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NOISE ABATEMENT METHOD AND APPARATUS
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Hariford, Conn,, assignors to United Aircraft Corpora-
tion, East Hartford, Conn,, a corporation of Delaware
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This invention relates to noise suppression and more
particularly to the abatement of noises of discrete fre-
quency emanating from rotating machinery utilizing rotat-
ing blades and stationary vanes and in particular from an
inlet of an axial flow compressor of the type commonly
used in aircraft gas turbine powerplants and from shrouded
marine propellers.

With the advent of jet powered aircraft and, in particu-
lar, commercial jet aircraft entering and leaving municipal
airports, the question of how to suppress the noise created
by a jet engine has been given extensive consideration.
The first problem attacked by engineers in this field was
the reduction or elimination of exhaust gas wake noise.
Both the use of the exhaust gas wake noise suppressors
developed during this early period, for example of the type
taught in our U.S. Patent Nos. 2,845,775, 2,930,185,
2,931,171, 2,936,846, 2,944,392, 3,027,713 and 3,033,494,
and the advent of the turbofan type power plant with its
reduced jet exhaust noise, brought more sharply to the
public’s atfention the discrete frequency noise, sometimes
called “whine,” generated by the compressor and being
propagated groundwardly, mainly from the compressor
inlet. This compressor inlet whine is most objectionable
during municipal airport approach when the jet engines
of the aircraft are operating at reduced power and hence
the jet exhaust noise is greatly reduced. The “whine” is
not so objectionable at take-off for the jet exhaust noise
then conceals it. It had been thought that the compressor
inlet discrete frequency noise was akin to the type of
noise generated by an aircraft propeller. When the exist-
ing knowledge regarding propeller noise was applied to
solve the compressor inlet discrete frequency noise prob-
lem, predicted results were at great variance with actual
measurements. These discrepancies were left with the
status of unresolved paradoxes and it has become clear
that aircraft propeller gemerated noise and compressor
generated discrete frequency noise could not be similarly
explained.

Equally important is the problem of supressing the noise
made by marine propellers on naval vessels. During an
attack upon a submarine, the surface vessel can detect the
position of the target submarine from the noise made by its
propellers and if the target submarine should have to dis-
continue the use of its propellers in order to avoid or elim-
inate the noise made thereby, it would be impossible for
the target submarine to escape from the attack area. In
addition, attacking submarines are aided in detecting the
whereabouts of surface vessels by the surface vessel propel-
ler noise. It is, therefore, important for both surface and
submarine naval vessels that their propeller noises be
eliminated or drastically reduced. We have found that
since both air and water are fluids, they have similar wave
transmission characteristics. The propagation of acoustic
energy through air is similar in considerable detail to the
propagation of hydrodynamic pressure waves through
water.

While the description of our invention will be made
using an axial flow compressor of an aircraft turbojet
engine as the primary illustration, it should be borne in
mind that the principles taught herein are equally appli-
cable to shrouded marine propellers and other types of
rotary machinery using rotating blades and stationary
vanes or struts.

We have made extensive studies and experimentations
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regarding axial flow compressor inlet discrete frequency
noises and have found, as more fully described hereinafter,
that they comprise spinning modes or rotating pressure
fields cauvsed both by the revolving compressor rotor
blades by themselves and by the interaction established be-
tween adjacent rows of compressor rotor blades and com-
pressor stator vanes.

It is an object of this invention to provide method and
apparatus for reducing and eliminating discrete frequency
noises, both fundamental and harmonic, generated in an
axial flow compressor and which emanate from the com-
pressor inlet and/or discharge.

It is a further object of this invention to teach method
and apparatus for reducing the discrete frequency noise
emanating from an axial flow compressor comprising
selecting blade and vane combinations which are of such
number and so positioned relative to one another that
cither a reduced strength spinning mode is formed, or a
spinning mode is formed of such a nature that it will not
be propagated through the compressor duct and out
through the compressor inlet and/or discharge but, in fact,
will decay within the compressor duct, or such that spin-
ning modes of equal intensity and opposite phases are
generated or established so they will cancel each other
within the compressor duct, or such that the radiation
directivity pattern of the discrete frequency noise emanat-
ing from the compressor inlet produces reduced exposure
time to those cn the ground as the airplane flies by over-
kead, or such that the modes which propagate from the
compressor inlet are established at a sufficiently high fre-
quency to be above the range of high human hearing sen-
sitivity; namely, 7,000 c.p.s. (cycles per second).

It is still a further object of this invention to select the
number of blades in rotors of an axial flow compressor
and to select the number of vanes in stators of an axial
flow compressor and to axially position the rotors and
stators such that the spinning modes created by rotor-
stator interaction are substantially equal, then indexing
the rotors and stators circumferentially to cause the equal
amplitude spinning modes to be out of phase and hence
cancel, :

It is still a further object of this invention to select blade-
vane combinations in an axial flow compressor such that
the number of vanes is approximately equal to or greater
than twice the number of blades times the number of the
harmonic index of the discrete frequency noise being

_considered.

It is still a further object of this invention to teach a
method and means of reducing discrete frequency com-
pressor inlet noises comprising choosing blade-vane com-
binations such that the spinning modes created have a
minimum of approximately 8 lobes.

It is a further object of this invention to teach a method
and means of reducing the discrete frequency compressor
inlet noise in an axial flow compressor comprising select-
ing a blade-vane combination to produce a spinning mode
having m number of lobes wherein m equals the harmonic
index n, times the number of blades, B, plus an independ-
ent positive or negative integer, k, times the number of
vanes, V, and so that the number of lobes, m, is equal to or
greater than the number given by the formula

nB(Mg—+M%*y)
where Mg is the rotor circumferential tip Mach number
and M*,, is a cufoff or critical Mach number.

It is a further object of this invention to teach means
and apparatus for producing a quiet compressor which
means and apparatus comprise a system which is flexible
and comprehensive and includes five basic courses of
action which may be used, singularly or in combination,
for controlling compressor noise.

Other objects and advantages will be apparent from the
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specification and claims and from the accompal,yhg draw-
ings which illustrate an embodiment of the invention.

FIGS. 1-7 are schematic representations of the relative
motion which takes place between the blades of -an eight

lade rotor, the vanes of a six vane stator and the two
lobed spinning mode created thereby, which moae is rotat-
ing in a counterclockwise direction.

FIGS. 8-17 are schematic repres entations of the rela-
‘tive motion which takes place between the blades of an
-eight blade rotor, the vanes of a nine vane stator and the
single lobed spinning mode created thereby, which single
mode is rotating in a clockwise direction,

FIG. 18 is an external side view of a typical turbo-jet
engine of the type used in a modern aircraft and which
will utilize our invention. )

FIG. 19 is a side view of a shrouded marine propeller,
partially broken away to illustrate our invention.

FIG. 20 is an enlarged, cross-sectional view showing
of the forward end of an axial flow compressor iilustrating
a preferred embodiment of our invention.

FIG. 21 is a graph illustrating the noise reduction which
can-be éxpected by axially spacing adjacent stators and
rotors various distances. The graph scale chosen is 1
inch=1 chord length.

FIGS. 22, 23, 24 and 25 illustrate the decay rates of
spinning modes having various lobe numbers m and
which rotate at various wall speeds or Mach numbers.

These figures illustrate the effects of decay when the hiub-

‘tip ratio is 0, .25, 0.50 and 0.75, respectively:

: GS. 26, 264, 265 and 26¢ are graphic representations
of various solutions.of Formula 1 used to illustrate how
blade and vanc combinations are selectzd to avoid spin-
ning mode propagation and insure spinning mode decay
within the compressor duct for various Mach fnumbers.
" FIG. 27 is a typical far field spectrum of an axial ﬁow
compressor designed to-decay the fundamental (B) an
the first harmonic (2B), with the higher harmonic (3B'
etc.) propagating. ‘

FIG. 28 is a schematic representation of cantilevered
inlet guide vanes 59 projecting radially inwardly from the
compressor outer case and extending t‘iroughout the blade
tip region only so as to Qatlsfy both the requirement of
high vane number and object ingestion.

FIG. 29 is a compressor having retractable inlet guide
vanes.

FIG.30isa develoged view projected, both axially and
circumferentially, iliustrating a spinning mode and in-
dicating the ridges of high and low pressur"
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FIG. 31 is a graphic representation of a de veloped view

of two spinning modes created by different sources in an
axial -flow compressor, which modes are illustrated pre-
cxsely as generated

" BIG. 32 is similar to FIG. 31 but shows the modes in
a corrected condition 180° out-of-phase and hence can-
celling.

. FIG. 33 is a developed view of a two-lobe mode and a
three-lobe mode as generated in an axial flow compressor.

50

FIG. 34 corresponds to FIG. 33 but shows the two- lobe .

mode cancelled.

. 35 corresponds to TIGS 33 and 34 and shows
»both th“ two-lcbe ‘mode and the three-lobe mode can-
celled.

FIG. 36 is an illustration of the inlet end of a com-
pressor-and the parameters used in considering the direc-
tivity pattern created by the spinning modes propﬂgatu‘xfy
therefrom.

FIGS. 37-40 illustrate the directivity pattern for a
single lobed spinning mode as engine speed is increased.

FIGS. 41 and 42 illustrate a comparison of test data
. and theoretical data. )

FIG. 43 is a graphic representation of the ground ex-

i34

4

variation of ear sensitivity. to noise as a function of fre-
quency.

FIG. 45 is a graphic illustration of the extra air attenu-
ation for noise generated at various frequencies.

FIG. 46 is a partial enlarged showing of a portion of
the compressor shown in FIG. 20 and illustrating adjacent
stators and rotors and their connection:to permit axxal
circumferential and helical -indexing.

FIG. 47 is a developed view of the
tions of FIG. 46. -

TIG. 48 is a showing of the relation between the num-
ber of vanes-and shaft speed for an illustrative engine to
meet the requirements of the indicated noise criteria.

FIGS. 49 and 50 show. families of curves illustrating
blade-vane combinations ‘suitable for various opersting
speeds 80 as to satisfy the designated acousuc require-
ments.

In view of the complexity of the theory of the deriva-
tion and behavior of discrete frequency compressor noises, -

ace spline connec-

-it will bé necessary to- use mathematical formulae and
Asymbols throughout this description:

According, ‘Appen
dix A is provided at the end of the description to prov;d\,
a table of definitions. OL the various symbols to be used
herein.

THE NATURE. OF. COMPRES;OQ NOI
Since our initial study of the ncise problem was directed

-toward solving the noises in turbojet aircraft engines, our

description will' be directed primarily toward the moise
problems as they apply to a turbojet aircraft engine, but
it sheuld be borne in: mind that there are other equally
important applications which may be found in all types
of rotatxng machinery of the vane-blade type, such as the
marine propeller application referred to herein.

The nature of COmPressor noise 'is dsscribed. in sub-
stantial particularity in an article by J. M. Tyler and T. G.
Sofrin entitled “Axial Flow Compressor Noijse Studies”
appearing.in SAE Transactions, Reprint, 1962, pages 309
through 332, which-is hereby incorporated by reference
and to which particular refererice may be had.

As more fully developed in the aforementioned SAE

-article, there are two sources of the discrete -frequency

compressor noise, consisting of the fundamental blade-

-passage frequency and the harmonics of the first one or

- two' stages.

These sources are (1) .the rotation of the
periodic pressure field of the blades operating in uniform

“flow, and (2) the periodic cutting by the rotor of flow

irregularities produced by stator .vanes or -the periodic
impingement of rotating blade wakes on stator vanes.
Both sources produce. what have ‘been called spmmng
modes which are pericdic pressure patterns that spin about
the shaft axis.- However, patterns produced by the two
sources differ in"an important way. In the case of the
first: source; a rotor operating in uniform flow, the pat-

“tern associated with the order nB consists of nB lobes, or
-cycles of simple harmonic variation; rotating at exactly
“rotor speed N, where B is the number of blades.and n

is the harmonic being considered, with n=1 for the funda-
mental, n==2. for the first harmonic and so forth.. Thus,

“the fundamental blade-pasage freqiency, BN, is generated

by a B-lobe pattern turning at rotor speed, the first har-
monic, 2BN, is_associated with a pattern having 2B lobes

vtulnmg at rotor speed; and so forth. - As fully explained

65

70°

_posure time of directivity patterns éstablished by spinning

-modes having various numbers of lobes m.
FIG. 44 is the Fletcher-Munson curve. This shows the

75 -

in the aforementioned SAE article; rotor-created spinning
modes: can be caused to decay rapidly by-operating the
rotor below cut-off speed according to- the formula:
Fng
..

where m_nB n:‘larmomc mdex B equals number of
bladea, and - :

is a characteristic number.



