Oct. 31, 1961 W. J. CARUSO ET AL 3,006,603

TURBO-MACHINE BLADE SPACING WITH MODULATED PITCH
Filed Aug. 25, 1954 4 Sheets-Sheet 1

F—ig.la.

[rventors:
Willlam J.Caruso
R Boris M. Wundt

by s

Their Attorney

i



Oct. 31, 1961 W. J. CARUSO ETAL 3,006,603

TURBO-MACHINE BLADE SPACING WITH MODULATED PITCH

Filed Aug. 25, 1954 _ 4 Sheets-Sheet 2

g, 3

FptaF
Fm
F'm"AF |
!
>
5 I
Q
> |
z I‘-F"a !
g. 1 I ] - I
Wregr 90° 180° 270 360°
% |——— DISTANCE AROUND CIRCUMFERENCE
[nventors:

William J. Caruso
Boris M. Wundt

by _Aea

Their Attorney



CIRCUMFERENTIAL PITCH OF STRUCTURE

”n P.I,

Oct. 31, 1961 W. J. CARUSO ET AL 3,006,603

TURBO-MACHINE BLADE SPACING WITH MODULATED PITCH

Filed Aug. 25, 1954 4 Sheets-Sheet 3
o 1
Fp—&F {
I
|
|
{
|
[
|
|
i
!
o !
it AF |
I
|
|
. x ! ! !
vo" 50° 180 270 360
|—> DISTANCE AROUND CIRCUMFERENCE
Fia6. |
o VIBRATION STIMULUS WITHOUT MODULATED ARRANGEMENT
00%le — - BRA sT
@ 90
3
3 80
z
[
a 70
z
5 60
f—
g so0
o
> 40
w
2 30
-
g
w 20
[ 4
10
0 1 | i | 1 i | |

4 6 8 10 12 14 6

tr
B, MODULATION INDEX (8F, MAXIMUM FREQUENCY DEVIATION
WHEN MODULATION FREQUENCY f=I)

Inventors:
William J.Caruso
Boris M. Wundt

bl_-j %«4/

Their Attorney




Oct. 31, 1961 W. J. CARUSO ET AL 3,006,603
RBO-MACHINE BLADE NG WITH MOD

MA SPACI UL
led Aug. 25, 1954 4 Sheets-Sheet 4
Ficd.7 ___UNMODULATED CARRIER
g7 g
3 [ AF = |4
h 6— ' ' F =1
w | B=4=14
> 44—  MODULATED CARRIER | ]
[
g \T 11111
[
2 ot LI I I e i T s
46 48 S0 52 S4 56 58 60 62 64 66 68 70 72 74
45 A7 49 51 53 55 57 59;6! 63 65 67 €9 7V 73 75
FREQUENCIES
|
l | AF
F T

.[hvehtor‘s:
William J. Caruso
Boris M.Wundt

by Hows

Their Attorney



United States Patent Of

3,006,603
Patented Oct. 31, 1961

CC

1.

3,006,603
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13 Claims. (CL 253—39)

This invention relates to a novel theory and method
for reducing the maximum value of the stimulus applied
to mechanical systems subject to vibration, particularly
as applied to the problem of reducing destructive vibra-
tions in rotating machinery such as fluid-dynamic ap-
paratus like axial or radial flow turbo-machines having
a circumferential row of nozzles delivering motive fluid
to a relatively rotating “bucket-wheel.”

In such a machine, each nozzle imparts a discrete im-
pulse to each bucket passing by the nozzle. If the noz-
zles are of equal circumferential pitch and equally spaced,
as is usually the case in prior art turbo-machines, a given
bucket will receive such impulses at a frequency depend-
ing on the speed of rotation of the bucket-wheel relative
to the stationary nozzles, and on the number of noz-
zles comprising the complete nozzle circle. It is always
necessary to correlate the many factors involved (which
are further complicated by the fact that the turbine
wheel will have to operate over a range of speeds) so
that the exciting impulses imparted to the buckets will
not result in destructive vibration amplitudes within the
normal operating range of the machine. This is difficult
and sometimes even impossible to achieve with the prior
art turbo-machine designs. Once the turbine designer
ascertains the range of exciting frequencies which will
be imparted to a given bucket over the intended operating
range of the machine, it is his problem to so design the
blade structures that they will have no natural frequency
of vibration coinciding with any of the exciting frequen-
cies likely to be impressed on the bucket.

In the past, the enormous complexity of this problem
has resulted in numerous “rule-of-thumb” design meth-
ods based on long years of practical experience, by
which turbine designers have determined the material
and shape, and the number and disposition of rotating
and stationary blades, in order that buckets designed and
mamufactured by available techniques can withstand the
vibration stimuli encountered.

