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THE ROLE OF FLUCTUATING FORCES IN
THE GENERATION OF COMPRESSOR NOISE

Hanno H. Heller
Sheila E. Widnall

Bolt Beranek and Newman Inc.
Cambridge, Massachusetts

I. INTRODUCTION

The nolse generated by rotating aerodynamlic machinery such
as compressors, fans, turbines, and hellcopter rotors is com-
posed of broadband noise and superimposed diserete tones at
multiples of the rotational frequency. Radlated sound power
Increases approximately with the sixth power of a typical flow
speed, indicating a generating mechanlsm that relates to fluc-
tuating aerodynamic forces. The research program described in
this report was undertaken to study the fluctuatling forces on
rotor blades in particular, and, wlthout identifying specific
force generating mechanisms, to relate these forces to the sound
radiated from the blades.

To establlish experimentally the relationshlip between forces
and radiated sound, we developed special techniques for measur-
ing forces on rotating* blades and made appropriate measurements
of forces and radiated sound. The results were interpreted by
use of an analytlcal model for sound radiated by fluctuating
forces.

Our analytical efforts were directed toward understanding
two cases of aerodynamic sound radiation: (1) radiation directly
into a three-dimensional environment (e.g., a propeller) and
(2) radiation first into a "two-dimensional"” environment, such as
an annular duct, and then into a three-dimensional environment
(e.g., a compressor rotor/stator configuration). Our experimental
efforts, however, were limited to the first case — specifically
to a single model rotor and a model rotor/stator configuration,

¥ Although fluctuating forces on stationary blades will also
cause sound generation, these were not the objJect of study in
the described research effort.



both operating with and without superimposed flow and radilating
directly into a three-dimensional environment. Although it was
not possible to substantiate all theoretical results by appropri-
ate experiments, we present all theoretical findings since they

allow for conclusions on some 1mportant features of compressor
noise theory.



II. COMPRESSOR NOISE THEORY

In thls section we discuss the generation of sound by fluc-
tuating forces on rotating blades that operate (1) in a "free
environment" (i.e., radiating directly into a three-dimensional
environment) and (2) in an "obstructed environment" (i.e., radi-
ating first into a two-dimensional and then into a three-
dimensional environment). In both cases, fluctuating forces can
be represented by aerodynamlic dipoles. In the following sections,
we conslder the sound power radiation from stationary dipole
sources (for completeness, we also discuss monopole sources) and
in subsequent sections, the sound power radiation from rotating
sources. For rotating sources we discuss the two cases of a
rotor-stator configuration in a free-field environment and in a
narrow annular duct of semi-infinite extent. This discussion
leads to a simplified model for the sound radiated by a ring of
fluctuating forces and will be compared to existing exact models.

In discussing the results of the experimental program in
Chapter III, we will use this model to interpret discrete fre-
quency sound; broadband noise will be discussed in terms of the
simple stationary dipole source.

A, Sound Radiation From Stationary Aerodynamic Sources
1. Analytical approach

We consider a source located between two semi-infinite par-
allel plates of separation h, a distance small 1in comparison to a
wavelength of sound at the frequency in question (Fig. 1). The
problem is to determine how much sound 1s radiated into the free
environment beyond the plates in comparison to the sound gener-
ated by the same source in free space. We will first solve the
sound generation problem in the two-dimensional environment,
satisfying the boundary condition, p = 0, on the narrow opening.
We will then solve for the particle velocity at this slit and
calculate the resulting sound field in the three-dimensional
environment. The radiation of the slit into free space is most
naturally expressed by a Fourler transfer in the y direction,
which turns into a plane-wave reflection problem at the slit.
Therefore, the sound generation in the constrained environment
is also calculated by means of a Fourier transform in y so that
the plane wave components at the slit are immediately available.

The point-sources of interest are the monopole and the
vertical and horizontal dipoles.



2. Results

The results of the analysis, presented in Appendix A and
summarlzed 1n Table I, show that the sound power from a monopole
source observed in the free~field environment 1s independent of
whether the monopole source radiates directly into the free field,
or whether the source radiates first into a two-dimensional and
then into the three-dimensional environment.

The same statement holds for a vertical¥* dipole. However,
locating a horizontal¥ dipole in a two-dimensional environment
results (for a given force) 1n twice the power observed in the
free field; i.e., a 3 dB increase 1in power (see reference 1).

These simple equations are assumed to be applicable to
broadband rotor-noise analysis below frequencies for which the
wavelengths are smaller than the distance of hub to shroud
(alternatively, root to tip of blade). The free-field dipole
power equation is used 1n the interpretation of broadband sound
radiation from the experimental rotor and stator/rotor configu-
rations.

B. Simplified Model for the Sound Radiated by Fluctuating
Forces in Compressors

1. Introduction

The calculation of sound radiated by fluctuating forces in
axial compressors has been the subjJect of much research. There
are currently exact solutions, of some complexity, for the sound
radiated by a ring of fluctuating forces representing a rotor
and a stator located in (1) a free field (reference 2) and (2) a
confined environment such as a circular duct of semi-infinite
length (reference 3) (Fig. 2).

These solutions involve speclal mathematical functilons and
final results reguire the use of a digital computer. In the
following, we employ simple approximate analytical expressions
for the total power radiated by fluctuating forces for the two
cases,

¥ For definition of orientation see Table I.
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Our results usling these expressions are then compared with
the exact theorles of references 2 and 3, by which insight into
the nature of the sound generation process 1s obtailned. The
approximate solutions also indlcate what type of "model" is
appropriate in the calculation of compressor noise. In other
words, an exact solution for a rotor in a free field can hardly
be used as an exact solutlon for compressor noise 1f the range
of parameters 1s such that enclosure within the duct affects the
process of sound generation.