3,124,487

5

The patterns produced by the second noise source, that
is, cutting of stationary wakes by rotating blades or im-
pingement of rotating wakes on stationary vanes are quite
different. If there are V stationary vanes and B rotating
blades, the noise consists of a superposition of patterns
associated with orders nB, having m lobes given by the
the relation: m=nB--kV (1), where k is an index that
takes on all positive and negative integers. In order to
generate the order nB, each of these m-lobe patterns turns
at a speed different from that of the rotor speed N,
namely:

2

The understanding of some of these patterns may be
made more plausible by means of a simple demonstra-
tion involving reasonably few blades and vanes. FIGS. 1
through 7 illustrate in diagrammatic form the case of an
8-bladed rotor interacting with a 6-vaned stator. Egs.
1 and 2 predict the existence of an 8§—6==2-lobe pat-
tern, turning at 8/2=4 times shaft speed for the 8N
frequency. The rotor blades are represented by eight
_spokes, such as 2, one of which 4 is marked with a large
dot for identification of rotor position. The six stator
vanes, such as 6, are schematically shown as short radial
lines extending inward from the duct wall 20. In FIG. 1,
the marked blade 4 coincides with the right-hand stator
vane, and a similar coincidence exists on the opposite
side. The coincidences and directions of motion are
identified by exterior arrows, and the positive portions of
a 2-lobe pattern are shown by the shaded areas. FIGS,
2 through 7 show intermediate positions of the rotor
(follow identifying mark) and the coincidences as the
rotor makes ¥4 of a turn. Notice that in this time in-
terval, the 2-lobe pattern has completed one whole re-
volution, and is therefore turning at a rate of 4 times the
rotor speed.

Similarly, FIGS. 8 through 17 represent the interaction
of an 8-bladed rotor, such as 8, with a 9-vaned stator,
such as 9. Here, using Equation 1, the expression for
the smallest value of m gives m=8-—-9=—1. This re-
‘sult is interpreted as a 1-lobe pattern rotating in a direc-
tion opposite to that of the rotor. Using Equation 2,
we find that its speed is eight times shaft speed. A glance
at the diagrams in FIGS. 8 through 17 shows that a com-
plete backward revolution of the 1-lobe pattern (identi-
fied by a single coincidence arrow) is accomplished in
the time required for the rotor to make but ¥& of a turn.

Now it is a further basic result that the noise associ-
ated with each of these patterns, whether produced by the
rotor only or by rotor-stator interaction, behaves in one
of two distinctly different ways in its passage to the
compressor duct entrance or discharge. If the pattern
sweeps the duct wall at a tangential velocity such that
its wall Mach number, My,, is less than a critical value,
M#,, the intensity of the pattern will decay exponentially
with distance from the source. Thus, the pressure varia-
tions at the face of the duct will be extremely small and
will not radiate significant noise away from the com-
pressor. If, on the other hand, the tangential Mach num-
ber of the pattern is equal to or exceeds the critical
Mach number, M*,, the pattern will propagate through
the length of the duct with undiminished intensity and
will radiate from the duct face into free air. In noise
parlance, the point of “cut-off” is said to separate the
“decay region” from the “propagation region” and “cut-
off” occurs when the tangential Mach number of the
lobed spinning mode is equal to the critical Mach num-
ber M*,. Actually, propagation would exist at “cut-off’
and hence, 1o have decay it is essential to maintain lobe
tangential mode Mach number below “cut-off.” Appen-
dix B, which will be found immediately following the
description, provides a convenient table for the crifical
txp—Mach number M*,,

It is an immediate consequence of this result, as has
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m
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been experimentally confirmed, that the noise produced

by a ducted rotor operating at subsonic tangential tip

speed in uniform flow, decays exponentially with distance
from the rotor and is not heard outside of the duct. This
is completely different from the case of a conventional
propeller, the noise characteristics of which are well
known, and accounts for the unsuccessful attempts to
explain compressor noise with the principles set forth in
propeller theory.

Therefore, since from the preceding it will be seen
that the spinning modes generated by the compressor
rotor can be controlled so as to decay by the control of
rotor speed, the only important noise sources in subsonic
compressor operation are those associated with rotor-
stator interaction patterns. Through knowledge of the
behavior of these patterns it is possible to design a com-
pressor so as to exploit-the properties of rotor-stator
interaction noise with respect to minimizing its effects
on an cbserver located on the ground as the airplane
flies by overhead.

We have found four areas of the compressor noise
problem over which control may be exercised by proper
design procedures. Each of the four areas will be dis-
cussed in greater particularity hereinafter but will now
be mentioned in chronological order:

(1) The noise we are concerned with is first generated
by the rotor cutting through flow nonuniformities such as
wakes of upstream guide vanes or stators or by the im-
pingement of rotor wakes on downstream stators.

(2) The next stage is the transmission of the generated
pattern through the duct to the entrance and discharge
planes.

(3) The pressure field at the duct face will radiate
sound away from the compressor in a directivity pattern
which can be computed from the results of our analysis.
It will be apparent that the first three mentioned areas of
noise control are equally applicable to the marine pro-
peller noise problem.

(4) The final phase is the reaction of the typical human
observer to the radiated compressor noise as the airplane
fiies by overhead, wherein such factors of the reaction
as intensity level, frequency, quality and duration must
be considered.

It is our objective to teach how to design or reoperate a
compressor to control noise by affecting one or more of
the above areas. There are five means by which such
control may be exercised and these means may be used
singly or in any combination as circumstances may direct.
After summarizing these five means, detailed description
of each will be presenied. Finally, sample design or re-
operation procedures will be described.

The five means for controlling compressor noise are:

(1) Reduce the strength of the source of rotor-stator
interaction by axially separating the stator from the rotor
so that the wakes are appreciably diffused.

(2) Exploit the phenomena of decay by selecting the
number of rotor blades and stator vanes such that the
modes associated with one or more harmonics of inter-
action noise are spinning at less than their critical tip Mach
number, M*,. Conservatively, for high Mach number
conditions as encountered in aircraft turbo-jet engines, it
can be said that the number of vanes, V, should be equal
to or greater than twice the number of blades, B, times the
harmonic index n. For low Mach number conditions,
such as are encountered in marine applications, it will be
shown how this result may be achieved with a much
smaller number of vanes.

(3) Where there are two or more sources of propagat-
ing interaction noise at the same frequency, select the
blades and vanes such that these modes have the same
number of lobes and comparable radial intensity distribu-
tions. Then index the sources by adjusting angular and
axial positions of the blades and/cr the vanes so that the
relative phase relations of the spinning modes yield a zero
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or minimum sum. This procedure is called .cancellation
by indexing.

(4) ‘Select blade-vane combinations so that a propagat-
ing mode is obtained with a radiation directivity pattern
that reduces the exposure time on the ground as the air-
plane flies by overhead. :

(5) Select blade-vane combinations so that propagat-
ing modes are associated with frequencies above the drop
in ear sensitivity indicated on the Fletcher-Munson curve
between 4660 and 7000 c.p:s. An added advantage to in-
creasing the noise frequency is that the high frequency
noise atténuates in air more rapidly than noise of low
frequency. ) '

Tt will be evident that the five above-mentioned noise
control means are fully applicable to the marine propeller
noise problem as well as to the aircraft turbojet engine
problem.

MEANS FOR CONTROLLING COMPRESSOR NOISE

Referring to FIG. 18 we see a typical turbo-jet engine
16 which consists of a compressor section 12, a burner
section 14, and a turbine section 16 in axial alignment
‘along central axis 18. The compressor, burner and tur-
bine sections are preferably housed within engine outer
case 28, which is usually of circular cross section and con-
ceniric about axis 18 and which includes compressor in-
let aperture 22 and exhaust outlet aperture 24 at its oppo-
site ends. ~Air enters compressor 32 and is compressed
‘therein before beéing discharged into burner section 14,
where it is heated. The heated air then. passes through
tarbine 16, and has encugh energy extracted therefrom so
that tubrine 16, can drive compressor 12, and is then dis-
charged through exhaust outlet 24 to atmosphere to pro-
duce thrust.. Engine 19 may be of the type.described in
greater particularity in U.S. Patent Nos. 2,711,631 and
2,747,367, which are hereby incorporated by reference.

TG, 19 shows a side view, partially broken away, of a~

shrouded marine propeller 11 whose propeller shaft 135 ex-
tends from the hull 17 of the marine vessel. Shrouded
propeller cemprises a cylindrical shroud 2’ having spaced
and fixed stators including stationary vanes 50" and 52’
and also having spaced, rotating rotors including rotatable
blades 4’ and 96’. The rotor. and stator elements of the
shrouded propeller 11 operate, in the same fashion as pre-
viously described for a compressor of a turbojet engine to
drive a stream of water through the shroud 24’ for marine
vessel propulsion purposes. . Primed reference numerals
corresponding to those shown in FIG. 20 have been used
in FIG. 19 to show the similarity between the shrouded
marine propeller application of FIG. 19 and the axial flow
compressor. for a turbojet engine shown in FIGS. 18
and 20.

As previously mentioned, since both air and water are
fluids, they have similar wave transmission characteristics
and the propagation of acoustic energy through air is simi-
lar to the propagation of hydrodynamic waves through
water. The radiated sound field of a free propeiler con-
sists of energy concentrated at the fundamental blade-pas-
- sage frequency andits harmonics. There are two sources
of excitation for this sound:

(1) The rotating thrust and drag forces of the blades
in a uniform finid flow.

(2) The intermiitent-cutting by the blades of any non-
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uniformities in the flow, such as hull wakes. This source -

is probably the more important from a practical stand-
point. .

These two sources always radiate sound away from the
propeller.

When the propeller is enclosed: in a duct, however a
completely - different phenomenon  occurs. These two
sources of excitation are still present, but before the sound
energy can radiate away to large distances, .it must first
travel in the duct to the fluid entrance and exit planes.
During the course of this duct travel, this' sound may be
caused to decay to comparatively negligible levels by the
time it reaches the end of the duct. Only a small portion

- as it-cuts the wake. S
“mize the wake ‘effects by separating the blades from the

of the original signal, therefore, will be radiated. The de-

tails of the conditicns which produce this decay of sound

in the duct are the same in a shrouded marine propeller as
in a turbojet engine. The noise reduction problem in a
shrouded marine propeller will be easier-to solve in some
respects because the marine propeller rotates at a much
slower rate of speed, r.p.m., than does the rotor assembly
of a turbojet aircraft engine, and because sound travels in
water about five times as fast as it travels in air., -

Returning to.the consideration of engine 19, compressor
section 12 is shown in greater particularity in FIG. 20
and comprises basically a plurality of stationary -stators
30, 32, 34 and 36 and a plurality of rotatable rotors- 498,
42 and 44 positioned alternately along axis. 18 and con-
centrically thersabout. within compressor- or- engine case
26. Rotors 40-44 are assembled in‘a fashion to be here-
inafter described to form rotor unit or assembly 45. .Each
of the stators 30~36 includes a plurality of ~stationary
vanes 56, 52, 56 and 58 which are radially extending and
equally spaced in circumferential position about axis 18.
Each of the vanes is supported between outer shrouds
such as 68, 62, 64 and 6% which are supported in any
competent fashion such as bolts.68 in case 26 and inlet
shrouds such as 78, 72, 74 and 76, which may be sup-
ported either by the outer shrouds through the vanes or,
as in the case of inner shroud 76 to support web 88 which
serves to position forward compressor bearing 82 from
the engine case 28. Rotors 40-44 are rotatably mounted
as rotor unit 45 on shafts such as 84 and bearings 82, at
the opposite ends thereof, and connected by thru-bolts 86
which extend through the discs 88, 96 and 92 of the rotors
48-44 and through spacer rings such as 95, 97 and 93.
Each of the rotors 4944 includes a plurality of radially
directed and equally spaced circumferentially positioned
blades, 94, 96 and 98, which include tip ends such as 186,
which pass adjacent to the outer shrouds 68-66 and in-
ner ends or root sections such as 102, which attach either
integrally or by a conventional-blade root attachment
means to the rotor hubs 88-92. :

The air which enters the compressor ‘inlet 22 passes
through annular gas passage 104, which is defined be-
tween the compressor or engine case 20 and the stator in-
ner shrouds 70-76 and the rotor hub-tips 166, 108, and
118, which are positioned on the. periphery of hubs 86-52
and serve to support rotor blades 94-98. The air pass-
ing . through annular -passage 184 passes alternately

‘through the inlet guide vanes. or first stage stator vanes

50, the first stage rotor blades 94, and second stage stator
vanes 52, the second stage rotor blades 96, the third stage
stator vanes 56, the third stage rotor blades 98, the fourth
stage stator vanes 58 and so on until it is eventually dis-
charged into burner section 14.

With the foregoing compressor construction in mind,
the control of compressor noise will now be discussed in
detail. ' :

The strength of the pressure pulse resulting from a
blade cutting through the wake of a vane depends.on the
magnitude of the variation'in angle of attack on the blade
Tt has been found possible to mini-

vanes axially to allow the vane wakes to-diffuse to some
extent before the blades cut through them. - As the space
between the blades and vanes is increased the noise level
produced by the blades cutting vane wakes drops rapidly
at first then almost levels out as shown in FIG.21. ~Thus,

‘there is an optimum spacing beyond which the noise re-
"duction per unit increase in engine length is-small. . It

will be noted by viewing FIG. 21 that very little noise re-
duction is attained by separating- adjacent rotors. and
stators a greater distance than five chord lengths of the
wake-creating airfoil and accordingly this distance is sug-
gested for optimum yet practical spacing. FIG. 21 fur-
ther illustrates that during the initial stages .of stator-rotor
separation, between. points 31 and 33, both the intensity
of the spinning mode pattern  and the phase thereof
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change. In the latter stages of stator-rotor separation,
between points 33 and 35, intensity change is no longer
encountered but phase change only is encountered and
hence pattern phase change can be obtained in this latter
region by axially spacing an adjacent stator and rotor.

The elimination of inlet guide vanes 5¢ results in a
reduction in noise level beyond that achieved by moving
them away from the first rotor blades 94. Thus, in en-
gines where it is possible to support the rotor assembly
45 means of a bearing supported from case 20 through
second or third stage stators 32 or 34, this will be found
beneficial provided the noise produced by other rotor-
stator interactions is not limiting.

