLIST(60)
DIMENSION X{101+7)sVX{101}eVY(101)sVR{101)+VANG{101)9sVNORM(101)},

1 VTANG(101)

DIMENSION BCD(11)sTITLE(B) sLABELL(T)2LABEL2(T)9sLABEL3(T7)eLABLLG(T)
1 sLABELS{7)sLABELGO(7)sLABELT7(2)

COMMON U JSTORsCTReDIST +BLDSPD+SPACLE +NBLADR o+NBLADSIWAVE s RAV 9 KPRINT
1 sNPRINToNDIST oKDISTsRATIOJ9J10J29J30111 +DRsyGAMMA»GAM] 9 SDVEL »

2 GAM11
EQUIVALENCE (ALISToJLIST+BLIST) o(UsSTORE) »(XsJSTOR?} ¢ (VXeJSSTORI10Q2)
1 Yo (VY 9 JSTOR(203))9(VRsJSTOR(3041) s {VANG»JSTOR(405) )+ IVNORM+JST

2 OR(506)) s (VTANG»JSTOR(607))

TABLE LIST (15+$(SOVEL+RAD+TIME +NTIME+RADENDs GAMMASRATI10»

1 BLOSPD s SPACE +NBLADRoNBLADS sDIST ¢ WAKE sLTAPE +KL1ST) )

TABLE BCD{66HTIME ACOUSTIC PARTICLE VELOCITY / INITIAL DISTURBANC
1E VELOCITY )

TABLE TITLE(48HCYLINDRICAL ACOUSTIC WAVE PROPAGATION ANALYSIS

TABLE LABEL1({42HBLADE SPEED 7/ SOUND VELOCITY =)
TABLE LABEL2(42HWAKE THICKNESS / BLADE SPACE =)
TABLE LABEL3{42HNUMBER OF ROTOR BLADES =)
TABLE LABEL&4{42HNUMBER OF STATOR VANES =)

TABLE LABELS(42HDISTANCE FROM STATOR LE / BLADE SPACE z)
TABLE LABEL6(42HANGLE OF MAXIMUM PARTICLE VELOCITY (DEG) =)
TABLE LABEL6(12HVNORM VTANG 1}
IF(SENSE LIGHT 1148s1
48 GOTO(37+49+38+38) »KERROR
49 KERROR=3
GOTO 142
1 10F=1
KERROR=1
GAMMA=1.4
SDVEL=1120.
NTIME=50
LTAPE=0
CALL DINGILIST+IOF}
IF(SENSE LIGHT 1112
2 DR=TIME/FLOATF INTIME)#SDVEL/2+./RAD
NPRINT=LCOUNT(1+100sRATIO»1}
KPRINT=1
GAM]1 = (GAMMA-1.)/2.
GAM11 = -GAM]
DT=TIME/FLOATF (NTIME)
IF{SENSE LIGHT 2144444
44 REWIND 6
IF(LTAPE) 393480
3 JSTOR(1s1)=1
JSTOR(2+1)s0
JSTOR(3+1)=0
JSTOR(4+1 )=0
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STORE(1+1)=],
STORE(2+1)=0,
STORE(3+1)=0.
STORE(4+1)=0,
JBEFOR=1
JFIRST=2
111=0
LANE=1
JLANE=]
ARG1=64283185/FLOATFINTIME)
ARG=ARG]
JSTOR(1+JFIRST)=JFIRST+I11
JSTOR(2 s JFIRST)=JBEFOR+I111
JSTOR(3»JFIRST)I=O
JSTOR({4 s JFIRST)=0
STOURE(L1+JFIRST)=STORE(1+JBEFOR) +DR
STORE(2+JFIRST )=STORE(2+»JBEFOR) +DR
STORE(3+JFIRST =0,
STORE(&4»JFIRST)=0,
J=JF IRST
J1=2JBEFOR
J2=0
J3=0
JJI1=31+JLANE

5 IF(JSTOR(&49JJ]1 1199996

6 J2=)
J3zJyl
JzJ+l
JlzJ1+1
CALL CYLWVE

7 GOTO 5

9 JSTOR(1sJ+1)=0+1+]11
JSTOR({2+J+1)=0
JSTOR(3sJd+1)=Jl1+111
JSTOR(&G4sJ+1)=U+]11
STORE(19sJ+1)=1e
STORE(29J+41)=STORE(2+J)+DR
GOTO(13+12912912) sLANE