The approximate solutions are based on the ratio of typical
lengths in the problem. It 1s a famillar idea in acoustics that
if a geometrical length is smaller (or larger) than a wavelength,
certain (different) approximations can be made. The mathematical
foundatlon for these 1ldeas 1s the theory of singular perturbation
problems (reference 4) and the method of matched asymptotic ex-
pansions, one of the techniques which has been developed specifi-
cally for this type of problem. This technique has found wide
application in fluld mechanics and has lately begun to appear in
problems of acoustics and aerodynamic noise (references 4 and 5).
The formal method of matched asymptote expansion will not be
used; the physical reasoning which strongly underlies the mathe-
matical techniques will be stressed 1n obtaining the approximate
solution.

2. Rotor/stator in free-field environment

We now discuss an approximate solution for the sound radi-
ated by fluctuating 1lift and drag forces on a rotor/stator in a
free field which is directly comparable to the solution originally
obtained by Lowson. In Lowson's mocdel, the fluctuating forces
acting on the blade surface are considered to be point forces.
This approximation is justified if the blade chord and span over
which the fluctuating forces act are both small in comparison to
the acoustic wavelength. 1In many applications, the chord, but
not the span, fulfills this requirement. In such cases, a line
of forces along the blade span would be more appropriate; however,
these cases willl not be further considered although they could be
included with a slight extension.

The "point source" model for rotor/stator radiation in a
free field is shown in Fig. 3. This 1s identical to Lowson's
model except the stator blade pattern begins at 6 = 0 for con-
venience.



If the stator blades were represented by steady point forces,
evenly spaced around the ring, the force distribution in 6 could
be written as the Fourler seriles for a repeated pattern of delta
functions,

=

J cos kve , ' (1)

k==

F (8) =

where V 1s the number of blades and ﬁ is the force on a single
blade. Likewise a steady (with respect to the rotor) force dis-
tribution on the rotor would be

(=]

) cos mB(6-Qt) , (2)

m==c

@
A

-
Fr(e,t) =

which represents a repeated pattern of delta functions rotating
with angular velocity .

To represent the unsteady forces on the stator due to inter-
action with the rotor, the stator delta function pattern is multi-
plied by a function of 6 and t that 1ncorporates the amplitude,
frequency, and phase shift from blade to blade due to a harmonic
of the rotor

[ o] [+

> Vv >
F_(0,8) = 5 m=§m F_ cos mB(6-Qt) k=§m cos kVe , (3)

where ﬁﬁ 1s the force on a stator blade due to interaction with
the mth harmonic of the rotor.

A similar expression for the unsteady force distribution on
the rotor is obtained by multiplying the rotating pattern of delta
functions with a function of 8 that gives the amplitude and ap-
proprlate phase shift between blades due to Interaction with the
fixed stator.

©

B [= =]
Fo(8,t) = 5= k=§m F, cos(kVe) m=§w cos mB(8-Qt) , (4)



.where ﬁk is the force on the rotor due to interaction with the

stator harmonic.

Figure 3 indicates schematically the repeated delta function
patterns multiplied by a continuous wave that gives the appro-
priate amplitude and phase for the interactlion. In these expres-
sions, any phase shift which occurs in the unsteady aerodynamic
forces 1s ignored since 1t is the same from blade to blade.

The unsteady forces on the stator can also be written

oo

-> VvV pos
Fo(8,t) = 5 k=§m m=§m ﬁm cos[(mB-kV)e-mBot] , (5)

from Eq. 3, by using standard trigonometric relationships. The
spatial pattern depends on mB-kV; the frequency is mBfi. The cor-
responding relation for the unsteady forces on the rotor, from
Eq. 4, 1is

0

F.(8,t) = 5= m=§m k=§m ﬁk cos[(mB-kV)6-mBRt] . (6)

As noted by Lowson, the principle difference in harmonic
content between stator/rotor and rotor/stator interaction is that
a single harmonic of the rotor induces a single frequency in the
unsteady force distribution on the stator while a single harmonic
of the stator disturbance induces many harmonics in the rotor
unsteady force distribution (in a nonrotating coordinate system).

The PFourier decomposltion of the phased polnt sources gives
the familiar spinning modes, waves which travel around the ring
at a rotational speed

mB

eff - mB-kV © - (7)

Q

A "thrust" spinning mode is sketched in Fig. 4. (The "drag"
mode, a distribution of force vectors in the 6 direction, 1s more
difficult to sketch but is conceptually similar.) For practical
applications, the sound radiation for models with m being posi-
tive are the most important; in this case the effective wave
speed QeffRo becomes supersonic, which, to a good approximation,



is a necessary condition for efficient sound radiation. If an
exact solution is sought for the far-field radilation from the
rotating 1ift and drag modes of the stator (Eq. 5) and the rotor
(Eq. 6), Lowson's theory is obtained. However, we may obtain an
approximate solution for the total acoustlc power by making the
simplification suggested in Fig. 4 from the rotating ring mode to
the traveling line mode since the important sound radiation in
compressors comes from modes which rotate at supersonic speeds.
The conditions for this approximate solution to be valid are that
the radius of the ring 1s large in comparlson to the acoustic
wavelength and the wave speed 1is supersonlc.

