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ABSTRACT

- Sound power level and airflow measurements were obtained for flat,
cambered, and airfoil blades, with and without twist. A single-stage axial
flow compressor or fan of low pressure ratio was used, the simplified design
being dictated by the variety of blade shapes tested. Data are given for the
dependence of sound power level on flow coefficient, air weight flow, relative
tip velocity, and rotational speed. The sound power per unit weight flow
appears to be independent of blade shape. The discrete-frequency noise from a
freely running rotor is predicted to an order of magnitude in agreement with
experimental results by an equation that is intuitivaly derived from an extension
of propeller theory.
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SECTION 1

INTRODUCTION

When a subsonic aircraft powered by turbofan engines approaches an
airport, a distinctive whine can be heard above a background of broad-band
noise. This whine originates in the first few compressor stages and is espe-
cially noticeable when the first stage rotor is that of a turbofan. This study
emphasizes physical interpretations of fan-noise generating mechanisms and
experimental estimates of the influence that variations in blade geometries have
on these mechanisms.

Techniques for reducing fan noise by means of inlet or fan dict sound-
absorbing treatments are not considered, nor are such remedial procedures as
inlet choking, partial choking of the fan periphery, and blowing inlet guide vanes.
The nature of fan or compressor noise as it would be heard by an observer in
the acoustic far field is described in Sec. 2.

The literature on the physics of propeller sound generation is reviewed in
Sec. 3. This material is used as background for an intuitive discussion of inlet
noise in a turbofan engine. A general equation governing sound pressure fluc-
tuations produced by a number of different acoustic sources is then used to
link aerodynamic and acoustic identifications of noise sources.

A particular mathematical model of a fan rotor in which blades are aero-
dynamically loaded at an effective radius (Re) is discussed in Sec. 4. A theo-
retical prediction of the far-field sound pressure levels is available when blade
loads are constant in magnitude and direction with respect to the blades, and
the rotor blades do not sense the presence of such obstractions in the flow as
inlet guide vanes or stator blades. The prediction equation, often referred to
in the literature as the Gutin formula, accurately predicts propeller noise but
is unsatisfactory for estimating noise produced by freely running fan or com-
pressor rotors. (A freely running rotor is one that operates without obstruc-
tions.) The point of view taken here is that flow irregularities causing fluctua-
tions in blade loads are more effective in producing noise from many-bladed
rotors than from propellers. A quasi-analytical argument is presented to
stimulate other analytical extensions of the Gutin formula to include the effects
of fluctuations in blade loads.

In Sec. 5 the experimental program is described critically with future work
in mind; results are discussed in parametric terms and, where possible, are
compared with experimental results of other investigators and with available
prediction equations.

Section 6 relates the physical and analytical arguments of Sec. 3 and 4 to
the experimental results of Sec. 5. The assumption that fan noise generation
can be explained in terms of fluctuating aerodynamic forces acting at an effec-
tive blade radius is believed by Boeing to be compatible with experimental
results now available.

1 .



Design objectives for a compressor rig that might be used in a more
ambitious extension of this program are presented in Sec. 7. Additional
critical experiments that could be performed on the existing ducted fan are
also described.

42
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SECTION 2

CHARACTERISTICS OF FAN AND COMPRESSOR NOISE

A listener in the vicinity of an axial-flow fan or compressor may
distinguish two distinct sound components known as "discrete-frequency noise"
and "broad-band noise."t The first component consists of a number of pure, or
nearly pure tones, which combine to form a high-frequency noise best
described as a whine. The second component is a background hissing noise
caused by a superposition of sounds over a continuous band of frequencies from
the lower audible range to the higher, and without pronounced peaks at any
particular frequencies.

The relative importance of the two noise components depends on the type
of fan or compressor. Noise from a many-bladed fan, working at subsonic tip
speed in an unobstructed airflow, has broad-band characteristics. Noise from
a high-speed propeller has predominately discrete-frequency characteristics.
From a compressor in which the rotor interacts with stators, -or a fan with
bearing support struts or other obstacles near the rotor face, the noise is a
mixture of the two components. Generally, the discrete-frequency noise domi-
nates. The principal shape of a narrow-band spectrum of a rotor-stator com-
bination is shown in Fig. 1.

SOUND
PRESSURE
LEVEL
(ARBITRARY
SCALE)

(J1 2wl 3i1 4W",

FREQUENCY

Fig. 1. Principal Shape of a Narrow.Band Spectrum of
a Rotor.Stator Combination

The discrete-frequency noise has its fundamental frequency at the "blade
passage frequency," f = N x B, where N is the rotational speed of the fan
measured in rps, and B is the number of rotor blades, When listening to the
fan noise, filtered through a narrow-band filter, centered at Made passage
frequency, the observer will experience a tone that is modulated, i.e. the
sound level varies with time. In the case of a compressor with predominantly



discrete-frequency noise, this modulation is due to the mixing of the fundamental
tone with that part of the broad-band noise which, at considerably lower level,
occurs in the same frequency band. In the case of a freely running fan of low
tip speed where the fundamental frequency may only-be distinguishable through
the narrow-band filtering, the tone occurs In bursts, presumably when patches
of large-scale turbulence pass tbrough the fan.

If-the listener moves in an arc of constant radius from the noise source,
he will experience a change in the sound level and character of the noise, since
each component of the noise has different directivity characteristics. The
broad-band noise radiation is more or less omnidirectional, i.e. the level is
almost the same in all directions. The discrete-frequency noise, on the other
hand, has a pronounced directivity pattern, with '"obes" of maximal noise level
separated by deep minima. The number and position of these lobes is deter-
mined by manyparameters, e.g. frequency, fan diameter, number of rotor
and stator blades, and the presence of an Inlet duct. The lobal pattern is
therefore different for the fundamental blade passage frequency than for its
harmonics. Most lobal patterns have one feature in common: the sound level
is at a-minimum on the fan axis. An exception occurs when the sound source is
a compressor with the number of stator blades being a multiple of the number
of rotor blades.
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SECTION 3

PHYSICS OF PROPELLER AND FAN NOISE

A typical fan or compressor noise spectrum can be considered as composed
of two basic parts. One is a broad-band spectrum and the other consists of
discrete-frequency peaks superimposed on the first. The broad-band spectrum
covers a wide range of frequencies, whereas the peaks of discrete noise are
practically concentrated at the rotor blade passage frequency and its harmonics.

The generation mechanisms of the two forms of compressor or fan noise
are related in a broad sense to those of propeller noise, but contain soine
additional characteristic features. These are the results of the different geom-
etry and aerodynamic behavior of fans or compressors as compared with a
propeller. For the first, the boundary layers and wakes resulting from the
presence of ducts and fixed blade rows before and after a rotor represents one
of the most important sources of noise. On the contrary, for propellers
(including pusher-type) the effects of turbulence are of much less importance
than other factors of noise generation.

It is then obvious that fan or compressor noise is more complex than that
of a propeller. However, in spite of the differences between the two types of
noise a brief review of the mechanisms of propeller noise generation, for
which more data are available, is useful. Finding the counterparts of these
generation mechanisms for the fan noise, together with the sources and mech-
anisms peculiar to it, will give a better understanding-of the physics and basic
problems of fan noise.

It is generally assumed that propeller noise is produced by three different
mechanisms, and therefore it is considered here as composed of the following
parts:

e thickness noise
* lift noise
* vortex noise

This classification is only an approximation to the real phenomenon, where
a net separation of these concomitant and interrelated noise mechanisms does
not exist. It is adopted here only to simplify the description of propeller noise.
However, since workers in the field use these noise designations with different
meanings, clarifications will be introduced when confusion might otherwise
arise.

Richards and Sharland presented an up-to-date r~sum6 of propeller and
fan noise (Ref. 1). Their scheme is used to give a short description of the
sources of propeller and fan noise.