A study of the basic theory of vibration phenomena
associated with turbo-machine nozzles has led us to the
discovery that there are certain striking similarities in
the mathematical analysis of such phenomena and the
analysis of cyclical electrical phenomena, namely cer-
tain mathematical theories used in radio-communication.
Analytical studies along such lines have led to the dis-
covery that the principles of so-called “frequency modu-
lation” broadcasting can be adapted to the design of the
arrangement of buckets in the rotating turbine bucket-
wheel and to the arrangement of nozzles in the stationary
nozzle ring, and to various other analogous structures,
in such a manner as to achieve a very great reduction in
the stimulus which is applied to that member subject to
destructive vibration, such as the stationary nozzle blades,
and/or the buckets on the rotating wheel, etc.

Accordingly, an cbject of the present invention is to
provide an improved arrangement of adjacent moving
and stationary members disposed in a fluid stream,
whereby the stimulus imparted to the vibrating members
is minimized.
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A farther object is to provide an improved arrange- 54

ment for reducing vibration stresses in the associated
nozzles and blades of a turbo-machine such as an axial

2

or radial flow turbine, or an axial or radial flow com-
pressor, or an analogous machine.

A still further object is to provide an improved design
method for the arrangement of turbo-machine nozzles
and blades (or “buckets”) which lends itself readily to
mathematical analysis by methods developed in the elec-
trical communication arts, without resort to the empirical
or “rule-of-thumb” design methods which previously had
to be relied’ tpon.

Another object is to provide a turbo-machine design
method which effects substantial reductions in the noise
level of the machine.

Other objects and advantages will become apparent,
and the improved design method will be understood from
a consideration of the following description taken in
connection with the accompanying drawings, in which
FIG. 1 is a diagrammatic plan view of a turbine nozzle
ring having a complete circumferential row of nozzles
designed in accordance with the invention; FIG. la is
a diagrammatic representation of a bucket-wheel in-
tended to be used with the nozzle ring of FIGURE 1;
FIGS. 2, 2a show a conventional nozzle ring and a bucket
wheel designed in accordance with the invention; FIGS.
3, 3a represent a nozzle ring and bucket wheel both in-
corporating the characteristic feature of this invention;
FIGS. 4, 5, 6 and 7 are graphical representations of cer-
tain design characteristics and results achieved with a
turbo-machine nozzle ring or bucket wheel designed in
accordance with FIGS. 1, 2, and 3; and FIGS. 8, 9 and
10 illustrate the application of the invention to cemtrif-
ugal compressors.

Generally stated, the invention is practiced by design-
ing one or both of the cooperating members of a turbo-
machine stage so that the “frequency” at which succes-
sive impulses are imparted by fluid-dynamic forces to
the associated member changes continuously and pro-
gressively, throughout one complete revolution of the
rotating member. A single pattern of frequency changes
occurring only once in each revolution, results in
optimum reduction of stimulus.

Tn describing this novel design method, the following
definitions and notations will be employed, in explain-
ing one example of a particular application.

D=2R pitch diameter, the mean or nominal diameter
of the fluid-delivering nozzle member (see FIG. 1).

P circumferential distance between similar points on ad-
jacent fluid-delivering nozzles, the required variation of
which is determined in accordance with the “modu-
lated pitch” method described below.

F frequency, the integral number of fluid-delivering noz-
zles which would be included in a complete circum-
ferential row of the modulated piich member if all
the nozzles had the same circumferential pitch P as that
of a given nozzle. As evidenced by the formula

xD
F=‘?‘

“F” varies inversely with “P.”

F,, median frequency, a particular frequency “F” repre-
senting an average frequency which occurs at some
point around the circumference from the “starting
point” “0,” as defined below.

Af frequency deviation at a given location along the
circumference from median frequency “Fp” (see FIG.
4).

AF maximum frequency deviation from the median fre-
quency “Fp”; in other words, maximum value of “AF?
(see FIG. 4).

0 “starting point,” the location in the circumferential
row of modulated pitch nozzles at which the single
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pattern of frequency changes begins and ends (see
FIG. 1).

The significance and interrelation of these factors will
become apparent from the following description of the
theory and practice of this “modulated pitch” turbo-
machine design.

FIG. 1 is a purely diagrammatic representation of the
nozzle ring of an axial flow turbine in which the nozzle
blades, one edge of each of which is identified by the
radial lines 1, are spaced circumferentially in accordance
with our modulated pitch theory. It will, of course, be
appreciated by those familiar with furbine design that
this nozzle ring comprises annular concentric wall mem-
bers 2, 3 which with each pair of adjacent radial parti-
tions 1 defines a fluid delivering nozzle. - The complete
ring of nozzles does not form a homogeneous annular
stream of fluid, but instead produces a series of disturb-
ances in the fluid stream, by reason of the finite thickness
of the nozzle partitions 1.

The pitch diameter D of the nozzle ring and the cir-
cumferential pitch P of a single nozzle are identified on
FIG. 1. The starting position “0” is at “12 o’clock.”