12 STORE(3sJ+1)=0.
GOTC 14

13 STORE(3sJ+]1)=SINF({ARG)

16 STORE(49J+1)=STORE(G9J)+GAMLI#(STORE(39J+1)-STORE(3sJ)+(STORE(3I»J+1
1 )/STORE(19J+1)+STORE(3+J)/STORE(1sJ))%DR/2.)
GOTO (10s16917517)sLANE

10 ARG=ARG+ARG]
IF(ARG-6+283)11+15915

15 LANE=2
ARG = 00

11 JBEFOR=2JFIRST
JFIRST=J+2
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23

16

22
17
39
18
40

19

20
25

26
27

g
1

41

43

42

28

GOTO &

LANE=3

JLANE=2

IF(RATIO(1)~14139939422

LANE =4

GOTO 11

JSTOR(2+J+1) = J2 + 1 +I111
IFISTORE(19J)~RATIO(KPRINT)}24+18+18
JJ = U+l

GOTO 40

JJ = J

KLIST =JJ~JFIRST + 1
RATIO(KPRINT)I=STORE(19JJ)*RAD
KK=KLIST

JLIST(1+KK)=JSTOR(19JJ)}
JLIST(29KK)=JUSTOR(29JJ)
JLIST(3+KK)}=zJUSTOR(39JJ)
JLIST(49KK}=USTOR(G 9 JJ)
ALIST(S59KK}=STORE(19JJ)
ALIST(6sKK}=STORE(29+JJ)
ALIST(ToKK)}=ALIST(6+KKI-ALIST(SKK)
ALIST(B+KK}=STORE(3+JJ}
ALIST(99KK)}=STORE (49 JJ)
ALIST(10oKK}=ALIST(BsKKI®RALIST(S59KK }
CTR(KK)}=ALIST(7+KK)}*RAD/SCVEL
IFIKK=~1)21921+20

JJdd=4J

JJu=JJJ-1
IF(JSTOR(19JJJI-JUSTOR(3+JU)1126927425
CALL ERROR

JJd=JJJ

KK=KK-1

GOTO 19

WRITE(3910U0)SDOVEL s GAMMA sRAD sDRsDOT s TIME» ( (ALISTIKIKK }»

K=1910)sKK=19oKLIST)
KPRINT=KPRINT+1
DO 41 KK=1eKLIST
BLIST(KK)=ALIST(10+KK}
CALL FNWTB(6s19BLISTKLISTSIERCOD)
IF(IERCOD~3)42943+43
WRITE(3+1001}KPRINT» IERCOD
SENSE LIGHT 2
GOTO(11911922+23+38)sLANE
IF(KPRINT-NPRINT)24+24¢45
IF(JSTOR(29J2) 11191148
JJd=1
JHOLD=JSTOR(1s1)
NMOVE=1
JMOVE=JJJ+NMOVE
DO 29 I=1s4

139



29

32
30
31
33
34

35

36
37

38
45

47

46
80

79

x % £ %

82
81

83

JSTOR(14JJJ)=JSTOR( 1 s JMOVE )
STORE ([ 9JJJ;=STORE ( I » JMOVE )
NENENRNLS

JMOVE » JMOVE +1

1F (JMOVE-J)32+32+33
IF(JSTOR( 3+ JMOVE) 128428430
IF(JSTOR(3+ JMOVE } -JHOLD)28+31+28
JHOLD=JSTOR( 1+ JMOVE )
JMOVE = JMOVE +1

GOTO 28
1112JSTOR(1 s JJJ=-11-JJJ+1
JFIRST=U4JY

JJJ=J00-1
IF(JSTOR(49JJ3}1135+35434
JBEFOR=JJJ

DO 36 I=JFIRSTsJ

00 36 [Iz1s4

STORE(I1Is1)=0.
JSTOR(IIs1)=0

GOTO &

LANE=S

GOTO 18

CALL EXIT

CALL FNWTB(6+2+CTRoKLISTsRATIOsNPRINT s IERCOD)
IF(IERCOD-3)146+47+47
WRITE(3+1001)KPRINT

GOTO 1

IF(LTAPE}1+80+80

REWIND 6

KERROR=2

DO 79 [=1,7320

STORE(11=0.

DO 81 KPRINT=1sNPRINT

CALL FNRTB(641sUl1+KPRINT)sKLISTs IERCOD)
IF(IERCOD-6)81+82+82
WRITE(3+1002)KPRINT » IERCOD
GOT0 1

CONTINUE

CALL FNRTB(6+2+CTRsKLISTsRATIOsNPRINT s IERCOD)
IF(IERCOD-6)84 483483
WRITE(3+10U2)KPRINT s IERCOD
GOTO 1

SPACE IS THE DISTANCE BETWEEN TWO STATOR VANES.