Accordingly, it will be seen that by axially spacing ad-
jacent stators and rotors, the strength of the noise source
can be reduced and that, in instances where the inlet guide
vane or first stage stator vanes 50 can be eliminated by
supporting the compressor rotor 45 by other means or by
retracting the vanes 50 during the approach condition,
no spinning mode noise due to interaction upstream of
the first stage rotor 4@ can then be established.

We have also found that it is possible to design a com-
pressor so that the sound field which is produced by the
interaction of vane wakes with a rotor, or rotor wakes
with a vane array, will be of such composition that it will
decay in its passage in the compressor duct or case 22,
instead of propagating to the face 22 of the duct and then
radiating away from the compressor 12.

It has been found in our study that rotor-stator inter-
action noise consists of harmonics of blade-passage fre-
quency. Acoustic energy is in the form of spinning
modes consisting of m cycles of circumferentia] pressure
variation, the calculation of values of m to be described
hereinafter. Any one pattern with m lobes turns at
Mach number:

Mm=@MB
m

(3)
where n=harmonic index=(1, 2, . . .), B is the number
of rotor blades and Mg is the rotor tip Mach number.
Now it can be shown (see Appendix B), that there exists
a critical Mach number, M*p, such that if the m-lobe
pattern sweeps the duct walls at a lower value of Mach
aumber than M*n, the associated pressure level decays
exponentially with distance in the duct as follows:

P(x)=Ape™ “4)

‘where
=T B =

b=duct outer wall radius
x=distance along duct axis )
Ap=arbitrary amplitude coefficient

Tn decibel units this decay may be expressed as a decay
rate:

ab _ 73 (decibels per outer
m—-&ﬁgm\/M = M 0] radius)

Values of this decay rate for selected values of 7 and the
hub-tip ratio of 0.25, 0.50 and 0.75 are given as an ex-
ample in FIGS. 22-25. Values of M*n, are given in Ap-
pendix B.

1t will be noted that decay actually extends into the
low supersonic region, and that. all subscnic patterns
decay at sufficiently high rates so that extremely large re-
ductions are obtainable in reasonably short ducts.

It was previously pointed out that the field of a rotor
in uniform flow produces a pressure field consisting of B,
2B, . . . nB lobe patterns all travelling at exactly rotor
speed. In the light of discussion of decay above, the field
of a subsonic rotor in uniform, ducted flow will always
decay and will not contribute to the overall radiation. In
the case of interaction noise, however, in the light of
Eq. 3, m-lobe patterns with sufficiently high supersoxnic

(5)
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10
wall Mach number My, and which thus will not decay
can be created by a subsonic rotor.
An essential feature of our teaching concerns means for
designing the compressor- such that one or more har-
monics of the interaction noise will be in a pattern that

decays. This requires that the following relation hold:
|m|=nB ]Jé/{i (6)

Considering the landing approach condition, if the
harmonic, #B is to decay, the rotor tip Mach number, Mg,
during the landing approach multiplied by the harmonic
index » and the number of rotor blades B, divided by the
critical Mach number M*,, must be less than the number
of lobes, m.

As stated previously, we have found that the number of
lobes m in the interaction pattern is given by the formula:

m=nB+kV ¢

where n is the harmonic index, B the number of rotor
blades, % is an index that ranges independently over all
positive and negative integers, and V is the number of
stator vanes. If the number of rotor blades is given, along
with the rotor tip diameter and the approach r.p.m., the
number of vanes can be selected so that for any desired
harmonic the least absolute value of m in Formula 1
will be equal to or greater than the decay requirement.

These principles of blade-vane selection are illustrated
in graphical form in FIGURE 26. A coordinate system
is set up with units #B along the ordinate, line 569, and
m along the abscissa, line 581, both to the same scale.
The curve nB=(Mpn*/Mg)m is then plotted, for a select-
ed blade tip Mach number, in this coordinate systenm. In
FIGURE 26 the curve labeled 583 is drawn for positive
values of m and curve 504 is drawn for negative values
of m with Mg==.5. The graph can be divided into two
regions with the aid of the relation [m|{=nB (Myp/M%*y),
which must hold for decay of the harmonic #B. Re-
garding curve 503, for a particular value »nB all points
to the right of the curve represent values of m greater
than nB(Mg/M*y,) or decaying modes and points which
lie between curve 593 and the vertical axis, line 589 yield
propagating m-lobe patterns since these values of m are
less than nB{(Mg/M*y). Similar considerations apply
to curve 564 and the area of the graph included between
curves 563 and 504 is called the propagation zone while
the area outside the curves is a region of decay. With
the addition of the 45° line, m=nB, line 505, the relation
m=nB4kV may be solved graphically for each harmonic.
Consider first, the fundamental blade passage frequency
for which n=1. The m-lobe patterns generated are found
by adding and subtracting multiples of the number of
vanes V from the number of blades B. This is done
graphically by starting from the point (B, B), point 546, 0n
line 505 and laying off, successively, values of the number
of vanes V on the horizontal line 562. The resulting points
are labeled 588, 509 and 51¢ and represent the m-lobe
pattern generated as the index %k in m=B-+-kV takes on
the values --1, —2, and--1 respectively. Notice that all
of these points lie only in the region of decay, thus all
of the m-lobe patterns generated by the fundamental will
decay in this example. For the first harmonic (rn=2)
the procedure is similar but the starting point becomes
(2B, 2B), point 511. Here the first subtraction of V
vanes from nB=2B, (k=-—1), yields point 512 which
lies within the propagation zone, Hence the first har-
monic of blade passage frequency generates a propagat-
ing m-lobe pattern.

As the higher harmonics are considered notice that the
propagation zone becomes wider and the number of propa-
gating m-lobe patterns represented by points within the
propagation zone increases, If it is desired that a given
harmonic #B decay the number of vanes must be selected
so that there are no resulting m-lobe patterns within the
propagation zone or the value of V must be chosen to span
the propagation zone.
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The boundaries of the propagation zone in FIGURE 26
are defined by the relation

nBM

B
PR M

so that a point just outside the zone represents a mode
that is close to cutoff and may not be decaying rapidly
enough to be appreciably attenuated. If a slightly nar-
rower zone is selected by replacing M*p, (which is always
larger than one) with unity, then points which are even
right on the new boundary represent modes that have sub-
stantial decay rates (see FIGURRES 22-25 where My=1).
The new relation aBMg/m==1, being linear, allows a
simple diagram to be constructed for the operating blade
tip Mach number, Mg so that vane selection may be made
on the basis of certain direct rules which will be evoived
from the following considerations. .

The problem to be solved is the selection of the least
number of vanes Trequired to decay all harmonics up to
and including a certain n of a rotor operating up to a
maximum tip Mach number, Mg. < FIG. 26a is drawn
for a rotor operating at Mg=%2, the same as in FIG. 26,
and the prohibited zone is bounded by the lines
- == nBMg==2YsnB. The term prohibited zone is used
to denote that m must be outside thereof to insure effec-
tive decay. It is immediately obvious that to decay fre-
guencies up to and including nBN, V must be selec‘ted SO
that the value of m generated by m=nB—V, that is, ‘ghe
first m on the horizontal line nB to the left of the line
—nB must lie on or to the left of the left-hand boundary
- of the prohibited zone. That is, V must exceed nB by at
least the half-width of the zone or VEIzB(1'+P.433). If,
for example, V is selected so that the first m given by
m=nB—7V lies to the right of the zone, then it is clear
that the next m, given by m=nB—2V will land inside.

This circumstance is a consequence of the width of the .

-prohibited zone. If the zone is sufficiently narrow, how-
ever, it is equally obvious that, for some n, a much smaller
V may be selected than implied by nB(1+Mgz) so th_at
siiccessive values of m, which are separated.by V, skip
- right across the-prohibited zone. Since low blade .Mafch
numbers exist in many applications, such as ventilating
fans, and in ducted propellers or jet pumps: for r‘nariye
propulsion, where  the shaft speed “is lower than in air-
craft and the speed of sound in water is about five times
the speed of sound in air, it is an important. objective of
this invention to show how the least number of vanes
‘may be selected. ; ‘ 7

TIG. 26b is drawn for a tip Mach number, Mp="4.
The boundaries of the prohibited zone. for n=1 and 2
have been projected at 45° ‘angles and are called projected
zones. This permits viewing when a vane selection being
‘made with respect to a particular value of » would fall

12 ,
becomes increasingly restricted. “'When Mp=14 the points
a and b coincide and only one value of ¥V can be used:
V=4p
. 3 :
Hence Mg="5 is the upper limit.of Mach number which
allows a reasonably small number of vanes to be used

~ where both p=1 and n=2 interaction modes must decay.
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into the prohibited zone for some lower value of 7.~ Con-

sider the problem of selecting V to decay modes associated
with both n=1 and n=2. From the FIG. 26b it can be
seen that 'V must be chosen to make m=2B—V" fall be-
tween the right-hand border of the prohibited zone, pt. g,
and the left-hand border of projected zone 1, pt. b, Of
course, V-could be large enough to span the zones in cne

60

step, V=2B(1-+Mz), which has been already discussed,

but a significant reduction in number may be had by
meking 'V lie between B(1--Mz) and 2B(1—5My). with
‘the same result. Other values of V will produce propa-
gating modes for n=1 or n=2 or both. It will be noticed
that this procedure breaks down for r larger than 2, for
projected zone: 2 runs into the -prohibited zone boundary
on the n=3 line. It can also be seen from FIGURE 26B
‘that if the Mach number is increased the prohibited zone
and its projections widen with the consequence that pts.
a-and b move toward each other and the sclection of V

65

As the Mach number is feduced it becomes possible to

pick V so that additional harmonics decay without use of.

a large number.of vanes. FIG. 26¢ is drawn for Mg=1%
and shows how the n=3 and lower .orders may be caused
to decay. A case as illustrated where 'V has been selected
so that the first' two values of m lic between projected
zones and. the third-is to the left of the prohibited zone.
The critericn may be: formulated that the second value of
m==3B—2V for the n=3 order must lie between points
cand d. That is: 2V must lie between 2B(1+4+Mg) and
3B(1—Mzg). Hence V must satisfy -

B(14-Mp)=V=3/2B(1—Mgz) -

The upper limit of Mg for which this procedure applies,
that is when points ¢ and d have moved toward each other
and coincided may be found by equating the upper and
lower limits of V to be equal to ¥5.

By similar reasoning, it may be perceived that.as the
Mach number is sufficiently” reduced, it will be. possible
to decay the n=4 and lower orders by picking V to that m
makes 3 landings between projected zones before skipping
across the prohibited zone on the n==4line, and that this
situation is possible up to a -Mach -number of 3. These
results may be summarized as follows: )

If Mg>Y5 VE=nB(1-4-Mg) is required to decay har-
monic indices up through n. If V56 <Mg='5-V must sat-
isfy B(1--Mz)=V=2B(1—Mg) -to decay n=12. ' If
W Mp=Y5 V must satisly B(1-}+Mg)=V=34B(1—Mg)
to decay " n=1,2,3. If. W<Ms=l V must satisfy
B(1--Mp)=V=4B(1—Mzg) to decay n=1;2,3,4, and
generally, if o :

1 ~ 1
2n+1-<M1352n—1
V must satisfy 7
B(1+ M) <V S—"=B(1—My)

to decay all harmonics up thru n.

If a higher harmonic index » than can be accommo-
dated by the above Mg limitations must be made to de-
cay, then V must satisfy V=nB(1--Mgz) in order to de-
cay all harmonics indices up thiu-n. . :

. For sufficiently low Mg it may not be possible to fit an
integer V between the given limits. In this case it is
clearly advantageous to adjust: the. value .of ‘B until- an

integral 'V can be found.