"Thickness noise" designates the part. of propeller noise that arises from
the transverse displacement of the air adjacent to a passing blade element.
This displacement, in a fixed frame of reference, is equivalent to a periodic
introduction of mass at each element of air near the propeller disk, and the
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rate of mass introduction at a point depends on the peripheral speed, blade
profile, and pitch and incidence angles. This is the accepted definition of
thickness noise, but some investigators (Refs. 2 and 3) designate with Ithis
term tLe noise from a propeller with symmetrical profiles, zero blade angle,
and zero forward speed. In this case, a better separation between thickness
and other noise mechanisms is obtained and theoretical treatment of thickness
noise can be made easily. Thickness noise then becomes related only to the
so-called "propeller volume," which is the product of the number of blades,
blade thickness and chord, and propeller tip radius. Here, the first desig-
nation is adopted as the one reflecting the real conditions of propeller operation.

"Lift noise" arises from the pressure field that surrounds each blade as a
consequence of its motion. In a moving blade, the pressure distribution on
each section along the blade span produces force fluctuations on the surrounding
air; this is the origin of lift noise. The force produced on the air by each blade
is equal and opposite to the force produced on each blade by the air, and the
latter force can be resolved into two different sets of components. In one, the
components are lift and drag, in directions perpendicular and parallel to the
flow velocity, respectively. In the other, they are the thrust in the direction
of the propeller axis and a component in the plane of the propeller disk, which
is associated with the propeller torque. This noise, which is a combination of
torque sand thrust noises, is usually referred to as "lift noise," taking its name
from one of the components of the force on the blade along its aerodynamic axis.
The pressure field around each blade rotates with the rotating propeller and
then lift noise contributes to the periodic component of the propeller noise
spectrum, together with thickness noise.

"Vortex noise" is produced by the vortices shed in the propeller wake by
the blades as a consequence of their motion. It i eprtsents the broad-band or
nonperiodic component of the propeller noise spectrum. The exact physical
mechanism of this type of noise is not yet known. Investigators agree that it
is caused by the vortices in the blade wake. However, some of them ascribe
the noise directly to the vortices, which, being random both in size and point
of release from the blade, cause the broad-band noise spectrum. Others
suggest that the shedding of vortices in the wake results in a corresponding
change of circulation over the blade section. This change, in turn, sets up
on the blade a randomly fluctuating lift, which is the final cause of noise. Apart
from this difference on the explanation of vortex noise, all agree on the factors
determining its existence. These are represented by von K6rmgn vortices,
vortices coming from the separation region on the convex side of the blade, and
vortices produced by every cause of turbulence on the flow. Even for ideal con-
ditions, the von Karman vortices, shed alternately from opposite sides of the
blade, are present in the flow because of the finite thickness of the blade trail-
ing edge, but then vorticity is Ghed in a regular manner.

It is appropriate to emphasize once more that the classification of propeller
noise and the contributing mechanisms is only an idealization. For example,
lift noise was considered only as a source of disc rete-frequenz.y noise. How-
ever, a more detailed analysis of lift generation would show that it also con-
tributes to the broad-band noise.
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After this brief review of propeller noise, general considerations on fan
or compressor noise and an examination of the pertinent spectra suggest that
the latter must be produced by the same mechanisms described for propellers.
But to this must be added the important noise contributions brought about by
the presence of both fixed blade rows before and after each rotor and a duct
around all these rows of blades. This ducting of the flow produces an essentially
axisynrnmetrical flow in an annulus as compared with a three-dimensional flow
for propellers.

A brief correlation between propeller and fan noise based on the three
mechanisms previously considered, and a description of the new mechanisms
peculi ir to fan or compressor are made in the following paragraphs:

"Thickness noise," produced by a mechanism similar to that found for
propellers, must also exist in the case of fans or compressors. However, for
typical engines and speed regimes, the contribution of this mechanism to
overall fan noise does appear unimportant. This can be explained as a conse-
quence of both the smaller thickness of rotor blades with respect to that of
propeller blades and the greater relative importance of lift and vcrtex noise in
a fan than in propeller.

"Lift noise" is also found because a fan rotor has an associated rotating
pressure field such as that determining propeller "lift noise." The resulting
periodic force fluctuations are then contributing in a similar way to the
discrete frequency of fan noise. But this is only a part of the fan "lift noise"
and precisely that due to the rotor alone. In a fan or compressor the rotor of
the first stage, which contributes more to noise, is generally preceded by
bearing support struts and by inlet guide vanes, and is always followed by a
stator.

Consequently, a further source of "lift noise" appears because of the
motion of the rotor in the wakes of upstream objects. In these wakes, the
air velocity is small compared to its value in the remainder of the annulus,
and a blade rotor moves in and out of regions of different velocity. These
variations of velocity, which are due not only to the effects of the viscous
wakes, but also to the potential flow field of the upstream blade row (Ref. 4),
produce variations of incidence. On the rotor blade subjected to these
variations of incidence, a fluctuating lift is originated and, therefore, periodi-
cally varying forces are applied to the air. In this way the mechanism contrib-
utes to discrete frequency noise together with the rotor "lift noise," and thus
can be called "discrete frequency interaction noise."

"Vortex noise," in contrast to that of propeller noise, is a very important
source of fan noise. It is produced by the same causes analyzed in propeller
noise. However, the two additional mechanisms represented by the interaction
effects of fixed and moving blade rows and the effect of duct boundary layer can
add considerably to vortex noise. In the first, the wakes shed by the upstream
blades on reaching the leading edge of a rotor blade are distorted and can
represent a source of noise. In the second, the turbulence produced by the
boundary layers on the fan or compressor casings adds to any turbulence pre-
sent in the intake flow to produce vortex noise. As pointed out by Sharland
(Ref. 5), who made a detailed study on the subject, this source of broad-band

7



noise can be dominant when the intensity and spatial scale of the turbulence are
large enough. Because of their origin and the type of noise produced, these
additional sources can be designated as sources of "vortex or broad-band
interaction noise. "

At this point, to illustrate that also for the interaction noise the discrete-
frequency and broad-band contributions cannot be separated completely, an
example is given of two concurrent effects due to the oncoming turbulence.
This may affect the positions of the separation points on both the fixed and
moving blades and thus cause fluctuating lift leading to broad-band noise. The
variations of the separation point along the fixed blade, in turn, produce
changes in the form of their wake and contribute to the discrete-frequency
interaction noise from the rotor.

From the brief description of the mechanisms of interaction noise, both
discrete frequency and broad band, it can be inferred that similar noise radia-
tions come from the blades of a stator placed in the induced field of a rotor.
Furthermore, the flow from the rotor, when reaching the stator -nlet, finds
new obstructions represented by the stator blades. Consequently, local pres-
sure variations are again produced, which, since the flow is generally subsonic
(even in the case of transonic rotors), are propagated upstream, causing
variations of force on the rotor blade-a further cause of noise.

Fincher (Ref. 6), extenjing the work of Sh"-rland on interaction noise,
performed experiments on a model composed of inlet guide vanes and rotor
with variable separation between the two adjacent rows of blades. The primary
object of his investigation was to find the more effective cause of noise between
the following two mechanisms: (a) wake-induced pressure fluctuation on the
rotor blades or (b) a disturbance of the upstream pressure field associated with
the rotor blade by the presence of the stator. Experiments showed that for
axial spacing greater than a certain critical amount, the first mechanism was
the most important, whereas the second was the prevalent one when the rows
of blades were brought very close.