84

BLADR=NBLADR
BLADS=NBLADS
NDIST=LCOUNT (1+1004DIST 1}

TMEVNT REFERS TO THE TIME BETWEEN INTERFERENCE EVENTS ON ADJACENT
STATOR VANES.

CYCLE REFERS TO THE TIME BETWEEN PASSAGE OF SUCCESSIVE ROTOR
BLADES PAST A POINT.
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»

TIME REFERS TO FASSAGE OF A BLADE WAKE PAST A POINT.
TMEVNT=(BLATR/BLADS-1. ) #SPACE/BLDSPD
CYCLE=SPACL#BLADS/BLADR/BLDSPD
T IME=WAKE /8LDSPD
DO 147 KL IST=]1sNDIST
NAXIS=DIST(KDIST}/SPACE#20,

NAX1SaXMAXOF (NAXIS30)

CYCTIM GIVES THE TIME AFTER THE START OF SOME SINE WAVE SIGNAL

AT THE SOURCE WHEN A SIGNAL REACHES THE POINT BEING STUDIED.

CYCTMM SIVES THE TIME WHEN THE END OF THE SIGNAL REACHES THE POINT.
CYCTIM=MODF (DIST(KDIST)/SDVEL sCYCLE)

LANEL1=1
CYCTMM=CYCT IM+TIME
TF(CYCTMM=-CYCLE)101+101+100
100 CYCTMM=CYCTMM~-CYCLE
LANE1=2
101 CYCTX=0,
DO 108 JCYC=1»100
VY{(JCYC) =0,
GOTO(105+102)sLANE]
102 IF(CYCTX-CYCTMM)103+103+104
103 CALL BILAGICYCTX-CYCTIM+CYCLESDISTIKDIST)®#SPACE +»UCOMP)
VX{JCYC)=UCOMP#RAD/DIST(KDIST)
GOTO 108
104 LANE1l=]1
106 VX{(JCYC)=0,
GOTO 108
105 IF(CYCTX-CYCTIM)106+106+107
107 LANEls=2
GOTO 103
108 CYCTXsCYCTX+CYCLE/100.
150 DUM = DUM
DO 133 KAXIS=1sNAXIS
AXIS=KAXIS
DISTTsSQRTF(DISTIKDIST ) ##82+AXISu#2 ) #SPACE
CYCTIM=MODF (DISTT/SDVEL+CYCLE)
SINANG=SPACE®#AXIS/DISTT
COSANG=DIST(KDIST)/DISTT & SPACE
TIMPLS=CYCTIM+TMEVNT#AXIS
TIMMNS=CYCTIM-TMEVNT®#AX IS
148 IF(TIMPLS)109,110s110
109 TIMPLS=TIMPLS+CYCLE
GO TO 148
110 IF(TIMPLS-CYCLE)112+111s111
111 TIMPLS=TIMPLS-CYCLE
GOTO 110
112 IF(TIMMNS)113s1144114
113 TIMMNS=TIMMNS+CYCLE
GO TO 112
114 IF(TIMMNS-CYCLE)116+115+115
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115
116

117
118

119
120

121

122
123

124

125
126

127
128

129

130
131

132
133

134
135
136

TIMMNS=T IMMNS-CYCLE

GOTO 114

CYCTX=0,

TIMPLX=TIMPLS+TIME

LANE1l=}

IF(TIMPLX-CYCLE)118+118+117

LANE1=2

TIMPLX=TIMPLX-CYCLE

DO 124 JCYC=1,100

GOTO(122+119)sLANEL
IF(CYCTX-TIMPLX)120+120+121

CALL BILAG(CYCTX=TIMPLS+CYCLEsDISTT »UCOMP)
VX(JCYC)=VX{JCYC)+UCOMP#RAD/DIST(KDIST ) #COSANG
VY(JCYC)IsVY(JCYC)-UCOMP#RAD/DIST(KDIST ) #SINANG
GOTO 124

LANE1=1l

GOTO 124

IF(CYCTX=TIMPLS)124+124+123

LANE1=2

GOTO 120

CYCTX=CYCTX+CYCLE/100.