.Ret_urning to consideration of ‘high Mach number ap-
plication, examination -of the FIG: 26 chart showsthat
a larger number of vanes is required than conventionally
used. While the number of vanes required to decay high
harm_onics of blade passage frequency is too large to be
practical, it ‘is practical ‘to désign stators to decay’ the
fundamental - blade "passage’ frequency in’ conventional
rotors, and, in some cases; the first harmonic as well,. It
1s important to note here that-higher harmonics ‘of blade
passage frequency have lower noise levels, thus there is
less need for these to decay. . A typical far field spectrum

-which would result from a conventional compressor de-

signed by these methods is shown in FIG. 27 where the

dashed spikes indicate that these frequencies have decayed

in"the inlet duct.
It is not feasible, however, to design inlet guide vanes

.58 for aircraft jet:engines in this manner. This is due to

75

may be ingested by the engine, i.e.; be cho

the conflicting requirement that the inlet guide vane as-
sembly must allow birds to pass on' through so that they
ped up by the
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first rotor 40 so that they do not restrict inlet airflow.
. An assembly of a large number -of vanes 50 before the
first rotor 40 would be a serious obstacle to bird ingestion
-and could not be tolerated: However, the swirl produced
by the inlet guide vanes is needed only in the blade tip
regions. A construction involving the required large num-
- ber of vanes to yield decay, but cantilevered from the inlet
duct wall extending part way to the hub would suit the
plural requirement. The vanes 5¢ are slanted aft such
- that ingested objects 51 do not lodge on the vanes, but
- slide along them and enter the rotor 49 to be chopped uvp.
This type of construction is illustrated in FIG. 28.
An alternative construction involves cantilevered, part-
-span guide vanes which protrude inward radially from
the duct outer wall, the protrusion being only the frac-
tion of hub-tip radial distance required to prevent rotor
stall at the tip region. These vanes would be actuated
to retract into the inlet cowl wall during the low power
.regime of the engine and would automatically be con-
. trolled to swing into the inlet air stream to turn the air
during high power operation. This turning is not re-
quired by the rotor during the low power landing ap-
proach condition, which is the important phase of flight
operation from the standpoint of minimizing compressor
noise effects on the airport neighborhood. A typical con-
struction of the refractable vanes is shown in FIG. 29,
As stated previously, the pressure field produced by
rotor-stator interaction is composed of a superposition of
m-lobe patterns rotating at various speeds. We have
found that all but one or two of these modes, associated
with the nth harmonic, decay as they travel through the
compressor duct 20, It is then possible to eliminate the
. nth harmonic from the far field spectrum by indexing. As
-used herein, the term indexing means moving stators or
.rotors relative to one another either circumferentially,
. axially, or in some compound motion therebetween such
as helically, The pressure field of the mth propagating
mode is given by:
P(8,x,t) ==ay, cos [mf-}-kyx—wt-+¢dm] 7)
==(pm COS [m(a"‘ﬂmt)'{'kxx‘{“f’m] (8)
where p is pressure, 4 is the angular coordinate in radians,
x is the coordinate in the direction of the compressor
case axis, ¢ is the time coordinate, a,, is the amplitude
of the mth mode, m is the number of lobes or cycles of
circumferential pressure variations, &, is the wave num-
ber as used in equation:

27
=27 (©)

w is the circular frequency which is equal to 27 times
" the frequency in c.p.s., ¢, is the phase of the mth mode
and Qp is the angular velocity of the spinning pattern,

f is frequency in c.p.s. and fi, is cutoff frequency for an

m-lobe pattern.

A developed view of this pressure field of the mth
propagating mode is shown in FIG. 30 with the direction
of the rotor as indicated by the arrow, and with the
- ridge lines of maximum pressure indicated as 119, 112,
114, while the ridge lines of minimum pressures are in-
dicated by dotted lines 116, 118 and 129. The pres-
sure field fluctuation as illustrated graphically by line 122,
is plotted along the x or compressor axis 18 coordinate
as represented by line 124 and along the S or in the cir-
- cumferential direction as illustrated by line 126. Symbols
are hereby provided to more completely illustrate FIG.

30 to those skilled in the art and include ¢, which is the
- speed of sound; A, which is the wave length; f, which is
. the frequency in c.p.s.; M, which is Mach number; M,
which is the Mach number of the pattern in the circum-
ferential direction; ro, which is the wall radius; A5, which
is the wave length in the circumferential direction.

With suitable pressure probes capable of measuring
instantaneous pressure, it is possible to ascertain the posi-
tion, the magnitude and the speed of rotation of each
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of the spinning modes in the fashion more fully described

in the aforementioned SAE article.
- It will be noted that the maximum and minimum pres-

-sure ridge lines 11§-420 and hence the spinning mode

or wave train moves in a direction perpendicular to the
ridge lines as indicated by arrow 130 with the speed of
sound, ¢, the distance between crests being the wave-
length, X, associated with frequency, f, namely, A=c/f.

.This wave train has traces in the x direction and in the

circumferential s direction, the wavelengths and velocities

. thereof are shown by subscripts x and s respectively.

The field consists of a wave pattern moving in a spiral
path in the compressor annulus passage 104. In the de-
veloped view shown, the field appears as a parallel wave
train propagating in a direction inclined to the coordinate
axis x. Sections of the field are taken along the axial
and circumferential axes and in the propagation direction.
it will be noted that in the propagation direction, the
wave velocity and wave length are those obtained in free
field.

The pressure field for the FIG. 26 developed view of
the mth propagating mode may be expressed as follows:

p(s, 7, 1) =am cos [2')\1rs+kxx_wt+¢m:l (10}

where s is the circumferential arc coordinate, ky is the
wave number (a separation constant in the solution of
the wave equation), and A is the circumferential wave
length.

It will be noted that the cosine term contains a phase
angle, ¢, Mathematically, the value of the phase angle
is completely arbitrary. In actual compressors the value
of ¢, is measured relative to some fixed point of reference
on the shaft. This measured value of the phase angle
depends on the position of the stator vanes relative to
a fixed point in the duct. If the stators are rotated in the

" duct, the phase angle will change in a known way. We

have found that as the stator is rotated one vane space,
the phase angle ¢, will change by 2rk radians, where
k is the index which generated the m-lobe pattern under
consideration from Eq. (1). In terms of FIG. 30, ro-

_tation of the guide vanes 50 is equivalent to sliding the

diagram along the vertical or s axis 2=k radians per vane
space of rotation, for example, as best shown in FIG. 32,
from point A to B.

If there are two sources of noise at the same frequency
and both produce one propagating spinning mode having
the same number of lobes, the resulting fields can be made
to cancel each other. This process of cancellation is itlus-
trated in FIGS. 31 and 32. In FIG. 31 the field of the
two propagating modes of the same number of lobes and
the same frequency are shown superimposed in a devel-
oped view. A field of this naure would be created from

_the interaction of rotor blades 94 with inlet stator vanes

59 and exit stator vanes 52, both having the same number
of vanes.

1t would also be possible to produce the same number
of lobes in two interactions if the number of vanes in one
stator were a multiple of the number of vanes in the
other, or, if the number of stator vanes stood in the ratio
of two small integers. For example, with 31 rotor blades
and 30 vanes in one stator, a one-lobe propagating mode
would be produced, and if the number of vanes in the
second stator were 15, this interaction would also produce
a one-lobe pattern according to the formula m=31—-2-15.
Also, if one stator had 10 vanes and the other had 15 then
each interaction would again have a single lobe as given

"by m=31-3-10 in one case, and m=31—-2-15 in the

other.
The maximum pressure ridge lines for the inlet stator

. generated spinning mode are indicated as lines 119 and

112, as in FIG. 30, while the minimum or maximum nega-
tive pressure wave ridge lines are shown as 116 and 118,
as in FIG. 30. Corresponding maximum pressture wave
ridge lines for the exit stator generated spinning modes
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are shown.as lines 132 and 134 in FIG. 31, whereas the
corresponding maximum negative pressure ridge. lines are
shown at 136 and 138. Reference point 111 on'line 116 is

provided to aid in following the wave movement in can- -

cellation.  FIG. 31 shows developed views of the similar
two modes both along the x axis and along the s axis and
the same reference numerals are used for identification
purposes.. As used herein, the term similar modes or pat-
terns, is used to mean modes or patterns having the same
number of lobes m, and which rotate in the same direc~
tion.

If the inlet guide vanes 5 are then rotated circumfer-
entially relative to the fixed exit stator vanes 52-the two
wave patterns change position relative to each other.
When the inlet guide vanes 5@ are positioned such ‘that
the waves are 180° out of phase they cancel to yield ‘a
zero or minimum sum. This cancellation by indexing is
best illustrated in FIG. 32 wherein reference point 111 on
line 110 has been moved from position A as:in FIG. 31
"t position B by rotating the inlet guide vane 50 and lines
116 and 112 have moved in direction s and are superim-
posed -upon lines 136 and 133, and lines 116 and 118
have also so moved to become superimposed upon lines
132 and 134. This wave cancellation is best illustrated in
the projection shown on the x and s axes.

Complete cancellation as shown in FIG. 32 is possible

<t
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20

only when the modes from the two sources are exactly -

equal in strength at all radial positions. - This is not always
frue in actual compressors. The radial distribution of
pressure depends on the aerodynamic features of the inter-
action which are difficult to analyze theoretically. . How-
ever, a minimum resultant pressure can always be ob-
tained by indexing.

The field of four propagating modes from two sources
is illustrated in FIG. 33. This field would be produced,

for example,-by a 7 blade rotor interacting with 5 inlet-

guide vanes and 5 exit stators to produce a two-lobe mode,
and a three-lobe mode. Each of these two interaction
sources produce both a forward rotating iwo-lobe pattern
with k=—1 and a backward rotating three-lobe pattern
_ with k=—2 for the fundamental blade passage frequency,
7M. . Equation 1-has been used to deterinine the number

of lobes and the direction of the rotation thereof. . The un-

_ realistic numbers of vanes and blades have been.chosen
only to- simplify explanation and illustration; the tech-
nique to -be: discussed is applicable to any -physically
realizable combination of blades and vanes which pro-
ducestwo propagating modes at the same frequency from
each of the two sources.

In FIG. 33 the lines of constant phase for the two-lobe
patterns are shown as the heavy lines, with the maximum
pressure ridge lines shown as 140, 142, 144 and 146,
while the minimum pressure ridge lines are shown as 348,
156, 152, 154 and 156, while the three-lobe patterns are
-represented by the finer lines, where. the maximum pres-
sure ridge lines are shown at 160, 162, 164, 166, 168
‘and 176, while the minimum  pressure ridge lines are
shown as 172, 174, 176, 178, 186 and 182. There is an
obvious difference in the slope of the phase lines for the
two .and three-lobe patterns. This is because. in addition
to rotating in opposite directions, both patterns must pro-
duce the same. frequency, 7N, so that the two lobe mode

30
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60

must - have a higher rotational speed .or smaller spiral

angle than the three-lobe mode.

It is possible to cancel-either one of the two modes
created by blade 94-vane 52 interaction by simply rotat-
ing the inlet stator vanes 50, as previously discussed,. to
give a 180° phase shift between the two waves.. In FIG.
34, the inlet stator vanes 50 have been rotated so .as'to
produce -a change in phase of ¢ radians, of the two-lobe
mode and causes it to cancel with the two-lobe mode from

the -exit stator vanes 52. This is equivalent to sliding -

70

~ lines: 142, 152, 146 and-156 { radians in the direction of -

_increasing S until they become superimposed on the lines
150, 144,154 and 140 respectively. - )

75
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Reference points 199 and 192 are used on the two-lobe
mode and the three lobe mode respectively, for ease in
following the successive steps. In FIG. 33 reference point
199 on line 142 is at position Ay and 192 on line 170 is
at position A, - In FIG. 34 reference point 19¢ on line
142 has moved ¢ radians to position By and 192 on line
276 has moved 2¢ radians to position B, - The.three-lobe
mode generated by the inlet stator vanes: 50-has under-
gone a change in phase. of 2¢ radians, since k is —2 for
this mode, as a result of the vane rotation. 'The net result
of this first step has been only to cancel the two-lobe pat-
terns while the three-lobe modes still produce a net result-
ant pressure as FIG. 34 illustrates. FIG. 34 illustrates
this since lines 176, 162, 172,.170, 180 and 176, which
are the positive and negative peak pressure lines of the
three-lobe mode from the inlet stators 53, are. not super-
imposed on the corresponding lines of peak pressures, 160,
182, 168, 178,164 and 174 for the three-lobe mode from
the exit stators 52.

In order to cause the three-lobe modes to. cancel and
to preserve the cancellation of the two-lobe patterns-an-
cther technique must be introduced; that iof ‘axial indexing
or axial positioning of the vanes in order to produce de-
sired phase changes. - We have found that shifting the
axial position of the stators produces a change in the
phase angle of kyx, where %, is the wave number. This
is equivalent to siiding the diagram of-phase lines for
one source along the horizontal x-axis. ; '

Returning to FIG. 34, if the axial position of the inlet
guide vanes 5@ is-altered it is possible to cancel the three-
lobe patterns, but in the operation the phase-of the now
cancelled two lobe pattern -is not preserved. ' The only
method by which it is possible.to cancel the -three lobe
patterns and preserve cancellation of the two lobe pat-
terns is fo combine both axial and rotational indexing;
i.e., index the inlet stator vanes 50 with ‘a spiral move-
ment, that is, in a.motion having both an axial and a cir-
cumferential component. In FIG. 34 this is accomplished
by sliding the diagrams diagonally along lines of constant
phase for the two-lobe pattern, for example, by sliding
point 19¢ along line 15% from position B, to position Cq.

At the same time point 192 on line 170 moves from
position By to position C, and lines 176, 162, 172, 170,
180 and 176 associated -with the inlet stators 58, become
superimposed on the lines 168, 182, 168, 178, 164 and
174 associated with the exit-stators 52, respectively, so
that the three-lobe patterns are also 180° out of phase,
solid and dotted lines become superimposed.: The final
result appears in FIG. 35 where all the modes have been
cancelled to. produce a zero or minimum net resultant
pressure. .

Again, complete cancellation is only possible if the
radial distributions-of the modes of each cancelled pair
are equal. A ‘minimum resultant can, of course, always
be obtained. - :

Consideration will now be given to ways to reduce the
effect of the discrete frequency noise radiated from an
axial'flow compressor so that the ground observer will be
exposed thereto for a minimum time.. FIG. 36 jllustrates
a cylindrical duct, 26 of radius b, representative of com-
pressor case 28, with inlet 22, R-is the-distance .from
the center of the duct face, 22, to the observer and y is
the polar angle measured from-the duct centerline 18. As
shown in appendix C of the aforementioned SAE article,
we have found that it is possible-to predict the radiation
directivity for given compressor operating parameters by
means of the formula: ‘ : )

 Buyd (kR o) J o (F',) b 5in o
[J 1 (kb sin ) — T (kb sinp)]
R (b — %2 sin® )

Pmu(R; &, t)=

In terms of cutoff ratio,
K

£
ST K ron
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The above equation can be written:

Bmuei (kR _“’t) Jm (klmu) bk sin ‘p[Jm-—l
(Emukmub Sin ‘/’) _Jm+1(£mukmub sin ¢)]
kan2[1—£m#2 sin? ‘l’]

The subscript, x, denotes radial modes which will not
be discussed in detail except to mention that associated
with each m-lobe pattern is a superposition of p-modes
in the radial direction, the characteristics of which do not
depend simply on the number of blades and vanes but on
the aerodynamic details of the compressor geometry and
the wall Mach number of the associated m-lobe pattern.
The angular dependence of the radiation of an m-lobe
mode is seen to depend only on parameters associated
with compressor operation and the duct characteristic num-
bers, kb, which are discussed and tabulated in the afore-
mentioned SAE article by Tyler and Sofrin.