The total acoustic power for the rotating ring mode 1s then
the acoustic power/unit length in the traveling line mode times
the perimeter 2mR. It is useful to consider the individual blade
elements in the linear model (Fig. U4c) to obtain the relationship
between the 1ift and drag_ components of the traveling mode. The
resultant unsteady force F will be largely normal to the incoming
flow direction. The unsteady force distribution in the traveling
line mode 1s obtalned by replacing 6 by y/R, in Egs. 5 and 6.

(A factor 1/R_ enters in the transformation’from 6 - y since a
force distribution per unit angle has been changed to a force
distribution per unit length.)

We obtain for the stator

=]

F(y,t) = oo =z_m m=§_w ¥ cos[(mB-kV)y/R-mBQt] , (8)

and for the rotor,

> _ VvV b pot >
Fr(y,t) = 57R k=§w m=§m Fk cos[ (mB-kV)y/R-mBQt] . (9)

Each mode of radiation from either rotor or stator is a traveling
wave disturbance of the type

F, =t cos(kyy-wt)I-di cos(kyy—mt)} s (10)

i

where ti and di are the thrust and drag components respectively.
The total acoustic power/unit length radiated by this type of



singularity distribution is derived in Appendix B. To obtain the
total power for the compressor model, Eq. B-14 is multiplied by
the perimeter of the ring, 2WR°:

' ™R, t; 2_1.2 2.2 '

I = m - (k —ky) + diky for k > ky . (11)

The varlables ti’ di’ k and ky may be identified for the stator
and rotor from Egqs. 8 and 9 as follows:

_ mBM _ mB=kV |
k_"ﬁ'—’ ky' R > (12)

0

for the stator,

_ v _ v .
1 = 2R, Tm o d; = P s

and for the rotor,

_ B . _ B
b1 7 Ry Tk 4 = ;P

For the stator, the rms acoustic power level due to a single
mode 1s

U A 3 n [(nM)?-u?] + Eﬁ 20 for nM > (13)
nA , oM )T H 2 M Moo
8ﬂRopc
where n = mB, A = kV, 4 = n-A. For the rotor, the rms acoustic

power level due to a single mode 1s

an =

Bz 1 {TX Dy
—~—j——'ﬁm'{—r [(nM)?-p%] + Az } for nM > u . (14)
8WR;QC

10



These results are an approximate analytlic equivalent to Lowson's
results, which he expresses (for the rotor) as

W, = —E  [(Mn)? (BT,)* T + u*(BD,)? B . (15)

nA 8ﬂR§pC

A

The analytic equivalents to T and D ,are

5 - (nM)2-p?

T 1
h(nm)3

D = —Hﬁ . (16)

N

Equations 16 are close to the approximations suggested by
Lowson upon examining his numerical results:

~ . ~ l
T ~ 1w 3 D~ >om »
except that % is missing the dependence upon u.

Figure 5 compares the numerical result for T and the approxi-
mation of Eq. 16. The new results improve the suggested approxi-
mation for w # 0. However, the purpose of this comparison is not
to provide a new approximate for T but to provide an understand-
ing of the nature of the approximate solution, its justification,
and its accuracy.

A clarification of the suggestion by Lowson that u = 0 is an
optimum choice for quiet compressors is seen in Eq. 16. For this
model of a rotor in a free environment, p = 0 1s an optimum

choice if

D, > TA//§ s

A

which corresponds roughly te stagger angles, B, of 55° (see
Fig. 4c). In the next section, a similar model for a rotor in a
confined environment will be discussed.

11



3. Rotor/stator in a narrow annulus

We now consider sound radiation from fluctuating 1ift and
drag forces for a rotor/stator in a narrow semi-infinite annular
duct, as sketched in Fig. 6. We "unwrap" the annular duct and
develop an approximate solution for the sound radiated into free
space by fluctuating 1lift and drag forces on a vertical cascade
of blades confined between two solid plates.

The representation of the fluctuating point forces as sinu-
soidal distributions of singularities along the y axis is the
same as for the rotor/stator in free space, given by Egs. 8 and
9; what is different is the solution for the acoustic field.

If the distance between the plates is smaller than A/2, the
acoustilc solutions within the confined environment are two-
dimensional oblique plane waves in x and y. The waves are gen-
erated at the blades and reflected at the free edge so that only
a small fraction of the acoustic power is transmitted into the
free space beyond the edge. This immediately raises the question
of the applicability of a semi-infinite model to real compressors
in cases where the duct seriously modifies the generation of
acoustic power over the free-field case. However, several solu-
tions of this type have been developed by more elaborate mathe-
matical techniques and it is our purpose to model approximately
these solutions.

The sound power/unit length generated in the confined en-
vironment and transmitted into free space by the combination of
the fluctuating 1lift and drag of Eq. 10 is derived in Appendix C.
To obtain the total power for the compressor sketched in Fig. 6,
the power/unit length is multiplied by the perimeter of the duct,
2ﬂR0. The result 1is

TR,
_ 2 2 2
I = E—pc—k- (tin —ky - diky) k > ky . (17)

Equation 17 is the equivalent of Eq. 11 for the confined rotor
case. The two formulas have some rather interesting relation-
ships:

1. In the absence of drag, the acoustic power due to the
fluctuating thrust radiated from the confined environ-
ment is doubled.
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2. In the absence of thrust, the acoustic power due to
fluctuating drag is the same.

3. The power radiated into free space by the thrust and
drag forces 1is not Just the sum of the squares — there
is a cross term between thrust and drag.