From the previous consideration of the mechanisms of interaction noise,
it can be expected that it will become minimum if care is taken to make the
aerodynamic interference between adjacent blades as small as possible. This
can be done by reducing the mutual effect of their pressure fields, decreasing
the size of the wakes, modifying their form, and diminishing the size of the
boundary layer on the inlet duct walls. For the first stage of a fan or com-
pressor, some practical means of obtaining these effects are: omit inlet guide
vanes, increase axial spacing between adjacent blade rows, reduce the
boundary layer thickness on the duct walls, and remove or reduce the boundary
layer on the inlet guide vanes.

it is possible to compare the above aerodynamic descriptions of noise
sources to the basic sources of Lighthill's noise theory. There, following
Lowson (Ref. 7), the fundamental equation describing noise generation can be
written in tensor notation as

a2 t a2 V2 =Q aFi aTij

at 2  0 " xi  ax i x
8



where the left-hand side represents the equation of sound propagation in a
uniform acoustic medium at rest, and and a. denote, respectively, the
fluctuating density and the sound velocity in ihe medium. The three terms on
the right side account for the various sources of sound radiation. The first
term, 8Q/at, where Q is the mass per unit volume, represents the sound
produced by mass introduction at a point of the medium. It describes the
sound radiation due to a single pulsating mass source, which has no definite
directionality associated with it, and is known as the "monopole" or "zero
order" type of radiation source. "Thickness noise," which arises from a
periodic introduction of mass at each element of air near a propeller or rotor,
is an example of this type of noise.

The second term, aFi/3xi, where Fi is the force per unit volume in the
xi direction, represents the sound produced by the fluctuating forces acting at
a point of the medium. The sound radiation due to these forces can be
associated with that of a dipole having its axis in the direction of Fi and of
strength equal to the magnitude of Fi. This dipole radiation has a definite
directionality, with the maximum radiation occurring in the direction of action
of the force. "Lift noise," which arises from force fluctuations on the air
surrounding a propeller or rotor, is an example of this type of radiation and
therefore is described as dipole in origin. For typical subsonic propellers,
where lift noise is the most important, the noise contributions come from two
arrays of dipoles, one with axis in the direction of the propeller axis and the
other with axes in the propeller disk aligned in the torque direction.

The third term, aTij/Oxi x, where T., = tV i Vj + Vii - a2
0 0 ij is the

"acoustic stress tensor," accounts for the noise produced by turbulence. For
most practical purposes, Tij - C ViVi, where tViVj is the momentum flux
tensor, or rate at which momentum in the xi direction crosses the unit surface
area normal to the xj direction. A full discussion of all the effects described
by the term 8Tij/axi8xj can be found in Lighthill t s aerodynamic noise theory
(Ref. 8). Here it is sufficient to recall that from the acoustical standpoint the
noise due to this term radiates as a quadrupole field whose strength per unit
volume is Tij and has a double directionality pattern. Vortex noise of pro-
pellers and fans Is an example of this type of noise.

9
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9) SECTION 4

ANALYTICAL CONSIDERATIONS, ROTOR ALONE

Much of the literature on fan and compressor noise has evolved iL'om
analyses of aircraft propeller noise such as the one published by Gutin (Ref. 9)
in 1936. Garrick and Watkins reviewed the Gutin theory in 1954 (Ref. 10) and
obtained good agreement with measurements of propeller noise. In 1964,
Sharland (Ref. 5) described experimental results obtained on a single-stage
axial-flow fan. He found that when a rotor with 16 blades was rotated in the
absence of inlet guide vanes or stators, measured noise spectra exhibited
prominent peaks at the blade passage frequency and the second and third
harmonics, as might be expected from propeller theory. However, the
amplitude levels of these tones were much higher than predicted. He attributed
this discrepancy to the presence of wakes behind bearing support arms upstzeam
from the rotor. Noting that the Gutin theory supposes that aerodynamic forces
on blades are constant, Sharland argued that fluctuating forces, not accounted
for by the theory and due to passage of the blar.s thrciagh the wakes, would
result in an increase in level of the discrete components of fan noise.

As reported in Appendix B, an effort was made to find whether the Gutin
result was valid for rotors with large numbers of blades and, if so, to deter-
mine whether or not it max, be extended to inciude ,ffects of fluctuating blade
loads. The conventional result predicts a drastic reduction in sound level of
discrete tones for a rotor as the product mB is increased (where m is tUe
order of the harmonic and B the number of blades).

Since earlier derivations of the Gutin formula involved a first term
approximation to an asymptotic expression, this result was extended to include
a second-order term. However, it was found that the Gutin result, in the
usual deterministic form, is indeed valid for large B, in spite of the first-order
approximation.

Garrick and Watkins (Ref. 10) used rather arbitrary blade pressure dis-
tributions in their review of the Gutin theory, yet the resulting equation per-
tains to constant thrust (T) and torque (Q) applied at an effective radius (Re).
The discussion presented in Appendix B shows that the Gutin result can be
obtained by assuming at the outset that the distributed blade loading can be
replaced by concentrated loads at a fixed effective blade radius.

The following is a heuristic discussion of the possible effects of adding
fluctuations to the concentrated loads on the rotor blades:

It is important to note that even slight irregularities in these instantaneous
forces can have a marked effect on the higher order harmonics generated by a
single blade, and also on the intensity of the fundamental blade passage fre-
quency corresponding to B blades. The far-field noise pattern corresponding
to a single blade is very roughly slnusoldal, with a period equal to 27r/. If
we now replace the single blade with B blades, and if each blade produces
exactly the same far-field pattern except for the appropriate time displacement,
all Fourier components of the single-blade pattern will cancel out, except for

/
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the Bth harmonic, which will be reinforced. (Similarly, the next higher har-
monic to be reinforced is the 2Bth harmonic, and so on). Since tne magnitude
of the Bth harmonic of our nearly sinusoidal signal is so small (via the Gutin
formula), even this reinforcement will not be effective, and the overall signal
level will be extremely small. If there are slight irregularities in the forces
exerted by the blades, the magnitude of the higher order harmonics can be
very much larger because it is in those harmonics that the irregularities show.

As a result it is reasonable to expect the Bth harmnnic of the single blade
pattern to be much largerthan that given by Eq. (15) in Appendix B, particularly
for small values of y. To obtain a careful estimate of the expected value of the
Bth harmonic of a signal possessing some randomness requires an investigation
of the correlation features of that randomness. An order of magnitude estimate
can however be made if we assume that the random signal has an average
angular frequency P, and that its bandwidth is neither very narrow nor very
broad. The Bth harmonic will then have a magnitude of the order of

2 r/12
sin Pt - cos BSt = 0( (1)

0

assuming P <<Bfl. As an estimate of the magnitude of the Bth harmonic of the
far-field signal,1/B of that of the fundamental thus can be taken.

Secondly, in considering jhe cumulative effect of B blades, the random-
ness of phases between the B" components emanating from each blade means
that the net resulting magnitude should be taken as.fi times the magnitude of
the effect resulting from a single blade.

For a single blade the Gutin formula reads [cf. Eq. (1), Appendix B]:

IP-- 27ras 0  Q e asoe (2)

This formula gives the correct order of magnitude for the fundamental
single-blade signal, as has been borne out by experiment for propellers. If
we now assume that the fluctuating thrust and torque can be approximated by
the steady values of thrust and torque, the above formula can be applied; if it
is corrected for the influence of the number of blades. First replace Q by GRe,
where G is the equivalent force per blade at radius Re, in the plane of the
propeller. Also replace (Re/a by M, the rotational Mach number of the blade
at radius Re. We also choose average values for x/so and for y/so (again
more realistic for the random situation); via conventional solid angle weighting,

12



each is replaced by 1/2. For the mth harmonic of the B-bladed case, our
prev.Los considerations now lead us to multiply this result by
1/(m4B), to give as the final result

Prms 2%' iraso 2)+ (M (4J1  M) (3)

One questionable point remains. Because of the randomness, the (B-1)st
harmonics, say, of the single-blade pattern, should not cancel when the patterns
of B blades are superimposed. Consequently, for the case in which a rotor

alone is tested, there should be peaks in the spectrum at B B fl, B ±2Q, etc.

Experimental tests on a rotor alone show that such peaks are not necessarily
evident. This matter deserves future investigation.

It must be recognized from the foregoing discussion that the existence of
subharmonics of the blade passage frequency is not a necessary consequence of
the assumption of "random" irregularities in the instantaneous blade forces,
but is rather a result of incomplete specification of the properties of this random-
ness. To illustrate this, consider the following example: Imagine a fan rotor
working in a flow with irregularities that are in the form of "patches" with a
different speed or direction of flow than the mean flow. Whenever such a patch.
is cut by the rotor blades, a train of pulses at blade passage frequency occurs.
The only reason for production of frequencies other than the blade passage
frequency and its harmonics is thus the finite length of the pulse trains that
shows up in the spectrum as a modulation, or broadening, of the discrete
frequency peaks.