We have computed the constant radius directivity pat-
terns for various m-lobe modes spinning at given Mach
numbers, for a single stage, 32 blade compressor. The
strong directionality of the field can be seen by examining
FIGS. 37-40 where the field of the first radial mode
p==0 is displayed in a sequence of diagrams for a one-
lobe mode spinning at various Mach numbers. &y, is a
useful parameter which is linearly proportional to the
Mach number of the m-lobe mode, &n,=My/M*y,. It
will be noted that the radiation becomes focused toward
the centerlines as the Mach number increases. Experi-
mental data taken on a 10" diameter, single stage, 32
‘blade compressor model rig is shown in FIGS, 41 and 42.
The experimental results, represented by dots, agree quite
well with theoretical predictions, represented by solid
lines, except in the region near 90° where some departure
is evident and is the result of a simplifying assumption
made early in the radiation analysis.

The constant radius results above afford a preliminary
view of the radiation characteristics of axial flow com-
pressors. In order to evaluate the noise received by
ground observers as the airplane flies by overhead, theo-
retical exposure duration curves can be computed from
the constant radius results. These curves are illustrated
in FIG. 43. 1t will be noted that there is considerable
decrease in the exposure duration time if the radiated
energy is contained in a pattern having eight or more
lobes as compared to, say, a two-lobe pattern.

It is therefore desirable to select blade-vane combina-
tions such that propagating modes will be of eight or
more lobes whenever possible.

This technique of reducing the effect of radiated noise
on ground observers is extremely useful in modifying
established compressor designs since it requires only small
changes in the number of vanes to produce favorable
results.

Consideration will now be given to the problem of selec-
tion of blade-vane combinations such that the compressor
noise created will be at such a frequency that it will be
less objectable to the human ear. An interesting char-
acteristic of the average human ear is its diminished sensi-
tivity to frequencies above 7000 c.p.s. as shown in FIG.
44, Consequently, it would be a decided advantage from
the standpoint of intensity if the lowest frequency heard
from the compressor inlet 22 were in the range above
7000 c.p.s. In addition, such high frequencies attenuate
rapidly in the air as shown in FIG, 435.

It is therefore desirable to select blade-vane combina-
tions such that only frequencies above 7000 c.p.s. be
allowed to radiate into free air.

Consideration will now be given to the manner of in-
dexing stators and rotors with respect to one another both
axially, circumferentially, and in some compound motion
therebetween such as helically.

With respect to varying the axial position between adja-
cent stators or between adjacent rotors and stators it is
suggested that as best shown in FIG. 20, adjacent vane
supporting outer shrouds 60 through 66 have face splines
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along their adjacent edges and are joined by spacer rings
such as 280, 202, and 204, which have face spline rings
around their forward and backward edges. Such a face
spline connection between outer shroud 60 and outer
shroud 62 through spacer ring 208 is.shown at stations
296 and 208. As best shown in FIG. 46, face splines of
shroud 6@ interconnect with face splines of spacer ring 20.
At the same time, face splines of spacer ring 2§ intercon-
nect with face splines 62. Face splines are a well-known
mechanical device and are described in greater particu-
larity in U.S. Patent Nos. 2,458,148 and 2,458,149, 1t
will be obvious that by varying the length of spacer 260,
either by substituting spacer rings of different axial di-
mension ! or by fabricating spacer ring 20¢ such that it
is actually made of two rings threadably connected as il-
lustrated at station 210 in FIG. 46.

Such variation of spacer 288 is suitable to vary the
axial distance between adjacent stator vanes 58 and 52
or between the rotor blades 94 with respect to either
stator vanes 50 or stator vanes 52. It may be found
necessary to use different length hub spacers such as 95
and 97 at the same time and to also use spacer washers
such as 212 and 214 (FIG. 20) therewith to accomplish
the desired axial spacing interrelation between the adja-
cent rotors and stators.

The use of face splines suits itself very well to circum-
ferential indexing between adjacent stator vanes such as
5@ and 52. The use of face splines, as will be evident by
viewing the fragmentary developed view thereof shown
in FIG. 47, permits circumferential repositioning of the
adjacent outer shrouds such as 60 and 62 and hence the
adjacent stator vanes such as 50 and 52. Such circum-

ferential indexing of stators will not require rotor re-

positioning since there is no positive connection between
the rotors and the stators.

Preferably, for minute circumferential indexing, it
would be well to make face splines 286 and 268 of the
differential variety. In such a comstruction, there are a
substantial number of splines in both elements 206 and
208 but one of them includes an additional spline, for
example, face spline 288 may include 100 tecth while face
spline 206 may include 101 teeth. With such a construc-
tion, to obtain small increments of circumferential mo-
tion, stator 60 and spacer 280 would be moved forward
one spline space in spline 208, then stator 69 would be
rotated backwards one spline space in spline 206. In this
fashion, stator 68 has been rotated a circumferential
increment equal to one one-hundredth of a circle.

With respect to combined axial and circumferential in-
dexing, the use of both the axial indexing and circum-
ferential indexing methods described above, or other
methods which will be evident to one having an ordinary
skill in the art, will be required. For example, it might
be desirable to join the O.D. of outer shroud rings 60-66,
with or without spacer rings 200-204, to the LD. of case
20 through mating splines or keyways extending in the
direction of the spinning mode maximum and minimum
pressure ridge lines 110-120 shown, for example, in
FIG. 30.

Another possible construction would be to fasten the
stator shrouds such as 60 and 62 to the outer case 2¢ by
doweling or riveting and when indexing was desired, the
stators could be moved to the desired new position and
re-doweled or reriveted to case 20.

EXAMPLES OF NOISE ABATEMENT TECHNIQUES

Two examples which illustrate the use of the methods
previously described will now be provided. First, for a
given number B of compressor blades, a shaft speed
N r.p.s. can be chosen such that 2BN, the first harmonic
of blade passage frequency, is 7000 c.p.s. and hence is
sufficiently high as to be unobjectionable to the human
ear. It is then possible, in the manner to be described in
greater particularity hereinafter, to choose a number of
vanes that provides decay of the fundamental, f=BN.
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Thﬂ- lowest frequency to be detected in the discrete fre-
quency noise field of the compressor is then 7000 c.p.s.
A second example is analogous in some respects, but
involves the additional technique of indexing. Again we
consider a given number of blades B but now choose a

shaft speed such that the second harmonic of blade pas-:

sage frequency is 7000 c.p.s., so that, f=3BN=7000 c.p.s.
and hence is less objectionable. The number of vanes is
again chosen to provide decay of the fundamental. ~The
remaining component of the discrete frequency noise be-
low 7000 c.p.s., the first harmonic in which f=2BN, is
then eliminated by indexing the inlét guide vanes, 5@, rela-
tive to the exit stator vanes, 52, and hence the lowest
. frequency to be heard is again 7000 c.p.s.

It has been mentioned previously that propagating
modes with a number of lobes greater than or equal to
eight (m=>=8), possess decided advantages: with regard
to duration time. While complete cancellation by index-
ing is theoretically possible, in practical applications im-
perfect speed control and differences in radial mode struc-
ture between the pressure patterns originating at the sta-
tors and the inlet guide vanes result in incomplete cancel-
Tation.  In view. of the radiation analysis, the residual
‘acoustic energy due to incomplete cancellation should be
contained in an eight or more lobed pattern to reduce
its radiated effect.
producing 7000 c.p.s. also satisfled this condition.

In the above suggested methods of choosing COMPressor
components we have required only that the number of
vanes be large encugh to decay the fundamental. It is
now of importance to investigate the m-lobe pattern ob-
tained for the propagating mode of the higher orders of
blade passage frequency.  Should the m-lobe modes of
selected higher orders be less than 8-lobe patterns, the
difficulty can be resolved only-at the expense .of adding
more vanes to satisfy the relation of Equation
m=(nB-+kV)=8 for n=2, 3,4, . .
0,1.

In order to mvedwate the possible -combinations of
blades, vanes and speeds under which all of the desired
conditions are satisfied for either of the two suggested
schemes a plot of vanes vs. speed for a given number of
‘blades is helpful. An example of such a plot.is shown
in FIG. 48. -

To permit us to more fully illustrate the first example
given above, consider an engine whose first stage rotor
has 44 blades and is 40 inches in diameter. The first
condition of interest is the minimum shaft.speed which

cand k= . 0. ~1,

will make the first harmonic of blade passage fréquency.

7060 c.p.s.
_f 7000 _ ) . )
N_nB—*2(44) =795 r.p.s.=4760 r.p.m. (18)
The speed of an m-lobe pattern is
nB
= %—Q (19)
or in terms of Mach numbers
Mo="B 1y - (20)
m

A conservative requirement for decay of the m-lobe pat-
tern is then:.

\"B Mgl=1, or |m|=nBMgp (21)

The vertical lines representing absolute -value.

The pattern with the Jeast number of lebes which will
decay at a given speed and order-can now be calculated.
First obtain: :

(wD[12)N r.p:s. _ (wrd0/12)79.5
1100 1160
where 1100 represents the spr’ed of sound in feet per

second and the numerator represents the blade tip spesd
in feet per second.

Mp= 756 (22)

It would be beneficial if the order
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For the fundamental:
. m=nBMg={(1)(44) (.756)=33.2 (23)
since . must-be an integer but never less than. nBMg,
m is chosen as 34.

The number of vanes required to produce this decay-
ing m-lobe pattern is easily computed from Equation 1.

: m=nB+kV (1)
Now, with n=1 for the fundamental and f=—
V=B-lm=44434=78 (1)

It is possible to allow a slight increase in speed with
this number of vanes and still maintain the restriction
that the fundamental blade passage noise decay, The
allowable increase may be calculated as follows:

" .
= 4
Ms 2B (24)

and since m is 34,
Mg_—= 773 (25)
N—\(G 28><103)(773) =4850 r.p.m. (26)

The next stepis to investigate the number of lobes in
the, propagating mode . of .thé first harmonic. - Using

Formula 1 with n=2 for the first harmonic, B=44, V=78

m=2(44)4(—1)(78)=10 27)
Herce, the radiation duration time criterion is _satis-
fied.

The result of the calculation is then a combmatlon of
44-blades and 78 vanes which satisfies all’ conditions in
the speed range 4760 r.p.m: to 4850 r.p.m. - The speed
cannot be allowed to decrease below 4760 r.p.m. or the

lowest frequency to propagate is below 7000 c.p.s., how-

ever, it is of interest-to allow the speed to increase above
4850 and investigate the number of vanes then required.
The number of vanes is governed by the relation

nB __

My i (21)
MBnB=]m[-——(nB-1—kV) (28)
V=nB(Mg+1)k=~—1 29)

Since B is fixed dnd »'is one, V is just a linear function
of speed, as represented by the line 960 in TFIG. 48.

If in addition, it is required’ that the first. harmonic
(n=2) be contained in. a mode of greater than or equal
to.eight lobes the line must be modified, Using the
Formula 1, ie., o )

" me=nB4kV . (1)
then :
8<|884-4V]

Notice that through the portion of the curve shown in

"FIG. 48 where V=80 to V=96 the m-lobe mode of the

first harmonic is less.than eight.: The only alternative by
which to avoid the difficulty is to add a-step to the line;

ie., allow V to increase with speed until ¥V=2B-—8 then

increase V to V=2B--8 as shown by the dotted portion
of FIG. 48. When other numbers of blades are con-

_sidered for-the same tip diameter, a family of curves is

generated as shown in FIG. 49 for a 40 inch tip diameter.
A diagram of this type. is useful in engine design or

.more- typically-engine rede51gn where a rotor tlp dlameter

has been- selected.
A final selection of blades, vanes, and approach speed

..for a -particular engine is necessarily. a compromise be-
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tween acoustic requirements and compressor design Te-
quirements. .
FIGURE 49 is intended to showa range of selectlons

.for the number. of blades, vanes, and enging r.p.m. which

satisfy “acoustic'. considerations and  allow flexibility in
acoustic criteria when considered along with design limita-
tions to achieve a satlsfactory desxgn from both stand-
points. .
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Preliminary attention should be focused along the lower
boundary of the figure, labeled curve 19¢0. On this curve,
points are designated by a number of rotor blades ranging
from 26 to 48 blades. These points represent the mini-
mum speed and minimum number of vanes to be used
with a particular number of blades in order that B c.p.s.
decays and 2B ¢.p.s.=7000 c.p.s. with m=_8. If, for ex-
ample, 36 is initially chosen as the number of rotor blades
then point 1681 gives 5960 r.p.m. and 80 vanes as the
minimum speed and minimum number of stator vanes,
respectively, to be used with this number of rotor blades.
To investigate how the number of vanes must be adjusted
if the speed is increased all that is necessary is to follow
along curve 1802. This curve gives the minimum number
of vanes to be used with 36 blades at any particular speed
greater than 5960 r.p.m. A number of vanes larger than
that specified by curve 1062 for 36 blades also satisfies

the requirement that the fundamental blade passage fre-

quency decay and that the number of lobes in the m-lobe
pattern of the first harmonic is greater than 8.