In accordance with one embodiment of the invention,
each nozzle (except at “0”) has a pitch P which is slight-
ly larger than the preceding nozzle, and slightly smaller
than the succeeding nozzle. ' That is, the first nozzle 1a
has the smallest circumferential pitch P of any nozzle in
the ring, and the last nozzle 1z has a larger circumferen-
tial pitch P than any other. The intermediate nozzles in-

" crease in pitch progressively in the clockwise direction
by a specified increment. The manner in which this in-
crease in pitch of the nozzles is determined will be seen
in more detail from the following discussion of FIGS.
4,5, 6 and 7.

It is to be assumed that a special nozzle ring in accord-
ance with FIG. 1 will have an associated bucket-wheel,
as iltustrated in FIG. lg, with a shaft 7a, disk 70, and a
plurality of radially disposed vanes (or “buckets”) 7e,
which will ordinarily be equally spaced around the cir-
cumference of the wheel. If the nozzle ring consists of
24 nozzles, as in FIG. 1, then a given bucket 7c rotating
360° clockwise from the “0” position will be acted upon
by 24 discrete impulses from the nozzles 1a, 15, 1c,
id . .. 1z. If these 24 nozzles were of identical pitch
and uniform distribution around the nozzle ring, then a
given bucket would experience 24 evenly spaced impulses
during each revolution of the bucket-wheel. Because the
nozzles, in accordance with the invention, are not of
equal circumferential pitch, it is. necessary to introduce
and - define -the concept of the “frequency,” identified F
in the above notation, which corresponds. to the “pitch”
P of a given nozzle. - .

Accordingly, the “frequency” of a given nozzle is de-
fined as the integral number of nozzles which would con-
stitute a complete 360° ring if all were equal in pitch
to the mozzle in question -and uniformly distributed
throughout the circle. Thus, for example, the minimum
pitch nozzle 1a may have a “frequency” F of 34, since it
would require this many nozzles identical to ia to make
a complete 360° ring of nozzles of pitch diameter D.
Similarly, the frequency of the last nozzle 1z may be 14,
since that many identical nozzles would be required to
 make a complete ring of the same pitch diameter D.
Thus, for the purpose of this discussion, the “frequency”
“of a given fluid-delivering nozzle member is defined as
the number of identically spaced nozzles required to form
~a complete ring. And, to each nozzle in the ring can be
assigned a frequency F, which decreases continuously in

. the clockwise direction; as the circumferential pitch P

~of the nozzles increase. Thus, the frequency of the
nozzles changes, or is “modulated,” throughout the nozzle
ring circumference. -Therefore, we have provided a.“fre-

_quency modulation” method of varying the frequency of
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4
the impulses applied by the fluid disturbances to the mov-
ing buckets.

The precise manner in which the frequency of the
nozzle varies around the circumference of the nozzle
ring, and the manner in which the change in circumfer-
ential pitch P of the nozzles is determined, will now be
described.

In FIG. 4 the median frequency Fy, is represented by
the broken horizontal line. - The imitial frequency, that
of nozzle 1a, is indicated by the maximum ordinate of
the curve 4. The minimum ordinate of the curve, at
the 360° point, represents the frequency of the last nozzle
1z. 1Tt is to be observed that the deviation of the fre-
quency of a given nozzle from the median frequency
F, is denoted by the symbol Af. The maximum devia-
tion of the frequency of any nozzle from the median
frequency Fy, is denoted by AF. It is to be particularly
noted that the maximum: positive deviation AF of the
bucket 1a from the median Fy, is equal in magnitude to
the maximum negative deviation of the frequency of
bucket 1z. In this example, curve 4 is actually drawn as
a straight line. In other words, the frequency is modu-
lated as a straight-line function of distance from “0”
around the circumference of the nozzle ring. To be com-
pletely rigorous, the curve 4 would have to be repre-
sented by a series of discontinuous points, each point
being on the curve at a location along the abscissa cor-
responding to the middle of the nozzle which the point
represents, since there is only ome frequency for each
nozzle and each nozzle has a finite pitch P. However, for
design purposes, the curve 4 is drawn as a continuous
line and then used to ascertain the precise pitch required
for each mozzle as follows.

In using this design method, it will be first necessary
to ascertain the nominal pitch diameter D of the nozzle
ring and the approximate number of nozzles desired in
360°. This will be done in accordance with the turbine
designer’s experience concerning the optimum height-to-
width or “aspect ratio” for a turbine nozzle, and other
well-known factors. It is also mecessary to select the
“median frequency,” which will ordinarily be the number
of nozzles in a complete ring of the same nominal diam-
eter “D” that would be used in accordance with previously
known turbine design methods. In addition, the integral
number representing the maximum deviation AF from
this median -frequency must be selected. For instance,
in the example represented by FIGS. 1 and 4, assume
that the sclected median frequemcy Fp, is 24 and that
the selected maximum deviation in frequency AF is 10.
It follows that the frequency of nozzle 1a will be 34 and
the frequency of nozzle iz will be 14. This means that
the circumferential pitch P of the nozzle 1a will occupy
144 of the circumference of the nozzle ring. - The “fre-
quency” of nozzle 1a is represented in FIG. 4 on curve 4
by the ordinate (F4-AF) at the “0” point on the abscissa.