The procedure described in Appendix B for estimating sound pressure at
an observation point where a blade with a concentrated aerodynamic force is
rotated about an axis could be extended to the case where the fcrce is time
and space dependent. In this way the effects of flow irregularities caused by
obstacles or turbulence could be taken into account. An analysis along these
lines is being conducted and the results will be published when they are available.

13
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SECTION 5

EXPERIMENTAL PROGRAM

Description
In the initial phase of this program, flat blades were selected for experi-

mental convenience and analytical simplicity. Sound level and air flow meas-
urements were made on a model compressor consisting of a single stage with
or without inlet guide vanes. Preliminary results were presented in Ref. 3 1.
Although the blades were aerodynamically substandard in comparison with
actual compressor blades, they did embody the more significant noise-producing
characteristics discussed in Sec. 3 of this report.

The need for performing a variety of tests on blade rows differing from
each other both in the number and shape of their blades and in their attachment
to the Inner and outer casings dictated the design of the test rig. For this
reason, the stage was designed with constant hub and tip diameters, a config-
uration rarely found in the first stage of an actual compressor or fan, but
frequently used in simple test rigs. In our tests the choice of a stage with con-
stant hub and tip diameter appears realistic. The leve;l of stage pressure ratios
achievable with the use of the rather unconventioDal shiapes and mountings of
the blades to be investigated here is low and, consequeiltly, the airflow can pass
through the inlet and outlet areas with only moderate adjustments in axial
velocity.

The diameters at the rotor inlet were chosen as 12 inches for the tip and 4
inches for the hub, i.e. the hub-tip-diameter ratio was 0.33. No attempt was
made to select a design point and to compute the flow characteristics according
to it, because widely differing blade configurations were used.

In spite of the feasibility of changing the number of blades of the rotor and
stator in this phase of the investigation, tests were conducted mostly with equal
numbers of blades (8) for both rotor and stator. The study was initiated to
investigate the relative sound source strength associated with different blade
shapes. Sound wave propagation modes were not a primary concern for this

I program.

in the present phase of the program, several different blade geometries
were used, including flat, cambered, and airfoil shapes both with and without
twist. The following rotor blades configurations were tested:

# Flat blades
* . Flat blades with sharp trailing edges (STE)

* Flat blades with 20 degrees of twist
* Cambered blades (6-inch radius of curvature)
e Cambered blades with 20 degrees of twist
* Airfoil blades NACA 65 -12 (A10) 10
* Airfoil blades NACA 65 - 12 (A10) 10 with 20 degrees of twist
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These blades were operated at relative tip speeds under M = 0.5 in the
experimental model. Higher Mach numbers were not contemplated because of
limits imposed on the blade tip rotational speed by the geometry of the available
test rig.

The angle between the blade chord and the plane of the rotor face, Pr, was
30 degrees for the flat blades and for the tips of the twisted blades. All of the
rotor blades except the airfoil blades were 4 inches long, with a chord of 1.5
inches and a thickness of 0.050 inch. The airfoil blades were 0. 150 inch
thick.

The blade solidities at the tips and hubs of both the rotors and stators are
then 0.32 and 0.95, respectively. These are rather small values when compared
with those adopted in actual practice. The same can be said for the blade thick-
ness ratio, which, except for the NACA 65 - 12 (A1 0 ) 10 airfoil blade, amounts
to 3.3 percent. The size of bolts required for fixifg blades to the rotor hub
was the determining factor in selecting blades of small chord and thickness.
Large bolts on blades of larger chord and thickness might have perturbed the
flow excessively. For manufacturing reassons. the same blades were then used
for both rotor and stator.

For higher speeds, in the transonic region, blades with double circular arc,
J-blade, or blades with other suitable profiles should be used. The blading
should be designed for specified stage operating conditions.

The effect on noise level of the relative position of fixed and moving blade
rows was investigated for some of the blade geometries by varying the spacing
between them from 0.135 to 1.35 of the common value of blade chord.

Since the subject of the experimental part of this study was primarily com-
parative noise-generating properties of compressor blades of different shape,
the model for this work was not selected to perform detailed sound propagation
and far-field sound level distribution studies. It was selected to make relative
power level measurements for different rotor-stator configurations. The
influence of the duct on the radiation has been studied by Filleul ( Ref. 12) for
the same range of frequencies and fan dimexisions as in the present experiments.
The increase In noise level at blade passage frequency that occurred when the
rotor was shrouded by a ring can be attributed to flow separation at the sharp
edges of the ring. 'When the fan was fitted with a bellmouth inlet, the increase
was negligible. It can thus be assumed that the inlet used here has no appre-
ciable effect on noise generation or radiation from the fan; that is, the duct may
alter spatial distribution of the radiated noise, but not its total power.

No serious attempt was made to study the test rig behavior from the stand-
point of its aerodynamic performance. Difficultibs would be encountered in
producing a stage map for the following reasons:

* No design point was specified for the stage
* The needed parameters were determined only at the chr e rotational speeds

of 4000, 6000, and 8000 rpm
* The pressure ratios turned out small and with values close to each other at

the three speeds
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The relationship between noise and the stage performance characteristic,
described by pressure ratio vs airflow weight, can be obtained only if some
device for throttling the test system either upstream or downstream is avail-
able. Future test rigs should be designed for both aerodynamic performance
and flexibility for changing those parameters that most affect noise generation.

Flat blades with and without a sharp trailing edge are shown in Fig. 2;
also shown are cambered blades with and without twist.

Fig. 2. Flat and Cambered Blades

Twisted, cambered, and airfoil blades are shown in Fig. 3. For compari-
son, these are shown alongside a rotor blade from the first compressor stage
following the turbofan of a Model JT3D-1 engine.

Figure 4 shows a rotor assembly with fiat, twisted blades. The amount of
twist between the blade chord adjacent to the hub and that at the tip was 20
degrees. Near the hub the blade made an angle of 50 degrees with the rotor
face; at the tip, the angle with the face was, therefore, 30 degrees. A rotor
assembly with twisted airfoil blades is shown in Fig. 5. These blades have a
section profile designated as NACA 65 - (12A1 0 ) 10.
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Fig. 3. Twisted, Comberod, and Airfoil Blades

An inlet guide vane (stator) assembly is shown in Fig. 6. The blades are
adjusted to 90 degrees with respect to the rotor face. The stator blades are
identical to the flat blades described for the rotor, having a length of 4 inches,
chord of 1.5 inches, and thickness of 0. 050 inch.

An inlet vane assembly with tilted blades is shown in Fig. 7. The
inlet guide vane assembly with tilted blades was investigated to determine the
feasibility of affecting the sound generation due to the wakes of a fixed blade row.
As it is known, in the case of radially fixed inlet guide vanes a rotor blade
enters and leaves the wake produced by an inlet guide vane at the same instant
along its length. With tilted inlet guide vanes, the sections of the rotor blade
from hub to tip enter and leave that wake at different times. Therefore it is to
be expected that the replacing of instantaneous changes of the circulation, lift,
etc., along the rotor blade with gradual ones will reduce sound generation due
to wake. An example of nonradial fixed-inlet guide vanes can be found in the
Rolls-Royce Spey turbofan, but data about their usefulness for sound reduction
are not available. Figure 8 shows stacked tube inlet guide vanes, and honey-
comb is shown in the place of the inlet guide vanes in Fig. 9. The honeycomb
for this assembly is 1. 5 inches thick and the cells are 3/16 inch wide between
parallel faces.
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Fig. 4. Rotor With Twisted Blades

Fig. 5. Rotor With Twisted Airfoil Blades
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Fig. 6. Inlet Guide Van* As3embly With Flat Blades

Fig. 7. Inlet Guide Vane Assembly With Tilted Blades
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Fig. 8. Stacked Tube In let Guide Vanes

Fig. 9. Honeycomb In let Guide Vanes
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Both of these devices represent unusual solutions. They were considered
here only for the purpose of investigating their effect on sound reduction. Their
use is impractical in an actual engine for takeoff and cruise conditions because
of the associated inlet efficiency losses, ice formation problems, weight, etc.
Consequently, they must be regarded as devices to be used only in the approach
and landing phase of airplane flight. They should be retractable and in the
extended position 3hould form a screen in front of the radial portion of the rotor
inlet surface, which contributes most to the noise generation. Since the radial
height of this rotor inlet surface is between 20 and 30 percent of the blade
length, according to the value of the radial hub-tip ratio, the use of honeycomb
or stacked tubular inlet guide vanes could be feasible if their usefulness for
sound level reduction has been established and their installation does not
endanger the compressor operation because of the associated inlet flow distortion.