CYCTX=0,

TIMMNX=T IMMNS+ T IME

LANE1=1

IF(TIMMNX-CYCLE 12691269125

LANE1=2

TIMMNX=T IMMNX-CYCLE

DO 132 JTC=1y100

GOTO(130+127)sLANE]
IF(CYCTX-TIMMNX)128+128+129

TCALL BILAGICYCTX-TIMMNS+CYCLESDISTT sUCOMP)
VX(JCYC)=VX(JICYC)+UCOMP#RAD/DISTIKDIST ) #(COSANG
VIJCYC)=VY (JCYC ) +UCOMP#RAD/DIST(KDIST ) #SINANG
G010 132

LANEL1=1

GOTO 132

IF(CYCTX-TIMMNS)132+1329131

LANE1=2

GOTO 128

CYCTX=CYCTX+CYCLE/Z100.

CONT INUE

VRMAX=0,

DO 140 JCYC=1,100
VRIJCYC)=SQRTF (VX (JCYC)##24VY( JCYC) #%2)
FF(VX(JCYC))13491359136
VANG(JCYC)=3.14159

GOTO 137

VANG(JCYC)=SIGNFIVY(JCYC)s1+5708)

GOTO 138

VANG(JCYC)=0,



137 VANG(JUCYC)sVANG(JCYC)I+ATANF (VY (JCYC )/ VXIJCYC))
138 VRMAX=MAX1F (VRMAX sABSFI(VR(JCYC)))
IF (VRMAX-ABSF(VR(JCYC)))13991394140
139 LVRMAX=JCYC
140 CONTINUE
DO 141 JCYC=1,4100
X(JCYC+1) = O1#FLOATF (UCYQ)
VNORM{JCYC)=VR(JCYC ) #COSF (VANG( 2CYC )=VANG(LVRMAX) }
141 VTANG(JCYC)=VR{JCYC)#SINF(VANG(JCYC)=-VANG(LVRMAX})
X{(1l) = Q.
VX(131)=vX
VY (10l1)=vY
VR(101)=VR
VANG(101) =VANG
YNORM (101 ) =VNORM
142 VTANG(101)=VTANG
CALL ORG(Oe95¢)
CALL SCALEM(1¢690e9+VRMAXs=VRMAX916e910.)
CALL XAXISA(Oes0e9BCD(1)9=4+]160+0.)
CALL YAX‘SA(O. "‘50'8(0(2)'57'1000900’
CALL SYMBLA( 7591009021 sTITLE204946)
CALL SYMBLA(10e99¢59¢149LABEL100e+42)
143 XPLOT=BLDSPD/SDVEL
CALL NUMBRA(15¢299¢59¢14sXPLOT+0e93)
CALL SYMBLA(10e99¢29e149sLABEL2+00e+42)
144 XPLOT=WAKE/SPACE
CALL NUMBRA(150299¢290149XPLOT9001+3)
CALL SYMBLA(10e98e990149sLABEL3+04942)
CALL NUMBRA(1542+8099¢1498LADR90es-1)
CALL SYMBLA(10e98eb690149sLABEL490ev42)
CALL NUMBRA(15¢2+80¢690144BLADS»0e9-1)
CALL SYMBLA(10e98e¢310149LABELS 0042}
145 XPLOT=DIST(KDIST)/SPACE
CALL NUMBRA(15¢298¢390149XPLOT+0492)
CALL SYMBLA(10e98e9elésLABELO90+942)
146 XPLOT=VANG(LVRMAX)#57.296
CALL NUMBRA(152+8¢090149XPLOT90e92)
CALL LINE(XsVNORM,101+1)
CALL LINE(XsVTANG»101s1)
CALL SYMBLA(X(LVRMAX)=0259VNORM (LVRMAX }+405+¢149LABELT(])

1 0e95)
CALL SYMBLA(X{LVRMAX)-e259sVTANG(LVRMAX)+e059¢14sLABELT(2)
1 Ces5)

GOTO (147+147+38+38) »KERROR
147 CONTINUE
GOTO 1
1000 FORMAT
RESTCRE
CYngDRlCAL ACOUSTIC WAVE PROPAGATION ANALYSIS
SPAC

143




SOUND VELOCITY
GAMMA
INITIAL RADIUS
RADIUS INCREMENT
TIME INCREMENT
TOTAL WAVE DURATION
SPACE
PN PNRC PNDG PNLC
Xsy
SPACE
-X -1 -1 -1 -1
XF4
REPEAT 1
END OF FORMAT
1001 FORMAT
TAPE RECORD NO
END OF FORMAT
10C2 FORMAT
TAPE RECORD NO
END OF FORMAT
END