It would be more appropriate to compare Eq. 17 with the power
radiated "forward" by the rotor in a free environment (Eq. B-15,
multiplied by 2nR°):

R t; 2_1.2 242 4 CRRY)
H=m‘ —2-(1{ —ky)'*‘kydi—'_"_r-ditil/k —ky ky k>ky,
(18)
which also involves a cross term between thrust and drag.
Equation 12 gives the correspondence between ti, di’ k and ky

and the compressor parameters of Egs. 8 and 9.

The formulas, equivalent to Egs. 13 and 14, for the rms
acoustic power radiated into free space by a single mode of the
rotor/stator fluctuating forces confined within a narrow annular
duct are for the stator,

_ V2 1 2 . 21% 2
Iy, = —— 5 (ToL(nM)*-u*7* - D ul nM > p ,  (19)
16wR§pc

and for the rotor,

L

B2 1 2 277 2
= {TA[(nM) -us]” -~ Dxu} nM > u . (20)

HHA = 2
l6nRopc

4, Discussion of developed model

The expressions for the total acoustic power due to harmonic
fluctuating 1lift and drag forces (acting on rotor blades) for the
various simplified models are summarized in Table II, along with
associated nondimensional functions Tl, Tz, and Ta' The weighting
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function T, (related to the total power radiated by the rotor in

a free field) is 1in very close agreement with Lowson's (reference
2) more exact but complex theory. The second expression, T2

(relating to the power radiated upstream from the free rotor),
is the appropriate quantity to compare with Lansing's (reference
3) theory for the rotor confined in a semi-infinite duct. The
effect of close ceonfinement in a narrow annulus, which indicates
the importance of the duct, is given by T,. In both T2 and T3,

the power radiated downstream is obtained by changing the sign
of the cross-product term involving thrust and drag.

We will now compare the results of these models for wvarious
values of the ratio of drag force and thrust force, D/T. We will
then compare the simplified models with the calculation presented
by Lansing.

a. b/T =0

When the fluctuating forces are aligned only along the

axis of the duct, the expressions for T1’ T2 and 'I‘3 be~

come quite simple. The total power from the rotor in a
free environment 1is then proportional to

(nM)2-n?
1 InM :

The power radiated forward from a free rotor is propor-
tional to just half of this expression. The power radi-
ated into free space from the annular duct is twice the
total power radiated by the same fluctuating forces in

a free environment (see also reference 1). Figure 7
shows T3 as a function of nM for various values of y.

The acoustic power is reduced as u increases.
b. D/T > 0

When the drag component of the fluctuating forces is
greater than zero, the results become a good deal more
interesting because some cancellation occurs in the
forward direction due to the presence of both fluctu-
ating 1ift and fluctuating drag. Figure 8a shows the
function T,, which is equivalent to that in Lowson's

theory. Figure 8b shows the function T, (relating to

the power radiated upstream from a rotor in a free
environment).
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Due to the negative cross-product terms between 1ift and drag,
some dips in the curves are present. This may have an applica-
tion in fan noise reduction. Figure 8c shows Ta, the function

that relates to the acoustic power radiated into free space due
to fluctuating 1ift and drag forces within a confined annular
duct. The dips in the curve are more pronounced than in Figs. 8a
and 8b and complete cancellation occurs for certain combinations.
One must remember, however, that cancellation in the power radi-
ated forward becomes reinforcement in the power radiated down-
stream. Figures 9a,b,c show similar results for D/T = 1.0. In
Fig. 9a, the total power radiated by the rotor in the free en-
vironment 1s now dominated by the efficiency of the fluctuating
drag forces which, as noted by Lowson, is proportional to uz,
Thus T, is minimized for u = 0. (As discussed previously, u = 0

is an optimum only if D/T > 1/v2 .) The power radiated forward
continues to show dips (Fig. 9b) and the power radiated into free
space from the annular duct still has broad areas of cancellation
(Fig. 9c¢). (With corresponding areas of reinforcement downstream.)

The exact solution for sound radiated by fluctuating forces
distributed within a semi-infinite duct of circular cross section
was presented by Lansing (reference 3). Although Lansing could
have considered any distribution of forces, he presented results
for a ring of point forces, located at a radius of 80% of the
duect radius (similar to Lowson's model). Using the simple ideas
of the approximate theory, one would argue that the duct would
have essentially no effect on the power radiated by the fan,
being of radius much larger than a wavelength, unless the sources
were close to (within a wavelength) the solid wall, whereupon
the power would increase and eventually double.¥

The simple model also indicates that the proper comparison
between the Lowson and Lansing calculations is acoustic power
radiated forward rather than "total power", since in the Lansing
model most of the acoustic energy travels down the semi-infinite
duct and is not considered.

¥ As is well-known (see, for example, reference 6, p. 503), the
power radiated by a simple source located in a duct approaches
the free-~field value by stepwise excitation of an increasing
number of duct modes, and the free-field value gives a good
average value for the power radiated as a function of fre-
quency once the dimensions of the duct are large.
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Lansing presents numerical results for the case u = 5,
R = 0.8. His parameter T is equivalent to nM/0.8. The curve he
presents is related to our parameter T, (or T, or Ta) as

10 log ——2— .

(4w 0.8)2

Figure 10 shows Lansing's calculation replotted using our
notation, 10 log T vs nM (which is also the notation used by
Lowson). When we compare Lansing's result with Lowson's (or ours)
for total power radiated by a rotor in a free environment, taking
Tl, we see an obvlious discrepancy. However, 1f we compare

Lansing's result with only the acoustic power radiated forward,
taking Tz, as calculated by our simple model, we find much closer

agreement.

