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ABSTRACT 

A research investigation, both experimental and analytical, into the 
generation, suppression and prediction of fan noise has been completed. 
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. 

ill 
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Recent developnents In advanced propulsion systam designs have utilized 
fan type configurations, such as the General Electric/Ryan XV5A air- 
craft. Figure 1 . The noise associated «1th a systea of this type Is 
generally less on a sound pressure level (SPL) basis than that associated 
with turbojet systems of the sane thrust class due to the lover Jet 
velocities. However, the fan noise or "vhlne" being generated by the 
rotor at the blade passing frequency Is a very distinct sound that re- 
quires special consideration since standard Jet noise suppression 
techniques are not applicable, nils fan "vhlne" Is the sane 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 Halted 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 conrpressors 
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 jjg techniques, and noise 
minimization and suppression design techniques. A fourth section 
describes the vehicles tested and presents the basic data accumulated 
during the program. 

»m^^^W^hiil. ■*:i?:rf**^&*y^'*+%%T* 

Figuro 1. XV-SA Aircraft in Hover Mode 



SECTION OME - ANAUTICAL INVESTIGATIONS 

Analysis of discrete tone noise from fans Is made difficult by the 
many nonllneartles 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 vails, 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 general1y 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, Nr. The 
analysis of this mechanism using the classical wave equation results 
in the definition of a "cutoff" frequency, which is the frequency above 
which the sound waves propagate from the rotor face and below which the 
sound is attenuated at c 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 cascade theory as shown in Appendix II 
and Appendix III and Figures 2 and 3. Figure 2 shows the attenuation 
in velocity for the limiting case of no-flow velocity, while Figure 3 
shows the effect due to Mach number, M, and flow angle, ß. 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. 
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Figure 2.1. Velocity Field of a Flat Plate Cascade. 
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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 alignment of the rotor blades and stator blades. This 
is shovn in detail in Appendix 1. The conclusion drawn by this 
analysis and the previous analyses vas 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 k.    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 
4-db reduction, while the single-stage compressor attained a 22-db 
reduction. 

The above discussion for the rotational end rotor - stator noise 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 Inner surface or 
upstream and downstream support struts may be sufficient to interact 
with the rotor to produce discrete tones. Tests with no-lift 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 particular 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 application 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, Nr 
and Ns respectively, RPM, and physical size of the radiating face. The 
analysis was programmed to utilize a computer in making the necessary 
calculations. Topical results from the program are shown in Figures 5*1 
through ^,k.    Note that the program predicts a considerable decrease in 
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sound pressure level at soae positions. This is the sane type of 
directivity predicted in reference 18, page 35 . Variations in sound 
pressure level in the order of 15 db are not readily measured in 
actual cases, as evidenced by the data in Section Four and as shovn in 
Figures 6 and 7. Further investigation of measured directivity patterns 
shoved co- 1.'  *>le variation in the patterns as a function of the 
distance f*..^ ^ fan face. Typical results are shovn in Figures 8 and 
9. The radial variations do not correspond to the spherical divergence 
relationship, as shovn in Figure 9. In addition to the variations 
found in each test, considerable variation is found in measurements 
made on the same configuration but on different days. Figure 10 shovs 
the variation for tvo runs made on different days vith the development 
vehicle fan. Section h,  Table 1. These inconsistencies in measuring 
directivity patterns mafce 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 make predictions unrealistic. 
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Figure 6. Sound Pressure Level Circumferentisl Survey of CJ805-23 Fan, 
200-foot Radius (reference Table 1). 
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Figure 8.  Radial Directivity Variation of Development Vehicle 
(reference Table 1). 
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SECTION TWO - ACOUSTIC MORMALIZIKG TECHNIQUES 

When a new fan design Is In 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 
ferns 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, VTOL, vehicles: inlet guide 
vane (IGV) - rotor fan, rotor - stator fan, lift fan, pitch fan, and 
cruise fan,all of which are described in Section k,  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„ n   (VDT)
2 

with 2 

A  = Rotor annulus area, ft 
a ' 
n = Rotor speed, RPM 

N  = Number of rotor blades 
r 

D /D  = 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 lift 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 
power. 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 the designer, the normalized curve 
provides a basis on which the various design parameters (rotor annulus 
area, Aa, rotor speed, n, rotor blade number, Nf, hub - tip ratio, 
Dg/Rf, fan air flow, W, and discharge total temperature. Tip) may be 
evaluated to determine the optimum combination for minimum noise gener- 
ation. This is discussed further in Section Three. 

The evaluation of advanced designs may be extended from the sound 
power 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 Ik.    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, 
Dl, and distance tram, the source, r, by the following equation: 

SPL = PWL + DI - 20 log r - 10.5 

where the value of r is the radius at which the SPL is to be determined 
and the value of the directivity index, Dl, 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 50 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 configurations, 
a more realistic value for the angle of maximum noise may be determined 
from Section Four. 

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

Outer diameter       D_ = l^O inches 

Inner diameter       D„ = 50 inches 
a 

Weight flow W  = 150 lb/sec 

Stage temperature 
rise AT = 15^ 
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RPM n =    o,000 RPM 

Rotor blad« no. K =    5k 

Inlet temperature T =    520*^ 

Calculate the following: 

DH/DT = 30/itO =   .75 

ty^)2 = (.75)2 =  .562 

A = 4 x (Dj2 
T ..^    2 

DT 

A    = f- x 11.2 x .U38 = 5.B6 ft2 

T   = T + AT = 520°« + 15° = 535"^ 

H.j, = Total Enthalpy = 12b —^ at 555"R (from gas  tables) 

^ x W      12ö      T^^Q x      stu 
E = -A— =        3.5^      = ^^ X 10   Ü3IH2 

From Figure 15,  at E = 4.96 x 105     Bt'f.^ 

2 
A 
JLüßA 
N.    \DT/ PWL - 10 log -^VT^U = 155 db 

10 log %1    (D /D_)2 = 10 log 3-66 ^e000 x .562 = 10 log 322 
V n    ■L ->* = 10 x 2.506 = 25 

PWL = 133 + 25 = 158 db overall 

Spectrum PWL, Figure 14: 

First harmonic = PWL - 3-5 = I56 - 3-5 =  15k.5 db 

Second harmonic = PWL - 5.5 -  156 - 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 
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SPL = 158 + t> - 20 loii 100 - 10.5 

= 163 - W - 10.5 = lt3 - 50.5 

SPL = 112.5 db at 100 feet, angle of maxlmm noise 

The above procedure allows & direct analysis of the acoustic performance 
of a development vehicle basel on the fan design parameters. The 
question of Installation effects, however, requires further analysis. 
Several Installation parameters were Investigated empirically: Inlet 
length, exhaust duct length, centerbody shape, and exhaust louver 
vectoring. 

The tests were made by varying the various parameters on the 26-lnch- 
dlameter VT0L scale model fans (reference Section Four, Table l). 
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 Inlet 
lengths were tested: k Inches, 9 Inches, and 25.5 inches. Seme data 
scatter is evident in Figure 17, but no definite trends are indicated to 
show an effect due to the varying inlet length. Figure Id shows a com- 
parison of two configurations with and without a l6-inch exit duct. The 
two configurations also vary in inlet length and centerbody, but the 
previous discussion allows a 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 showed 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 design 
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 
power 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 
small fan doing proportionally 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 Aa n (DH/DT)
2 

r 

may be evaluated to determine qualitatively the proper design approach. 
FactorSpin the numerator of the normalizing function, A , n, and 
(DU/DL) , should be minimized. The area, A , also appears in the energy 
flux term, 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 RFM, shows that the work, if done at a 
slower speed, will generate lesSpnoise, which is consistent with pro- 
pellor theory. The term (D„/lL,) , hub-tip ratio squared, is a measure 
of the radial distribution of the blade loading. The higher DH/DT 
terms are representative of a short blade; thus, for the same numoer of 
blades and the same work, they have a higher blade loading. W5.th the 
lower DTT/IL terms is associated a smaller bl&de loading on the  same 
basis.. The denominator, N , blade number, has the same correlation as 
D^/Djp, in that the higher blade number for the same fan power 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 configura- 
tion acoustically. In particular, desi/gns that are near the knee of 
the curve, energy flux values up to 

3 x 103 Btu 
2 

sec - ft 

could benefit appreciably from proper design. 
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One of the conmon 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 particolar 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 

reference 
Table 1 

.6 .8 1.0 
Rotor-Stfttor 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 RFM, 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 SUPPRESSION 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 a 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 l80-degree phase shift produces total cancellation; 
however, with a shift of approximately 115 degrees, a 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 analyzed &s a function of the distance ,L, traveled by the two 
vaves to the point at which they interact. Figure 22 is a resultant 
plot of this type of analysis showing the difference in distance, A L, 
versus frequency for various degrees of phase shift. 

£,    s    iiCKf   fc«ty9«Coc>4 

Prv^jt^cf *   10        iCyclv*  pur  MK:OB<0 

Figure 22. Correlation of Length of Wave Travel, Frequency, and Phase 

Shift for Sine Wave Interaction. 

Tests were conducted on a system of this type, as shown in Figures 23 
and 2k,    Microphones 1 and 2 were used to determine phase shifty while 
microphone 3 was used to determine the db reduction. The results are 
shown in Figure 25 in terms 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, measurements 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 emission, 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 l80- 
degree phase shift at an inlet Mach number of .30 and a source of 
.1670 cycle per second, c/s. 
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•rhese figures were based on the followirT. relationships for the 
two possages: 

f =   T.    at l30 degrees phase shift 

and 

irtiere 

t = 
L 

vl        Y2 

f = frequency, c/s 

At = time difference, sec 

t = tine, sec 

L = length of travel, ft 

V.  =  average velocity through diffusing passage, ft/sec 

7p  =  average velocity through converging passage, ft/sec 

No substantial data was obtained with this system due to instability of 
the air flow through the passages, the difficulties in maintaining a 
signal that could be effectively changed in wave length, and reflections 
of the signal fron 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 material to suppress fan whine had been demon- 
strated 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 material covered with a fine mesh screen 
and perforated metal 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 approximately 1 
db suppression per inch. This type of design is applicable to inlet and 
outlet guide vane modification as well as flow passage applications, 
assuming that this same suppression rate .nay be maintained 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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Pure tone 
sound 
source 

Figure 26. Schematic of Wave Cancellation Test Rig with Air Flow. 
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Figure 27.2    Flow Duct for Wava Cancellation Evaluation. 
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ABSORPTIVE SUPPRESSOR DESIGN 

Absorptive suppression lends itself to several areas of physical 
application: outlet guide vanes, OGV, inlet guide vanes, IGV, flow 
passages, and, as in the case o*' an "in-wing" lift fan device, exhaust 
vectoring louvers. This latter area was chosen for design of an 
absorptive suppressor, as it could have a direct application to develop- 
ment vehicles and was readily adaptable to the VTCL 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 2^3. The procedure utilizes a design 
curve shown schematically in Figure 29. The design parameters are 
passage width, X*/   thickness of material,t, percent open area (which 
are. interrelated), and frequency. 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 tj a passage 
where there is air flow. If the aerodynamic performance is to be 
maintained, the proper flow conditions must be kept; but they are in 
general a function of the passage width, length and percent open area. 
ThuSy a compromise between aerodynamic and acoustical design must be 
made. 

XI 

■o 
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<a 
3 
H 

■c  -, 
♦• 
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8 
0.01 0.1 
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Figure 29. Design Chart for Acoustically Treated 
Ducts Lined on Two Sides. 
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For fans and compressors, a basic design parameter for stator blades 
is (reference Figure 3l)s 

where 

c 
AR cos ß2      h 

c/s 
/c COS ß. 

ß0  =  flow angle out of blades 

Art c 

m. 

chord length 

flow passage area between blades at stage exit 

solidity = chord length 
^    blade spacxng s 

..      blade height     h 
aspect ratio  =  ——3-5—örr:  =  — * chord length     c 

c 
8 
h 
t 

chord 
axial spacing 
span 
thickness 
exit flow angle 

Figure 31. Schematic of Compressor Blade Design Parameters. 
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Obviously, as the blade thickness, t. Is varied for addition of absorptive 
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 predetemined, 
the spacing, s, must be increased to maintain c/hs a constant. When s 
is increased, the proper percent open area, 

i x 100, 

must be maintained to satisfy the acoustical design parameters. This 
type of design procedure becomes difficult when a low-frequency signal 
is being attenuated in a snail 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 increased 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 design 
was made to suppress the higher harmonics of the fan which would 
correspond to the fundamental 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 52, and as mounted on the 
scale model fan in Figure 55« The design calculations are given in 
Appendix VI. 

TEST RESULTS 

The absorptive louvers were tested initially in a reverberation room 
environment without air flow. The louvers were attached to a large 
plenum, Figure 33* by using a loudspeaker and random noise generator 
as a sound source, the signal was measured for the standard louver 
case. The tests were then repeated for the treated louver case. The 
results are shown in Figure 3^ as a function of the SPL reduction 
obtained. Also shown on Figure 3^- 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 and to shift the point of 
maximum suppression to a higher frequency (reference 17, page k).    The 
test data, Figure Jk,  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 
frequency of a full scale vehicle. The variation in the radiated sound 
pressure due to the absorptive suppressor is shown in Figures 56.1 
through 36,3 for the first 5 harmonics. As would be expected, the 
largest suppression occurs on the exhaust side of the fan. 

Leading Edge 

No. Lorvers 
Required for 

Fan 

X Dimension,  1 
in. (Reference 
Figure 35) 

1     3 19       | 
I     2 24       t 

1     2 " 27       1 
|;     3 r  29    [1 

No. Description 

1 Ferforated Metal. 20 Ga.  Il 
l/li" holes on 3/8" centers. 

1  2 
Flat She^t, 1/32" thick. 

3 ,00li5 Wire Screen. 80 mesh. 

1 U Absorptive Material, 

/>= 41b/ft3; 

R = 1.5 x 10  mkb ray 1 es 1 
meter    i 

Figure 32. Absorptive Louver Design for Rotor-Stator 

Fan (reference Table 1). 
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Figure 33. Exhaust Vectoring Louvers on Reverberation 
Room  Plenum. 