-0PF1

-F2
-1PG3 FT.
-1PG3  (DELTA RI/R
-63 SEC.
-G3 SEC
R/RO TIME (CT-R) U (C-CO)  RO/R
-0PF& -F& -F4 -F&4 -F4

-1 WAS NOT WRITYEN SUCCESSFULLYs CODE ~I

-1 WAS NOT READ SUCCESSFULLYs CODE ~-I
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% %28

CYLWVE CHARACTERISTIC INTERSEC® :ON SUBROUTINE

SUBROUTINE CYLWVE
DIMENSION U(60+100)9CTR{60»0IST(L100)+STORE (4+1830)+JSTOR{491830)
1 sRATI0{100)
COMMON U»JSTORSCTRsDIST+sBLDSPDsSPACE +NBLADR +NBLADS sWAVE sRAD s KPRINT
1 sNPRINToNDISTsKDISTosRATIO0S9J1 9J29U39111 sDReLAMMASLUAML s SUVEL
2 »GAM11
EQUIVALENCE (U»STORE)
J1 REFERS TO L CHARACTERISTIC
J2 REFERS TO R CHARACTERISTIC
J3 REFERS TO DIAGONAL POINT
J& REFERS TO NEXT L CHARACTERISTIC POINT
J5 REFERS TO NEXT R CHARACTERISTIC POINT
JSTOR(1sJ)=J+111
JSTOR(29J)=J1¢111
NCOUNT=)
JSTOR(49J)=J24111
IF{J3)119193
1 JSTOR{3,J)=0
STORE(39J) = (STORE(3+J1)4STORE(3+J2))/2¢
STORE(4sJ) = (STORE(49J1)+STORE(49J2))/2e
GOTO §
3 JSTOR(3+J)=J3+]11
STORE (3sJ) = STORE(39J1)+STORE(3+J2)=STORE (3+J3)
STORE(43J)=STORE(49J1)+STORE (49J2)=STORE(49J3)
6 STORE(1+J)=STORE(1+J3)
STORE(2+J)=STORE(2+J3)+2.#DR
IF(JSTOR(29sJ1))595+11
5 C1=GAM11#DR#(STORE(3+J)/STORE(1sJ)+STORE(3+J1)/STORE(14+J1))/2.
1 +GAM]1 #STORE(3+J]1)+STORE(49J])
GO 10 13
11 J4=JSTOR(2+J1)-111
IF(J4)5+5012
12 C12GAM11#DR# (o 41666T#STORE(I+J)/STORE(19J)+66666TRSTORE(39J])
1 /STORE(19J1)=0083333#STORE(39J4)/STORE(19J4) )+GAML*STORE (39J1)
2 +STORE(4+J])
13 IF(JSTOR(4+J2))14914s16 .
14 C2=GAM11#DR# (STORE(3+J)/STORE(19J)+STORE(3+J2)/STORE(1+J2))/24
1 +GAM]1 1#STORE({39J2)+STORE (4902)
GO 10 15
16 J5=JSTOR(4»J2)~111
IF(J5)164914417
17 C2=GAM11#DR#(+41666T#STORE(I+J)/STORE(19J)+66666THSTORE(3942)
1 /STORE(19J2)=e0833338STORE(39J5)/STORE(19J5) ) +GAM]1]
2 #STORE(239J2)+STORE(49J2)
15 CALL DETER(C1+C2+GAM]19GAM11s1es1e9sCRIUR)
T IF(ABSFICR=STORE(49J))+ABSF(UR=STORE(3+J))=1.E=5)9+9+8
8 STORE(4sJ)=CR
STORE(3+J)=UR
NCOUNT=NCOUNT+1
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10
9

I1F(NCOUNT~15)5+5010
CALL ERRORA

RETURN

END

CBILAG BIVARIATE LINEAR INTERPOLATION» CYLINDRICAL WAVE INTERFERENCE

~ o W W L

8

SUBROUTINE BILAG(XsYeZ)

DIMENSION U(60+100)+CTRI60)+DIST(100)+sSTORE(4+1830)+JSTOR(491830)
b1 +RATIO(100}

COMMON U JSTORsCTReDIST +BLDSPD +SPACE+NBLADR ¢sNBLADSsWAVE »sRADIKPRINT
1 oNPRINToNDIST oKDISToRATIO0JJ19J29J39111 ¢DR.CAMMA +»GAM] » SOVEL
EQUIVALENCE (U»STORE)