In particular, the dip in Lansing's curve can now be inter-
preted as cancellation of the effect of the fluctuating 1ift and
drag forces rather than as duct resonances. Except for the
presence of duct cross modes, his curve is identical to T, for

large values of nM and the "free-field" value serves as the
appropriate mean value as the duct modes are excited. Since the
sources are located a distance R = 0.2 from the solid wall, a
maximum of 3 dB could be added at the low-frequency end whenever
0.2 nM < 7/2 or when nM < 8. (A more accurate way to calculate
this effect is to use the solution for a "two-dimensional" source
approaching an infinite wall.) However, it is not our intent to
continue to refine the approximate theory, but merely to point
out 1its utility in helping to formulate and evaluate more exact
methods.

Also indicated on Fig. 10 is the acoustic power radiated
into free space if the fluctuating forces were confined in a

narrow annulus, T,. Power would increase significantly at high

fregquencies and cancellation would be more effective at low
frequencies.
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b) ROTOR IN ANNULAR DUCT

FIG. 2. ROTOR/STATOR CONFIGURATION IN (a) FREE-FIELD ENVIRONMENT
AND IN (b) ANNULAR SEMI-INFINITE DUCT
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III. EXPERIMENTS
A. Introduction

The objectives of the experiments were twofold: (1) to
prove the feasibllity of measuring fluctuatlng forces over a
wide frequency range on rotating airfoils, using speclally de-
veloped transducers and telemetry technlques, and (2) to corre-
late the measured fluctuating forces with the measured sound on
the basls of the various theoretical models. While the first
objJective has been fully achieved, the second had to be curtailed
to a few "spot-checks" at experimental conditions that were not
always favorable for the case under consideration. Thus, experi-
ments on discrefte tone radiation could be conducted only at
relatively low values of the basic frequency parameter, nM. This
range is characterized by rather drastic changes in the nondimen-

silonal parameters Tl, Tz, or Ta, as shown in Figs. 7-5, thus

requiring accuracies of sound power measurements that are diffi-
cult to obtain in realistic acoustic test rooms., Furthermore,
it was difficult to separate thrust and drag components of the
measured unsteady forces on the rotor blade, since the effective
angle of flow incidence on the rotor blades could not be deter-
mined with sufficient accuracy. The measurements and the ob-
talned results should thus be considered as representative.

The experimental program was divided into measuring: (1)
discrete frequency forces on blades and corresponding sound radi-
ation, and (2) broadband forces and sound radiation. Several
configurations were tested, in particular, a single rotating
blade, a single multibladed rotor, a single rotating blade down-
stream of a multlibladed stator, and a multibladed rotor downstream
of a multibladed stator. Only for the latter configuration were
narrowband measurements of forces and sound obtained; all other
configurations were tested for broadband behavior.

B. Force Measurement Technology
1. Approach

There are basically two ways to measure forces on blades:
(1) by means of a force-balance at the root of the blade, which
would provide the moment on the blade, or (2) by means of indi-
vidual force-sensors on the blade, whose output must be integrated
to obtain a measure of the total force. The disadvantage of the
first approach is that signals are strongly affected by blade
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bending. The disadvantage of the second approach is the practical
1limit in numbers of sensors that can be placed on a blade; chances
are that information between sensors and directly at leading and
trailing edges, as well as at the blade-tip region where sensors
cannot be placed, will be lost. However, it was felt that, in
general, the second approach would yield more accurate results,
especially in the frequency range above the first bending mode
frequency, and was adopted for this reason.

2. Sensors

Although the use of strain-gauge sensors would have allowed
the acquisition of both steady and unsteady data, their well-
known physical delicacy and their sensitivity towards temperature
changes disqualified them for the envisioned purpose. We there-
fore developed and fabricated special differential-pressure
piezo-electric microphones¥* that were inserted into the blade
proper; they measured the local differential pressure, which is
proportional to the local force. Thus, steady forces could not
be measured; however, the major objective of the research program
was the study of unsteady forces on rotor blades in a wide fre-
guency range and acquisition of steady-force data was not con-
sidered in the context of the present study.

C. Test Set-up
1. Rotor

Figure 1la shows the basic roteor configuration. One rotor
blade is attached to a hollow experimental hub. Depending on
the test requirements, up to nine additional rotor blades could
be attached to the hub. To avoid the mechanical and electrical
problems associated with sliprings, we used telemetryt to trans-
mit the signals from the rotating blade to the stationary record-
ing and analyzing equipment. Inside the hub (Fig. 1l1lb) 1is the
FM transmitter as well as power supplies for the transmitter and
for the blade-mounted sensors.

¥ Considerations concerning the development of the differential
pressure sensor and specifications are presented in Appendix D.

T Specifications of the BBN FM transmitter are presented in
Appendix E.
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The hub is connected to a variable-speed motor that allows
rotational speeds up to 4000 rpm. Accessible from the outside
are switches and a connector bridge, at which individual sensors
can be connected to the transmitter.

2. Instrumented blade

The blade (NACA 6409 profile) had .2 2.82-in. span and 1.475-in.
chord. Twlst angle from root to tip changed by 20°. Since this
blade was designed to operate in a compressor with a hub diameter
of about 2 ft, using the blade on a hub of only 6-in. diameter
resulted essentially in an "off-design" operation. However, this
fact was not considered detrimental since the basic relationship
between fluctuating forces and radlated sound was not expected
to depend on the blade operatlng at a design condition. Figure
12 shows the blade with six sensors.