FIG. 5 is a plot of the resulting circumferential pitch
P of succeeding nozzles, and is derived from FIG. 4 by
the formula

D
F="F

Here again, the abscissa represents the distance around
the “pitch circle” of the nozzle ring from the starting
point “0”; and the ordinate represents the circumferential
pitch P. It will be apparent that the nozzle pitch curve §
is an inverse function of the frequency curve 4 in FIG. 4.
Specifically, the nozzle pitch P is represented by the gen-
eral expression

( xD
FotAf)

The pitch “P,” corresponding to the “frequency” of
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nozzle 1a is represented in FIG. 5 on curve 5 by the
ordinate

«D
Fot+Af

at the “0” point on the abscissa. The specified pitch
“14” is now laid off along the abscissa of FIG. 5 start-
ing at “0,” and the ordinate of curve 5 at this point on
the abscissa defines the second nozzle pitch “1b.” Ac-
cordingly, the pitch “15” is laid off next to “14”; and then
the ordinate of curve 5 at this point on the abscissa de-
fines the third nozzle pitch “lc.” Repetition of this proc-
ess will determine the circumferential pitches of succeed-
ing nozzles around the periphery of the nozzle ring.

It will, of course, be understood by turbine designers
that it is necessary to take into consideration the finite
thickness of the nozzle partitions in determining the pitch
of the nozzles. Tt is also necessary to limit the maximum
variation in nozzle pitch, defined by the maximum fre-
quency deviation AF, to a value which will be acceptable
from the standpoint of aerodynamic performance. It may
even be necessary to make the shape of the nozzle pas-
sages of different aerodynamic designs, in accordance with
the variation in pitch, in order to achieve as large a maxi-
mum frequency deviation as possible, while retaining good
aerodynamic performance from all nozzles.

Analysis of a nozzle ring pitch modulated as in FIG. 1
by the mathematical theories applicable to radio “fre-
quency modulation,” shows that the above discussed ar-
rangement reduces the stimulus to a practical minimum for
a specified frequency deviation AF. Although the com-
plexities of such mathematical theory make it impractical
to go into details here, some fundamental definitions and
relationships will be discussed briefly in order to better
understand the advantages, theory, and design philosophy
behind this invention.

If the nozzles were distributed around the circumfer-
ence of the nozzle ring (of pitch radius R) with a uni-
form pitch P, to which corresponds a constant frequency
F, then the distribution of the magnitude of discrete im-
pulses caused by the nozzle partitions may be described
conventionally as

Y(@)=Y sin ¢;=Y sin (z—gx) (a)

where Y is a constant amplitude of the sinusoidal dis-
turbance, x is the variable central angle in radians, and
S=P/R is the central angle which corresponds to pitch
P at radius R. Phase

and
2r !

S i

is a constant along the circumference and equal to F.
However, if

2w

S
is not constant but varies along the circumference, as in a
“pitch-modulated” nozzle ring, then

2

S

becomes
2

Se
which is an instantaneous value of the pitch angle and in-
stantaneous phase

27
dx= fEd{U (b)
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6

and Equation g becomes more general, thus

Y()=7 sin [ J' %dx] @

It is convenient to replace angular pitches S, by the corre-
sponding frequencies

2

Sx

Equation ¢ becomes then, in terms of frequencies,
Y (z)=Y sin [/ Fxdx] (d)

Consider a nozzle ring, as above, with nozzles of equal
pitch and frequency Fy,, the median frequency, which
will be designated from now on as “carrier frequency
F.” This carrier frequency F, is varied or modulated
along the pitch circle of the nozzle ring. Theoretically,
the “cycle of modulation” may repeat itself an integral
number of times around the nozzle ring, in which case
the number of such repetitions is called the “modulation
frequency f.” The carrier frequency F, may be modu-
lated in any desired manner. For the purpose of clarity
we assume that the variation of frequency F, within a
modulation cycle takes place in a sinusoidal manner, as in
present day FM radio transmission. The amplitude of
modulating sinusoid we designate as AF and define as
“maximum frequency deviation.”

The modulating frequency is then

AF sin fx
and the modulated carrier frequency F, becomes
Fy=F_ -AF sin fx (e)
Amplitude (Equation ¢) will become
Y(x)==Y sin [f(F,+AF sin fx)dx]
or after integration

Fy

Y(@)=Y sin [F(,X —%,E cos fx:l
or
Y(x)=Y sin [F.X—8 cos fx] o
and phase becomes
¢x=fFydx=F X8 cos fx : (g)
where:

X is the variable central angle

F, is carrier frequency

f is modulation frequency

AF is maximum frequency deviation

B=Af—F is the “Modulation Index”
Y is the amplitude of the sinusoidal disturbance
Yy is the local magnitude of disturbance corresponding to
angle X.