1=1

J=l

IF(X=CTR(I+1))494+2

I=1+]

IF(1-59)1+3+3

CALL ERROR

IF(Y=-RATIO(J+1))T 9795

J=J+l

IF(J-NPRINT ) 49646

2 = ULl JI+(X=CTRII)I/(CTRII+1I-CTRIINI®(U(]1+14J)=Ul]lsJ)

GOTO 8

DEN=(CTR(I+1)-CTR(I))I®(DIST(J+1)-DIST(J))

CLB=Y=-DIST(J)

CUB=DIST(J+1)~Y

CLH=X-CTR(1)

CRH=CTR(1+41)-X

2=(CUBBCRH®U (1 +J)+CUBRCLH#UI 1+19J)+CLB#*CRH®U( 1 sJ+1)

1 +CLBRCLH*(]1+1+J+1))/DEN

RETURN

<ND
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APPENDIX V.  ANALYTICAL INVESTIGATION OF THE RADIATION CHARACTERISTICS
FROM A FAN FACE

The approach used is that of a piston with a varying particle velocity.
The particle velocity was assumed to be a function of the radial posi-
tion and the difference in the number of rotor and stator blades. If
the number of rotor and stator blades is the same, the sowrce is essen-
tially a piston radiator, as all the rotor - stator excitations are in
phase, When the number of rotor blades exceeds or is less than the
number of stator blades, the pressure fluctuations are out of phase

and the directivity pattern varies with an increase in the difference
of rotor and stator blades, the wave length, frequency, and rotor dimen-
sions. The basic equation for the derivation was the acoustic pressure
at a point resulting fram an excitation in a plane a distance r' away
(reference 6).

Figure 63 is a schematic of the coordinate system used for the deriva-
tion.

= Jow Jo(t-r'/c)
dp = e u.5 e ds (95)
where

ds = element of rotor surface area.
dp = acoustic pressure at point P.
P = density of medium.

= frequency of excitation ( ® = N, x RPS).
uz = particle velocity.
t = time.

= speed of sound in medium,
Nr = number of rotor blades.
RPS = revolutions per second of rotar.

The particle velocity may be assumed to have the form
ay = U, (r) ¢ BV (96)

where
n = difference in the number of rotor and stator blades.
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v
Figure 63. Schematic of Coordinate System.
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Substituting (96) into (95),
Jow Uy () e I [“4’*‘” (t -x'/e) ]rdrdlll (97)

2xr'

dp

with
ds = rara{/ .

From Figure 62, the following may be determined:

12 (r cosll,f)2 +(Rsin 6 -r sin’t.P’)2 + (r cos 6 )2
2

r2+R - 2rR sin @ sin

2
R(1L++ -2%s8ing sin\lf)lla;

R2 R

r'

and 1f (P }

r 1/2
r' =R(1 -2 7 sin @ sinl‘l)

or

r' R(1 - -;- sin 6 sin\‘/)

r' (R-rsiné sinW). (98)
Substituting equation (98) into (97),

Joo U -
dp > xRo e d (t R/c)e J(nW+ (_é)_r sin eun\ll )rdrd'l’/ - (99)

Note that the last term of equation (98) was omitted in the denominator
of equation (99), but retained in the exponential term. This was done
by assuming that the term

Jow U,
2x 1!

oscillates about the value 1, which enables the term r sin 6 sinllfto
be assumed negligible, while the exponential terms oscillate about a
value of zero, which does not allow the term r sin 6 sin Wto be
assumed negligible.
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From 'Tables of Functions"” by Jahnke and Emde, equation (99) becomes

P = Q_%%L-e Jw (t - Rfe) ].Uo In (1%5 sin g )rdr (100)
from which
u=%cosw (t - R/c) on (r) I (_u;_r sin 6 )rdl('lOl)
2
I:E’&’-z-—- fu (r) 3 (wr sing ) rdr 2 (102)
LR"c ° noTe

Equations 100, 101, and 102 were programmed to provide an output of
sound pressure level relative to an assumed reference pressure level as
shown in the following FORTRAN source list.
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FORTRAN SOURCE LIST FOR R/DI.TION FROM A ROTOR ANNULUS

“FANANNIRERSYBR BEPLAT1ONADRSY18)S8I98 LY YS) i sopaR(19) s TrETAC2O)