3. Sensors

Of the six sensors, five were differential-pressure sensors
and one a single-sided¥ sensor. Sensor diameter is 0.25 in.,
sensor thickness 0.1 in. FEach sensor has two diaphragms, facing
different sides of the blade (Fig. 13). The diaphragms are
supported by plezo-electric crystals whose output is fed to a
common internal preampliifier that uses an FET circuit to convert
the original high-impedance signal into a low-impedance signal.
Polarization of the crystals is such that the sensor output is
proportional to the pressure difference rather than to the sum
of the pressures. The sensors were spaced on the blade as far
apart as possible, within the constraints of the blade surface
contour. The diaphragms were covered with an RTV heat-shield
material that was faired to the contour of the blade surface.

¥ In order to interpret correctly the signals of the differential
sensor, one needs information on the absolute pressure on at
least one side of the blade, since a systematic error depends
on the ratio of differential pressure to single-sided pressure,
as outlined in Appendix F. Since only order-of-magnitude in-
formation on the absolute pressure is necessary to determine
the correction factor, one single-sided transducer was con-
sildered to be sufficient.
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4, Data acquisition

Signals coming from each sensor are fed into the (hub-
internal) telemetry unit and transmitted to a commercial receiver.
The hub-located broadcasting antenna is of circular shape to
avold any Doppler effects. Receilver response was changed to be
flat over the audio-frequency range. Transmission frequencies
varied somewhat depending on the supply voltage for the trans-
mitter, but were always within the RF-bands (88 to 104 MHz).
Signals were strong enough to override any nearby radio station.
Signals were then fed either into a General Radio Real Time
1/3 Octave Band Analyzer via a GR-Sound Level Meter (for amplifi-
cation) and further into an X-Y Plotter (BBN Model 800), or into
a General Radio 1%-Bandwidth Filter and to a General Radio Level
Recorder. Signal time-history and "instantaneous" one-third
octave band spectra could be observed on oscilloscopes, one after
the receiver, one before the X-Y Plotter. Figure 14 presents a
schematic of the data acquisition system.

The output of the Real Time Analyzer is a one-third octave
band spectrum of the local differential pressure, integrated
over the transducer surface. Since the amplitude of the signal
fluctuated substantially at low frequencies, a lb6-sec-integration
time was considered necessary to average such fluctuations. For
the narrowband analysis (using the 1% GR analyzer), the differ-
ential pressure signal at frequencles of interest was averaged
by hand from a time history trace over several seconds.

Since differential pressure is measured as force per unit
area, forces can be computed by reference to an appropriate
area., We will see later on that assessment of the effective
area is somewhat speculative because differential-pressure
spectra on a blade vary significantly from location to location.
Also, questions of force-field coherence at high frequencies
enter the problem.

5. Test room

The rotor assembly was located downstream of the exhaust
opening of BBN's open-jet, quiet wind tunnel (Fig. 15). (This
flow facility is located in a reverberant room so that diffuse
field sound power measurements can be obtained.) Thus, either
flow could be superimposed on the motor-driven rotor, or the
rotor could be driven by the airstream. Acoustic data were ob-
tained through a B&K 1l-in. diameter microphone that was moved
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around in the reverberant room during the integration time of

the Real Time Analyzer to improve spatial averaging. Sound pres-
sure levels were then converted into sound power levels, using
standard techniques.

6. Test procedure

Before each test, the transmission frequency was adjusted
to the best signal strength. Thereafter, all transducers were
calibrated with a pistonphone. Electronic and acoustic noise
floors were frequently determined. For a given operational
condition, differential pressure spectra from each sensor were
measured, and the acoustic power spectrum determined. Data
reduction procedures will be discussed in the following sections.

D. Results
1. Discrete frequency investigation
Loading and Radiation Parameters

Before we present any experimental data, we recapitulate
the important parameters for the analysis of discrete-frequency
loading and sound radiation.

The loading of a rotor due to the periodic wake field of
an upstream multibladed stator is characterized by the source
input harmonic A, equal to kV, where k — the order of the input
harmonic — is an integer and V is the number of stator blades.,
A thus determines the loading harmonic for each rotor blade.

Sound radiation from the rotor is related to the sound
harmonic number n, equal to mB, where m — the order of the
sound harmonic — is an integer and B is the number of rotor
blades. Sound radiation at the blade passage frequency 1is
determined by m = 1.

The two most important parameters for the sound radiation
are (1) the frequency parameter nM = mB « M, where M is the
rotational Mach number Q R/c, and (2) the modal order u = |mB - kV
The dimensionless quantitiles T,, T, and T3 of the analyses

2
presented in Chapter I1 were plotted as functions of these two
parameters.
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For the case of a rotor downstream of a multlibladed stator,
each rotor blade is subjected to kV loading harmonic impulses
per revolution. Each time a rotor blade is in line with a stator
blade (roughly speaking), a (acoustic) pressure pulse is emitted
of a frequency mB (the sound harmonic number). The speed with
which the pressure pulse travels around the blade .ring depends
on the number of rotor and stator blades and on the rotational
speed; thls phase speed is given by

mB Q
mB-kV

L]

Qef‘f - ’

where @ is the angular velocity. Only when the phase speed 1is
supersonic can sound travel away from the source region; other-
wise the rotor/stator configuration represents a very inefficient
radiator. Theoretically, subsonic phase velocity in a compressor
results in zero sound output. In real compressors, there is
sound radiation, but it is extremely small.

Data Presentation

In this section we describe experimental results pertaining
to the measurement of (discrete) loading harmonics on the rotor
due to the periodic stator wake. The rotor was driven by the
air flow and thus operated in a "turbine mode™, rather than as a
compressor. The configuration was not shrouded#*, so that sound
radiated unobstructed into the free-field environment.

The configuration is shown in the photograph (Fig. 16); the
rotor has 10 blades and the (upstream) stator has 9 blades.