55 



  -O-j 
g                 t \ 

** \ 
1                     o \ 

5 ? i \ w      H      h 
5    S8^ 

' 

\ 
a         %-. c \ B      .     o \ 
p         «  W -H \ 
U          V  -H   « \ 

« «  (0 \ d     •>     5 \ 
0       ** Si   u v 
V      -0 ^ & k 
x> .H V) C a \ \ 

\ 
V       tl > ^ \ 
>   U   it   J   Vt \ 
9i •* u Q V 
as < jk, H ö 

\ 
• \ 
\ i       •       • \ 
\ 

, 
o  •  ^ 

\              4 

\\ 
k^w 

X 
tv A 

A 

j 

H 

A 7 P H 
P y 

i     (tf— \ # 1 

vO 

«A 

■o 

§ o 
CO 

h 
9 a 

« 

^   s 

0) 
3 
cr a> 

5 v 
< 

u 

I 
V 

^ 

OJ 

^ H H ^ ^ S 

(jvqojaia zoOO'O »^ <1P) noi^onpoH SSTON 

56 



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. 

VTOL SCALE MODEL FANS 

Two scale model fans of the sane design family as the full scale VTOL 
lift and pitch fans used in the XV5A 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) 

D_, = 26 inches 

DH 
~ =  Us 

W  =27.8 lb/sec 

RPM = 1700 (constant speed drive) 

N  = 47 r 

N  = U8 
s 

P  = 1.011 (fan pressure ratio) 
X 
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TABLE 1.  SUMMARY OF TEST VEHICLE CONFIGURATIONS 

Vehicles Tet.ed During the Research Investigation 

^r "A U HFM 
"r Ns Pr 

Name inches lb/sec 

IGV-Fotor Fan 26 45 27.8 1780 
(Constant) 

47 k6 1.011 

Rotor-Stator Fan 26 .40 at, i 1780 
(Constant) 

36 90 1.005 

Lift Fan 62.5 .ko "29 26l»0 
(Maximum) 

36 90 1.115 

Pitch Fan 36 A5 141. U07I* 
(.»L-xlmum) 

36 90 1.08 

Cruise Fan 62.5 .40 529 264C 
(Maxlmu,-) 

36 90 1.115 

Single Stage Scale 26 .8U6 ii 1780 56 1*8 1.008 
Model Conipressor (Constent) 

Developnent Vehicle Proprietary Infomatloa 

Vehicles Tested Prijr to the Research investigation 

Kane Report from which Datt was Obtained 

Laboratory Conipressor 

CJ805-3 Conipressor 

Hunter, W.J. and Smith, L.H., Jr., Inlet Guide Vane-Rotor Interference Noise Meas-irements, 
TIS nF63FPD55, General Electric Company, Cincinnati, Ohio, January, I963. 

Semrau, tf.R., Effect of Variation of Stator Vane Angle on CJ805 Comprissor Noise, DIM U25, 

J93 Comprejf.ur 

Research Compressor 

No. 1 

Research Compressor 
No. 2 

R. Co. 12 Compressor 
and RA26 Compressor 

CJ805-2? Fan 

General Electric Company, Cincinnati, Ohio, May, 1961. 

Data not Issued as report. 

Smith, E.B., Holse Measurements of MJ25I* Compressor FSCT at I^ynn, DIM 1*1*8, General Ele trie 
Company, Cincinnati, Ohio, November, 1961. 

Lee, R. and Semrau, W.R., Low Speed and Transonic Speed Research Compressor Acoustics 
Measurements, DIM U57, General Electric Company, Cincinnati, Ohio, December, 1961. 

Coles, G.M., Title Unknown, Rolls Royce Company, January, I960. 

Dalie, C.A. and Smith, E.3., Third Noise Measurement of the OE CJ805-23 Engine and Sffects 
of OGV's and Secondary Nozzle Sound Treatment on Aft Fan Whine, General Electric Company, 

07700 Fan 

Window Fan 

Cincinnati, Ohio, November, 1959; 
Hallbach, J.R. and Keener, J.R., Basic Design Certification Verification Report for 
7E-SSF-30 Sound Suppressor, TIS R6LFPD10Ö, General Electric Company, Cincinnati, Ohio, 
March, 1961. 

McCann, E.O. and Smith, E.B., Noise Measurement of the CF70O-2B Engine, DIM 531*, General 
Electric Company, Cincinnati, Ohio, June, 1963. 

Wells, R.J., Industrial Acoustics Course II Lecture No es, Fan Nclse Problem, R53CL2U1-6, 
General Electric Company, Schenectady, N.Y., May, 1951*. 
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Inlet Guide Vane Angle 

- 0 

Exhaust Louver 

Vectoring Angle 

-1-40 
Inlet Guide Vane Row 

Air Flow 

Figure 37. Test Configurations of Inlet Guide Vane - Rotor 

Fan (reference Table 1). 
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Rotor - stator Tan  (Figures 38, 39 and ho) 

D-  = 26 inches 

H 
DT 

W   = 26.i lb/sec 

RIM = 1780 (constant speed drive) 

N  =36 

Ns  = 90 

P   » 1.005 V 

Figur« 38.    Rotor-Stator Fan 
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Stator Row 

/ 
Sound Absorptive 
Louver 

Standard Louvers 

Rotor 

Air Flow 

-II- 
z> 

3/8" Normal Rotor-Stator 
Spacing 

Figure 40.  Test Configurations of the Rotor-Stator Fan (reference Table 1). 
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VTOL LIFT FAN 

The VTOL lift fern is utilized in the XV5A aircraft and was tested as 
mounted in the aircraft and in a static test facility (Figures 1 and 
^1). 

DT = 62.5 inches 

^ .Uo 
DT 

I = 529 lb/sec @ 26U0 RBI 

RPM = 26UO maximuiu 

Nr = 36 

Ns = 90 

P r = 1.U5 

VTOL PITCH FAN 

The VTOL 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 
hi), 

D_ - 36 inches 

h M 
DT ' 

W = Ikh lb/sec @ hVlh RPM 

RPM = köjk maxima-n 

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

SINGLE-STAGE SCALE MODEL COMPRESSOR (Figures U2, i+3, hk,  and k5) 

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 
amr.lus height, which is in keeping with the basic assumption discussed 
in Jection One. 

DT  = 26 inches 

W  =11 lb/sec 

RPM — 1780 

Kr 
s 56 

Ks = kS 

P 
r 

= 1.008 

DEVELOWdENT 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. 
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Stator Row 

R^tor-Stator 
Spacing (Design) 

Annulus 
Height 

Bellmouth 

Air Flow 

Figure 44.  Test Configuration of Single-Stage Scale Model Compressor 
(reference Table 1). 

72 



*.:««*|*^| 

Uli i 

N       rH 

0) 
01 
u 

9> 

0) 
u 
01 a 

_L 

k HN' 

co   e» 

m 
a» a 
c o 
O -H 
XI ** 
0.-H 
O oi 
u o 
ü cu 

to 

(0 
9 

2 S 
« 

Ö   h 

I 
> 
3 0) 

CO -o 

01 

O  -H 
» «a 
MÄ 
a 
-a bo 
(6   C8 
as ♦» 

to 
<H     I 
o « 

o c 
■P 09 
d 
u « 

a» 
u 

73 



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 h6,  arid for radial traverses of the 
vehicle annulus over the rotor face. A l/2-inch microphone was used with 
a nose cone as required. The various systems utilized are shown in 
Figures ^7 and kQ. 

The cruise fan and XV5A aircraft free field measurements were made with 
the recording system shown in Figure kQ.    The fan or aircraft was brought 
to the desired speed; then the data was recorded at the various circum- 
ferential locations, Figures U9 and 50, with a sufficient recording time 
for data analysis. 

VTOL STATIC TEST FACILITY MEASUREMENTS 

Measurements made of the VTOL lift and pitch fans on the VTOL 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 RFM. 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 kQ. 

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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ISO' 

x   x    xxx 
X     Cress Field 

x x y x x  x 

26" Socle 
ModeZ Fen 

Measurement Radius, r (feet) 

© 

Figure 46. Test Layout and Microphone Station for Noise 
Evaluation of 26-inch Scale Model Fan Vehicles, 
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Calibration Standard 

(124 db) 

4133 

Microphone 

Cathode Follower 

Power Supply 

Tape recorder 
(a) Single Channel 
(b) Four Channel 

Figure A7 . Data Acquisition System - Field Test. 
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Calibration Standard 
(121 db) Microphones 

Power Supply 

Dual Channel 

Tape Recorder 

Figure AB  . Data Acquisition System - Field Test. 
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Lift Fan 

Pitch Fan 

180' 

Figure 49.  Test Layout of XV-5A Research Aircraft, 
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0 Concrete 
o 

50-Foot Measureaent 

Radius 

Air Flow 

Figure 50. Test Layout for Cruise Fan Noise Evaluation, 
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.0 
:.   0* 

80' 

Ground Plane 
x \ > \ \ \ 
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Figure 51.  Test Layout for Pitch fan Noise Evaluation. 
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Figure 52.  Te?t 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 5k.    The spectrum 
analyzer provided an analysis 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. 

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

PWL = 2JSPL + 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 
Level Recorder 

Panoramic Analyzer 
with Recorder 

10 Cycle Bandwidth 

Figure 5A  . Data Reduction Instrumentation. 
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TABLE 2.  TEST DATA, INLET GUIDE VANE - ROTOR FAN 

: »ee FUure k6 Fan Speed: 1730 RFM 
HaMurMsnt Itadiua: 20  ft Fan Fundaioental Frequencj: 1395 e/a 

Sound Prcaaure Level Sound Power Le»el 
(db re 10   i watti) 

Configuration 
(db re .0002 mlcrobar) fraferencc Figure« 37 and 39} 

"vs^a^e> e 
0 20 50 80 UO 130 150 160 

Hnwonlc^^^v,. 

121 9 In. Inlet duct. 0* I0V Fundnaental 79 91 86 82 81 89 87 85 
S«COBd 65 80 78 71 75 72 85 78 U3 •ettlng and exhauat louyer 
Third 73 76 78 75 72 70 77 71 UO aettlng. 
Fourth 68 70 71 61 66 79 72 7* 106 
Fifth 62 70 66 64 68 71 73 66 104 

*\Angle, B 
0 30 50 Ö0 UO 130 150 170 180 

HarBonlc^—^ 

U9 Fuadiameotal I* 81» 85 80 79 85 73 81 89 
Second 66 78 72 68 76 78 70 78 04 111 9 In. Inlet durt. 0» TGV 
Third Tk 72 78 71» ri 76 68 75 73 110 •ettlng and 20* exhaust 
Fourth 73 70 73 66 68 71 65 70 78 106 lourer »ettlng. 
Fifth 63 73 61» 64 71 72 63 66 76 105 

"^»»sAngJe, e 
^^^^^ 0 30 50 80 UO 130 160 itio 

Haraonlc^-^ 

116 72 82 87 79 79 76 81 85 
Second 67 73 75 67 82 76 79 80 112 9 In. Inlet duct. 0» ICV 
Third 71 68 75 75 72 71 71» 80 109 setting and 30* exbauat 
Fourth 68 67 72 66 68 73 72 80 106 lourer setting. 
Fifth 65 73 67 66 69 72 73 78 106 

^«vAngle, 6 
^^•v^^ 0 20 40 60 80 100 120 140 160 180 

a»r«>nlc^^^ 

123 Fundamental 76 91 92 86 79 83 89 89 89 89 
Second 71 85 76 78 71 78 71 78 75 82 113 9 In. Inlet duct. 0* IGV 
Third 75 78 71» 69 66 73 Ik 7"» 73 76 106 setting and 40* exhaust 
Fourth 68 69 70 65 65 71» 71 71 Ik 71» 104 louver setting. 
Fifth 66 70 73 68 65 72 72 73 70 73 105 

^^^Angle, 6 
^"^^^ 0 20 40 60 80 100 120 140 160 180 

H»r»onlcs--^ 

136 Fundamental 93 101» 101» 95 97 98 103 99 105 98 
Second lüO 99 100 96 90 93 89 94 96 90 131 1» In. Inlet duct. -27* IGV 
Third 81» 87 91 86 86 86 87 89 87 85 123 setting and 0* exhaust 
Fourth 81 02 79 76 75 71» 81 85 81 77 U5 lourer setting. 
Fifth 78 79 78 74 70 76 80 80 82 71» U3 

"»«^Angle, 9 
^S~-Cv^ 0 20 UO 60 80 100 120 140 160 180 

Harmonlc^-^ 

129 Fundamental 87 97 98 87 82 90 96 90 9"* 90 
Second 83 83 92 83 79 81 88 89 90 80 122 9 In. Inlet duct. -20*  IGV 
Third 82 79 80 83 80 •'6 82 81 81 73 U6 setting and 0* exhaust 
Fourth 76 71» 77 72 73 79 76 77 71» 69 1U louver setting. 
Fifth 71» 76 71» 68 66 66 76 76 76 68 109 

\Angl.e. 9 -Q^~ 
0 20 40 60 80 100 120 140 160 160 

Harmrnlo  *»^ 

125 Fundamental 80 96 91 85 84 80 93 86 84 76 
Second 80 83 85 87 81 76 82 83 80 78 119 9 in. Inlet duct.  -16* ICV 
Third 79 82 83 78 72 71* 82 82 80 68 U5 setting and 0* exhaust 
Fourth 68 73 78 70 63 66 76 79 Tk 67 110 louver setting. 
Fifth 68 Tl» 77 68 6? 67 72 76 76 67 106 
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TABLE 3.     TEST DATA,  ROTOR-STATOR FAN 

WMureBenl  location; ttt figure *t fee Speed:    1 780 RPM 
Meftvurcaen*  UMlu» •    10 ft fu f^ndMeot»! frequency:    1070 c/» 

Sound t'reitture Level Gjund F';rt#er Level 
(db re 10 15 mtl.) 