1 »SDPRES(19!
TABLE BITS(O-377777777777)
IF ( SENSE LIGHT 1) 6.8
8 RHO = 076475
SOVEL = 111644
DO 2 1 = 1938
2 RAD(I) = BITS
READ DiP RPM+BLADES»RAD»UO»SOVEL »RHOSBEATS
IF ( SENSE LIGHT 1) 8s1
1 ALBLA = SDVEL%9.54929/BLADES/RPM
NRAD = LCOUNT(1+19sRAD»2)
NRAD1 = (NRAD+1)/2
SDREF = RHO#SDVEL/4+#RAD(2sNRAD1)##2/32,174/685399
REF = RAD(2sNRAD1)
PREF = RHO#SDVEL/32.174%REF/2.08848E-3
DO 3 I = 1sNRAD
RAD(1s1) = RAD(1+1)/ALBDA
3 RAD(2+s1) = RAD(2+1)/REF
THETA(1) = O,
SOPAR(1) = O.
9 NBEAT = BEATS
NBLAD = BLADES
DO 71 = 1,19
THETA(I+1) = THETA(I-1)+5,
THET = SINF(THETA(I)#.0174532)
00 4 J = 1sNRAD
CALL BESSL{1sRAD(1+J)#THLTsNBEATsNBEAT+5,BESSEL(1+J))
IF(SENSE LIGHT 1 ) 6+4
& CONTINUE
TRY1 = RAD(1s1)#RAD(2+1)#BESSEL(1+1)
SOPRES(1) = 0»
DO 5 J = 3sNRAD»2
TRY2 = RAD(1+J-1)#RAD(2+J-1)%BESSEL(19su-1)
TRY3 = RAD()sJ)#RAD(2+J) #BESSEL (1+J)
SDPRES(1)=SDPRES(I)+(RAD(1+J)-RAD(1+J=-2))#({16666T#{TRY1+TRY3)+
1 +666667#TRY2)
5 TRYl = TRY3
SDPAR(1) =SDPRES(])##2
GOTO0 7
6 WRITE(391000)THETA(I)sJsRAD(1+J) s THET»NBLAD
7 CONTINUE
WRITE(3+100]1 )NBEAT sNBLAD sPREF sRPMsSDREF yALBDA sRHOsREF s SDVEL »
1 (RAD(19J)sRAD(29J) s THETA(J) »SOPAR(J) »SDPRES(J) 9J%1919)
GO 10 8
1000 FORMAT
SPACE
BESSEL FUNCTION SUBROUTINE ENCOUNTERED AN ERROR AT THETA = -F3y J= -{,
X RAD(1+J)s= ~E3» SINTHETA = -F3» NBLADES = I
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END OF FORMAT

1001 FORMAT
RESTORE
SOUND RADIATION FROM A ROTOR BLADE ANNULUS
SPACE
NUMBER OF BEATS = -1
NUMBER OF BLADES bt -1 REFERENCE PR
XESSURE = -1PG3 DYNES/CM2
RPM s -0PFO REFERENCE [N
XTENSITY = -1PG3 WATTS/CM2
REFERENCE LENGTH = <OPF3 FT (2%PI#WAVE LENGTH) AIR DENSITY
X = -F5 LBM/FT3
REFERENCE VELOCITY = ~F3 FT/SEC SOUND vielLoCl
XTY s ~-F1 FT1/SEC
SPACE
RADIUS PEAK VELOCITY ANGLE FROM AXIS SOUND |
XNTENSITY SOUND PRESSURE
REFERENCE VELOCITY (DEGREES) RATIO¥(
XR/LBDA)SQ RATIO#(R/LBDA)
-0PF3 -F3 -FoO
X-1PG3 -G3
REPEAT 1
END OF FORMAT
END
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*
BESSLePlseL FUNCTION Jix) AND 1(X)