Discussion of Results
Sound level measurements were made at a radius of 6 feet from the rotor

center and, in some cases, in the duct at a distance of 6 inches from the rotor
face. Sound power levels for these two cases were calculated numerically
using the formula

PWLT = 10 loglo f logl1 0
1 ( SPL ) dA (4)

where A is the area of the forward hemisphere in the 6-foot case, and the duct
cross section in the 6-inch case. A is in units of m2 . The sound power level
will then be given relative to the reference power of 10-12 watts. For sound
measurements under similar conditions, the agreement between the two calcula-
tions is good, which indicates that far-field conditions prevailed even at the 6-
inch distance. This is in agreement with the measurements of Filleul (Ref. 12)
who reports far-field conditions (validity of the inverse square law) down to a
distance of 2 or 3 blade chords from the rotor face. It must be noted that the
assumption of far-field conditions at a distance as close to the rotor face as
reported here may only apply to the following special configurations, i. e. rotor
alone and rotor-stator combination with the same number of blades in both rows.
For configurations with a different number of rotor and stator blades, it can be
argued that in order for cancellation between the sound pressure contributions
from different blades to take place (which is the case for these configurations),
measurements should be made at large distances compared with the wavelength.

The principal data presented in this report relate sound power level, to:

* Flow coefficient (Va/u)
* Air weight flow (*)
0 lOgl0Vrel
e Rotor RPM (60R/27r)

Other presentations relate RPM to the following:

* log1 0 Vrel
e Flow coefficient (Va/u)
* Air weight flow (*)

22



Some important data are shown in Fig. 10, and the rest are in Appendix A.

The dependence of PWL on flow coefficient, air weight flow, and log1 0 Vrel
is given in Fig. 10 for the blades of different shapes that were tested. The
flow coefficient was somewhat different for each blade design and was approxi-
mately constant for different rotor rotational speeds.

The change of PWL with changes of rotor shaft speed for different blade
shapes is shown in Figs. A9 and A10 in Appendix A. The relation is approxi-
mately the same for blade passage frequency and its harmonics.

Irregular IGV angular spacing does not appreciably change the sound gener-
ation at blade passage frequency, as can be seen from a comparison between
Fig. Al and Fig. A4 in Appendix A. The angle between blades on the eight-
bladed rotor varies randomly between 20 and 56 degrees.

By comprison with flat plate IGV's (Fig. A10, Appendix A), the use of
stacked tubular IGV's resulted in the same PWL's for all harmonics (Fig. A12,
Appendix A), and the use of small-mesh honeycomb IGV's gave a considerable
reduction in PWL 's, particularly at the fundamental, for all rotational speeds,
without significant reduction in flow (Fig. A13, Appendix A).

Comparison With Theory and the Measurements of Other Investigators
The power radiated from a fan, normalized with air weight flow, has been

found to vary as the fourth to sixth power of either the relative tip speed (e. g.
Ref. 13) or the mechanical tip speed. A compressor noise prediction method
to be considered by the SAE is based on the mechanical tip speed. The sound
power levels obtained with different blade geometries are compared with a
fifth-power relative tip speed relation in Fig. 11 and with the slope of the SAE
prediction curve in Fig. 12.

The main purpose of the experimental study has been to investigate the
influence of rotor blade shape on discrete frequency noise generation. Accord-
ing to the analytical considerations (Sec. 4) the blade shape can only enter into
the expression for the sound generation through its influence on the thrust and
torque of the rotor. The experimental results tend to confirm this analytical
hypothesis since the PWL is well correlated with air weight flow, which in turn
is approximately proportional to thrust (Fig. 10).

The values of sound pressure level at a distance of 6 feet for the freely
running rotor with flat plate blades and pitch angle of 30 degrees from the
rotor Dlane have been calculated on the basis of Eq. (3). For each of the three
rotational speeds of 4000, 6000, and 8000 RPM, lift and drag were determined
with the following procedure:

a) All parameters were computed at an effective radius Re = 5 inches
from the rotor axis.

b) Incidence angles determined from air and pitch angles were used to
compute the lift coefficient with the theoretical formula of the flat
plate CL A 2ra. The cascade interference coefficient for comparison
with single profile was taken as unity, although its value was about
1.07.
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c) After computing the Reynold numbers, the drag coefficient was deter-
mined from the friction coefficient of a flat plate, accounting for the
mean roughness of the blade and the flat plate incidence.

d) With the values of thrust, drag, and Mach number, the Prms values
were determined with Eq. (3) and from them the sound pressure
levels were derived.

e) Finally the sound power level was computed with Eq. (4).

The computed and measured data are presented in Fig. 13 for the first
three harmonics. The agreement obtained between calculated and measured
absolute values of the sound power level is reasonably close considering the
order of magnitude approximations made in the derivation of Eq. (3). The
relative levels of the three harmonics (m = 1, 2,3) are approximately the
same for calculated and measured values. The dependence on rotational speed
follows approximately a fourth power law for the experimental values and a
sixth power law for the theoretical values.

120 LE=
CALCULATED VALUES

__.,-. m-"l
M= I

SOUND POWER LEVEL m=2
m=3

(db re 1- 12 WATTS) 100 /
MEASURED VALUES

a m=3
0 ms3

801 _Br=30 DEGREES

2 4 6 8

RPM (THOUSANDS)

Fig. 13. Flat Blades, Rotor Alone, Rotational Speed and Sound Power Level 6 Feat From
Rotor: Comparison Between Calculated and Measured Values

The effect of the IGV-rotor separation distance has been investigated by
several authors (Refs. 5, 6, 14, 15). The work at Southhampton University,
culminating with the work of Fincher (Ref. 6), indicates that there are three
effects determining the rotor-stator interaction noise: rotor lift fluctuations
in the upstream stator wake, stator lift fluctuations in the potential flow field
of the rotor and vice versa, and acoustic baffling of the rotor pressure fluctua-
tion by the stator. This last effect could be accounted for by introducing a
normalized separiation b'/(4cs + 2 cr), where b' is the separation, and cs and

cr are the stator and rotor blade semichords respectively. When the sound
pressure level was plotted against this coefficient for different stator chords,
the results generalized to a single curve. The critical separation coefficient,

Scr, beyond which the SPL does not decrease appreciably, is strongly dependent
on other parameters. The low-speed fan of Ref. 6 gives an order of magnitude

Scr = 0. 04, whereas for the transonic compressor of Ref. 14 the value is

Scr = 0.4. Since the rotor blade chord is already about the same length as
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the acoustic wavelength for the transonic compressor, no baffling effect could
be expected. Measurements at the low tip speeds used in this investigation do
not show an obvious critical value. It can thus be inferred that the separation
in these experiments has not been small enough to show the baffling effect.