Returning to the initial choice of 36 blades (point
1881), design considerations may require that the ap-
proach r.p.m. be less than the 5960 r.p.m. required if 36
blades are used. Suppose that 5000 r.p.m. is the recom-
mended approach speed for the engine in question. Draw-
ing the vertical line 1663 at 5000 r.p.m. it is found that
there are three points labeled 1004, 1885 and 1806 which
will satisfy the acoustic conditions at 5000 r.p.m. and
these require 44 blades with 79 vanes (point 1894), 46
blades with 83 vanes (point 1685) or 48 blades and 87
vanes (point 1606). The final choice among these three
possibilities would be point 1804 with 44 blades and 79
vanes since it is usually desirable to have as few stator
vanes as possible.

Having selected the combination of blades and vanes
from point 1094, it is of interest to relax the 5000 r.p.m.
requirement and examine the effect of changing speed.
Starting from point 1864, as speed is decreased proceed
along curve 1808 toward point 1607. Point 3607 gives
the minimum allowable speed to be used with 44 blades;
namely, 4850 r.p.m. Recalling that 79 vanes were chosen
from point 1894, it is important to note that this number
of vanes also satisfies all requirements for point 1867.
Parenthetically, the number of vanes to be used with 44
blades operating at a given speed must be equal to or
greater than the value given by curve 1608.

Returning to point 1004, if the engine speed is to be
increased above 5000 r.p.m., follow along curve 1808 to
point 1669. The higher speed at point 1699, 5140 r.p.m.,
requires that the number of vanes be increased from 79
at point 1664 to 80 at point 180%. Now if speed is in-
creased still further, one could proceed along a straight
line connecting points 1089 and 1919 if it was only neces-
sary that the fundamental decay. However, since it is
required that Map=|nB+kV|=|88—¥|=8 the number of
vanes must always be less than 80 or greater than 96
when B is 44 and V must be increased from 80 at point
1839 to 96 at point 1911 to allow the speed to increase.
Now a speed increase means no further increase in the
number of vanes required as one moves toward point 1619
on curve 1088. A still larger increase in speed from
7420 r.p.m. at point 1019 again requires a linear increase
in the number of vanes. . )

Returning to the second example given above, a similar
curve, FIG. 50, is useful. The method of calculation is
analogous except it is now required that 3BN=7000 and
that the m-lobe pattern of the first harmonic, which is.to
be cancelled by indexing, be a minimum of 8 lobes.

While but two examples have been given utilizing the
combination of approaches including reducing the noise
source, noise abatement by decay, noise cancellation by
indexing, control of directivity pattern, and control of the
frequency of the noise generated, numerable other com-
binations of these methods will be apparent to those skilled
in the art on the basis of the index included therein, such
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that the two examples given should not be, construed as
limiting but purely as explanatory.

It will be cbvious to those skilled in the art that for
compressors used in engines having a normal operating
condition it is possible, when designing the compressor,.
to select blade-vane combinations in the manner described
herein so that the engine can be designed to experience
compressor inlet discrete frequency noise abatement dur-
ing the condition of normal operation, and this can be
done without the requirement of indexability of parts.

It is to be understood that the invertion is not limited
to the specific embodiment herein illustrated and described
but may be used in other ways without departure from its
spirit as defined by the following claims.

Appendix A
LIST OF SYMBOLS

B=Number of rotor blades

- N=Rotor shaft speed, r.p.s.

Q=Rotor shaft speed, radians/sec.
#=Angular coordinate, radians
t=Time coordinate
p=Pressure
n=Harmonic number (n=1 for fundamental)
ap=Amplitude coefficient

»=Phase angle
r=Radial coordinate
f=Frequency, c.p.s.
w=Clircular frequency (w=2xf)
x=Coordinate in direction of duct axis
y=Rectangular duct coordinate
d=Rectangular duct width
g=Index number
a,=Pressure amplitude in cross mode g
A=Wavelength
Ay==Wavelength in the y-direction
c=Speed of sound in free-field
fo=Cutoff frequency for gth cross mode
ky=Wave number
ro=Annular duct radius
Q=Angular velocity of spinning pattern
s=Circumferential arc coordinate
cy=Wave velocity in s-direction
m=Number of lobes or cycles of circumferential pressure

variation

am=Amplitude of m-th mode
¢m=Phase of mth mode
Ms=Mach number of pattern in circumferential direction
fm=Cutoff frequency for m-lobe pattern
ky=Wave number
Ax=Change in x position
Adb==Sound pressure level drop
As=Wavelength in circumferential direction
Qn=Angular velocity of m-lobe spinning pattern
o=Hub-tip ratio (¢=a/b)
a=Inner wall radius
b=Outer wall radius
s=Radial mode index

Ef,= Characteristic E-function

fum,=Cutoff frequency of (im,x) mode
ky,=Wave number : -

! . .
km,— Characteristic number

Mp=Circumferential Mach number for m-lobe pattern
M* g =Cutoff Mach number for (m, o) mode
V=Number of stator vanes

g=Index (g=1,2. . .V—1) (used differently in 4.1)
k=Index (k=. . .—1,0,1,2. . .)

R=Radial coordinate

v=Angle to observer

P, ,—Radiated pressure

£m,,=Cutofl ratio
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Appendix B
CRITICAL TIP MACH NUMBER—M*x
m a=0 o= =14 o=
1.84 1,64 1.35 1.15
1.53 1.50 1.34 1.15.
1.33 1.33 1.29 1.14
1.21 1.21 1.20 1.14
1.13 1.13 1.13 1.12
1.08 08 1.08 1.08

. .. _‘Blade Tip Radius
¢=hub tip raho=Blade Root Radius
We claim:

1. In an axial flow compressor located within a fluid flow
confining duct and which develops noise creating spinning
modes due to interaction. between stator vanes and rotor
blades, the method of reducing the strength of the noise
creating spinning modes comprising positioning-a. fixed
stator within the duct which stator has a preselected num-

er of stationary vanes around the periphery thereof,
supporting -a rotor for rotation within the duct which
rotor has a prescribed number of blades around the

periphery thereof and with the blades of the rotor being -

of different number from the vanes of the stator thereby
developing moise:creating spinning modes due to’ inter-
action' between the stationary vanes and the rotating
blades, and. positioning the rotor to about five chord
lengths from the stator to reduce the strength of the inter-
action between spinning modes:so developed as to reduce
the noise.

2.-In an axial flow compressor comprising a rotor
mounted for rotation within a fluid flow confining duct and
having a stator adjacent thereto, the method of eliminating
noise formed by spinning ‘modes due to the interaction
between blades carried by the rotor and stationary vanes
carried by the
method comprising selecting a rotor having a fixed num-
ber of blades threon, selecting a stator having a fixed num-
ber of vanes thereon that is different in number from that
of the blades of the rotor, rotating said rotor to. produce
the aforesaid spinning modes, retracting said stator vanes
from the fluid flow confining duct whereby at least one
spinning mode due to the interaction between rotor blades

and stator vanes is eliminated and the noise from the .

aforesaid interaction is reduced.

3. In an axial flow compressor within a fluid flow con-
fining duct, the method of reducing compressor inlet noise
of fundamental blade passage frequency and noise har-
monics up to and including the noise-harmonic of index

n created. by noise creating spinning modes formed. by °

compressor Totor-stator interaction comprising’ selecting
the number of stator vanes and rotor blades according to
the formula:

V=2nB
where V=number of vanes, B=number. of blades and
n=mnoise harmonic index, thereby producing spinning
modes which ‘decay rapidly.

4. In rotating blade-vane machinery within a flaid flow
confining duct where maximum rotor tip Mach number
encountered is ¥5 or less, in particular greater than

' 1
2n+1
and equal-to or less than

1
2n—1

the method of selecting blade-vane combmatlons accord-
ing to the formula:

B(1+Mz) <V <2 B(1—My)

such that -all components of blade passage noise up to
and including that of noise harmonic index n decay,

stator on the rotation of said rotor, the -
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where V eéquals the number of vanes, B equals.the num-
ber of blades, n equals the noise.harmonic 1nde‘<, and
Mg equals the blade tip .Mach number.

5, In-an axial flow compressor- located within'a fluid
flow confining duct, the method: of reducing noise created-
by spinning modes formed. by rotor-stator interaction
by producing noise creating spinning modes. which decay
rapidly comprising selecting the number of stator vanes
V and rotor blades B-to produce a noise creatmg spinning.
mode with m-lobes so that the least number in absolute
value of m, given by equation m=nB--kV, also satisfies

>=nBMg/M%y, where n equals the noise ‘harmonic
index, k is an index that ranges independently for all
positive and negative integers, Mg is the rotor tip Mach
number, and M*y, is the critical or cutoff Mach number
for the m-lobe pattern.

6. An axial flow compressor rw1th1n a fluid: flow- con-
fining duct having an axis, a-rotor with blades-about the
periphery thereof mounted. for rotation within said duct,
a stator axially upstream of:said rotor and having a num-
ber- of substantially. flat stationary vanes about the pe-
riphery thereof and with' the number of vanes in said
stator being different from the number of "blades in said
rotor and being sufficiént.in number to form noise.icreat-
ing spinning modes ‘due ‘to blade ‘and’ vane interaction,
said vanes extending radially inwardly from: said ‘duct
for a part blade span while presenting- aleading edge
which-extends inwardly and downstream and.forms .an
acute angle with the duct axis to cause the noise. creating
spinning modes to decay.-

7. In an axial flow compressor within a ﬁmd flow
confining duct having an axis and ‘which develops noise
creating spinning modes of particular frequency and lobe
number m due to interaction between blades and vanes,
the method of cancelling noise creating spinning modes
comprising positioning a pair of axially spaced, equal
vaned stators within the duct, mounting a bladed rotor
for rotation between the stators and selecting the blade
number to be different from the vane number to .produce
a first noise creating spinning mode due to interaction of
the rotor: blades and the first- of the pair of stators and
a-second noise creating spinning mode due to interaction
of the rotor blades and the second of the pair of stators,
and positioning the rotor with respect to each- stator so
that the spinning modes will be of equal intensity, fre-
quency and lobe number m and opposite phase to" cancel
each other.

8. The method according. to claim 7 “wherein - noise
creating spinning modes of identical frequency and lobe
number- from. two separate blade-vane. interactions are
caused: to cancel by altering the axial spacing between
the -interactions.

9. The method as in claim 7 wherein noise cre'ltmg
spinning modes- of identical. frequency -and lobe number
from. two separate blade-vane interactions are caused to
cancel by circumferentially indexing- an' element of the
first interaction with respect to an element of the second
interaction. -

19. The method’ accordmg to claim 7 wherein said
cancellation is caused by altering the -axial spacing and
circumferential relative positions between an element of

- the first interaction  with respect to an-element .of the sec-

65
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ond - interaction.

11. The method according to clalm 7 wherein the num-
ber of lobes m are equal to or greater than eight.

12..Tn an. axial flow compressor located within a fluid
flow confining duct -and. which produces noise creating
spinning modes due to. interaction between blades-and
vanes; the method of reducing ground exposure duration
to noise radiated from the inlet of the-axial flow compres-
sor: comprising mounting a stator with fixed. vanes about
the periphery thereof within said duct, mounting .a rotor
adjacent the stator within said duct for rotation, which
rotor has a plurality of blades- positioned about the pe-
riphery thereof “which coact. with -the stationary -vanes
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to produce noise creating spinning modes having a num-
ber of lobes m, selecting the number of blades B and
the number of vanes V so that the least number in
absolute value of m given by the equation:

m=nB+kV

satisfies the condition m=8 where n is the harmonic
index of noise radiated, B is the number of blades, V is
the number of vanes and k is an index that ranges inde-
pendently over all positive and negative integers.

13. In an axial flow compressor located within a fluid
flow confining duct and which produces noise creating
spinning modes having a number of lobes m due to inter-
action between rotating blades and stationary vanes, the
method of controlling the noise created in the com-
pressor comprising mounting a stator within the duct hav-
ing a number of stationary vanes V positioned about the
periphery thereof, mounting a rotor for rotation adjacent
the stator within the duct and having a selected number
of blades B about the periphery thereof so that noise
creating spinning modes are developed due to blade and
vane interaction, selecting the number of rotor blades B
such that at the operating speed N of interest, the fre-
quency of the first harmonic noise is above 7000 c.p.s.
using the formula:

7000
Bz3n
where 2 is the harmonic index, causing the fundamental
frequency noise to decay by selecting the number of vanes
V in the stator so that the least number in absolute value
of m given by the equation:

m=B-+kV
also satisfies the equation:
m=BMz/M*y,

where % is an index that ranges independently over all
positive and negative integers, Mg is rotor tip Mach num-
ber, and M*,, is the critical Mach number for the m-lobe
pattern.