BESSEL SUBROUT INE
CHANDLER MARCH - TIS 64TIPS
STEGUN AND ABRAMOWITZs MTAC 60 Pe252 - OCT 1957
SUBROUTINE BESSLIITYPEsXoNMININMAXeBESJI)
ITYPE = 1 FOR ULX)
ITYPE = 2 FOR 1(X)
STATEMENTS WITH 100 SERIES EFN JUMBERS DO NOT APPLY TG 1(X)
3 DIMENSION BESJI(10)
10 XX = X
MAXN =NMA X
MINN=NMIN
NDEL =MAXN~-MI NN
IFINDEL)11v149014
11 NTMP=MAXN
MAXN=MINN
MINN=NTMP
NDEL=-NDEL
C NDEL IS NUMBER OF ORDERS DESIRED
14 NDEL=NDEL+1
IF(XX)4304]1043
41 DC 42 1=1.NDEL
42 BESJI(1)=0,
GO TO (444+40)9ITYPE
44 IFINMIN)GG6e45940
45 BESJItl)=].
GO TO 40
46 IF(NMAX)4004T948
47 BESJIINDEL)=],
GO TO0 40
48 N=]1-NMIN
BESJI(N)=1.
GO TO 40
43 NDEL1=NDEL
GOTO(150116)o1TYPE
15 C1 = -l
C2 = 2,
60TO 17
116 C1 = 1.
C2 = }.
17 K = (XMAXOF (MAXNoXFIXF(158XX+e51))/2)82+412
FJP3 = 0,
FJP2 = l.E~-11
C SUMFJ ACCUMULATES TENTATIVE BESSEL FUNCTION VALUES
C TO GET THE NORMALIZING FACTOR
SUMFJ = Q.
TWOX = 24/XX
P = K¢l
18 FJUP1 = TWOX®(P4+]l.)8FJIP24C1#FJP3

[aXa¥a aXaXaXa)
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ABFCN]1 = ABSF(FJP1)
IF(ABFCN]1 - 1.£36)20519+19
19 SENSE LIGHT 1
GOTO &0
20 FUPO = TWOX#P#F JP1+C1#FIP2
ABFCNO= ABSF(FJPO)
IF(ABFCNO=-1.E36)21519919
21 IF(ABFCNO+ABFCN1~-1.E-30)22+23+23
22 FJPO=Q,
FJPI s Qo
23 GOTO(25+24)+1TYPE
24 SUMF JsSUMF J+FJP1
25 SUMF JsSUMFJ+C2#F JPO
IF(NDEL)32+32+51
51 IF(K-MAXN)50+29+32
50 IF(K+1-MAXN) 32927432
C THE FUNDAMENTAL RECURRENCE FORMULA
C FOR Js JP(X) = 2#(P+]1)/X®JIPL1(X)~JP2(X)
C FOR Iy IP(X) = 28 (P+1)/X#]IPY(X)+IP2(X)
27 BESJI(NDEL)sFUP]
NDELs=NDi:L-1
MAXN=MAXN=-1
IF(K-NMIN)32,29,29
29 BESJI(NDEL)sFJUPO
NDELsNDEL-1
MAXN=MAXN-1
GOTO 32
C THE SUM IN THE NORMALIZATION CONSTANT FOR J CONTAINS
C ONLY EVEN K IN UK
32 IF(K)34+34433
33 Pa2pP=-2,.
KsK=2
FJP3sF yP]
FJP2sFJPO
GOTO 18
34 SUMF JsSUMFJ-FJPO
GOTO(36»135)»1TYPE
135 SUMFJsSUMFJ/EXPF ( XX)
36 DO 37 1s1sNDEL]
37 BESJI(1)=BESJI{]I)/SUMFJ
40 RETURN
END
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B.

APPENDIX VI. ABSORPTIVE SUPPRESSOR DESIGN CALCULATIONS

DESIGN PROCEDURE FOR ABSORPTIVE LOUVERS

Determine percent open area, number of louvers, axial length of
louvers, and the frequency of the noise source.

Calculate 1, (louver spacing).
Calculate )\ (wave length).

Consult reference 9, and read the db attenuation per length equal
to 1y, Aly, for the various values of 1y/)\ for the design percent
open area.

“a

Multiply Al, by —15—' to determine predicted noise reduction, Adb.

Y
Read F (flow resistence parameter) corresponding to design percent
open area. Rl t
F= —
p C

Calculate R} and, with reference 9, select proper absorptive
material.

SAMPLE CALCUIATION

Assume: percent open saresa = 80
No. of louvers = 10
Axial length of louvers = 1 ft.
Frequency of Source: 1070 cps and harmonics

1y = 2.04" (calculated)
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f (cps) A (ft)

1070 1.05
2140 527
3210 .352
4280 . 264 5
5350 .210
L/ M,
162 .3
.322 1.2
. 483 1.9
.64k 2.6
.81 b)
ALy A(A db)
.3 1.76
1.2 7.05
1.9 11
2.6 15.3
b) 17.6
F=.75
S .
t = 1/4" = .00635 meters pC = LO6 Mks Rayles for air '
R, = LBx 10* Mks Rayles/m .

From reference 9, select proper material for this Rl'

156