The effect of stator tilting, I. e. the altering of the angle between stator
trailing edge and rotor leading edge, has been investigated by Sharland (Ref. 5)
and Filleul (Ref. 12). Sharland reports a 16-db difference between the maxi-
mum SPL for radial stator blades (0-degree tilt) and the minimum SPL with the
stator blades tilted 60 degrees. Filleul reports a reduction of 1 db per 8-degree
tilt up to 60-degree tilt of a single strut in front of the rotor. The results of
Boeing'd investigation for a stator with 45-degree tilt (opposite to the direction
of rotor rotation) shows the following noise reduction at blade passage frequency
without any reduction in weight flow:

Shaft RPM: 4000 6000 8000

db reduction: 6 8 5

This is an average of 1 db per 7-degree tilt, in close agreement with the result
of Filleul (cf. Figs. Al and A3 in Appendix A).

The effect of different pitch angles between blades up to -5 degrees for the
rotor alone was investigated by Filleul (Ref. 12). He found no increase in
noise generation for this case as compared with a rotor with equal blade pitch
angles. In the Boeing experiments reported in Fig. A34 of Appendix A, with
pitch angle variations of 10 and 20 degrees between rotor blades for a rotor-
stator combination, a considerable increase in noise level was noted. In these
experiments, some of the blades were presumably stalled.

There is a possibility that the presence of an upstream nose cone support
strut or downstream flow straighteners has influenced the result of the mea-
surements with rotor alone. Filleul (Ref. 12) reports an increase of 3 to 4 db
at blade passage frequency with a single strut 1 inch downstream from the
rotor, as compared with 20 db for a position 1 inch upstream from the rotor.
In the Boeing study the strut had a smaller diameter and was positioned 2-1/2
inches ahead of the rotor. Measurements with and without the nose cone with
strut showed little difference in noise level. Any noise from the flow straight-
eners, located 7-1/2 inches downstream from the rotor, must be associated
with their lift, resulting from swirl in the outlet. Because of the large distance
from the rotor, lift fluctuations must be small. It is therefore believed'that
the measured noise is genuine rotor noise.
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SECTION 6

CONCLUSIONS

For the operating conditions of the fan used here:

e Sound power levels at blade passage frequency as a function of air weight
flow generalized for the following blade types (Figs. 10 and Al), irrespective
of tip speed:

* Flat blades
* Flat blades with sharp trailing edges
* Flat blades with 20 degrees of twist
e Cambered blades (6-inch radius of curvature)
* Cambered blades with 20 degrees of twist
* Airfoil blades NACA 65 - 12 (A1 0 ) 10
, Airfoil blades NACA 65 - 12 (A1 0 ) 10 with 20 degrees of twist

It can thus be concluded that the blade type affects the sound generation
only through its influence on the weight flow.

* Equation (3) was used to predict the sound power levels for a freely running
rotor with flat blades. As shown in Fig. 13, the agreement with measured
data is reasonably close and the relative levels of the harmonics are
approximately the same for calculated and measured values. The dependence
on rotational speed follows approximately a fourth power law for the experi-
mental values and a sixth power law for the theoretical. Although Eq. (3)
was derived on intuitive grounds, these results mark the first extension of
propeller theory to include randomization of aerodynamic loads on a
many-bladed rotor.
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SECTION 7

RECOMMENDATIONS

As an extension of this project, a test program should be undertaken with
a full-scale, two-stage compressor rig. If a turbojet were used as a power
source, combustion gases of the jet could be exhausted in a plenum chamber
and after some reheating be used to actuate the compressor-driving tvirbine.
The test rig would be simpler if a turboprop were available, however. The two
stages of the compressor should be designed to reflect the state of the art of
peesent fan stages or compressor first stages and to function under realistic
engine operating conditions. Two configurations should be considered: one
with and the other without inlet guide vanes. Among the items to be investigated,
the following are of primary importance:

* Effect of use of inlet guide vanes on the noise level emanating from the
compressor inlet

e Influence of axial spacing between the stationary and moving blade rows on
compressor noise generation

* Effect of the difference between the blade numbers of fixed and moving
rows on noise production and transmission.

Examples of tests to be conducted on the configuration without inlet guide
vanes are:

• Use in the first stage of single-row stators differing from each other in the
number of blades. These changes bring about a change in the value of
blade solidity if the blade chord is maintained constant; Otherwise, they pro-
duce: (a) for constant value of solidity, changes in blade chord and aspect
ratio and (b) for constant axial distance between first and second rotor,
changes in the values of spacing between first rotor and first stator, and
between first stator and second rotor. For this reason, tests with several
different stator rows must be performed to investigate separate and simul-
taneous effects produced by changes in the number of stator blades on both
compressor performance and sound generation. The design single-row
stator will employ variable geometry to correct rotor incidence and loading.
Then, the compressor off-design conditions corresponding to airplane
approach and landing can be better studied without the danger of introducing
large perturbations because of stage stall operation.

* Replacement of the design single-row stator with a double-row stator, where
the blades of the second row are displaced circumferentially one-half pitch
with respect to those of the first row. In this way, the number of blades in
the adjacent moving and fixed rows can differ considerably from each other,
the loading on each stator blade can be decreased for the same value of stator
diffusion, etc. These changes, made with the purpose of determining their
effects on noise reduction, should be performed to produce little objection
from the compressor designer standpoint.

* Use of rotor assembly having the alternate blades staggered at tvw different
angles, to study the generation of subarmonics in an engine compressor.
The possible combination of unequal stagger zngles for adjacent blades with
rotating stall to produce "buzz saw" noise should be investigated.

- 31
iu



* Use of rotor having the stagger angles of all blades different. This experiment
should contribute to the understanding of the generation of "buzz saw" noise
in compressors. It could help define the relationship between rotor manu-
facturing tolerances and the generation of "buzz saw" noise.

I

Examples of some of the tests to be performed on the configuration with
inlet guide vanes are the following ones, based on the use of:

* Inlet guide vane rows differing from each other in the number of their blades.
For these rows the same considerations hold as those made for the stator.
Here, also, the design inlet guide vanes must be of the variable-geometry
type.

* Inlet guide vane assembly with air-blown vanes. Here air is injected in the
flow stream through slots situated in the rear portion of the blades. The
resulting beneficial effect on the vane boundary layer and wake is then
studied for its relation with sound production. An alternate solution is
represented by suction of the vane boundary layer.

* Inlet guide vane assembly with tilted blades instead of radial, to determine
the effect of this type of blade mounting and resulting wake form on sound
generation.

* Inlet guide vane assembly having vanes composed of hollow tubes. These
vanes should be limited to the portion of the inlet annulus area close to the
compressor outer casing, where a large percentage of the noise is produced.
An alternate solution is the use of honeycomb inlet guide vanes instead of the
previous ones. Both types of inlet guide vanes should be studied only to
determine if some noise reduction can be obtained. If a real advantage can
be gained, no major problem is anticipated in their practical application as
a retractable device to be used in the approach and landing phase of aircraft
flight, and eventually during takeoff.

The above facility could be used for wave propagation tests, inlet absorption
lining, and other tests that are difficult to scale.

In addition, the present test rig should be used to perform certain critical
experiments:

* One is suggested by the work of Sharland (Ref. 5), who inserted a ring at the
periphery of a fan inlet and observed a consequent increase in overall sound
power generation by a freely running rotor. This experiment should be
reproduced to determine if the increase in noise due to turbulence generate.
by the ring is more of a broad-band than a discrete nature. Together with
the above experiment, other techniques should be devised to identify the
influence of inlet flow irregularities and turbulence on discrete sound
generation.