^jr.flB'Ar^tlOL 
(db rr 0002 alcruhw ) (reference figure» 39 «id 40} 

\Aii*U,  6 
^V^^ 0 10 20 30 40 50 60    70 80 90    100 110 120 1» 140 150 IDO 170    160 

llM«jril>^ 

117 rutAment.il 81 79 86 92 65 90 67    60 85 85      89 »7 69 91 77 84 df 90     87 
Saeofid V 76 77 »5 79 62 60    70 75 79     81 73 79 62 61 76 00 77     76 109 f«n equipped with 4 In. 
Tklrd 68 7» 77 79 61 78 80   78 77 70      77 72 77 75 60 72 77 -      77 107 Inlet duct.    Ho fttator 
Fourth 71 70 06 71 70 n 72   66 65 66     6', 75 7> 72 73 76 65 , 101 row or exhaunt louvers. 
nrth 65 67 76 70 70 65 65   66 65 59     66 64 71 67 75 72 66 - 5« 

^^An^l«, « 
^C C 10 20 50 40 50 60    70 60 90   100 110 120 150 140 150 160 170 

•»TKinlc^^ 

120 fundasen 1*1 &r 85 95 9» 86 92 95   86 82 86      90 90 ,; 91 86 90 88 92 
Second «2 82 65 61 86 8! 63   78 7« 80     6) 77 86 62 69 76 90 77 U3 Fan equipped with 4 in. 
Third 7^ 81 04 85 89 89 82   87 89 83     90 61 74 87 80 77 6, 74 116 Inlet duct  and Stator 
fourth 75 71 66 71 68 75 70   69 72 72     60 7fi 77 7« 75 75 70 7» 104 row.    Vo exhaust louvers. 
nrth 0} 73 bo 75 66 76 75   65 62 7u     <» 75 7'! 61 61 75 75 72 105 

^VAlWle,  e \^ 0 10 20 » 40 50 60   70 80 90    10O 110 120 130 140 150 
BdrMnlcN. 

117 fan equipped with  4 in. 68 80 86 91 85 88 84    62 84 66     89 86 92 86 86 90 
3*coad «5 B3 Bt 60 85 80 78   80 79 78     79 84 84 82 89 65 112 inlet duct and stator 
Tblrd 7b 77 75 60 75 74 60   75 74 7i     80 80 76 61 «0 77 107 row,    Stator row apace 1 1.0 
raurth 67 72 68 7* 72 74 71    72 71 73     74 n 75 75 T* 79 102 in.  fro« rotor as compared to 
nru r* 69 75 67 71 71 66   64 65 67      66 t* 74 77 7* 72 100 normal spacing of  .375 in. 

^\*n*le.  9 ^\^ 0 10 20 50 40 50 60   7t 60 90    100 110 120 150 140 150 160 
B«r»jBlc\^ 

114 Fan equipped with 4 in. Fundjocntal 87 76 66 92 86 82 62   8« 64 70     85 85 77 80 84 79 85 
Second 80 72 77 76 60 7« 75   78 78 75     69 64 64 70 7 5 75 66 105 inlet duct,  stator row, and 
Third 75 72 75 77 77 72 78   72 71 70     69 59 77 75 75 66 66 105 12 in. acoustically treated 
Fourth 70 06 73 70 75 69 08   68 6) 60      56 54 61 60 56 59 56 96 exhaust louvers (0* louver 
fifth Ik 78 63 77 75 76 •,5   64 65 57     58 68 65 62 65 64 62 102 a.4Sle). 

V\*n*le.   6 
^Sv^ 0 10 20 50 «0 50 60   70 60 90   100 no 120 1)0 140 150 IbO 170 

Hi«wnlc\s^ 

120 rundwenua 95 88 92 95 94 95 93   90 91 90     8} 81 86 92 90 91 65 99 
Srcond 85 79 62 * 67 04 77   83 64 76     62 67 66 86 67 60 80 91 11 a Fan equipped with 4 in. 
Third 75 80 82 6c 64 86 84   67 8« 81     86 89 86 65 84 73 79 88 115 inlet duct,   stator row,  and 
fourth 77 72 Ti 72 72 76 75  n 71 72     7i 72 75 77 75 76 79 83 104 standard exhaust louvers 
fifth 82 76 63 85 78 80 70   7* 75 74     Tit 69 73 81 79 74 73 79 106 (0* louver an^le} 

i                                                                                                                                                                                                                                     "- -  "                           — '       ■ '' 
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TABLE 4.     TEST DATA.   ROTOR-STATOR  FAN 

Meaaureaent Locstlon : aee Figure 1»6 Kan Speed: 1780 RPH 

"~* 

jfeasureaent Sadlu«: 20 ft Fan Fundamental Frequency: 1070 c J» 

Sound Prescure Level Sound Power,Lievel 
(db re 10 J «atts) 

Configuration 
,db re .0002 mlcrobar. (reference Figure 39) 

"^--^Angie, fl 
^"--v^^ 0 20 1*0 (30 100 120 140 160 

BarBonlc^, 

U7 Fuodament»! 86 76 70 82 76 80 85 84 
Second 72 71» 75 76 72 70 76 70 109 4 in. inlet duct. Ho 
Third 7k . 78 80 73 02 75 112 exit duct or plug. 
yourth T* 72 72 69 68 "I* 72 72 106 
Fifth 81» 72 72 66 69 73 73 73 106 

■--^Angle, 6 
^^^^ C 20 40 60 80 IOC 120 140 160 

Harmonie—^ 

120 Fundaaental 88 8i 76 81 81 83 87 90 84 
Seciiad 83 71* 83 77 74 71* 77 82 76 114 9 In. inlet duct. No 
Third 80 78 79 80 75 77 77 84 75 114 exit duct or plug. 
Fourth 80 1-7 71* 71 70 72 75 77 72 109 
Fltth 78 76 72 69 66 70 72 76 71* 107 

^.^Angle, 6 
^-^.^ 0 20 1.0 60 80 100 120 140 160 

Haraonlc^\ 

116 Furdaiiental 85 82 85 80 82 80 78 80 76 
Second 81 S3 78 7i 72 71 78 82 75 113 23.5 in. inlet duct. 
Third 75 76 70 76 71» 80 75 62 78 nj No exit duct or plug. 
Fourth 70 72 72 69 66 68 71 . 72 105 
Fifth 31* 78 70 o7 61* 67 71 75 7C 106 

^^.^Ar«le, 9 
^■-^^ 0 20 Uo 60 80 100 120 140 160 

Harmon Ic^--^ 

114 Fundamental 81 79 71. 75 76 72 82 82 78 
Senond 75 76 76 7U 69 72 75 76 66 109 9 In. Inlet duct.  16 In. 
Third 80 78 76 73 71* 73 70 76 71* 110 exit duct and cylindrical 
F-iurth 78 76 71* 68 61» 6k 75 74 71 107 exit plug. 
Fifth 77 73 7? 70 61. - 69 77 72 106 

■-^Angle, 6 
^^^^^ 0 20 I»0 60 80 100 120 140 160 

Harmon ic^"^^ 

115 Fundamental 86 8o 82 79 79 68 82 78 82 
Second 76 75 72 74 75 69 68 77 74 109 9 in. inlet duct. 16 in. 
Third 82 72 77 76 70 73 71 76 74 ]0q exit auct and conical 
Fourth 80 71* 73 71 67 66 71* 74 69 107 exit plug. Fan exit duct 
Fifth 79 71* 72 70 63 61* 70 77 74 107 area with plug ■ 446 In.2 
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TABLE 5.     TEST DATA,   ROTOR-STATOR FAN 

jKeaaurcBeot Locatioc ß** Flours ^6 
—   

Fac Speed:    1780 HM                                      ") 
Meuoreaent Baillus: SO ft - Cosflguratloc 

Soiuid Pressure >vel Sj-iTid F^wer   I^vtl (reference Figure«      1 
(db re .0002 «iJöbM-) (db re 10"^ «tt»! >9 «^ -0,           i 

■\Afl4le.  • 
0 10 20 50 W 50 60 70 80 90 100 110 120 150 140 150 160 170 180 I 

H«raoElc-v. 

116 Fan cqulpjjed wlu.        | Fundamental 77 80 79 76 60 1   V 71 75 75 7J    67 66 -F» m 76 71    77    75 75 
[Second 6i 66 6.3 65 70 69 ab 65 60 58    62 02 66 71 05 67    60   64 65 iOr?           1 4 In.   Inlet duct. 
jThlrl 61 59 61 o* 66 67 66 67 01 59    56 00 55 5> 00 59   64   57 62 104 So Stator row or           1 
Fourth 56 57 62 ÖJ 56 <A 65 53 58 51    56 55 62 55 55 52    52    57 57 101 exhaust louvers.           | 
Fifth 51 57 * 57 59 57 56 51 50 51    i* »8 53 V 59 51    48   50 52 90 

j  \*n«le. 9 

a«r»onlc\ 
0 10 20 50 10 50 60 70 tio 90 100 110 120 1» 1-0 I'O 160 170 lb! 

120 Fac equipped wltb 4 Fuztdoeetal e» 8ü eu 60 ve 7} 77 77 77 75   71 72 75 80 62 72    S7    8? 71 
ISecwd 71 75 76 76 69 67 72 69 66 67    66 fi 72 69 75 68   75   75 6- 115 m.  inlet duct and      1 
1 Third 66 b9 69 65 66 75 69 75 72 70    7- 71 -•o c« 6b £S   66   6« 60 112 ttatar row.    Stator    1 
JFaurth 58 65 6i 65 66 58 61 56 55 53    57 56 66 65 fe- 07    65   60 50 104 rym si-acci 1  lr..           1 
Fifth 61 58 60 6} 6} 58. 57 55 5*. 51    55 55 59 61 5t 6o   6c    57 5-* 101 from rotor as cocs- \ 

pared to norsal 1 
spacing of .575 in. 

i\*n«le, 9 
|        \ 0 1C 20 50 «0 50 60 70 HO 90 100 110 120 1}0 140 150 160 170 
{Eataonlc\ 

116 Fan equipped vith 4 JFundaaMtnti» 8« 77 78 79 80 76 71 72 72 7*    67 66 66 75 79 :i   77   70 
Second 64 07 67 66 71 67 67 59 61. 5*    59 66 02 71 59 61   60   58 107 In.  inlet duct,            | 
Third 61 56 65 61 67 66 6^ 66 65 62   66 59 64 56 56 50   59    51 105 stator row,  and 12      1 

JFourth 57 61 68 61. 66 59 61 5^ 55 51    56 56 5Ü 65 58 58    58   51 102 In.  acoustically 
Fifth Ik n 72 66 69 69 61 6? 55 47    55 55 61 61 59 54    54   5k 105 treated exhaust 

louvers (0* louver      j 
an«lc).                             j 

|\*n«le, e 
1      ^^\ 0 10 20 50 W 50 60 70 00 90 100 110 120 130 140 150 160 170 
|H»r»or.lc\ 

121 Fan equipped with 4    j Fundamental 81 79 77 75 76 71 81. 82 82 77    68 77 78 65 82 75   80   72 
Second 61 69 71 75 75 67 70 72 71 7t   71 70 65 70 70 74   72   67 112 in. Inlet duct. 
Third 61 67 70 77 7* 69 75 75 66 67   70 69 75 69 69 65   69   62 113 stator row, and 
Fourth 60 62 6U 65 61. 60 61 58 56 56   58 57 60 62 62 70   58   55 103 standard exhaust 
Fifth 7} 61 61 69 72 6" 61 6? 02 64    57 6^ 64 67 69 66    60    54 107 louvers (O* louver 1 

angle). 

PXAmsle,  6 
^\ 0 10 2C 50 W 50 60 70 ao 90 100 110 120 130 140 150 160 170 160 

Harmonic^ 

124 Fan equipped with 4    j Fundamental 82 81. %k 82 85 81. 85 65 8l 76   73 76 77 85 81 65   86    7.. 70 
Second 66 75 75 69 76 75 64 6« 62 64   62 64 6H 6") 7? 76   75   65 60 112 in.  inlet duct and 
Third 65 65 60 72 79 67 75 67 76 76   72 79 75 75 61 70   63   61 62 116 stator row.    No ex- 
[Fourth 65 61 66 69 62 67 65 62 59 60   61 61 65 66 60 65   66    58 55 106 haust louvers.               | 
Fifth ,79 61» 7'» 70 65 61 62 65 59 58   70 64 75 70 60 75   62   56 56 110 

i  
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TABLE 6.  TEST DATA, LIFT FAN 

3M Flaure 52 MM wu—nt Itodlua: 10 ft. 