By adjusting the speed of the air flow that drove the rotor,
various rotational speeds were obtained, in particular, 1520 rpm
(25.3 rps), 2260 rpm (37.7 rps), and 3000 rpm (50 rps).

Table III lists for these rotational speeds, (1) the phase
speed of the source pattern for various combinations of m and k,
(2) the loadlng harmonic order, A = kV, and the loading harmonic
frequency, and (3) the sound harmonic number n = mB, radiation
modal order u = |mB—kV|, and the radiation frequency.

¥ Justification for studying an unshrouded "compressor'" is that
many current jet engines have duct lengths of less than a
diameter, so that duct effects would play a minor role.
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TABLE III:

COMPRESSOR LOADING AND RADIATION PARAMETERS

. Modal ‘e
Order of [Order of . Loading Radiation
Compressor| Source Phase Speed | Loading Harmonic Sound |Order for Frequency
(ft/sec) Harmonic Harmonic| Radiation
Sound Input Order Frequency Number mBQ/2nR
Harmonic |Harmonic mBQ kvQ/2mR pu=|n-a| =
m k [mB-KV] A=kV (Hz) n=mB mB-kV| (Hz)
Rev/Sec Rev/Sec Rev/Sec
25.3137.71 50 25.337.7 ] 50 25.3(37.7 | 50
1 1 800}1200 {1570 9 230 340 450 10 1 253| 377} 500
2 1 145] 216 285 9 230 340 450 20 11 506 7541000
1 2 1001 150 200 18 4601 6801{ 900 10 8 2531 377| 500
2 2 800]12001]1570 18 4o} 6801} 930 20 2 506| 75411000
3 1 114 170} 225 9 230{ 340 450 30 21 75911131(1500
3 2 200| 300/ 400 18 Lo | 680 900 30 12 7591113111500
1 3 b7 70 92 27 690{1020 (1350 10 17 2531 377| 500
2 3 228 340 450 27 690110201350 20 7 506 754]1000
3 3 800(1200(1570 27 690]1000{1350 30 3 75911131§1500




Supersonic phase speeds for this particular rotor/stator
configuration occurred only at the two higher rotational speeds
and only-when the orders of source input harmonic and sound
harmonics, m and k, were equal. Any other combination of m and
k results in a very low subsonic phase speed.

Narrowband spectra (1% bandwidth) were obtained from each
blade sensor for the three RPMs listed above. JSimultaneously,
narrowband pressure-level spectra of the radiated sound from the
rotor were measured. A set of representative traces in the
frequency range covering the first few input harmonic frequencies
and sound radiation freguencies is shown in Fig. 17. Rotational
speed was 3000 rpm, the highest rpm that was tested. The top
two traces represent fluctuating differential pressure spectra
obtained from sensor #1 (tip location near trailing edge) and
sensor #6 (root location, near leading edge). There was more
broadband "noise" available at the blade tip location (upper
trace) than at the root of the blade (lower trace), indicating
that higher random forces — perhaps due to vortex shedding —
were acting on the tip than on the root. The discrete peaks at
460 Hz, 930 Hz, and 1380 Hz correspond approximately to loading
harmonic orders A of 9, 18, and 27. The peaks in the sound
pressure level spectrum at 500, 1000, 1500, and 2000 Hz corre-
spond to sound harmonic numbers n of 10, 20, 30, and .40.

These radiation and loading harmonics correspond to combi-
nations of sound radiation and source input harmonic orders
m=k=1, m=k =2, and m = k = 3, for which phase speeds are
a maximum, as evident from Table III. Other listed combinations
of m and k lead to much lower phase speeds, well below sonic
speeds, and will not be considered further, since sound radiation
at corresponding frequencies should be and was observed to be
minimum. Also, from the Table, one should expect efficient
sound radiation for modal orders of 1, 2, and 3 only for the
two higher RPMs, since the lowest one always results in phase
speeds below sonic. This is confirmed in Fig. 18, where the
power levels of the discrete sound radiation from the stator/
rotor configuration at several rotational speeds¥* are plotted,
for radiation modal orders uy of 1, 2, and 3. The figure indicates
the region of subsonic phase speed for each modal order. Clearly,
the power level increases drastically as the phase speed increases
(towards the right in Fig. 18) for a particular modal order,

¥ Not all of which are listed in Table III.

40



From traces similar to those shown in Fig. 17, the discrete
harmonic-loading levels (in terms of differential pressure
levels) at various locations on the blade were determined.

Table IV presents the differentilal pressure levels in dB rela-
tive to 0.0002 ubar, at loading harmonic orders A = 9, 18, and

27 for four sensors. The latter ones can be related to the
radlation at corresponding sound harmonic numbers n = 10, 20,

and 30. The differential pressure levels observed at the four
sensor locatlons were averaged together under the assumption of
full coherence of the force fileld on the blade and plotted versus
loading harmonic frequency in Fig. 19. To arrive at the total
force, the force per unit area was multiplied by the total blade
area (26 cm), again assuming full coherence of the force field
over the entire blade area — an assumption that is very likely
not true at higher frequencies, where the hydrodynamic wavelength
becomes smaller than typical blade dimensions. The radiated
power in the nth sound harmonic due to the Atk harmonic source
input is given by (see Table II)

B2

e—— . T2 . s
8wR§pc

I
1

nx

where T1 was defined in the previous chapter.

Tx is the total force on the blade due to the loading har-

monic of order A in the "thrust direction",.