* Another is related to the importance of determining by direct measurement
if fluctuations in aerodynamic loads (blade thrust in particular) can be cor-
related with far-field sound levels.
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GLOSSARY OF SYMBOLS

a Velocity of sound

B Number of blades

b' Axial distance between trailing edge of the inlet guide vanes ad the
leading edge of rotor blades

c Blade semicherd

d Distance of observation point from rotor disk origin

G Drag

JmB Bessel function of the first kind with index mB

k w/a = mB(2/a

m Order of harmonic

M Mach number based on peripheral speed at rotor effective radius, Re

p Fluctuating pressure

I lp I  Pressure magnitude

Prms Root mean square pressure

PWL Sound power level, db relative 10- 12 watts

Q Rotor blade torque

r Polar coordinate

Re Effective rotor radius

so  Distance from rotor, v/x2 +y2

SPL Sound pressure level, db relative 0.0002 dynes/cm2

t Time in seconds

T Thrust per blade

T Total thrust

u Blade circumferential velocity Re 1 at effective radius

Va Air axial velocity
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GLOSSARY OF SYMBOLS (Continued)

Vrel Air velocity relative to rotor blade at the blade tip

Air weight flow, pounds per second

x Axial distance of observation point from rotor

y Radial distance of observation point from the rotor axis

a Blade angle of attack

Blade pitch angle, taken from rotor plane

P Fluid density

0 Polar coordinate, angle from rotor rotational axis

w Frequency of mth harmonic, mBSI

w1 Fundamental blade passage frequency, BS

SAngular velocity in radians per second

Subscripts

r rotor

s stator or guide vane
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APPENDIX A

ILLUSTRATIONS

Figure Page

Al Different Blade Shapes, Sound Power Level
6 Feet From Rotor (m = 1) A-4

A2 Twisted Rotor Blades, Sound Power Level
6 Feet From Rotor (m = 1) A-5

A3 Tilted Stator Blades, Twisted Rotor: Sound Power
Level 6 Feet From Rotor (m = 1) A-6

A4 Irregular IGV Angular Spacing, Sound Power Level
6 Feet From Rotor (m = 1) A-7

A5 Airfoil Blades, Sound Power Level 6 Inches From
Rotor (m = 1) A-8

A6 Airfoil Blades, Sound Power Level 6 Feet From
Rotor (m = 1) A-9

A7 Airfoil Blades With Twist, Sound Power Level
6 Inches From Rotor (m = 1) A-10

A8 Airfoil Blades With Twist, Sound Power Level
6 Feet From Rotor (M = 1) A-11

A9 Different Blade Shapes, Rotational Speed and
Sound Power Level 6 Inches From Rotor A-12

A10 Different Blade Shapes, Rotational Speed and
Sound Power Level 6 Feet From Rotor A-13
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APPENDIX B

FAR-FIELD NOISE FROM JET-ENGINE COMPRESSORS

Introduction to Analysis

Starting with the work of Gutin (Ref. 9) in 1936, there have been several
analyses of the far-field Poise resulting from aircraft propellers or jet-engine
compressors. The most complete treatment of aircraft propeller noise
appears to be that of Garrick and Watkins (Ref. 10) in 1954, in which they found
good agreement between their analytical results and experiments.

In principle, their results should also be applicable to a compressor, if
proper account is taken of the duct sound propagation characteristics, since the
number of blades-a parameter in their final formula-can be made arbitrarily
large. However, the formula indicates a rapid decrease in the sound intensity
level as the number of blades is increased, which does not occur in an engine.
In fact, the Gutin-Garrick-Watkins formula may be written

mw~ -xBa T /kyR\SP - 2X " " o - Q  { 2  J B s o e

27rasol o 0 calRe V B 0~~ci 1
For a rotor, the argument of the Bessel function JmB is of less than

unity in magnitude, so that the order of magnitude of JmB is

S. (mwl y Re.mB

(niB)! 2a so

which decreases very rapidly as mB increases. For the case of a practical
rotor, with B large, this formula would predict an almost inaudible sound level.
Moreover, Eq. (1) requires p = 0 for y = 0, and again this is not always
observed.

One task of the present investigation has been to determine the reason for
this discrepancy and to attempt to derive a more realistic expression for the
far-field sound intensity for this case. The first possibility to be considered
was that the derivation of Eq. (1), as given by Gutin et al., is not applicable
to the case of large B. The derivation in question terminates with the deter-
mination of the first term of an asymptotic .approximation to a more accurate
expression, so that the calculation of the second approximation seemed
appropriate. This was done, and the results appear in the second part of this
appendix. It was concluded that the approximation leading to Eq. (1) remained
valid even for the case of large B.

The next topic to be investigated was that of the validity of the derivation
leading to the more exact Gutin result [to which Eq. (1) is the first approxima-
tion]. The Gutin-Garrick derivation is rather intricate. It involves a Fourier
decomposition of the pressure distribution over a compressor blade, and
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it is not clear how the nature of the distribution Interacts with the spatial )
locations of the compressor hi ies. An alternative derivation of Eq. (1)
has been given by Lowson (F1 3), but this derivation seems rather difficdt
to interpret because of unclear manipulations involving retarded values of
singularity functions. Moreover, the final result o61tahied by Lowson [his
Eq. (21)] appears to require p to vanish (for thrust: but no drag) as Re
approaches zero, whereas the result should approach the nonzero pressure
resulting from a concentrated stationary force at the origin.

It therefore seemed useful to reexamine the derivation of the far-field
pressure formula, concentrating on the effect of a large number of blades.
This derivation is carried out below. The effect of a duct head of the rotor is
not considered.

Acoustic Field of Force Singularities

We begin with a brief derivation of the pressure field resulting from an
impulse applied in the x-direction at time zero, at the origin of a Cartesian
coordinate system. The equations of motion are

OU.

Po -~- '5 6(x) 6(y) 6(z) (t) - p,j

+ p Uk,k =0 (3) )
p a2p

where

Po = base density

P = fluctuation in density

p = fluctuation in pressure

a = velocity of sound

Uk = velocity component fluid in direction of k-axis

6jk = Kronecker delta (zero, unless j and k are same index)

,k = a

6(x) = delta function (concentrated unit area impulse at x = 0; thus

f_0f(t) 6 (x - )d = f(x)

B/
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Here and in the future, a repeated index indicates summation from 1 to 3;
thus

Iu1 + u2 + u3

k, k 3x1 +OX 2  Ox3

Take Fourier transforms in each of xj, x2, x3, and a Laplace transform
in time, to give

(2 3/ 2  s2 x
(21r) X +

where P is the Fourier-Laplace transform of p. Inverting with respect to
the space variables, we obtain

I ' 0 ffcexp [i 1k k dl 2 d3

= p (x1 x2, x3 t) dt 12 dX I dfff- .A0 (2ir)3  s
.Xj N + s-

Rotation of coordinates in the Xj variables leads to

_() a fofoexp[ird -coss  dr r2 sin 0 d0
2 ~2(2 r) 0r 2+ 2

a

where d is the distance of the observation point from the origin. Thus

1 a f- r sin (rd) dr

(21r)2 - f" ._ [ sT]d r2+

1 a (exp [-sd/a])
47r 7 d

1 8 6 -(4)

47r x a
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two special cases may be noted. First, let a force F sin flt be applied at the
origin in the x direction. Then

F sin f * 6 (t- T -d

P f dd4, 8x d

ax si 1(_a (5)

Second, let the force F (in the x-direction) move with uniform velocity V
along the x-axis. Then

F a _________VI
2  2  _ T

47r ax 2 (x y2
(xVr)2+y2z 6(t- a

F c 1
4w ax (x- Vt) (-V)

[r+( a

where

= 2 xj ) - 2 -/

Thus,

1=3/2 (6)
P(~ (x - Vt) 2 + L - Y± 2 + z2)3

Pressure Field Due to Rotor

We now use Eq. (5) to derive the pressure field resulting from the
rotational motion of a single concentrated force. Consider the case in which a
concentrated force F, in the direction of the positive x-axis, rotates around
the x-axis, at radial distance r , with an angular velocity 1.

z

F

OBSERVATION POINT
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In the time interval T to T" + dr, a concentrated impulse of amount FdT
is applied at the point (0, r cos S2r, r sin SIT). The corresponding pressure,
as seen at the observation point (x, y, 0), is

dp= - - [d d-7 -6 T _d (7)

Consequently,

= 1 o F 6[t-T-.L /x2+(ycsI2( T 2I1- - I" a -f x (y -r Cos j2T)g2+ (r sinfIT) 2I 8
4r 8x x2 +(y r cos T)2 + (rsin 1,T) 2

Let

1 2 2

r+ IVx 2 + y + - 2yrcosS =Ta

so that

a x2 + yr - 2yr cos S dr

Then

F - [ 1 (9)P 4 r Ox| ~/ y2  r2  2cs7+ 1 yfsi2-
L Vx 2 + 2 - 2yrcosar+ yrE sinf2

where r = r (t) via

+./x 2 + y2 + r2 _2yr COS Sr = t (10)
a
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Carrying out the differentiation, we obtain

x + yrz7x sinalr yr2TX

P F 2+ 2y + 2 _ 2yr costflT(11)
P r~ v /t2 + 2 = 2yr COS 12T+ "YrSinfITJ2

ra

But differentiation of Eq. (10) yields

x + yrjj Tx sin 9/T

T ~ r~ +ifl
X 2 2 2

ax +Y +r -2yr cos SIT

so that Eq. (11) becomes

F arx  a2  Cos OT-.

x y2 +r 2 -2yr COS yr f + y l a ]s2n; )
a

1- 2 cos tT

Fx* a (12)

x + y2 + r 2 -2yr COS SI + yr Ssin R12

where Eq. (10) provides the relationship between T and t.