Sound Pressure Lercl Sound Power Lerel 
(db re 10"13 wtte] 

Tma Speed FwidMMtal 
I db re . 0002 Blerobsr] um Frequency c/» 

\^nBlef « 
5 15 25 35 60 90 136 150 171 

Puadnental 96.5 95-5 96 91 92 90-5 100 89 105 12k 633 380 
Second 95 96 9k 91 89 89 97 88.5 102.5 122 
Third 95 97-5 92-5 93 90 87.5 96.5 87 100 1210 
Fourth 955 100 9k.5 9k.5 91.5 90.5 97-5 07 96-5 123 
Mfth !>6 101 ?7-? 9? ^ ^•f ?e 86 ?9 12k 

■uaonlc^-^ 5 15 25 35 60 90 136 150 171 

136 112k 675 FuBdawntal 109 1C7.5 103-5 96.5 106 99-5 ilk.5 109 Uk 
Scerad 10» 105.5 100 95 101 97 106 102 U3 153 
Third 105-5 105.5 10I..5 97.5 ioe.5 105.5 111 99-5 Uk 136 
fourth 102.5 105-5 100 90.5 96 96.5 110 101.5 109 133 
Fifth 103.5 105.5 10k 9«> ?7 ?6 111 101.5 106 15k 

Smmle^^ 5 15 25 35 60 90 136 150 171 

lk6 1393 8k0 FmwMmtil 117.5 112 106.5 113.5 113 109.5 llfl U5.5 132 
sweon» IO6.5 106.5 112 107 10k.5 106 116 U0.5 126.5 lt2 
Third 107.5 109 U0.5 106.5 105 IO6.5 119.5 UO.5 125-5 lk3 
Fourth lOt 106.5 107 102 100 103 U5 10k 122.5 139 
Fifth K*.? 107.5 106 101.5 ??•? 101 118.5 10k.? 122 Ikl.J 

^s^A^le, 6 

Buaoolc^^. 5 15 25 35 60 90 136 150 171 

Ikk 1736 lOkO Fundaaentsl 123.5 121.5 110.5 117.5 115.5 111.5 111.5 U7 123 
Imnnrtrl 112 117.5 UO 113 110.5 109 U3.5 Uk 120.5 Ikl 
Third 113 115.5 U3.5 111.5 106.5 109 111 1U.5 U9.5 IkO 
Fourth 106 111.5 110 109.5 lOfc 10k.5 Uk 107.5 llfl 139 
Fifth 106.5 u? 109 106 lOk 101 Uk 10? 118 139 

H»raonic"^- 5 15 25 35 60 90 136 150 171 

1% 1905 UkO 123 123.5 116 117.5 112.5 113 128 122 123.5 
Second 110.5 115 11U 113 10k.5 110 126 1U.5 121.5 lk9 
Third 111.5 113 117.5 106.5 105.5 108.5 120.5 1U.5 120 Ikk 
Fourth 109 111.5 112 106.5 101.5 103.5 12k U0.5 118 lk6 
Fifth 10?. f 113 in.? 106 101 100.5 122 U0.5 118 lkk.5 

Har»9nlc~^^ 5 15 25 35 60 90 136 150 171 

155 2203 1320 FundaBental 131 125.5 116.5 126 125.5 116 129 126.5 130.5 
Second 117.5 116 117.5 117.5 116 116 123 117.5 12k.5 lk8 
Third 118 116 117 115.5 Ilk 112 12k.5 115 126 lk8 
Fourth 115-5 115 nu. 5 112 111.5 106.5 122.5 117-5 120 lk6 
Fifth 11? n?-? 11U 10?.5 110 106 122.5 117 120 lk6 

\Ai«le, 9 

Har»onlc^^. 5 15 25 35 60 90 136 150 171 

156 2327 IkOO Fundaaental 130 129.5 125 123 128 120 129.5 122.5 131 
Second 118 119 118 116.5 121 U6.5 125 118 126 150 
Third 119 117.5 122.5 115.5 120 Uk 128 117 12k.5 151.5 
Fourth 111». 5 116.5 116 111.5 117 108 126.5 118 121.5 150 
Fifth 107.? iDi.j U7 106 W 106.5 12? U8 121.? lk8 

89 



TABLE 7.  TEST DATA, PITCH FAN 

_ 
Meaaurcaect Location :    see ri«ure 51 Seaaurraer.t Padlua:    6 ft. 

Sound Pressure level Soujid Pover level Fan Speed Fan Fundamental 
(dfc re  .0002 Blerob*r) (db re lO'15 «atta) RPH Frequency c/» 

--^Anale,  9 
0 16 56 76 80 1*8 180 

Hörsaal c \, 

117 1035 620 Fundaaen»! 9".5 96.5 99 9-. 5 _ 90-5 lot      ! 
Second 96 96-5 100.5 9» . 90-5 105 116 
Third 100.5 100.5 102 Q7 - 92-5 102.5 120 
Fourth 101 99-5 100.5 96.5 95 101 120 

"-\AE«ie,   S 
\^ 0 16 5e 76 eo 1*8 160 

HonaoDlc "- 

126 1756 1050 Fundimental 101.5 102-5 108 ?e 96 105 Uo.5 
iecond 10c 101-5 105 101 97 10- 111.5 126 
Third 10^.5 100.5 10-. 5 97.5 96-5 105-5 107 125.5 
Fourth 105.5 100.5 102 96.5 96.5 105.5 105-5 125 

\AcAie,   e 
^~\^^ 0 ID 36 76 00 1<S 160 

Harsoclc ^. 

150 2255 1550 Fundaner.tal 107-5 109 5 111.5 103 100.5 10*. 5 lie 
Second 106.5 105-5 10? 100 95 105-5 112.5 127 
Third lOo lOi-5 101 96.5 96-5 105 107-5 125 
Fourth 101 101.5 100.5 99-5 96 100 109 125 

^Angie,  6 
^v~~^^ ö 16 56 76 60 1*8 180 

HarBonlc"^ 

157 2676 1725 Fuiulaaer.ua 110.5 109 115.5 107.5 -07.5 UÖ.5 120 
Second m 108 109 10$ 102-5 ilU 116.5 IJV 
Third 10T 107.5 106.5 10'.-5 101 122 115 m 
Fourth 105 105-5 106 105-5 100 120 110 159 

^\AriÄle,  e 
^^ 0 16 58 76 SO 1*8 180 

Han«onlc^\ 

159 5066 18*0 Pundaaer.tal 115 10« 116 109.5 11J 116 118 
Second 108 102 116 UO 115 115 116 159 
Third 106 99 109.5 lOiO 112 117 112 136 
Fourth 109 99 107.5 107 111 115 UO 155 

■\Aiigle,   e 
^"^v^^ 0 16 56 76 80 1U8 180 

Hiraonlc^^. 

1-5 55^6 2150 Fundamental 119 109 117-5 m 120 118.5 124.5 
Second 111 107.5 117-5 1C7.5 112 120 122.5 Itl 
Third 110 105.5 111 1CT 110.5 117.5 119 156 
Fourth 111. 5 90 110 105.5 112.5 m.5 90 157 

^-vAngie,   8 
^^^ 0 16 56 76 80 lii8 160 

Haraonlc^^ 

l^ 5956 25'*0 Fundamental 115 nit.5 117 115 116.5 125 126.5 
Second Hi* 111 U7.5 117.5 116 125-5 122.5 145 
Third UA 108 111 110.5 115 119.5 117 Ikl 
Fourth U2 105 111.5 106 Ulf 115 U}.5 17? 
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TABU! 8,  TEST DATA, CRUISE FAN 

rNeasurcaeet Locatloo:    see Figure 50 NeMurcMct Radlua:    50 ft.         j 

Sound Presaure Level 
(db re .0002 alcrobu-) 

Sound Fcwier Level 
(db re iO"15 «tt«) 

Fan Speed  1 
RFK 

Fan Pundaaectal 
Freauency c/»        i 

r\An«le,  e 
0 12-5      ^      155      H.5 

iÄ                1 
129 
126 
129 
130 

750 *•% 
Second 
Third 
Fourth 
Fifth 

96 
95.5 
90.5 
9* 
96 

92      frr       90     69 
92.5     86          61.        85 
91        85          77        75 
92.5     86.5       30        76 
92.5     89          62        Si.5 

|Har»OBic\ 
0 12.5      "O      155      ^5 

Hi 

139 
13*» 

1110 

1 

666 

1 

1 

FuadMestal 
Second 
Third 
Fourth 
Fifth 

36 
9C.5 
86 
^10 
90 

100      96       100       91 
91 95.5       87         78 
95       96           96        85 
9*       95          91        85 
92 955       90        79 

l\Angle,  S 

Haiaaolc\ 
0 12.5       «5       155       1*5 

1*9 
155 
1V5 
153 
1> 

1400 840 Fiindwntal 
■Second 
Third 
Fourth 
Fifth 

102 
69 
91 
39 
88 

112       1O5      108        92-5 
95         9*         90         88 

100       104.5     96         95.5 
91 90         91         S5.5 
92 9*        39         62 

\Angie,  e 

[HWBOOiC^ 
0 12.5       *5       1>5       Ü? 

151 
14« 
li»3 
137 
137 

1750 1036 Fundown tal 
jSecond 
{•aird 
jFourth 
Fifth 

106.5 
96 
99 
91 
95 

U5.5   109       106       106.5 
101.     JO;       99       96 
106       101         99        99 
95        9«        96        91 
96.5     95-5     9*»        S5.5 

j^Angle. e 

| Haiwonlc^^ 
0 12.5      ^5      135      I*? 

150 
151 
146 
139 
138 

1900 nio                  j ! Fundamental 
1 Second 
Third 

j Fourth 
Fifth 

110 
lO; 
102.5 
96 
96.5 

1U       109       106       1C2 
106.5   110      106       97 
10»       104       105        96 

98         97         9T         92 
100         96         95         91-5 
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APPENDIX I.     JET ENJINE COMPRESSOR NOISE 

PUfiPOSE 

The purpose of this work is to review investv.ations on the generation 
of noise in the compressor assembly of Jet engines and its subsequent 
propagation. Most of the reported material is not new but has been 
assembled fron worits 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 
of a jet engine is reduceable to a problem of generation and propagation 
of sound waves.  If classical assumptions are acceptable physically, 
this type of investigation turns into em eigenvalue problem with the 
wave equation as its field equation. Thus the previous worn of others 
is not essential. 

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

Cartesian coordinates 

cylindrical coordinates 

nondimensional cylindrical coordinates 

time, nondimensional time 

velocity of sound 

angular velocity of rotor 

stream velocity 

velocity of pressure disturbance 

v /c 

radii, outer arid inner cylinder 

velocity potential 

Dirac delta function 

Bessel functions 

summation indexes 

number of blades, rotor, stator 

(x, y. 2) 

(r,   0, z) 

''£' 
c 

w 

v 

Ü 

ß 

V ri 
0 
a   ( ) 

Jn» Yn 
n, m,  t ), * 

N ,  N r'    s 

h r,/r r o 
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Interest in the study of compressor noise of jet engines centers alx-ut 
toe probieaa of the generation of sound in the compressor and its 
subsequent propagation to an observer somewhtre in space. The gener- 
ation of noise is closely associated with the pressure fluctuations 
inflicted upon the raedium under consideration hy the compressor assembly. 
übe  propagation of noise is thus identical to the propagation of the 
pressure fluctuations. If one is interested in investigating these 
problems analytically, he would have to describe the nature of prop- 
agation of the pressure variations by means of equations called field 
equations representing faithfully this phenomenon. 

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

2, 
v ^ -  ^  -7^ -0 w 

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 considered rigid, the velocity of the medium in the normal - to - the- 
surface direction is zero. 

Another condition can be extracted from the continuity of flow. Since 
in classical acoustics changes of the state of medium are neglected, 
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 
pxtion of the blades of the rotor and of the stator on the flowing 
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 velocity should suffer a discontinuity every time a 
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blade passes by. Thus this cosditiau can be expressed as a fiait« dis- 
continuity of the magnitude of the tangential velocity.  Nov, x,he 
analytical proVlea of noise generation and propagation is catpletely 
defined by 

\  (rl) = ua ^  = 0 

u^j       = continuous (2) 
^ « = 0 

juj      = f(r)  §( 0 - vt ) 
» ->! a = 0 

where ü = (ui, U2, u») -• grad fi , (f   la  the acoustic potential, and^s 
is a Dlrac delta functioa indicating a juaap. 

The solution of this mathematical problan will predict how the pressure 
fluctuations created by the compressor assembly propagate through the 
jet engine toward the intake and exhaust of it. Once the pressure 
waves find themselves at the open ends of the Jet engines, they will 
disperse through the surrounding space. This is called radiation of the 
pressure waves, and the manner by which they radiate will determine the 
intensity, directivity and frequency by vhich they reach an obsez-ver. 
Here, again, some clarifications of the boundary conditions of the 
radiating surface are necessary. One simple way of looking at this part 
of the problem is to imagine that the whole space is separated into two 
parts by a surface containing the radiating faces« The radiating faces 
(in this case the open end of the engine) are characterized by the 
pressure fluctuating as predicted by the propagation part of the solu- 
tion; the rest of the surface is rigid. This is all that is necessary 
to calculate the radiation field conpletely, 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 of noise generation and 
propagation by the compressor assembly of a jet engine, it is also a 
simplification of the overall problem, as it will be shown subse- 
quently, 

A schematic representation of the problem of generation, propagation 
and radiation of noise is given in Figure 55« 
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With this brief introduction to the fundamental problem, one now can 
undertake the formulation and solution of the ^et engine noise in a 
systematic manner. The basic approach is rather fixed, as indicated in 
Figure 55. There is, however, quite a choice in the order. 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 inject the rotor and rotor - stator effects to narrow 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 
shall be discussed. 

(1) The formulation of the eigenvalue problem from the physical 
and geometric aspects of the Jet engine. 

(2) The solution and 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 that the behavior of the pressure 
fluctuations is described by the classical wave 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 nonlinear 
terms in the field equations, which mean an oxtremely 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 work is 

V20- -^ö ^ 
c   dt 

0 

where ^ is the acoustic potential, or velocity potential as sometimes 
called. 
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The second simplification is on the geometry of the Jet engine. The 
core and the enclosure of the engine are approximated by tvo concentric 
cylinders. The region of interest to this problem is the annulus 
contained between the  inner and outer cylinders. Furthermore, it is 
assumed that the annulus region extends from -«to +00 in the axial 
direction. The exaggeration is Imposed in order to make the subsequent 
mathematical problem more accessible. It means that it is not necessary 
to have any boundary conditions at some finite length from the 
compressor 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 core 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. 

> Z 

Figure 56. Mathematical Model. 

Now introduce a cylindrical coordinate system (r, 0, s) as shown in 
Figure 56. Then the problem put in mathematical form becomes: 

v2^ - 
at2 (3) 
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^ ^ ' ul ^l* '  0 ik) 

|u2 (« = 0)1  = f(r) §(0 -vt) (5) 

u, (■ = 0) - continuous (6) 

vhere u., u«, u_ are the velocity ccnqponents In the r, 9 and z direc- 

tions respectively. Equations (k)  through (6) are the boundary condi- 
tions of the problem. Equation (k)  Is a consequence of the rigidity of 
the vails. Equation (5) expresses the fact that the tangential component 
of the \eloclty varies with the radius and that Its magnitude contains 
finite discontinuities due to the chopping of the blades. Equation (6) 
states that the flow In the axial direction Is continuous. Condition 
(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, 9, 0, t) =   f (r, 0, 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 nondl^ensKmal coordtaates ( ^ , 6, £ ) such that 

r = ro C *•'->£ 
0 = e t = r  -21 

o  c 

(8) 

Equation (5) caressed In the cylindrical coordinates (T,  0, c  ) «ui T 

(9) 
becomes 

a2 

^a + ^ T + r ^ + ^ 

107 



How assume that 0 » 0 ( £ , e,£ j T ) lo of the form 

0» B(^) a(^) 0(e-vr) (10) 

where theß) * O ^ " ^ l8 8UÄ8e8te^ ^ ccmdltion (5). Further- 
nore, the equal spacing of all blades and the angilar velocity of the 
rotor suggest that(M) is periodic, and of the for&i 

therefore, 

4  .R(^) M£>Jn(e-wl). 