14. In an axial flow compressor located within a fluid
flow confining case wherein said compressor develops
noise creating spinning modes due to rotating blade and
stationary vane interaction, which noise creating spin-
ning modes have a number of lobes m, the method of con-
trolling the noise created by the compressor comprising
mounting a first fixed stator within the case having a se-
lected number of vanes V positioned about the periphery
thereof, mounting a rotor for rotation adjacent the first
stator having a particular number of blades B about the
periphery thereof so that a first noise creating spinning
mode is established due to blade and vane interactionm,
mounting a second stator adjacent the rotor so that a sec-
ond noise creating spinning mode is created due to blade
and vane interaction, selecting the number of rotor blades
B such that at the operating speed N of interest the fre-
quency of the second harmonic noise is above 7000 c.p.s.
using the formula:

7000
B23x
where 3 is the harmonic index, causing the fundamental
frequency noise to decay by selecting the number of vanes
V in the stators so that the least number in absclute value
of m given by the equation: :
m=B1-kV
also satisfies the equation:
m=BMzg/M*p,

where k is an index that ranges independently over all
positive and negative integers, Mg is rotor tip Mach num-
ber, and M*y, is the critical Mach number of the m-lobe
pattern, indexing an element of the first blade and vane
interaction with respect to an element of the second blade
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and vane interaction to cause the spinning modes so cre-
ated thereby to be of equal intensity and opposite phase
to cancel the first harmonic noise.

15. In an axial flow compressor located within a fluid
flow confining duct and which develops noise creating
spinning modes by interaction between blades on rotating
rotors and vanes on stationary stators with the number of
vanes being different from the number of blades, the
method of cancelling noise creating spinning modes
formed by a plurailty of interactions comprising selecting
the number of blades and the number of vanes such that
the propagating modes have the same number of lobes
and are of comparable radial intensity distribution, in-
dexing the noise sources by adjusting the relative position
between blades and vanes so that the amplitude and phase
relations of the noise creating spinning modes yield a zero
sum and thereby dispensing the noise.

16. The method of reducing ducted compressor inlet
noise in an axial flow compressor within a fluid confining
duct comprising assembling a first rotor between first and
second equal vaned stators in said flow confining duct, said
rotor having a different number of blades than the num-
ber of the vanes, then rotating said first stage rotor to
establish two noise creating interacting spinning modes at
bladle-vane passing frequency including a first noise cre-
ating interaction spinning mode at blade passing fre-
quency caused by interaction between the vanes of said
first stator and the blades of said first rotor and a second
noise creating interaction spinning mode at blade passing
frequency produced by the imteraction of the blades of
said first stage rotor and the vanes of said second stage
stator, adjustably positioning said first and second stators
with respect to one another so that said first and second
noise creating spinning modes are of substantially equal
magnitude and out of phase so as to cancel and thereby
dispense the noise.

17. The method of reducing ducted compressor inlet
noise in an axial flow compressor within a fluid flow con-
fining duct comprising assembling a first bladed rotor be-
tween first and second equal vaned stators in the fluid flow
confining duct, said rotor having a different number of
blades than the number of the vanes, causing said first
stage rotor to rotate fo establish two noise creating inter-
acting spinning modes at blade frequency including a first
noise creating interaction spinning mode at blade-vane
passing frequency caused by interaction between the vanes
of said first stator and the blades of said first rotor and a
second noise creating interaction spinning mode at blade-
vane passing frequency produced by the interaction of the
blades of said first stage rotor and the vanes of said sec-
ond stage stator, rotating one of said first and second
stators with respect to the other said first and second
stators to cause said first and second noise creating inter-
action spinning modes to be out of phase and cancel.

18. The method according to claim 17 wherein the
adjustable positioning of the stators relative to each other
is substantially a helical movement relative to the axis of
the rotor.

19. The method of reducing compressor inlet noise in
an axial flow compressor within a fluid flow confining duct
comprising assembling a first bladed rotor between first
and second vaned stators within the duct, then causing
said first stage rotor to rotate to establish two noise creat-
ing interacting spinning modes at biade frequency includ-
ing a first noise creating interaction spinning mode at blade
passing frequency caused by interaction between the vanes
of said first stator and the blades of said first rotor and a
second noise creating interaction spinning mode at blade
passing frequency produced by the interaction of the
blades of said first stage rotor and the vanes of said sec-
ond stage stator, axially positioning said first and second
stators with respect to said first rotcr so that said first
and second noise creating interaction modes are of sub-
stantially equal magnitude, circumferentially rotating one

‘of said first and second stators with respect to the other
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of said first and second stators to cause said first and
second substantmlly equal magnitide noise creating inter-
action spinning moJes to be out of phase and cancel,
adding a second stage rotof having an equal number of
blades as said first stage rotor and a third stage stator
having an equal number of vanes with said first and sec-
ond stage stators such that said second stage. rotor is

<

positiotied between - said second and third stage stators, -

rotating said second stage rotor with respect to said sec~
ond and third stage stators to establish third and fourth
noise creating interaction spinning modes at blade passing
frequency with said third noise creating interaction spin-
ning mode at blade passing frequency being produced by
interaction between the vanes of said second stator and
the blades of said second rotor; and said fourth noise
creating interaction spinning mode at blade passing fre-
guency being produced by interaction between the blades
of said second rotor and the vanes of said third stator,
axially positioning said second rotor and third stator with
respect to said second stator so positioned so that said
third and fourth noise creating modes are of equal mag-
nitude, circumferentially indexing said third stage stator
with tespect to said second stage stator to cause said third
and fourth noise creating modes to be out of phase and
cancel out, thereby cancelling all of said noise creating
interaction spinning modes at blade passing frequency, Cir-
cumferentially rotating said first rotor with respect to said
second rotor until the resultant of the first harmonics noise
is a minimum. - :
26, In the assembly of an axial flow compressor within
a fluid flow defining duct to reduce noise resulting from
operation in which the compressor has a pair of rows. of
stator vanes on opposite sides of a row of rotor blades,
the steps of adjusting the axial spacing between the vanes
and the blades so that the magnitudes of the rotating noise
creating pressure fields generated on opposite sides of the
rotor row are substantially equal, and adjusting the ango-

lar relation of the vanes of the pair of rows one with re-.

spect to the other so that the rotating noise creating pres-
sure fields generated on opposite sides of the rotor row
are suostantlally 180° out of phase.

21. In the assembly of an axial flow compressor within
a fluid flow confining duct having a pair of roews of stator
vanes and a row of rotor blades therebetween within the
duct, in which a fundamental first noise creating rotating
pressure ‘field having pressure: ridges is produced by the
interaction of the wakes of the. first row of stator vanes
and the row -of rotor blades, and a second noise creating
fundamental rotating pressure field having pressure ridges
is produced by the interaction of the wakes of the row of
rotor blades and -the second row of stator vanes, said
rotating fields being dependent on the number of vanes
in the stator rows and the number of blades in the rotor
row, each row of vanes having the same number of vanes
and the number of rotor blades being different from the
number of stator vanes, and in which the second row of
vanes is positioned so that the first fundamental rotating
noise creating pressure field is substantially 180° out.of

_phase with the second noise creating fundamental rotating

pressure field, said vanes and blades: also producing first
harmonic noise creating rotating pressure fields compa-
rable to the fundamental fields and having a different rate
of rotation therefrom, means for positioning the second
row of vanes helically relative to the axis of the rotor
with respect to the first row of ‘vanes until the first noise
creating harmonic pressure fields are 180° out of phass
thereby balancing thess harmonic noise creating fields,
said helix being such that the fundamental noise creating
pressure fields move along their pressure ridges as they
propagate noise so that tne C'l.IlCCxlath‘l plewously estab-
lished is maintained.

22. In the assembly of an axial flow compressor with-
in a fluid flow confining duct having a pair of rows.of
stator vanes and a row of rotor blades therebetween with-
in the duct, in which two fundamental rotating mnoise

10

2@ — :
creating préssure fields havmo pressure rldges and ‘having:
different lobé numbers are produced by the interaction be-
tween the wakes of the first-row of stator vanes and the
row of rotor-blades, and in-which two fundamental rotat-
ing noise creating pressure.fields having pressure ridges
and having different lobe numbers are produced by the
interaction of the wakes of thé-rotor blades and the second
row of stator vanes, said noise creating rotating: fields
being dependent on the number of vanes in thestator rows
and the number of blades in the rotor row, each row of
vanes having the same number of vanes and the number
of rotor blades being different from the number: of stator
vanes, and in which the second row:of vanes is positioned

so that one of the two said fundamental rotating noise
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crealing pressure fields: produced by the first vane row
interaction is substantially 180° out of phase with the cor-
responding -rotating noise creating pressure field of the
second vane row dnteraction t¢.cancel, means for posi~
tioning the -second row of vanes helically with respect
to the first row of vanes until:the other of the two said
fundamental rotating noise- creating pressure’ fields pro-
duced by the first vane row interaction:is substantially
180° out of phase with the corresponiding. rotating noise
creating pressure field of the 'second vane row interaction
to cancel, this helix being such that the fundamental pres-
sure fields move  along their pressure ridges “as they
propagate noise: so that the cancellation prev1ously estab-
hned is maintained. :

'23. In an axial flow compressor located within a fluid
flow confining duct and which develops noise creating
spinning modes having lobes due to blade and vane inter= -
action, a rotor positioned between a first and second stator
in said duct, said rotor havmg a number of blades differ-
ent from. the number of vanes on each of said stators,
said rotor having a selected number of bladés-to satisfy
the equation:

711MB>7000 c. p S.

where N is rotor‘speed, 1y :is the noise -harmonic index
and equals two for the first harmonic and B is the number
of blades, and also where each of said stators has a num-
ber of stationary vanes greater than the product of the
number of blades B, times the-harmonic index ry, plus the
number of lobes #i, in-the rotor-stator interaction noise
creating spinning mode pattern; where m is selected to
provide decay accordmg to the formula:

'nr)BM
My

- where m.is the number of lobeo, ny is. the harmomc index

next smaller: than ny, Mg is the ‘blade-tip. Mach number,
fmd M*y, is the cutoff Mach number for the m-lobe. pat-
fern.

Z4.-In an axial flow compressor located within -a fluid
flow - confining duct” and which. develops noise creating
spinning modes having lobes due to blade and vane inter-
action, a rotor positioned between a first and second stator
within said duct,. said rotor having a number. of blades
different from the number-of vanes on each of said stators,
said rotor:having a selected ‘nymber of blades to satisfy
the equation:

nNBz=7000 c.p.s.

where N is rotor speed, ry is the noise harmopic index
and equals two for the first noise” harmonic and B'is the
number- of blades, and also where each of said stators
has a number of stationary vanes greater than the product
of the :number of blades: B; times the: noise -harmonic

index ny, plus the number of lobes m, in.the rotor-stator

blade-vane interaction noise creating spinning mode. pat-

tern where m is selected to prov1de decay accordmg to
the formula: :

; m>ngBMB

where n2 is the noise harmonic index -next smaller than
ny, and Mg is the blade tip Mach number.
Za In an axial flow compressor lecated: ‘within a ﬂu1d'
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flow confining duct and which develops noise creating
spinning modes having lobes due fo blade and vane inter-
action, a rotor positioned between a first and second stator
in said duct, said rotor having a number of blades differ-
ent from the number of vanes on each of said stators, said
rotor having a selected number of blades to satisfy the
equation:-
mNBZ=7000 c.p.s.

where N is rotor speed, n; is the noise harmonic index
and equals two for the first noise harmonic and B is the
number of blades, and also where each of said stators
has a number of stationary vanes greater than the product
of the number of blades B, times the noise -harmonic
index, ny, plus the number of lobes m, in the rotor-stator
interaction noise creating spinning mode pattern where
m 1is selected to provide decay according to the formula:

nz?nzBMB

where ny is a noise harmonic index smaller than sy, and
Mg is the blade tip Mach number and wherein the vanes
of said stators are positioned with respect to one another
such that the stator-rotor interaction noise creating spin-
ning modes having a different frequency of noise harmonic
index ny are of substantially equal intensity and out of
phase so as to cancel the noise.

26. In an axial flow compressor within a fluid flow con-
fining duct, a rotor positioned between two stators in said
duct, said stators having an equal number of vanes posi-
tioned about the periphery thereof, said rotor having a
plurality of blades different in number from the number
of said vanes in each of said stators and positioned about
the periphery thereof and coacting with said stator vanes
to form two similar noise creating spinning mode patterns,
means to position the vanes of each stator relative to one
another and said rotor whereby said noise creating spin-
ning mode patterns are of substantially equal intensity
and out of phase so as to cancel the noise.

27. In an axial flow compressor within a fluid flow
defining duct comprising a rotor positioned between two
stators within the duct and having the same number of sta-
tionary vanes around the periphery thereof, said rotor hav-
ing a plurality of blades positioned about the periphery
thereof to coact with said stator vanes to form two simi-
lar pairs of propagating noise creating spinning mode
pressure. patterns, means for cancelling said similar pairs
of noise creating patterns including means for indexing
said stators relative to one another so that said similar
pairs of noise creating patterns are of substantially equal
intensity and out of phase to dispense the noise.

28. Apparatus according to claim 27 wherein said noise
creating patterns are two-lobed and three-lobed respec-
tively and wherein said indexing means includes means
to circumferentially index said stators so that said two-
lobed noise creating patterns are out of phase and for
additional indexing said stators in the direction of constant
phase lines of said two-lobed noise creating patterns until
said three-lobed noise creating patterns are also out of
phase to dispense the noise.