The physical meaning of Equation e becomes clear
after it is expanded into a Fourier Series:

Fourier expansion indicates that a sinusoidal modula-
tion with frequency deviation AF, modulation frequency
f and modulation index g of a carrier frequency F, with
amplitude Y results in the following:

(a) In addition to the carrier frequency F, an infinite
number of harmonic oscillations with other frequencies
occurs. These frequencies are Fo-+f, Fe—f, Fo-1-2f,
F,—2f, F+3f, Fo—3f, Fo+nf, Fo—nf, etc. They are
spaced apart by the modulation frequency f. The bigher
frequency components above the carrier frequency are
called “upper sideband” frequencies and the lower fre-
quencies below the carrier frequency “lower sideband”
frequencies. However, for practical purposes all compo-
nents with significant amplitudes are confined within a
frequency band equal to twice the maximum frequency
deviation 2AF. In other words the frequency modulation
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creates- a whole band of other frequencies on both sides
of the carrier frequency. F..

(b) The new amplitude of the carrier frequency F,
and the amplitudes of the new sideband frequencies are
equal to the unmodulated amplitude of the carrier fre-
" quency Y multiplied by certain coefficients; all less than
1. The coefiicients are values of Bessel functions (first
kind) whose order is equal to the order of the particular
sideband frequency and whose argument is modulation
index B. The coefficient for the new amplitude of the
carrier frequency F, is equal to the value of Bessel func-
tion of zeroth order for the same index 8.

(¢) The energy- content of each harmonic is propor-
tional to the square of its amplitude, therefore, the whole
energy content of the unmodulated carrier of amplitude
Y and frequency F, is dispersed throughout the upper and
lower sidebands in a manner proportional to the square
of the amplitude of the respective harmonic. - It appears
then that the most effective way to disperse the energy of
the carrier is to distribute it uniformly throughout the
band width by making all harmonic amplitudes equal
which also results in minimum harmonic amplitude.
With a sinusoidal modulation this is not possible to ac-
complish, as for practical values of g (modulation index)
-the amplitudes of harmonics differ considerably and some
are not a small fraction of the unmodulaied carrier am-
plitude. Only when g reaches very largs values (ap-
. proaching infinity) is this theoretically possible for sinu-

soidal modulation,

(d) It has been discovered that, if the number of modu-
lation cycles f was limited to only ome in a complete
nozzle ring (i.e. f=1) and if the manner of medulation
was confined to. a gradual and preferably uniform or -al-
most uniform increase of frequency, from a minimum

- value to a maximum value once in 360°, then the energy
was effectively and almost uniformly dispersed through-
out the band width, also for practically acceptable values
of .

(e) The previously discussed linear or saw-tooth modu-
lation of carrier frequency F. shown in FIGURE 4, very
efficiently - disperses energy throughout band width 2AF.

FIGURE 7 shows the amplitude frequency spectrum
for a nozzle ring with F,=60, maximum frequency. devi-
ation AF=14, modulation frequency f=1; and

AF
=21
8 7 4

It can be seen that the maximum amplitude of any har-
monic in the spectrum does not exceed 22%. of the un-
modulated amplitude of the carrier. The reduction of
stimulus achieved by modulating with such a single saw-
tooth (linear) cycle is shown in FIGURE 6. Here the
abscissa of curve 6 is the modulation index 8, which for
this case, when f=1, is identical with maximum- fre-
quency deviation AF. The ordinate of curve 6 represents
the maximum sideband amplitude as a percentage of the
amplitude of the unmodulated carrier. - It is seen that for
a maximum frequency deviation of 4, the maximum am-
plitude is 42% of the unmodulated carrier; and'a AF of
16 reduces the amplitude to only 21% of its original
_magnitude.

In the example discussed in detail above, where F,=24
and AF=34—24=24-14=10, the curve 6 indicates that
amplitude of any sideband does not exceed 27% of the
amplitude of the unmodulated carrier.

It is believed that for most purposes a maximum fre-
quency deviation of between 4 and 12 will be practical.
This will result in a reduction of stimulus by about 60%
to-75% in a modulated nozzle ring, as compared with
the stimulus obtained with a conventional unmodulated

“nozzle ring.

While so far the invention has been described as ap-
-plied to the stationary nozzlé ring of an axial flow tur-
‘bine, it may also be applicable to the rotating wheel. In
this case the stationary nozzles might be of uniform pitch
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and distribution around the nozzle ring; and-the modula-
tion theory would be applied to the arrangement of the
buckets on the moving wheel. Such an arrangement is
illustrated in FIGS. 2 and 2q, in which the stationary
nozzle ring has identical nozzles 7 designed in accordance
with conventional turbine practice, while the rotating
bucket wheel 8 has a plurality of buckets % spaced in
accordance with the modulated pitch theory. That is, the
initial bucket 9a is of a minimum pitch and maximum
frequency, while the last bucket 9z has a maximum pitch
and minimum frequency. .

" Furthermore, the modulated pitch- design may be ap-
plied to both the stationary nozzle ring and the moving
bucket wheel, as illustrated in FIGS. 3, 3a. Here, the
stationary nozzles 10 are spaced similarly to the nozzles
1.of FIG. 1, while the moving buckets 11 are spaced as
described in connection with the buckets 9 of FIG. 2a.