To compute the nth harmonic of this signal, define 0 = 1iT.
Then

ibn 0 p(OT) •e d8 (13)
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where p(SIT) is given by Eq. (12), and where O(T), from Eq. (10),
may be written

0= fT +R 4x 2 +y 2 +r 2 _ 2yrcos lT
a

Thus Eq. (13) becomes

2!

a i n4fr+ f  x2 +y2 +r -2yrcos h.t d(T )
a + ib =- pPMT) SIT e +a2-y O T UF

0
(14)

where we have used the fact that the T-period is the same as the t-period.

Equation (14) is exact. If we now carry out a far-distance approximation,
in which the product lyr is considered small compared with

D2 2 2 2
D = x +y +r

we can write

4x 2 + y2 + r 2 -2yrcosn2T = D 1ii -. '_CoS2T - D [1--yiCOS fl~

All the terms in Eq. (14) may then be expanded via the binomial theorem,
and the result computed in terms of conventional Bessel integrals; the resulting
formulas turn out to be comparable to those obtained by Gutin, Garrick and
Watkins, and Lowson. In fact, we can see at once that we will encounter
integrals of the focm

27r n rc

11nO -PL aD 0Ia
T Ie I cosI dO = Jn ny (15)iT (15)

just as obtained by Gutin et al.

The preceding derivation makes it clearer, however, that (a) the details
of the pressure distribution introduced rather arbitrarily by Garrick and Watkins
play little or no role in the far-field approximation, and (b) the rather intricate
resolution into radiative and nonradiative terms carried out by Lowson is
unnecessary.
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The conclusion is that the extremely rapid decay of the far-field noise with
the increasing number of blades (note that for B blades, the lowest harmonic
that can occur is the Bth harmonic of a single blade signal; all lower harmonics
cancel) is a valid theoretical result.

SECOND API'ROXIMATION T"O "ILE GUTIN FAR-FIELD FORMULA FOR
SOUND PRESSURE

Gutin (Ref. 9) and Garrick and Watkins (Ref. 10) have given formulas for
the far-field sound intensity of rotating propeller blades based on an "effective
ring" approximation. In this report, these results if'" B = m = 1) have been
used as the basis for the prediction of far-field compressor noise. In order to
establish the region of validity of the far-field results, the second approximation
to both PQ and pT is determined here. The first approximation should be valid
when the second approximation is relatively small.

Garrick and Watkins give the following expressions for sound pressure
due to thrust and torque forces (for m = B = 1).

e ist Qi 2 -i 0 +h(1-w)1/2J d2
PQ -" 9 '- d0 (16)

0 0

1 2f r__
I 1  4, 0 s.2(- w) so"(l -w) 3 / 2 (

where

) "] -*/S 2y/e S 2
s ( v w = bcos0 h = S2s 0 /a, aidb = 2yRe/s0

Since Icosol 0 1, \ \ill be small when b is small. Since b is small for the
far field, the first approximation to these integrals for far-field conditions is
obtained by retaininig in the integrand orly the lowest order terms in b. This
procedure was invoked bN' Gutin and by Garrick and Watkins, and their results
were referred to earlier in this report. To obtain the next approximation,
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appropriate succeeding terms are retained in the expression of the integrand,
and the integration subsequently performed. Accordingly, the expression for
pQ and PT takes the following form:

e1it Q1 5 h 27r -i(06 hb Co ) b 2 9*h 2  2)
PQ = 2 + e cos+ ih Cos 0d (18)

47r R so
0

t G2 k+ ikb cos0+ khb2cos 0

-~ xe f ikhbcPT 8

0

i [(k+.)coo) (19)

The required integrations may be performed by making use of the
relation

27r
e i(X Cos 0 - no) nJO = 27ri Jn (A) (20)

0

The following expressions, obtained by differentiating Eq. (20) with
respect to X, are also used in the integration.

27r

f cosO ei(Xco s O - nO)do = 27in+ 1 j, (n ) (21)
n

0

27r
2 cos2ei('Xcos - )d= 2rinJ'n (X) (22)
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Using these formulas to perform the Integration, we obtain the following
expressions for IPTI and IpQI:

TxkJ I (h) fi lib'(~ hb2Jh (hb) 21 1/2
IPT 2) 1+ + 1M + 1L (23)TI s 1h , h 8J fh J

Qj h1j1b , (b, hb2 JI h 2 1/2

IpQI - 2 1 + 2 2) 8 1 (24)
2lTRe So 0 2

The first factor in each of these expressions corresponds to the far-field
first approximation referred to in the main body of the report. The terms in
brackets represent the next approximation, and both of these quantities tend to
unity as so becomes sufficiently large. For the conditions considered here,
the SPL difference between the first and second approximation is less than 1 di,.

This indicates that the use of the far-field first approximation under these
conditions is satisfactoly.
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APPENDIX C

MEASUREMENT APPARATUS

Equipment and instrumentation used for this project are similar to those
described in FAA Technical Report ADS-31. A schematic sketch of the single-
stage model compressor is shown in Fig. C1. The compressor is separated
from the driving air turbine by a 5-foot shaft to allow installation of the turbine
outside the test cell, so it could be acoustically isolated from the cell by a
brick wall. The pitot rake for making air flow measurements and the tachometer
probe for measuring rotor shaft rotational speed may be seen in the figure. The
compressor inlet duct is 12 inches in diameter and the hub diameter is 4 inches.

INSiDE WALL OF BELLMOUTH
ANECHOIC CHAMBER FIBERGLASS LINING INLET DUCT

FLOW STRAIGHTENERS STATOR
STATIC PICKUP ROTOR

PITOT RAKE-\
TACHOMETER PROBE FLEX-

PLANT COMPRESSOR SECTION ASSEMBLY
(HALF SECTION)

AIR

Fig. C1. Compressor Assembly Schematic

The compressor test cell is shown in Fig. C2. The walls and ceiling are
made sound absorbent by installing 2 inches of fiberglass blanket material
covered by a thin layer of polyurethane to retain the glass fibers. A micro-
phone is mounted on a 6-foot boom and traverses a 90-degree arc either side
of the rotational axis in front of the inlet. Its movement is remotely controlled,
electrically, and it can be stopped at 15-degree intervals,

Figures C3 and C4 show the sound level data reduction system. Data are
reduced "on line" to circumvent the inconvenience and added expense of using
a tape recorder and the associated data reduction equipment.

Flow measurements are obtained with the pitot rake shown in Fig. C5.
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Fig. C2. Compressor Test Cell

Fig. C3. Sound Level Data Reduction System

0-2



POWER ANLZRAC INERAO

SCLLSCPEPREAMP 1CONTROLLER AMPLIFIER

~~~TRAVERSING NRLE

MECHAN19A

0PRESSURE SIC
DATA INPUT

PICKUP ATI
Fig.R C.SDEvDatEeuto yseceai

C

Fig. C4. Fig. Leve D t ReinSseShmac

C-3
(C-4 BLANK)