Substituting (ll) into (9),one obtains 

R(C)=CnJn(Xnm^)    +   Vn (Anm^) 

(11) 

(12) 

X nm 
2 2   2 = n w -m 

and the velocity potential has the form 

0(^^^)    -   [^      +Bme-K} 

+ DnYn(Xnm^)l      . 

CnJn (Xnni^) 

ln(0 - wf) (15) 

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

|p- 4    (h, 0,£,T) = 0 J -|y- ^ ^ e'£>'n = 0 * i^»?1 
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or 

Solving for C and D , one obtains the characteristic equation 

J* (X  ) Y« (hX ) - J» (hX ) Y' (X ) = 0 , (1^) 

whose solution yields the values of A um vhich satisfy boundary condi- 
tions (k).    Note again that 

\ 2   2 2    2 An m = n w  - m 

Equation (6) requires IU.I 

or 

0 

2 2  \2 - A mn , 

Substituting (ij) into (l6),one finds that 

m  = n w 

continuous or 

(15) 

m     m 

Condition (5) can be approached in the following manner: 
vortex of Intensity f* (T\    created by a blade; then 

(16) 

(IT) 

consider a 

Hr) = ^u2ds = roj|u2  ^ de 

By equation (5) this becomes 

Thus equation (5) can be written as 

u2 ( t>*
e>V'r ) .liLi S( 0 - wf ) i 
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and since there are N blades, then 

u2 (^,9 ,0, T ) Z.    r ^   UV» *  N - w r) 
J=i 

Introducing the potential function 0, one obtains 

B 9 

N 
(18) 

under the assumption of identical blades, thus equal vortex intensity 
p ( y \       Now, using equations (13) and (17), 

^    ' (19) 

Tt\m=0   =     n       m 
2 in A nme 

in(0- vr)  (cnJn(X-^) * VJ\™$>- 

Then by Fourier-Bessel expansion, (l8) and (19) yield 

run. - ^r\'h M) M^) c^ (20) 

where 

is the normalized form. 

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

*(£,*.£.n-   I    1  A^4e'wr)t/(n2w2-X2m4^ 
3  ^       n=KN  m=l  ^   ^ " 

(21) 

where K = ^ = integer. This obviously is a restriction on n, which 
comes from mathematical considerations; but, as will be shovn later, it 
is physically necessary also. It merely >ays that the index n has to 
be a multiple of the number of blades, N. 
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It is possible now to draw some conclusions without considering the 
rotor - stator assembly any further. Examining equation (21) ,1t Is 
evident that the critical component of the solution Is the exponential 
term. 

In [( e-wT) +/ ü2v2 -X
2: H] 

and In particular the coefficient of ^ . If the argument of the 
radical Is a positive number, then the solution In z-dlrectlon will be 
sinusoidal in nature; thus the 0 solution, and therefore the acoustic 
waves, will be propagated without attenuation 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> X nm propagation in m (22) 

w< 
X nm 

decay In a (25) 

and 

na critical speed. (210 

This w 0 is 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 - stator 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 variables as the geometric 
shape of the engine (through Xnm), the speed of the rotor w, and the 
number of blades (through n = KN) has been Indicated. The influence of 
the rotor - stator assembly juad of the flow velocity on the critical 
parameters ^ 
nm 

nm, w, n, 
will be undertaken 

and subsequently on the critical speed 
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 created by the rotating blades. Therefore;, the pres- 
sure field is spinning around with the same angular velocity as the 
rotor. Hence if one expressed the pressure with respect to a blade, 
the pressure would be expressed in terms of its position wilh respect 
to that blade. If, however, the reference frame is stationa-T, then 
the 0 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 0 and t has the general form 

P ( 0, t) = P ( 0 - wt). 

This is consistent with the form of traveling waves. 

If the blades are assumed to be equally spaced and identical Ln design, 
then the pressure fluctuations will be periodic in nature wit a a period 
1_ iC being the number of blades. Thus the pressure function has the 
Ihr 
form 

P( 0, t) = P [N ( 0-wt)J 

which is the same as obtained previously, where the index oi summation 
is n = kN, k = integer, rather than n = 1, 2, 3 •••• As fo: the crit- 
ical speed w* , the previous remarks remain unchanged, for the "rotor , „     nm o , 
only case. 

THS ROTOR - STATOR IMTERFERENCE 

The interaction of the rotor - stator assembly is caused by the cutting 
of rotor waves by the stator blades, the cutting of the stator wakes by 
the rotor, and interference on rotating pressure patterns. Mhlle their 
relative influence depends on the geometry of the olades, thrlr rela- 
tive distance, the aerodynamic aspects of flow, and whether one 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 
N blades and the stator having N blades, both being equally spaced 
r s 
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over a 2 it Interval.  The periodic nature of the pressure field In 0 
and t is expressed by the relationship 

P (e.t) = P (9 +5, t + I) (25) 

The intervals 6 and t can be obtained as follows: Let, at time t , a 
blade of the rotor, say, number 1, be located opposite a blade of the 
stator, say, also number 1. If Nr / Ns, 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 

t = ^JL    ; A 0 = |J1 - |Ji  for N >N       (26) w   '     N     N       r-^ s       x  ' s     r 

time to have the next pair of rotor and stator blades centered with 
respect to each other. This relatively equivalent position of the 
stator and rotor position is repeated at Intervals of time of intergal 
multiples of A 6    . Thus 

In the period of time t, the pressure pattern has traveled along from 
stator blade 1 to a neighboring stator blade, say, 2. The arc interval 
is obviously 2 ir . As the rotor rotates by another A 0, the pressure 

N s 
pattern shifts by another 2 it .  Therefore, 

N s 

0=1-^. (26) 
s 

The angular velocity with which the pressure field swirls around is now 

0     Nr       N v = —   =   j^-fj-  w= ^j-w  . (29) 
t     r s 

2 it Next it is realized that the period on 9 is -TJJ-; thus, in view of the 
comment under "The Rotor Effects", one can express the pressure field as 

P (0,t) =\^(0-w t)  f (t) (30) 

where f (t) is a time function due to the fact that 0 and t do not 
rotate. However, since the frequency on time is w , f (t) 

0 
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muy be expanded in series 

f (t) . Z e -2l«J -f" t (51) 

and consequently (30), after similar expansion, yields 

P(e,t)=  Z eiM.(e-;t) e-atij-l-1 (32) 

or 

p(o,t)=  Z eii^re e-i5 (M« ^ J) t .     (J5) 

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

(l)  The pressure field rotates vith angular velocity 

N 
r   w (3M N - N 

r   s 

in distinction to w for the pvire rotor case. 

(2)  The general expression of the narmonics generated is given 
by 

9 *       /       N N  \ 
w (k^N + _^2_j) = w kNr + J ^ 

S  I»        (35) 

Equations (32) and (33) define the nature of the acoustic potential in 
0 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 Q component, which assumes the form given by equations (32) and 
(33)« Thus the potential is given by 

^v i H \4ei^(e''t)e'2iÄ^te"ikkjm^(Xnm^)! 
(56) 
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where row the coefficient of ^ ' ^Jm 

7       N N V 

with the restriction on n ■ k . N, n = Integer. 

The critical speed. In general, will be 

w . _   Xnni AN 

Is given by 

-An m 

nm kN M + J N Na r      r s 

(37) 

(38) 

Assuming J = 0, since It appears that the contribution of the J's will 
be In high harmonics, one obtains 

nm k N       N     v 
( A™) (59) 

Equation (59) compared with equation (2^) Indicates that the critical 
speed changes by a factor of M/Nr, with frequencies of the Interaction 
between rotor and stator being harmonics of Nr w (of the pure rotor 
case), for the case of J = 0. 

THE EFFECT OF CONSTANT SUBSONIC FLOW 

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 ,/ 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. 

V2 9^ 
bt2 

= o. 

and the position of the source Is (x* (t), y* (t), z*(t) ). 
duclng the new variables, 

x = x - x* (t) 

y = y - y * (t) 

i = z - z* (t) 
t = t . 

Intro- 

(to) 
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The transformation introduces the change in 0: 

0 (x, y, 2, t) = 0p ♦ x» (t), y ♦ y* (t), i ♦ z* (t);  t j . (kl) 

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

v% - V ^1+ h l2^ If  -  (^v)(v.v) 0 + (1*7)4 =0. 
c   dt   c  L     " J 

(U2) 

Uniform Axial Flow 

This case is characterized by 

v=[0, 0, vj 
v = constant. z 

r = r /  ; z = ro 

^ P? 

and the field equation assumes th6 form 

r?2**  iA   4  gß     ö2 0 

(45) 

Substituting equation (Uj) into (42) yields 

c  ot      c   otoz   c     d z 

Introduce now the variables in cylindrical coordinates 

0 = e   ;      * = ro 4- '^ = r-      ^5) 

(46) 
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The solution to equation {k6) Is obtained, as shown previously, by the 
method of separation of variables, and Is of the same form as equation 
(21). The difference is in z, where the factor     ^ is Included 

in^ andT. 

Thus 

1 (£. *.tr) -11^ ein ^ - 5r) ^-4 (X«C )     (47) 

and 

w = 

CXnm = n< - 

yi-ß' 

L\i- ß2> n2(l-ß2)J 

ni 
w ß 

1-ß' 
(^) 

The critical speed is obtained by setting OLom 
(26), one gets 

- e 
W 
nm 

X nm 

or 

w • «Jl- nm  v ß A™. 

=,0> thus/from equation 

(50) 

This indicates that the critical speed or cutoff speed decreases as vz 
or ß 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 

w 0 

nm 
/I £1 

m   +J
NsNr r      fi —  

X nm (51) 

A N 

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 {hk),  where 
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« 

err ^  ^ ro 
0 - r  -^^^ 7 -     -T*- (52) o 

•7 /r^ 
vhere w* is the swirl velocity. 

118 



APPENDIX II. THE INCOMPRESSIBLE PRESSURE FIELD OF A FLAT PLATE CASCADE 

Welnig (reference 20) concluded that 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^ come 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 com- 
ponents of a flat plate cascade (Figure 57) raay ^e described parametricaily 
in terms of a "picture plane", Figure 58. 

- ux " ^ = c |^|l (53) 

e2«5  in ^ ■> 1 * lh I      (5it) 
^ 1+Ih 

Suitable algebraic expressions are available relating picture plane 
parameters h,( _, f     to the physical plane geometric paraneters u and 
ß, and the aefodynamic variables ß1 and ß-. The identification of 
values of the parameter 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 709^+ 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 diminiri.'üS very rapidly with distance, either upstream or downstream. 

An analytical expression for the decay rate may be deduced from equations 
(53) and (5^) • In the region far upstream fron the cascade, equation 
(5J+) is effectively 

In (£ + 1 - ih) +c (55) 
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If the vector distance of the parameter L from the image of upstream 
Infinity, (-1 + ih), is expressed in polar form, r (e)^0, then 

In (^+ 1 - ih) = In r + 1 0 (56) 

so that the distance between tvo points (x , y ) and (Xp, y«) Is 

X2 ' Xl t  
y2 " yl   1 , r2  J e2 ' ei 1 >   + 1  = ä— In — +1 —ä  

s        s    2«   r.   I  2 it 

Then, if the two points have the same ordinate, (y« = y,); 

(x2 - x. 

(57) 

ri     L     8   J 
(58) 

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

W=ln(ux.l uy)-ln c + in (£- gj - in (£-£L) 

^^(,i + L)^8 * ri^ ih) -^LJ ^
+ 1 " i^) + 0 (^ 1 - ih) 

(59) 

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

W - W^, = c' r e 
16 (60) 

It is also convenient to use a polar form for the velocity vectors 

-10 -* 
u - 1 u - v e 
x    y 

W = In v - 1 0 
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How, applying (6o) and (6l) to a point far upstream fron the cascade, 
where the local velocity magnitude Is not much different from that at 
Infinity, 

lnZ 1 (JU ß«, ) . in (1 + -  ~) - 1 (0 - ß«) 

= r [Re (c1) cos 0 - Im (c') sin Öl 

+ In [(Re (c') sin 9 + Im (c') cos e].(62) 

Then the real part of (62) may be applied to the two points (x , y ) and 
(xg, y«) with the same ordlnates (y^y,): 

y2 -J» 
v— 

vl-v- 

cr • (63) 
rl 

Now, substituting (58) into (63), 

I   (x2 " X Jl ^—   -expl 2« -S-s-i I • (64) 

If (xp, y«) is farther from the cascade than (x1, y.), the exponential 
is negative, demonstrating a rapid decay rate. This 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 
Ik of reference 18. 

The analysis downstream of the cascade is similar, except that the log- 
arithm in (55) is negative, which leads to a sign change in the exponent 
of (610. 
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APPENDIX III.   SUBSONIC COMFBESSIBIE FLOW IHFLÜENCE ON THE 

PRESSURE FIELD OF A CASCADE 

In the stud;/ 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 em isolated cascade. 
Reference 18 -gflves 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 
complex velocity, and the physical plane coordinates. Figure 60, far 
away from a cascade. In this plane 

^= q*- «W (65) 

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

C- « - OW - i ( X " ß«, ) (66) 

= «•- iX ' 

represents the disturbance velocity, which, if related to physical 
plane coordinates, produces the sound sensation. The compressible 
velocity function, CD , is related to the ratio of the actual velocity 
to the undisturbed velocity, 2L,with the Mach number M of the undis- 
turbed flow as parameter, by ^ 

(D = In 

2 fer)*4-/^1-^ ^) 
1 +j 1 + [fc-r^2/^7^] 

A suitable complex velocity potential is 

to = 0 + i x 

= H exp ( ^ ) / 2 « In (£') + 0 (^). (68) 

In the regime of Interest, the terms 0 (Q1
) may be neglected in compar- 

ison with the logarithm. 
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The transfarma-tlaa fron hodograph place to physical plane Is defined 
by 

<i(2L±iz)= [BexpC-^d^l  /{**£) , (69) 
- V^ [B e^ ( p ex»  (2^) d^] / (2^). 