The invention may also be applicable to analogous
turbo-machinery, for instance centrifugal compressors
having a rotor with radial vanes defining rotating fluid-
delivering “nozzles,” the disturbances created by which
affect the stationary blades or “vanes” in the diffuser of
the compressor. FIG. 8 illustrates such an application,
in which the centrifugal impeller 12 has radial blades
12a . . . 12z of modulated pitch, while the diffuser vanes
13 define identical diffusing passages 13a evenly spaced
around the circumference of the impeller. ’

FIG. 9 illustrates how the modulation theory may be
applied to stationary diffuser vanes 14 associated with
equi-spaced and identical impeller: blades 15.

Or, the modulated spacing may be applied to both the
stationary and moving members of a centrifugal machine,
as illustrated in FIG. 10. Here the rotating wheel has
blades 16 with a modulated spacing, as shown in comn-
nection with the blades 12 of FIG. 8; and the stationary
member has blades 17 modulated as shown in connection

‘with the diffuser vanes 14 of FIG. 9.

FIGS. 8, 9, or 10 may also be taken to represent
“radial in-flow” turbines, in which the stationary diffuser
vanes form the fluid-delivering nozzles, and the fluid jets

_ delivered inwardly therefrom drive the central rotor.
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Likewise, the axial flow structures of FIGS. 1, 1a, 2, 24,
3, 3a may be considered to be stages of axial flow com-
PreEssors.
° With respect to FIGS. 1, 1a, it is comparatively easy
to see how, as described above in connection with the
design method and data presented in FIGS. 4, 5, 6, 7, the
invention works when the “modulated” stationary nozzles
of FIG. 1 are delivering jets of varying “frequency” to
the rotating buckets 7c of FIG. la. It is apparent that a
given bucket 7¢ will experience impulses of progressively
changing “frequency” as it rotates 360° from the initial
position “0” past the variably spaced nozzles of FIG. 1.
However, it is not quite so obvious why the modulated
spacing of the buckets in FIG. 2a has a beneficial effect
on the vibration characteristics of the structures.

In this connection, it is to be noted that the radially

extending nozzle partitions which form the uniformly

pitched nozzles 7 of FIG. 2 are also subject to destruc-
tive vibration forces. Even though the fluid.is flowing
from mnozzles 7 to the bucket wheel 8, a given nozzle
blade will experience an impulse each time a bucket 9
passes. This is because passage of the closely adjacent

“ bucket 9 produces 2 small local disturbance in the fluid

85

70

75

pressure distribution adjacent the exit edges of the sta-
tionary nozzle blades, and the passage of this small pres-
sure disturbance results in the application of a vibration-
inducing impulse to the radially extending wall partition
of the stationary nozzle member. Thus, modulating the
pitch of the moving buckefs 9 as in FIG. 2a has a bene-
ficial effect in reducing the vibration forces -applied to
the radially extending nozzle partitions or blades of the
stationary nozzle ring member 7.

Likewise, with respect to the centrifugal compressor
of FIG. 8, the fluid is flowing from the radially extending
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impeller passages defined between the modulated blades
12 into the stationary passages defined between the dif-
fuser vanes 13. The rotor 12 is in effect a “rotating
nozzle” member delivering discrete fluid jets into the
passages 13a defined between the stationary vanes 13.
The vibration characteristics would be substantially the
same if rotor 12 were held stationary and the annular
diffuser member carrying the vanes 13 were permitted
to rotate as a radial flow turbine bucket-wheel. In either
case, the modulation of the spacing of the fluid-delivering
members 12a prevents destructive vibration forces being
built up in the cooperating annular row of blades 13.
Furthermore, if the structure of FIG. 9 is considered a
radial in-flow turbine, then it will be obvious that the
motive fluid delivered inwardly through the passages
18a . . . 15z so as to drive the rotor 15 would have
quite similar vibration characteristics to the modulated
pitch nozzle of FIG. 1 cooperating with the uniformly
spaced buckets of FIG. 1la. But it will also be appre-
ciated by those familiar with the centrifugal compressor
art that each of the uniformly spaced rotor blades 15 of
FIG. 9 experience a slight impulse due to changes in
local pressure distribution around the adjacent edges of
the respective diffuser vanes 14, caused by passage of the
rotor blades, so that the modulated pitch of vanes 14
prevents destructive vibrations being set up in the tip
portions of the compressor blades 15.

It may also be noted that it is not necessary that the
number of the “fluid-passing nozzles” be equal to the
number of the associated relatively rotating structures.
Thus in FIG. 1 the stationary nozzle comprises 24 modu-
lated pitch nozzles, while the bucket wheel of FIG. la
has 32 blades or buckets 7c. In FIG. 2 the stationary
nozzles are shown with 20 uniformly pitched members,
while the bucket wheel in FIG. 2a has 24 modulated
pitch blades. By the same token, the modulated pitch
nozzle ring of FIG. 3 need not have the same number of
elements as the modulated pitch bucket wheel of FIG. 3a.