29. In an axial flow compressor located within a fluid
flow confining duct and which develops noise creating
spinning modes having lobes due to blade and vane in-
teraction, a rotor positioned between a first and second
stator to create noise creating spinning modes having a
highest objectionable frequency of noise harmonic index
n due to interaction between said blades and vanes, said
stators having a number of stationary vanes V, according
to the equation:

V=nB(14+Msz)

where »n is the noise harmonic index of the highest fre-
quency being suppressed, B is the number of blades, and
Mg is the blade tip Mach number, thereby causing all
spinning modes having harmonic indices up to and in-
cluding s to decay.
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3@. In an axial flow compressor having a fluid flow con-
fining case with an open inlet end, a rotor of selected blade
number located within said case, two stators of selected
vane number located within said case on opposite axial
sides of said rotor, said stators having a number of vanes
different from the number of blades in said rotor, and
means to position said stators with respect to each other
and to said rotor so as to reduce the intensity of the noise
creating spinning modes created by the rotation of said
rotor between said stators and thereby reduce the noise
intensity external of said case, wherein said noise reduc-
tion is caused by noise field cancellation and wherein said
cancellation is caused by selecting vanes and blades of
different numbers and relative positions to produce sub-
stantially equal intensity spinning wave patterns which are
out of phase.

31. Apparatus according to claim 26 wherein said
means axially displaces said stators relative to one an-
other and said rotor.

32. Apparatus according to claim 26 wherein said
means circumferentially displaces said stators relative to
one another and said rotor.

33. Apparatus according to claim 26 wherein said
means helically displaces said stators relative to one an-
other and said rotor.

34. Apparatus according to claim 31 wherein said axial
displacement is to about five chord lengths of the wake
creating member.

35. In an axial flow compressor located within a fluid
flow confining duct and which produces noise creating
spinning modes having a number of lobes m due to inter-
action between blades and vanes, a stator fixed within
the duct having a number of stationary vanes V posi-
tioned about the periphery thereof, a rotor mounted for

5 rotation adjacent the stator within the duct and having

a selected number of blades B about the periphery thereof
different from the number of vanes V so that noise creat-
ing spinning modes are developed due to blade and vane
interaction, the number of rotor blades B being selected
such that at the operating speed N of interest, the fre-
quency of the first harmonic noise is above 7000 c.p.s.
using the formula:

7000
>
B= 2N
where 2 is the harmonic noise index, the number of vanes
V in the stator being selected so that the least number
in absolute value of m given by the equation:

m=B--kV
also satisfies the equation:
mzZBMy/M*,

thereby causing the fundamental frequency noise to decay
where K is an index that ranges independently over all
positive and negative integers, My is rotor tip Mach num-
ber, and M*,, is the critical Mach number for the m-lobe
pattern.

36. In an axial flow compressor located within a fluid
flow confining case and which develops noise creating
spinning modes due to blade and vane interaction, which
noise creating spinning modes have a number of lobes m,
a first stator fixed within the case having a selected num-
ber of vanes V positioned about the periphery thereof, a
rotor mounted for rotation adjacent the stator and having
a particular number of blades B about the periphery there-
of different from the number of vanes V so that a first
noise creating spinning mode is established due to blade
and vane interaction, a second fixed stator having a num-
ber of vanes V positioned about the periphery thereof and
positioned adjacent the rotor so that a second noise creat-
ing spinning mode is created due to blade and vane
interaction, the number of rotor blades B being selected
such that at the operating speed N of interest the fre-
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quency of the second harmonic noise is above 7000 c.p.s.
using the formula:

7000
B>=
: ~ 8N
where 3 is the harmonic noise index, the number of vanes
V in the stators being selected so that the:least number
in absolute value.of m given by the equation:

m=B-+kV
also satisfies the equation:
m=BMg/M*y

thereby causing the fundamental frequency noise to decay,
where k is an index that ranges independently over all
positive and negative integers, Mg is rotor tip Mach num-
ber, and M*, is the critical Mach number of the m-lobe
pattern, said first stator being positioned with respect to
said second stator to cause the noise creating spinning
modes so created thereby {o be equal intensity and op-
posite phase to cancel the first noise harmonic.

37. An axial flow compressor within a fluid flow defin-

10

20

ing duct and having a pair of rows of stator vanes and a. -

row of rotor blades positioned within the -duct therebe-
tween and with each of said rows of vanes having the
same number of vanes, means to support said row of rotor
blades and said rows of stator vanes such that said blades
rotate with respect to said vanes thereby establishing a
first fundamental rotating noise creating pressure field
due to the interaction of the pressure fields of the wakes
of the first row of stator vanes and the pressure fields
at the inlet end of rotor blades and a second fundamental
rofating. noise creating pressure field caused by the in-
teraction of the pressure fields of the wakes of the row
of rotor blades and the second row of stator vanes and
also establishing first harmonic rotating noise creating
pressure fields comparable to the fundamental fields but
having a different rate of rotation, means for angularly
positioning said second row of vanes such that the first
fundamental rotating noise creating. pressure field is sub-
stantially 180° out of phase with the second fundamental
rotating noise creating pressure field, and means for
adiusting the position of said second row of vanes in a
direction- along the pressure ridges of the fundamental
noise creating pressure fields until the harmonic noise
creating pressure fields are substantially 180° out of phase,
thereby balancing the noise creating harmonic fields while
maintaining a balance between the noise creating funda-
mental fields, L
38. An axial flow compressor within a fluid flow defin-
ing duct and having a pair of spaced rows of stator vanes
and a tow of rotor blades positioned therebetween with-
in the duct, each of said rows of vanes having the same
number of vanes, means to support said rows of vanes
stationary in spaced relation and to support said row
of blades therebetween for rotation with respect thereto
to establish two identical pairs of fundamental rotating
nioise creating pressure fields having different lobe num-
bers produced by the interaction between the wakes of
the first row of stator vanes dnd the row of rotor blades
and the interaction between the wakes of the rotor blades
and the second row of stator vanes, means for positioning
said second row of vanes which respect to said first row
of . vanes so that one pair .of said fundamental rotating
noise’ creating- pressure fields are substatnially 180° out
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of phase, and means to adjust the position of said second -

row of vanes further along the high pressure ridges of
the first pair of noise cizating pressure - fields, thereby
maintaining the relationship between the . first ‘pair of
fundamental noise creating pressure fields, until the sec-
ond pair of fundamental rotating noise creating pressure
fields are substantially 180° out of phase.

39.-An axial fiow compressor within a fluid flow defin-
ing duct and having first and second rows of stator vanes
with equal number of vanes in both rows and a row of
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rotor blades therebetween within the duct, in which a first
rotating noise creating pressure field is produced by the
interaction of the wakes of the first stator vanes and the
first rotor, and another noise creating pressure field is
produced by the interaction of ‘the. wakes of  the rotor
blades and the second stator vanes, and in which the rotat-
ing noise creating pressure fields, having the same number
of lobes, are rotating at: the same r.p.m. and in the same
direction, the vanes of the first row and.the vanes. of
the second row being so positioned relative to each other
that the first noise creating pressure field is out of phase
with the second noise creating pressure field and the two
fields are substantially cancelled out.

49, The apparatus as in claim 39 in which the axial
spacing of the rotor blades to the stator vanes is adjusted
so that the magnitudes of the two fields are substantially
equal, :

41. The apparatus as in claim 39 in which a second
row of rotor stage blades is located downsiream of.the
second. stator .vanes and a third row. of: staator vanes
having the same number of vanes as the first and sec-
ond stator rows, is located downstream of the second
row of rotor blades, and in which the angular relation
of the vanes in the third row of stator vanes is: such
with respect to the vanes in the second row as to have
the rotating noise creating pressure . field produced- by
the interaction between the second rotor blades and the
third stator row out of phase with- the rotating noise
creating pressure field produced by the -interaction be-
tween the second stator row and second rotor row,

43, The apparatus as in claim 41 in- which the first
and secend blade rows have an equal number of blades
and in which the angular’ relation of the blades of the
first rotor row is such, with-respect to the blades of the
second rotor row, that the first harmonic noise of the
resultant of the interactions on opposite sides of the first
rotor row are out of phase with the first harmonic noise
of the resultant of the interactions on opposite sides of
the second rotor row. ’

43. A marine propeller within a-fluid flow defining
duct -and .including a rotor and- a -first -and a second
stator, means to support said rotor for rotation between
said two stators to establish stator-rotor interaction noise
creating spinning modes between “said first stator and
said rotor and between said rotor-and said second stator,
means to cause said rotor 10 rotate so:that said spinning
modes are established with the highest troublesome har-
monic noisé equal to n and so that rotor blade tip Mach
number Mg ds ¥4 or less, in particular greater than

1.
2n+1-

and equalto or less than
1

2n—1
and so that the number of blades in said rotor B and
number of vanes in said stators V .is selected according
to the formula: : : :

B(14+Mp) <V=-"-B(1~Ms)

44. In an- axial flow :compressor  within a fluid flow
confining duct, a stator positioned between two rotors
in said duct, said rotors: having an equal number of
blades positioned about ‘the periphery thereof, said stator
having a plurality of vanes different in number from
the number of said blades in each of said rotors and
positioned abont the peripbery thereof and coacting with
said rotor. blades to form two similar noise- creating
spinning mode patterns, means to -position the blades
of each rotor relative' to. one -another and said stator
whereby said noise creating spinning mode patterns are
of ‘substantially equal -intensity and out .of phase so as
to cancel the noise. S - :
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45. In axial flow machinery within a fluid flow de-
fining duct and having a first multi-bladed rotor posi-
tioned between a first and second stator having an equal
number of stationary vanes, a second multi-bladed rotor
havinng a different number of blades from the first
rotor and positioned between the second stator and a
third stator having an equal number of vanes with the
first and second stators so that the first rotor blades
coact with the vanes of the first and second stator to
produce first and second noise creating spinning modes
of a fundamental noise frequency equal to the speed of
the first rotor times the number of blades in the first
rotor and so that the blades of the second rotor inter-
act with the vanes of the second and third stator to form
third and fourth noise creating spinning modes having
a different number of lobes than the first and second
noise creating spinning modes and having a fundamental
noise frequency equal to the speed of the second rotor
times the number of blades in the second rotor, the
method of cancelling said noise creating spinning modes
comprising indexing the first stator with respect to the
second stator to cancel said first and second noise cre-
ating spinning modes, and indexing the third stator with
respect to the second stator to cancel said third and fourth
noise creating spinning modes.

46. An axial flow spaced machinery within a fluid flow
defining duct and comprising first, second, and third
stators having an equal number of stationary vanes, a
first rotor positioned between said first and second stators,
a second rotor positioned between said second and third
stators, said first rofor and said second rotor having a
different number of blades on the periphery thereof,
means to cause said first rotor to rotate with respect
to said first and second stators so that the blades of
said first rotor interact with the vanes of said first and
second stators to establish first and second noise creat-
ing spinning modes, means to cause said second rotor
to rotate with respect to the vanes of said second and
third stators so that the blades of said second rotor
interact with the vanes of said second and third stators
to produce third and fourth noise creating spinning
modes, means to index said first stator with respect to
said second stator to cancel said first and second noise
creating spinning modes, means to index said third stator
with respect to said second stator to cancel said third and
fourth noise creating spinning modes.

47. In an axial flow compressor having a fluid flow
confining case with an open inlet end, a rotor of selected
blade number located within said case, two stators of
selected vane number located within said case on oppo-
site sides of said rotor, and means to position said stators
with respect to each other and to said rotor so as to
reduce the intensity of the noise creating spinning modes
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created by the rofation of said rotor between said stators
and thereby reduce the noise intensity external of and
beneath said case wherein said noise reduction is caused
by selecting said vane numbers and said blade numbers
so that the velocity of said spinning mode is below cut-
off and wherein the number of said vanes in each of
said stators is greater than twice the number of said
blades multiplied by the harmonic index of the noise
source being reduced.

48. In an axial flow compressor having a fluid flow
confining case with an open inlet and, a rotor of se-
lected blade number located within said case, two stators
of selected vane number located within said case on op-
posite sides of said rotor, and means to position said
stators with respect to each other and to said rotor so
as to reduce the intensity of the noise creating spinning
modes created by the rotation of said rotor between said
stators and thereby reduce the noise intensity external
of and beneath said case wherein said noise reduction
is caused by selecting said vane numbers and said blade
numbers so that the velocity of said spinning mode is
below cutoff and wherein the number of said vanes in
each of said stators and the number of said blades pro-
duce spinning modes in a wave pattern having at least
eight lobes.

References Cited by the Examiner
UNITED STATES PATENTS

1,502,903 . 7/24 Campbell oo 253—39
1,525,814 2/25 Lasche weeoo o 253—39
1,585,218 5/26 Watanabe.
1,688,809 10/28 Gill . __ 103-—89 X
1,788,307 1/31 Lack oo 253—148
1,868,008 7/32 Gardner,
2,191,341 2/40 Curley e 230—120
2,870,956 1/59 Dhonan et al. —_______ 230—114
2,893,508 7/59 Baruchetal, ________ 230232 X
2,976,011 3/61 Stalker e ____. 230—122 X
3,006,602 10/61 Caruso et al. ——_______ 253—39
3,035,759 5/62 Paulson et al. ________ 230--122
3,096,073 7/63 Homolaetal. .____ 253—78 X
FOREIGN PATENTS

139,785 10/20° Great Britain.

226,203 7/25 Great Britain.

300,002 11/28 Great Britain.

348,032 5/31 Great Britain.

668,434 3/52 Great Britain.

KARL J. ALBRECHT, Primary Examiner.
JOSEPH H. BRANSON, Jr., Examiner.