Tbe constant B is the same In equations (68) and (69) and Is to he 
determined so that one circumnavigation of L « In the hodograph plane 
corresponds exactly to one movement across a blade space 3 parallel to 
the cascade. This condition Is satisfied If the real and Imaginary 
point« of B are respectively 

* s 1 - exp (gag) cos afo / k 
«  1 - exp  (ikooo) / 16 

B =  exp (2^ sin 2feD / k  . 
ÖI   1-exp {iK«^)  / 16 

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

^ l = vl " vco' 
v' 2 = v2 - VQJ,, 

(?0) 

(71) 

(72) 

found at distances x and xg from the cascade. Using (66) and (67), 
this raMo becomes 

v2-v<x, Vvco -1 

•^ 

k exp ( aj'2) exp ( (o^)     Jl  - M^2 - 1 

k  - exp (2 <ü'2) exp (2^)]  M^ 

k exp ( CD^) exp (<%>)  A - Mol - 1 

Fit - exp (2 CD^) e*p (2%,)1 ^ 

(75) 

(75) may be simplified considerably by using a relation between cu^ and 
MQO implied by (67). The end result is 
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Y2 -y* 
Vl-V« ■{ 

exp (oj'g) - 

exp (o)'^ - 
l\/4 + exp (o)^) exp (aco^ ) 

TJ^ + exp (Cü'-L) exp (2(0^7 (TU) 

For 

a>,2« ^ 

(75) 

a further simplification is possible: 

V2 -V« (76) 
Vl-Y. 0) 

A path of Integration for (69) which is restricted to real d ^ and ^ 
serves to identify a locus of maximum velocity difference from the free 
stream; then, retaining the restriction (66), 

d(x + iy) 1 
s  ' 3 2it B - l/k B  (cos 2ßap - i sin 2ß  ) ] dcp 

0) « 

or 

2« (x2 - x1) /s = 
[l-2 (1/2 exp aw)2 cos 2^] ln(a) 'g/ai '3^) 

(77) 

(78) 

1 - (1/2 exp O4 

(1/2 exp a)^)1* InU'g/o)^) 

TJ  
1 - (1/2 exp aw) 

Inverting (78) and substituting in (76), 

V2 -J* 
vl -v« 

= exp 
2« (Ag - A^^) 1 - (1/2 exp a)«>) 

8    1-2(1/2 exp aw) cos 2ß0(, + (l/2 exp (^Jk 

(79) 

which is equivalent to equation (6^), Appendix II, for the limiting 
case of zero Mach number. 
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APPENDIX IV.  ACOUSTIC PRESSURE FIELDS DUE TO INTERFERENCE 

BETWEEN SUCCESSIVE BLADE ROWS 

ROTOR - STATOR INTERFERENCE ANALYSIS 

\ 
Several investigations (references 5, 15» 18) have studied the possi- 
bility of production of propagating sound waves due 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. 
Some 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- 
I     tion changes quantitatively. Consequently, a tentative conclusion was 
I    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: (l) production and propagation of a cylin- 

j    drical wave, starting from a cylinder the minimal size of the stator 
leading edge (this analysis is made for a stator 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 
wave 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 plane and spherical waves (reference 6, pages 127 - 128> 
165). However, the techniques of the unsteady flow method of charac- 
teristics (reference 1^, pages 955 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 öf cylindrical wave fronts to form a plane front requires 
a determination of the proper time relationohip 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 on all stator vanes. The symmetry of 
the situation indicates that the individual signals will combine to 
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 vhen 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 one stator to the leading 
edge of the next stator is constant. 

Figure 62. Varying Rotor and Stator Blade Numbers, 
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In Fig'ire 62 the number of rotor blades Is greater than the number of 
stator vanes, in the ratio 5 to 'f. 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. If this time delay is less than the travel 
time of a signal from one stator leading edge to the next, the signal 
continuing down a stator vane passage will be a combination of the two 
signals. 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 behind the cutoff frequency. Some qualitative study has suggested 
that wave Interactions leading to plane wave formation may occur 
between signals originating farther apart in time. Quantitative confir- 
mation of this possibility is 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 equations (reference k,  pages ik, 
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: 

<*t 
1 

- + - 
r 

öpru 
^r -: 

= 0 

Momentum: 

ÖU 
at + u • 

du 4 1 
6r       p % 

Isentropic : flow of ; a perfect gas: 

P = *)/ 

Definition of sound velocity • 

2 
c = 

r-i 
= k7p 

(80) 

(81) 

(82) 

(83) 
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or 

^ = ( 7 - 1) ^ = ( 7 - 1) d Inp (83A) 

Using (83), (81) becomes 

-SF^-S?^2 ^(lnp)=0- W 

(80) may also be written 

^ + JL Jisd + u Jk = 0 ot   r  or      or 

or 

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

|i2P_ dr + -<££_ dt ; (86) d lip = "St 

du  = -^ dr + -^ dt . (87) 

Equations (8^), (85), (86), and (87) are to be taken as simultaneous 

equations for the partial derivatives dlnp , cfclnp , du, 3u« A 

typical derivative, du, may be expressed in determinant form as 
-3? 
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du 
77 = 

0 1 c 0 

-u 
r 0 u 1 

du dt 0 0 

d(lnp ) 0 d 
r dt 

u 1 
2 c 0 

1 0 u 1 

d d 0 0 

The principle of the method of characteristics is that 
uniquely defined if the denominator vanishes; i.e., if 

u 

(88) 

may not he 

dr 
dt 

= u + c (89) 

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

dr 
dt 

= + c (90) 

Thus, lines along which 

r = r + c t 
o - (91) 

öu 
are lines across which there may he a discontinuity in —r—, or any 
other of the partial derivatives, or, put in a different way, lines 
along which an acoustic signal is transmitted. 

du 
If u is to he continuous along a line such as 12, —y— may not he 
infinite, so the numerator of (88). must also vanish.  Using the plus 
sign in (90), 
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0 1 c^ 0 

u 0 u 1 

du dt 0 0 

d(liip  )      0 
dt 

dt 

= 0 (92) 

or making use of (83A), 

du + 
r-i de + 

uc dt =   0 (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 + ^j dc + ^- dt = 0, (9M 

which 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 (9^) provide the necessary relations to construct 
the field at all times. 
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KggjjAj 80UBCE LIST FOB CTLIMWICAL WYE PBOBACATIOW 

CCYLWVPRP  CYLINDRICAL  ACOUSTIC  WAVE  PROPAGATION 
DIMENSION  UI60>100)tCTR(6C:iDlST(lOUl.STORE(4.1830 ItLlST(60». 

JSTOR(4.1830).ALISTC10t60)*JLIST>lU.60)*RATIO(100).ULIST(60) 
DIMENSION  Xll01.7).VX(101i.VY(101)tVR(101).VANG(101l*VNORM(I01)t 

VTANGdOll 
DIMENSION BCD!11)*TITLc(8)»LABELl(7 IiLABEL2(7itLAb£L3(7 I.LAUtL4(7) 

tLA8EL5(7).LABEL6(7).LABEL7(2> 
COMMON U»JSTOR.CTR.OISTfBLOSPÜtSPACt.NULADR*NBLAUS*WAVt*RAu*K.PKlNT 

.NPRINTtNDISTt<DlST.RATIO.J*Jl.J2.J3.111.0R.GAMMA.OAMl.SüVtL. 
> GAM11 
EQUIVALENCE IALISTtJL1ST»BLIST).(U.STOREI•!X.JSTOR!•(VX*JSTOR(102 I 

)*IVY.JSTOR(203)).(VR.JSTOR(304))•(VANG.JSTOR(40^1)»<VNORM.JST 
OR(506»)»(VTANG*JSTOR(607)I 

TABLE LIST C15*S(SOVEL.RAD.TIME.NT IME.RAOENO.GAMMA.RAT10. 
BLOSPD.SPACE.NBLAOR.NBLADS.DIST.WAKE.LT APE.laiSTM 

TABLE BCD(66HTIME  ACOUSTIC PARTICLE VELOCITY / INITIAL ÜISTURBANC 
IE VELOCITY   ) 
TABLE TITLE(48HCYLINDRICAL ACOUSTIC WAVE PROPAGATION ANALYSIS 
TABLE LABELU42HBLADE SPEED / SOUND VELOCITY 
TABLE LABEL2«42HWAKE THICKNESS / BLADE SPACE 
TABLE LABEL3(42HNUMBER OF ROTOR BLADES 
TABLE LABEL4(42HNUMBER OF STATOR VANES 
TABLE LABEL5U2HOISTANCE FROM STATOR LE / BLADE SPACE 
TABLE LABEL6(42HANGLE OF MAXIMUM PARTICLE VELOCITY (DEGI 
TABLE LABEL6(12HVN0RM VTAN6 I 
IF(SENSE LIGHT 1)48.1 

48 G0T0(37»49*38.38)«KERROR 
49 KERR0R=3 

GOTO 142 
1 I0F»1 
KERROR«1 
GAMMA«1.4 
SDVEL«1120. 
NTIME=50 
LTAPE»0 
CALL DING(LIST.IOF) 
IFCSENSE LIGHT 111.2 

2 DR*TIME/FLOATF(NTIME»»SDVEL/2./RA0 
NPRINT«LC0UNT(1.100.RATIO.II 
KPRINT-l 
GAM1 * (GAMMA-l.l/2. 
GAM11 * -GAM1 
0T«TIME/FLOATF «NT1MEI 
IF(SENSE LIGHT 2)44.44 

44 REWIND 6 
IF(LTAPEl3f3.80 

3 JSTORU.D«! 
JSTOR(2tl)>0 
JSTORO»1)«0 
JST0R(4»1)«0 
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STOREdtllM. 
STORE(2.1)*0. 
STOREO.llsO. 
STORE(4*n«0. 
JBEFOR«! 
JFIRST«2 
I11«0 
LANE-1 
JLANE«! 
ARGl=6.283185/FLOATF(NTIME) 
ARGsARGl 
JST0R(1.JFIRST»»JFIRST*I11 
JSTOR(2tjFIRST»sJBEFOR*Ill 
JSTOR(3.JFIRST)=0 
JST0R(4tJFIRST)>U 
STORE(11JFIRST)«STORE i11JBEFOR)♦OR 
STORE{2.JFIRST)=STORE(2.JBEFOR»*OR 
STORE(3*JFIRST)=ü. 
STORE(4*JFIRSI 1*0. 
J«JFIRST 
J1»JBEF0R 
J2«0 
J3=0 
JJ1=J1+JLANE 

5 IFUST0R(4«JJ1   ))9t9.6 
6 J2-J 

J3«J1 
J*J+1 
J1=J1+1 
CALL CYLWVE 

7 GOTO 5 
9 JST0R(1.J+1 »«J+l-Ull 

JSTOR(2»J+1)=0 
JST0R(3.J+1)=J1+I11 
JST0R(*.J+1)=J+I11 
ST0RE(1.J+1)=1. 
STORE(2.J+l)=STORE(2fJ»*OR 
60T0(13»12.12tl2)tLANE 

12 STORE(3,J+1)=0. 
GOTO Ik 

13 ST0RE(3.J+1)=S1NF(ARG) 
U ST0RE(4fJ+l)=ST0RE(4tJ»+GAMl»(STORE(3tJ+l»-STORE«3fJ)*IST0RE(3.J+l 

1    )/STORE(l.J+l)+STORE(3.J)/STORE(l.J))»0R/2.) 
GOTO (10.16tl7.17),LANE 

10 ARG=ARG+ARG1 
lF(ARG-6.283)11.15.15 

15 LANE=2 
ARG « 0. 

11 JBEFOR«JFIRST 
JFIRST»J+2 
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GOTO  4 
16 LANE=3 

JLANE<2 
IFIRATlOm-1. 139.39*22 

22   LANE=<i 
GOTO   11 

17 JSTOR(2.J*l)   *  J2  +   1  +111 
IF(STORE(1.J}-RAT 10IKPRINT)124,18.18 

39 JJ   =   J+l 
GOTO  40 

18 JJ   «   J 
40 ICL1ST   sJJ-JFIRST   ♦   1 

RAT10(ICPRINT)«ST0RE(1.JJ)»RAD 
KIC=tCLIST 

19 JLIST(1.ICIO=JSTOR(1.JJ) 
JLlSr(2.KIC)=jSTOR(2.JJI 
JLlSTt3.lCICl=JSTORI3.JJ) 
JLIST(4»ICIC)»JST0R(4.JJ) 
ALIST(3.KK|sST0RE(l.JJ) 
ALIST(6.KK)>STORE(2.JJ> 
AL I ST (71KK) s AL I ST ( 6 . KK) -AL I ST ( 5 «ICK) 
ALIST «8.1CIC» «STORE« 3. JJ) 
AL 1ST (9.KM »STORE (4. JJ) 
ALIST«10.ICK)=ALISTC8.KIC)»ALIST(5.KK) 
CTR(KK)»AL 1 ST« 7,KK)«RAD/SDVEL 
IF{ICK-1)21.21.20 

20 JJJ=JJ 
25 JJJ»JJJ-1 

IF«JSTOR«1» JJJ)-JSTOR(3.JJ))26.2 7,2 5 
26 CALL ERROR 
27 JJ=JJJ 

IU=ICIC-1 
GOTO 19 

21 WRITE(3.1C00)SDVEL.(>AMMA.RA0«0R«UT.T1ME.I(ALIST(K.*K.K). 
1    Ksl.lO).KK=l.KLIST) 
KPRINTsKPRINT+1 
DO  41   KIC=1.ICLIST 

41 BLIST(KKI=ALIST(10.KK) 
CALL  FNWTB(6,1.BL1ST,KL1ST.IERC0D1 
IF(IERC0D-3)42»43.43 

43   WRITEO.IOODKPRINT.IERCOO 
SENSE  LIGHT   2 

42 GOTO(lI,U.22.23f38).LANE 
23        1F(HPRINT-NPRINT)24,24.45 

24 IF(JSTOR(2,J2))I1.11.8 
8 JJJ*1 

JHOLD»JSJOR(1.1) 
NM0VE=1 
JMOVE=JJJ+NMOVE 

28 DO 29 1=1.4 
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JSTORjI.JJJ)=JSTOR(ItJMüVEl 
29 STORE!ItJJJj»STORE(I.JMOVE) 