Nor is it necessary that the change in frequency should
occur in the same direction on each member. In FIG.
3 and 3a the pitch of the nozzles 10 and the pitch of
the buckets 11 both increase in the clockwise direction.
This is not necessary, and in FIG. 10 the rotor blades
are spaced with an increasing pitch in the clockwise direc-
tion, while the stationary diffuser blades have an increas-
ing pitch in the counterclockwise direction.

The above discussion of the various possible permuta-
tions and combinations will show that the important cri-
terion in the practice of the invention is that, if a given
one of a pair of adjacent relatively rotatable members
has a portion subject to destructive vibration forces, then
any adjacent discontinuities in the other member may
advantageously be spaced in accordance with the modu-
lated pitch theory of the invention in order to prevent
such destructive vibration. It is immaterial which mem-
ber is stationary and which is moving, and it is likewise
immaterial whether the fluid is flowing from the modu-
lated pitch member towards the member subject to vibra-
tion, or in the reverse direction, or if the adjacent rela-
tively rotatable members are not actually “delivering” a
continuous flow of fluid from one to the other but are
merely rotating adjacent each other so that a pressure
distribution is created by circumferentially spaced dis-
continuities on the rotating bodies, so that the smail
local pressure irregularities tend to set up vibrations in
the vibration-responsive portions of the other member.

The invention is also applicable to other rotating struc-
tures, such as fans, propellers, etc. The intensity of the
aerodynamic noise level of such apparatus may be greatly
reduced by appropriately “modulating” the spacing of
the fluid-delivering or fluid-passing nozzle members. In
such apparatus, the advantages of ncise level reduction
will be obtained even though there is no stationary mem-
ber associated with the rotor subject to mechanical vibra-
tions. In other words, the noise is caused by vibration
or discontinuity of the fluid stream itself. Thus it will
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be apparent that an axial flow fan or propeller having
no associated stationary diffuser member exerts some-
what of a “siren effect” on the column of air moving
through it. That is, the rotating impeller serves to in-
terrupt the uniform column of fluid moving through the
rotor and these periodic interruptions generate a fre-
quency which shows up as “noise.” If the interruptions
are uniform, then a definite pitch of sound will be pro-
duced. By appropriately modulating the fluid-passing
members, the net average noise level can be greatly re-
duced.

Thus it will be seen that the invention provides a basi-
cally new approach to the theoretical design of rotating
fluid-dynamic machinery in which a “fluid-passing mem-
ber” produces a cycle of disturbances in the fluid flow
which are likely to set up sound waves and destructive
vibrations in associated members. By use of the princi-
ples of frequency modulation radio transmission, as out-
lined herein, it appears possible to reduce the vibration
stimulus applied to the associated vibrating member to a
degree wholly impossible with the design methods known
to the prior art.

While only a few applications of the theory have been
described specifically herein, it will be obvious to those
skilled in the art that many other applications may be
made; and it is of course intended to cover by the ap-
pended claims all such modifications as fall within the
true spirit and scope of the invention.

What we claim as new and desire to secure by Letters
Patent in the United States is:

1. In a fluid-dynamic machine, the combination of first
and second relatively rotatable members, one of which
defines an annular row of fluid-passing nozzle members,
the other of which has a circumferential row of members
subject to vibration, said nozzles having a frequency of
spacing which changes substantially uniformly and pro-
gressively in the same direction, the patiern of frequency
changes occurring only once throughout each 360° of
relative rotation.

2. In a fluid-dynamic machine, the combination of first
and second relatively rotatable members one of which
defines an annular series of fluid-delivering nozzle mem-
bers and the other of which has at least one member re-
ceiving impulses from the jets delivered by said nozzles
and having a tendency to vibrate at an inherent natural
frequency, means causing the frequency of the vibration
impulses applied to the fluid-receiving member to vary
in discrete increments progressively and substantially
uniformly throughout each 360° of relative rotation of
the fluid-delivering and fluid-receiving members, the single
pattern of such frequency changes occupying the full 360°
of such relative rotation, whereby the net effective vibra-
tion stimulus applied to the fluid-receiving member is
reduced.

3. In a fluid-dynamic machine, the combination of a
first stationary member and a second associated relatively
rotatable member, the stationary member comprising an
annular series of fluid-passing nozzles and the rotating
member having a plurality of uniformly spaced struc-
tures subject to vibration induced by the fluid discharged
from the stationary member, said nozzles having a fre-
squency of spacing which increases progressively and
substantially uniformly from a minimum frequency to a
maximum frequency, the pattern of said frequency
changes occurring only once around the complete pe-
riphery of the stationary nozzle member.

4. In a fluid-dynamic machine, the combination of a
first stationary member and a second relatively rotatable
member, the rotating member having a circumferential
row of discrete struciures, the stationary member having
an annular row of uniformly spaced fluid-passing nozzles
with wall portions subject to vibration from impulses
caused by the passage of the structures on the associated
rotating member, said rotating structures having a fre-
quency of spacing which changes progressively and sub-
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stantially  uniformly from a minimum frequency to a
maximum frequency, the pattern of said frequency changes
occurring only once around the complete periphery of
the rotating member.