JJJ.JJJ+1 
JMOVE»JMOVE+l 
IF(JMOVE-J)32t32t33 

32 IF(JSTOR13.JMOVEn2Bf28»30 
30 IF(JSTOR(3.JMOVE)-JHOL0)28t31»28 
31 JH0LD«JST0R(1.JM0VEI 

JMOVEaJMOVE+l 
GOTO 28 

33 Ill=JSTOR(l.JJJ-l)-JJJ+l 
JFIRSTeJJJ 

34 JJJ=JJJ-1 
IF(JSTOR(4tJJJ))35t35.34 

35 JBEFOR=JJJ 
DO 36 I=JFIRST.J 
DO 36 11*1.4 
STORE(11.11=0. 

36 JSTOR(I1.I)=0 
GOTO 4 

37 LANE=5 
GOTO 18 

38 CALL EXIT 
45        CALL   FNWTB(6.2.CTR.KLIST.RATIO.NPRINT.IERCODI 

IFMERC0D-3»46»47.47 
47  WRITEO.lOODKPRlNT 

GOTO   1 
46   IF(LTAPE)1.80.80 
80 REWIND 6 

iCERROR=2 
DO 79 1=1.7320 

79   STORE(n=0. 
DO 81 <PRINT=1.NPRINT 
CALL FNRTB(6«1.U(1.KPRINTI.<LIST.IERC0D) 
IF(IERCOD-6)81.82.82 

82 WRITE(3»1002)KPRINT.IERCOD 
GOTO 1 

81 CONTINUE 
CALL FNRTB16.2.CTR.<LI ST.RAT 10.NPRINT.IERCODI 
IF(IERCOD-6)84.83.83 

83 WRITE(3.1002)KPR1NT.1ERCOD 
GOTO 1 

»  SPACE IS THE DISTANCE BETWEEN TWO STATOR VAMES. 
84 BLADR=NBLADR 

BLADS«NBLADS 
NDIST=LCOUNT(1.100.DIST.l» 

• 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 PASSAGE OF A BLADE WAKE PAST A POINT. 
TMEVNT»(BLArR/8LADS-l.»«SPACE/BL0SPÜ 
CYCLE»SPACK»BLA0S/BLADR/8L0SP0 
T1ME>WAKE/6LDSP0 
DO 147 KCIST-I.NOIST 
NAXIS«DIST(ICDISTI/SPACE*2ü. 
NAXIS«XMAXÜF«NAXIS.30) 

• CYCTIH GIVES THE TIME AFTER THE START OF SOME SINE WAVE SIGNAL 
• AT THE SOURCE WHEN A SIGNAL REACHES THE POINT BEING STUDIED. 
• CYCTMM JIVES THE TIME WHEN THE END OF THE SIGNAL REACHES THE POINT. 

CYCYIMsMODF(01 ST(<DIST)/SDVEL»CYCLE » 
LAWE1-1 
CYCTMM=CYCTIM*TIME 
'. F (CYCTMM-CYCLE ) 101 » lül .100 

100 CYCTMM'CYCTMM-CYCLE 
LANE1«2 

101 CYCTX»0. 
00 108 JCYC=1»100 
VYUCYC)=0. 
GOTO(105tl02l»LANEl 

102 IF(CYCTX-CYCTMM)103.103.104 
103 CALL BILAG(CYCTX-CYCTIM+CYCLE.OISTUD1STJ»SPACE»UCOMPJ 

VX(JCYC)=UCOMP*RAD/DIST{KDIST) 
GOTO 108 

10* LANE1-1 
106 VX{JCYC)«0. 

GOTO 108 
105 IF(CYCTX-CYCTIM)106.106.107 
107 LANE1»2 

GOTO 103 
108 CYCTXxCYCTX+CYCLE/100. 
150 DUM = OUM 

DO 133 KAXIS=1»NAXIS 
AXIS^KAXIS 
DISTTsSORTF(01 ST(KOI ST)»•2+AXIS»»2 t »SPACE 
CYCTIM=MODF(DISTT/SDVEL.CYCLE) 
SINANGaSPACE»AXIS/DlSTT 
C0SANG»DIST(<DIST»/DISTT • SPACE 
TIMPLSSCYCTIM+TMEVNT»AXIS 
TIMMNS*CYCTIM-TMEVNT»AXIS 

1*8 IF(TIMPLS)109.110,110 
109 TIMPLS«TIMPLS+CYCLE 

GO TO  1*8 
110 IF(TIMPLS-CYCLE!U2.111.111 
1J1   T1MPLS»TIMPLS-CYCLE 

GOTO   110 
112 IF(TIMMNS>113»U*.114 
113 TIMMNS«TIMMNS-fCYCLE 

GO TO 112 
114 IF(TIMMNS-CYCLE)116.115.115 
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115 T1MMNS=TIMMNS-CYCLE 
GOTO   1U 

116 CYCTX«0. 
TIMPLX=TIMPLS+TIME 
LAN£l«i 
IF(TIMPLX-CYCLE)118t118.117 

117 LANEU2 
TIMPLX»TIMPLX-CYCLtr 

118 DO   124  JCYO1.100 
GOrO(122tll9).LANEl 

119 IF«CYCTX-TIMPLX)120.12Ü.121 
120 CALL 8ILAG(CYCTX-TIMPLS-»CYCLE.DISTT.UCOMP) 

VX(JCYC)»VX(JCYC)+UCOMP«RAO/DIST(<D1 ST)«COSANG 
VY«JCYCI»VY(JC YC)-UCOMP»RAD/DI ST UOI ST)»SINANG 
GOTO   124 

121 LANE1>1 
GOTO  124 

122 IF(CYCTX-TIMPLS)124.124.123 
123 LANE1-2 

GOTO 120 
124 CYCTX«CYCTX+CYCLE/100. 

CYCTX«0. 
TIMMNX«TIMMNS-«-TIME 
LANE1»! 
IF(TIMMNX-CYCLE)126.126.125 

125 LANE1=2 
TIMMNXsTIMMNX-CYCLE 

126 DO 132 JCiC=1.100 
GOTO(130.127).LANE1 

127 IF(CYCTX-TIMMNX)128.128.129 
128 CALL BILÄG(CYCTX-TIMMNS+CYCLE.DISTT.UCOMP) 

VX(JCYCI=VX(JC YC)+UCOMP»RAD/DI ST(KOI ST)»COSANG 
V ' (JCYC)=VY(JC YC)+UCOMP»RAD/DI ST(KDI ST)»SINANG 
GOTO 132 

129 LANE1=1 
GOTO 132 

130 IF(CYCTX-TIMMNS)132.132.131 
131 LANE1=2 

GOTO 128 
132 CYCTX=CYCTX+CYCLE/100. 
133 CONTINUE 

VRMAX«0. 
DO 140 JCYC=1.100 
VR(JCYC)»SGRTF(VX(JCYC)»*2+VY(JCYC)**2) 
IF(VX(JCYC))134.135.136 

134 VANG(JCYC)=3.14159 
GOTO 137 

135 VANG(JCYC)«S1GNF(VY(JCYCI.1.5708) 
GOTO 138 

136 VANGUCYOsO. 
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137 VANG(JCYC»«VAN&(JCYC)+ATANF(VY(JCYC)/VX(JCyCJ » 
138 VRMAX«MAXlF(VRHAXfABSF(VR(JCYCI)l 

IF«VRMAX-ABSF(VR(JCYC)))139»139.140 
139 LVRMAX»JCYC 
140 CONTINUE 

DO 141 JCYC=ltlOO 
X(JCYC+1» ».ül«FLOATF(JCYC) 
VNORM(JCYC)»VR(JCYC)«COSFiVANG(JCVC)-VÄNG(LVRMAX)} 

141 VTANG(JCYC)«VR(JCVC)»SINF(VANG iJCYC)-VANG(LVRMAX)J 
Xdl   ■   0. 
VX(101)«VX 
VY(101)«VY 
VR(101)sVR 
VANG(101)-VANG 
VNORM(10U=VNORH 

142 VTANG(101J=VTANG 
CALL  ORG(0.*3.) 
CALL   SCALEM(1.6fÜ.,+VRMAXt-VRMAX.16..10.) 
CALL  XAXISA(0.t0.«BC0(l)»-4tl6..0.i 
CALL   YAXISA(0..-5..BCD(2).57tl0..90.) 
CALL  SYHBLA(.75tl0.t.21tTITLEt0.f46) 
CALL   SYMBLA(10.,9,5t.l4fLABEL1.0..42J 

143 XPLOT«BLDSPD/SOVEL 
CALL NUMBRA(15.2f9.5,.14,XPL0T.0.,3) 
CALL SYMBLA(10.,9.2..14.LABEL2.0.f42) 

144 XPLOT>WAKE/SPACE 
CALL NUMBRA(15.2»9.2t.l4,XPLOT.0..3) 
CALL SYHBLA(10.t8.9t.l4tLABEL3>0.t42) 
CALL NUMBRA(15.2»8.9..14.BLADRtO..-l) 
CALL SYMBLA(10.«8.6i.l4»LABEL4t0.*42) 
CALL NUMBRA(15.2t8.6,.14.BLADS.0.i-l) 
CALL SYMBLA(10.,8.3..14.LABEL5.0..42) 

145 XPLOT»0IST(<DIST)/SPACE 
CALL NUMBRA(15.2.8.3,.14tXPLOT >0.»2) 
CALL SYMBLA(10.*8.i.l4tLABEL6i0.t42) 

146 XPLOT»VANG(LVRMAX»♦57.296 
CALL NUMBRA(15.2.8.0,.I4,XPLOTiO.t2) 
CALL LINEIX.VNORM.IOI.I) 
CALL LINE(XtVTANG»101>l) 
CALL SYMBLA(X(LVRMAX)-.25tVN0RM(LVRMAX)4-.05•.14»LABEL7(1). 

1    0..5) 
CALL SYMBLA ( X ( LVRMAX ) -.25 • VTANG (LVRMAX )-f .05 *. 14 »LABEL7 ( 2 ) i 

1    C.,5) 
GOTO (147tl47.38.38).ICERR0R 

147 CONTINUE 
GOTO 1 

1000 FORMAT 
RESTORE 
CYLINDRICAL ACOUSTIC WAVE PROPAGATION ANALYSIS 
SPACE 
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SOUND VELOCITY 
GAHMA 
INITIAL RADIUS 
RADIUS INCREMENT 
TIME INCREMENT 
TOTAL WAVE DURATION 
SPACE 

PN  PNRC  PNDG  PNLC 
X»U 

SPACE 
•I    -I -I -X 

XF4 
REPEAT 1 
END OF FORMAT 

1001 FORMAT 
TAPE RECORD NO 
END OF FORMAT 

1002 FORMAT 
TAPE RECORD NO 
END OF FORMAT 
END 

-I 

-0PF1 
-F2 
-1PG3 FT 
-1P03   (DELTA Ri/R 

-G3 SEC. 
-G3 SEC 

R/RO 

-0PF4 

TIME (CT-R) 

-F4 -F4 -F4 

(C-CO) 

-F4 

RO/R 

-I WAS NOT WRITTEN SUCCESSFULLY» CODE  -I 

-I WAS NOT READ SUCCESSFULLY* CODE  -I 
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C CYLWVE  CHARACTERISTIC INTERStCTiON SUBROUTINE 
SUBROUTINE CYLWVE 
DIMENSION U(60fl00)tCTR(60i>01ST(10U).STORE(4tl830).JSTOR(4.183U) 

1    »RATIO«100» 
COMMON U•JSTORtCTRtO1ST*BLDSPO»SPACE•NBLADRtNtiLAüSiUAVttRAU»KPRINT 

1 »NPRINTfNDIST»HOIST»RATI0»J»J1»J2»JJ»111*OK»bAMMA»uAMl»SUVcL 
2 »0AH11 
EQUIVALENCE «U»STORE) 

• Jl REFERS TO L CHARACTERISTIC 
« J2 REFERS TO R CHARACTERISTIC 
• J3 REFERS TO DIAGONAL POINT 
* J4 REFERS TO NEXT L CHARACTERISTIC POINT 
# J5 REFERS TO NEXT R CHARACTERISTIC POINT 

JST0R«1»J»»J*I11 
JST0R(2»J)»J1*I11 
NCOUNT-1 
JST0R(4»JI>J2+I11 
IF(J3»1»1»3 

1 JST0R«3.J)»0 
ST0RE(3»J) > ISTORE(3*Jl)+STORE(3»J2l)/2. 
ST0RE(4>Ji > (STOREU»Jl)-t-STORE(<»»J2))/2. 
GOTO 5 

I 3 JST0R(3»J)»J3*I11 
1 STORE (3»J> « STORE(3»Jl)*STORE<3»J2)-STORE(3»J3) 

ST0REU»J)»ST0RE«4»J1)+ST0RE«4.J2»-ST0RE<4»J3) 
6 ST0RE(1»J)>ST0RE(1»J3) 

STORE«2»JI=STORE«2»J3l*2.»DR 
IF(JST0R(2»J1I)5»5»11 

5 Cl«GAHll«DR»(STOREO»J)/STORE(l»J)>STOREI3»Jl)/STORE(l»Jl))/2. 
1    ♦GAM1»ST0RE«3.J1KST0REC4»J1» 
GO TO 13 

11 J4>JST0R(2»J1)-I11 
IF(J4)5*$»12 

12 Cl«GAMll*0R*(.4l6667»STORE(3«J)/ST0RE(l*J)4-.666667»STORE(3>Jll 
1 /STOR£(l»Jl)-*0B3333*STORE(3iJ4)/STORE(l»J4lKGAMl»STORE(3»Jl) 
2 ♦ST0RE(4.J1I 

13 IF(JST0R(4»J2ni4.14»16 
14 C2«GAHllftDR*(STORE(3»J)/STORE(l*.mSTOREI3*J2l/STORE(l»J2n/2. 

1    ♦6AMll»STORE«3»J2»*STORE(4.J2) 
GO TO 15 

16 J5«JST0R(4.J2»-I11 
IF(J5)14»14»17 

17 C2»GAM11»DR»«.416667»ST0RE«3»JI/ST0RE«1.JJ*.666667»ST0R£!3»J2» 
1 /STORE«l»J2)-.0ö3333»STORE(3tJ5)/STOREC1.J5»I*GAM11 
2 •STORE«3.J2»*STORE«4.J2J 

15 CALL DETERIC1»C2*GAM1.GAM11»1.»1.*CR»UR) 
7 IF«ABSFtCR-STOREU.J»)*ABSF(UR-STORE«3.Jn-l.E-5J9»9.8 
8 ST0RE(4»J)>CR 

ST0RE(3»J)>UR 
NC0UNT«NC0UNT4-1 
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IF(NCOUNT~15tSt5*10 
10 CALL ERRORA 

9  RETURN 
END 

CBILAO       BIVARIATE   LINEAR   INTERPOLATION.   CYLINDRICAL  WAVE   INTERFERENCE 
SUBROUTINE   BILACU.YtZl 
DIMENSION  U(60.1U0) .CTR(6ü),DIST( iOUI.STOREU.1030l.JSTORU.lB30» 

1 .RATJOdOOl 
COMMON  U.JSTOR.CTR.DIST.8LDSPD.SPACE.NBLAOR.NBLADS.WAVE.RAO.K.PR1NT 

1        *NPRINT.NDIST.ICDIST.RATIOtJ>JI.J2»J3tIll.DR.CAMMA*(jAMl»SDVbL 
EQUIVALENCE   (U.STORE) 
1 = 1 
J«l 

1 IF(X-CTRlI*l»»*»*f2 
2 1M + 1 

IF(I-59)1.3»3 
3 CALL  ERROR 
4 IF(Y-RATIO(J*1»|7»7»5 
5 J=J+1 

IF(J-NPRINTU.6.6 
6 Z   =  U(I.J> + (X-CTR«I))/(CTRn+l)-CTR(IN«(U( I + l.JI-UUtJ» 

GOTO  8 
7 DEN«(CTR«I+1)-CTR(I))»{OIST{J*1)-D1ST(J)) 

CLB«V-DIST(J» 
CUB-DISTU+U-Y 
CLH«X-CTR(I I 
CRH»CTR(I*1)-X 
Z»(CUB»CRH#U(I.J1*CUB»CLH»U<I+l.J)*CLB*CRH»U(l.J+1) 

1 ♦CLB«CLH»U«I+1.J+1I»/0EN 
8 RETURN 

£N0 
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APPHJDH V.      ABAETriCAL MVESTIGATIOW OF THE RADIATIOB CaARACTHttSTICS 

FROM A FAH FACE 

The aK>roach used Is that of a piston with a varying particle velocity. 
Tbe particle velocity was assumed to he 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 source 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 from 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. 

* - i^- u5 'Mi-T'/C)** (95) 

where 

ds = element of rotor surface area, 

dp s acoustic pressure at point P. 

P = density of medium. 

tu - frequency of excitation ( a> = N X BPS). 

UJ =  particle velocity. 

t   =  time. 

c   =  speed of sound in medium. 

N   =  number of rotor blades, r 

BPS »  revolutions per second of rotor. 

The particle velocity may be assumed to have the form 

u5 = üo (r) e 
Jnl/' (96) 

where 

n » difference in the number of rotor and stator blades. 
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P(R,0) 

Figure 63;  Schematic of Coordinate System. 
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Substituting (96) Into (95), 

dp = ^Uo(r) e J [^^  ^ ' r,/c) 1 ^^ (97) 

with 

ds = rdrdT//". 

From Figure 63, the following may be determined: 

r'2 = (r cos\|/)2 + (R sin 0   - r sin\j/)2 + (r cos Ö   )2 

= r2 + R2 - 2rR sin e sln^/" 
2 

r» = R(l + |- - 2 I sin 0 sln^)1/2; 
R2 

and If (|)2<$C  § 

r' = R(l - 2 I sin 9 slnXJ/) 1/2 

or 

r'      R(l - J sin 0 BinXJS) 

r'      (R - r sin0 sln\j/). (98) 

Substituting equation (98) into (97), 

dpg£pa>  Uo e j      (t - R/c)e J(n\//+ («_ r sin  0 sin\// )rdrd^  . 
2 ä R c • (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 

2n r1 

oscillates about the value 1, which enables the term r sin 0 sinU/'to 
be assumed negligible, while the exponential terms oscillate about a 
value of zero, which does not allow the term r sin 0 sin \l/to be 
assumed negligible. 
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From '^Tables of Functions" by Jahnke and Emde, equation (99) becomes 

p = J^JL. e ^ (t - R/c) Juo Jn (jyr sin 0 )rdr     (loo) 

from which 

u = ^- cos cu  (t - R/c)  [ U (r) J  (— sin 0 ) rdr 
Re 'lone 

I = 
poo 

UR2c 

J  0     "   u_ (101) 

fuo (r) Jn (o^r sin e ) rdr  2.     (102) 

Equations 100, 101, and 102 were progranmed 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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FORTRAM SOURCE LIST FOB R/JIATIOW FROM A ROTOR ANNUIJUS 

*FANANßfßEÄgY8ßimtII?ßA^ie,?8l§§EfmYI,.SUPAR«19..TrttTA,20. 
1 .SOPRES(19! 

TABLE  BIT.SJO-577777777777) 
IF   (   SENSE  LIGHT   II   6t8 

8 RHO  ■   .076473 
SOVEL   ■   1116.4 
00 2   I   >   1*38 

2 RAD(I)   o   BITS 
READ DIP  RPMtBLADEStRA0tUO*S0VEL*RHOtBEATS 
IF   (   SENSE  LIGHT   1)   8.1 

1   ALBOA  >   S0VEL»9.54929/BLA0ES/RPM 
NRAO  *  LC0UNT(1.19*RA0t2) 
NRAD1   »   (NRAD+l)/2 
SOREF   «   RH0*S0VEL/4.»RA0(2>NRA01l**2/32.174/6Md.399 
REF   >  RA0(2*NRA01) 
PREF   >  RHO*S0VEL/32*l74*REF/2.08848£-3 
DO 3   I   «   l.NRAD 
RADII til   »  RAO 11 * II/ALBOA 

3 RA0(2tII   -  RAD(2*n/REF 
THETAdl   ■  0. 
SOPARllI   -  0. 

9 NBEAT   «  BEATS 
NBLAD  -  BLADES 
DO 7   I   >   It 19 
THETA(I*ll   «  THETA(I-ll+5. 
THET   «  SINFITHETAdl*.0174532) 
DO 4 J  -   ItNRAD 
CALL  8ESSL(l.RAD<l.JI»THtT.NBEAT.NbtAH-5.BtSSEL(l.J)) 
IF(SENSE  LIGHT   1   t   6.4 

4 CONTINUE 
TRY1   >  RA0(ltll*RAD(2.1)*BESSEL(l*l) 
SOPRESd)   ■   0. 
DO 5  J   -   3.NRAD.2 
TRY2   -  RAOfltJ-l)»RAD(2tJ-l)*BESSEL(l.J-ll 
TRY3   »  RADIltJI*RA0(2tJ)*BESSEL(ltJI 
SDPRES(n»SDPRES(l) + (RA0(l.Jl-RA0(l.J-2»)»( .1666fc7»(TRYl-»-TRV3» + 

1 .666667«TRY2I 
5 TRY1   »  TRY3 

SDPAR(I)   «SOPRESd I«^ 
GOTO  7 

6 WRITE(3tlOOO)THETAdltJ.RAD(ltJ).THETtNBLAO 
7 CONTINUE 
WRITE 13.1001(NBEAT.NBLAD.PREFtRPH.SOREF.ALBDAtRHOtREFtSOVEL» 

1    (RADd.J).RAD(2.J).THETA(JltSDPAR(JltSDPRES(J)tJ*ltl9) 
60 TO 8 

1000 FORMAT 
SPACE 

BESSEL FUNCTION SUBROUTINE ENCOUNTERED AN ERROR AT THETA > -F3t J> -I. 
X RAOd.JI«    -E3. SINTHETA >  -F3. NBLADES « 'I 
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ENU OF FORMAT 
1001 FORMAT 

RESTORE 
SOUND RADIATION FROM A ROTOR BLADE ANNULUS 
SPACE 
NUMBER OF BEATS •      -I 
NUMBER OF BLADES   •   -I 

XESSURE   «    -1PG3  DYNES/CM2 
RPM >   -OPFO 

XTENSITY  -    -1PG3  WATTS/CM2 
REFERENCE LENGTH   »   -ÜPF3 FT 12«PI»WAVE LENGTHi 

X ■      -F5  LBM/FT3 
REFERENCE VELOCITY ■    -F3 FT/SEC 

XTV      -     -Fl  FT/SEC 
SPACE 
RADIUS     PEAK VELOCITY ANGLE FROM AXIS 

XNTENSITY     SOUND PRESSURE 
REFERENCE VELOCITY I DEGREES I 

XR/LBDAISO     ?ATIO»(R/LBDA» 
-0PF3 -F3 -FO 

X-1PG3 -63 
REPEAT 1 
END OF FORMAT 
END 

REFERENCE PR 

REFERENCE IN 

AIR OtNSITY 

SOUND VtLOCI 

SOUND I 

RAT 10»C 
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C8ESSLB?SsEL FUNCTION JIX» AND UX» 
C     BESSEL SUBROUTINE 
C     CHANDLER MARCH - TIS 64TIP5 
C     STEGUN AND ABRAHOWlTZt HIAC 60 P.252 - OCT 19i7 

SUBROUTINE 8ESSL1ITYPE.X.NMlNtNMAXtBESJIl 
C  ITYPE • 1 FOR  UU) 
C  ITYPE » 2 FOR  I(XI 
C  STATEMENTS WITH 100 SERIES EFN JUMBERS DO NOT APPLY 10   HX) 

3 DIMENSION BESJKIO) 
10 XX « X 

MAXN>NMAX 
MINN*NMIN 

NDEL«MAXN-MINN 
IFINDEL>lltl4»U 

11 NTMP«MAXN 
MAXN-MINN 
MINN«NTMP 
NDEL—NDEL 

C  NDEL IS NUMBER OF ORDERS DESIRED 
14 NDEL=N0EL+1 

IF(XX)43*41t43 
41 DO 42 I«1«NDEL 
42 BESJI(I)*0. 

GO TO (44*40)*ITYPE 
44 IF(NHIN)46*4S*40 
45 BESJim = l. 

60 TO 40 
46 IF(NMAX)40»47*48 
47 BESJI(NDELI«1. 

GO TO 40 
48 Nsl-NMIN 

BESJKN)«!. 
GO TO 40 

43 NDEL1»NDEL 
GOTO(15»U6) »ITYPE 

15 Cl • -I. 
C2 > 2. 
GOTO 17 

116 Cl • 1. 
C2 > 1. 

17 K « (XMAX0F(MAXN»XFlXF(1.5»XX*.5in/2»»2*12 
FJP3 • 0. 
FJP2 • l.E-11 

C  SUMFJ ACCUMULATES TENTATIVE BESSEL FUNCTION VALUES 
C  TO GET THE NORMALIZING FACTOR 

SUMFJ « 0, 
TWOX • 2./XX 
P » IC+1 

18 FJP1 « TWOXft(P+l.)ftFjP2*Cl*FjP3 
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fBFCNl « ABSHFJPI» 
iF(ABFCNl - 1.£36)20.19*19 

19 SENSE LIGHT 1 
GOTO 40 

20 FJPO • TW0X»P»FJP1*C1*KJP2 
ABFCNO- A8SF{FJP0» 
1F(ABFCN0-1.E36)21.19.19 

21 IF(ABFCN0*ABFCNl-l.E-3ü)22.23.23 
22 FJPO-O. 

FJP1 « 0. 
23 GOTO(25.2*>.ITYPE 
2« SUMFJ»SUMFJ*FJP1 
25 SUMFJ»SUMFJ*C2«FJP0 

IF(NDEL)32.32*51 
51   IF(K-MAXN)50.29.32 
50   IFU-H-MAXN)32.27»32 

C  THE FUNDAMENTAL RECURRENCE FORMULA 
C  FOR J» JP(X) » 2»(P+1)/X»JP1UI-JP2<X» 
C  FOR I* 1PIX) • 2»(P*1»/X»IP1(X)*IP2(X» 

27 BESJI(NDEL)>FJP1 
NDEL>NDi.L-l 
MAXN>MAXN-1 
IF(K-NMINt32*29*29 

29 BESJI(NDEL)«FJP0 
NDEL>N0EL-1 
MAXN«MAXN-1 
GOTO 32 

C  THE SUM IN THE NORMALIZATION CONSTANT FOR J CONTAINS 
C  ONLY EVEN K IN JK 

32 IF(K)34*34*33 
33 P»P-2. 

IC»K-2 
FJP3-FJP1 
FJP2-FJP0 
GOTO 18 

34 SUMFJ«SUMFJ-FJP0 
GOTO(36.135).ITYPE 

135 SUMFJ«SUMFJ/EXPF{XX) 
36 00  37   IM.NDEL1 
37 BESJI(I)>BESJI(I)/SUMFJ 
40  RETURN 

END 
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APPENDIX VI.  ABSORPTIVE SUPPRESSOR DESIGN CALCULATIONS 

DESIGN PROCEDURE FOR ABSORPTIVE LOUVERS 

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

B. Calculate ly (louver spacing). 

C.  Calculate A (wave length). 

D. Consult reference 9» and read the db attenuation per length equal 
to ly, Aly, for the various values of ly/^ for the design percent 
open area. 

i 

E. Multiply Alv by —=—  to determine predicted noise reduction, Mb. 

y 

F. Read F (flow resistance parameter) corresponding to design percent 
open area. R, . 

F =   1 t 
P c 

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

SAMPIE CALCULATION 

A. Assume: percent open area     = 80 

No. of louvers        = 10 

Axial length of louvers = 1 ft. 

Frequency of Source;    1070 cps and harmonics 

B. 1 = 2.04" (calculated) 
y 
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c. 

D. 

E. 

f (cps) 

1070 

211+0 

5210 

1+200 

5550 

vx 
.162 

.522 

.465 

.61+4 

.81 

.3 

1.2 

1.9 

2.6 

5 

X(ft) 

1.05 

.527 

.352 

.261+ 

.210 

1.2 

1.9 

2.6 

3 

A(A db) 

1.76 

7.05 

11 

15.3 

17.6 

F. F = 

F = 

t = 

•75 
R 1 t 

P c 

1/1+" = .00635 meters pC = I+06 Mks Rayles for air 

R,     =    1+.8 x 10   Mks Rayles/m 

From reference 9,  select proper material for this R  . 
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