5. In a fluid-dynamic machme, the combination of first
and second relatively rotatable members one of which
defines an annular row of fluid-passing nozzle members
and the other of which has at least one member re-
ceiving fluid impulses derived from said relative rotation,
the frequency of the spacing of said nozzle members vary-
ing progressively and substantially uniformly, the single
-pattern of said frequency changes occupying the full 360°
of the nozzle member, whereby the net effective vibration
stimulus imposed on said other member is reduced.

6. In a fluid-dynamic machine, the combination of a
first member defining an annular row of fluid-passing
structures, and at least one relatively rotatable second
member adjacent said first member and subject to vibra-
tion, said fluid-passing structures having a fraquency of
spacing which changes progressively, in discrete incre-
ments and substantially uniformly from a minimum fre-

quency to a maximum frequency, the pattern of said fre- .

quency changes occurring only once around the complete
periphery of the first member.
7. In a fluid-dynamic ‘machine, the combination of a

first member and a second .adjacent and relatively ro- -

tatable member, said first member having an annular
series of fluid-passing nozzles including wall memibers
subject to vibration due to fluid impulses derived from
the passage of discrete portions of the adjacent second
member, said second member having an annular row of
fluid-passing structures with portions also subject to vibra-
tion due to fluid impulses derived from relative motion
of the nozzles of said first member, said relatively rotatable
structures each having a frequency of spacing which
changes progressively and substantially uniformly, the

respective patterns of said frequency changes occurring

only once around the periphery of the respective members.

8. In an axial flow turbine, the combination of a sta-
ticnary member defining an annular row of fluid-deliver-
ing nozzle members, a bucket wheel supported for ro-
tation concentric with said nozzle ring and having a
circumferential row of equally spaced bucket members
having a tendency .to vibrate due to the impulses from
the fluid jets from said nozzles, the nozzles being of a
circumferential width which changes progressively and
substantially uniformly throughout the full 360° of the
nozzle ring, whereby the frequency of spacing-of the
nozzles is modulated according to a single pattern of
changes progressively and substantially uniformly in the
same - direction throughout each complete revolution of
the bucket wheel relative to the nozzle ring.

9. In. a fluid-dynamic turbo-machine, the combination
of a stationary member defining am annular row of
fiuid-delivering nozzles, a relatively rotatable wheel ad-
jacent said stationary. member and having an annular
row of equally spaced bucket members adapted to re-
ceive -motive fluid from said nozzles, the nozzles of said
stationary member having a frequency of spacing which
. changes substantially uniformly and progressively in the
same direction, the pattern of frequency changes occur-
ring only once around the periphery of the nozzle ring

12

member, whereby -the-vibration stintulus apphed to the
moving buckets by the jets issuing- from said nozzles is
reduced.
10. Tn a fluid- dynamlc turbo-machine, the combina-
5 tion-of a first nozzle ring member having an annular
row of uniformly spaced nozzles having wall portions
subject to vibration, a relatively rotatable bucket wheel
having a-circumferential row of bucket members adapted
to receive motive fluid from said stationary nozzle ring,
10 the frequency of spacing of said buckets changing progres-
sively in the same direction and substantially uniformly,
the pattern of frequency changes -occurring: only once
around the complete periphery of the bucket wheel.
11. In.a fluid-dynamic turbo-machine, the combina-
15 tion of a first nozzle member: with an annular row of
fluid delivering nozzles, a relatively rotatable wheel having
‘a circumferential row of blades adapted to receive motive
fluid from said nozzles, both said nozzles and said
blades -having a frequency of spacing which changes
progressively and substantially uniformly, the pattern of
said frequency changes occurring only once around the
complete periphery of the respective nozzle and wheel
‘members. )

12. In a radial flow-turbo-machine, the combination
of an inner member- having an annular. row of radially
extending vane members defining fluid passages, and an
outer annular member concentric with said inner member
and.having an annular row of spaced vane members -de-
fining radially- extending fluid passages, at least one of
said annular rows of vanes being unequally spaced to
provide a frequency of spacing which changes progres-
sively and substantially ‘uniformly, the pattern of said
frequency changes occurring only once around the com-
plete periphery of the member,” whereby vibration re-
sulting from the fluid impulses derived from the relative
rotation of the variably spaced anular row of vanes and
imposed on the vanes of the other amlular TOW are re-
_duced. !

13. A fluid-dynamic machine having a.rotating mem-
ber with a circumferential row of fluid-passing .struc-
‘tures, the frequency of spacing of said structures chang-
ing progressively and substantially uniformly around the
periphery of the member, the single pattern of said fre-
quency changes -occupying the entire 360° of the periph-
ery of the member, whereby the net average noise level
of the discrete fluid jets passing said structures is reduced.
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