Assuming that T = D, or T/D = 1, and that the fluctuating
force vector acted at right angles on the blade, T (and hence D)
was assumed to be about 70% of the measured total force on the
blade.

Table V summarizes the results for the tone radiation due
to harmonic loads on the rotor. Results are presented for the
three rotational speeds that were tested. In the last column,
measured sound power levels at the sound harmonic number and
those predicted using the measured average total force at the
corresponding harmonic loading frequencies are compared.

The agreement is acceptable, although there seems to be a
trend of over-predicting levels at low rotational speeds and
under-predicting levels at high speeds. However, at low rota-
tional speeds, the phase speed was subsonic and hence the effi-
ciency of radiation was quife small. At the higher rotational
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TABLE IV: DIFFERENTIAL PRESSURE LEVELS IN dB re 2 x 10~* yBAR FROM VARIOUS
SENSORS ON ONE BLADE, WHEN THE TEN-BLADED ROTOR ROTATES DOWNSTREAM
OF A NINE-BLADED STATOR.

RPM/rps Loading Loading Differential Pressure Level
Harmonic Harmonic dB re 2 x 10- “u bar
Order Frequency | at Sensor No.
(Hz) 1 2 5 6
15823/25.3 9 230 121 117 101 113
18 460 113 116 /. 117
! 27 690 /. 100 */ 4
1 2260/37.7 9 35 125 119 113 92
? 18 /. /. /. /. /.
J 27 1190 /. /. 109 /.
.
13000/50 9 465 123 118 e 124
i 18 930 117 /. /. 118
i | 27 1400 114 /. /. /.
; F

/. no data obtained
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TABLE V:

MEASURED AND PREDICTED SOUND POWER LEVEL RADIATION OF
MODAL ORDER u DUE TO LOADING HARMONIC ORDER A FOR D/T

=1

Modal Loading Total Force
Order of Beam Frequency Per Sound Power Level,
Radiation Order Parameter Unit Area dB re 10712 watt
u A nM (dyn/cm?) meas./pred.
Rev/Sec Rev/Sec Rev/Sec
25.3 37.7 50 |25.337.7 50| 25.3 37.7 50
76 87 96
1 9 0.71 1.05 1.4 120 200 250
79.5 .84.5 87.5
77 84 92
2 18 1.42 2.1 2.8 120 150 84 * ¥ 86
* 76 88
3 27 2.13 3.15 4.2 20 55 100
70 78 84
¥ no sound measurements obtained
¥¥ no force measurements obtained




speeds, there was probably some interaction of the potential
field around the rotor with the upstream stator that generated
additional sound which cannot be related to forces on the rotor.
Also, D and T were probably not equal as assumed in interpreting

the data.

2. Broadband investigation

Introduction

In the following, one-third octave band spectra — both for
rotor blade forces and radiated sound — will be presented for
a variety of configurations and discussed in a more general way.

Table VI 1lists the five experimental configurations that
were tested. In all cases, rotor blade and stator blade angles
were identical — 79° at the tip and 53° at the root for the
blade with respect to the axis — the concave side of the rotor
blade faced downstream, and the upstream stator blades were
oriented so that thelr mean chord was parallel to the rotor axis.

TABLE VI: EXPERIMENTAL CONFIGURATIONS

B v U (ft/sec) RPM
1 0 0 2000, 3000, 4000 driven
70 2000, 3000, 14500 by
10 6 0 2000, 3000 motor
10 0 70 2400 dr%ven
y
10 9 70 2100 airflow
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In Table VI B is the number of rotor blades and V the number
of stator blades; U is the speed of the superimposed flow from
the tunnel orifice., V = 0 indicates the absence of the stator.
RPM is the rotatlonal rate with which the rotor was driven by the
motor or with which the rotor spun because of superimposed flow;
in this latter case, the rotor was not driven by the motor,

Data Presentation and Discussion

For each experimental configuration, one-third octave band
spectra were obtained from sensors*® 1, 2, 4, 5, and 6, all of
which are differential-pressure sensors. Frequently, there was
a substantial variation in differential pressure levels (DPL)
over the blade, indicating that flow over the blade was nonuniform
with attached or separated filelds. Figure 20 is an example of a
large variation in DPL spectra: DP levels vary as much as 15 dB
over the blade. Here the single-bladed rotor was driven by the
motor.

Figure 21 shows a case of DPL variation that is relatively
small (on the order of 3 dB), especially at higher frequencies.
Here, the 10-bladed rotor was driven by the airflow at a rotational
speed of 2400 rpm. It is believed that the amount of variation
between individual DPL spectra on the blade is a measure of how
far off-design the blade operates under a particular experimental
condition. Largest "scatter" was always observed when the rotor
was driven by the motor; data spread was substantially reduced
when the rotor was driven by the airflow in which cases the rotor
selected the appropriate rotational speed corresponding to a
"design situation".

For data interpretation, all five DPL spectra were averaged
over the blade surface under the assumption of full coherence of
the differential pressure field: thus,

i
20 log {[ z Api(f)]/n} was determined in each case and plotted
i=1 '

versus the one-third octave band center frequency f; here Ap,.(f)
i

is the differential pressure measured through sensor i at the
frequency f and n is the number of sensors., All DPL spectra
shown in Figs. 22 through 26 were obtained in this manner.

¥ Sensors 2, 4, and 6 were close to the leading edge, and sensors
1, 3, and 5 close to the traliling edge, going from tip to root.
Sensor 3 was the single-~sided sensor,
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To convert the averaged differential pressure spectra into
force spectra, they were multiplied with the total¥* blade area A;
thus, "fully coherent" force spectra were obtained by plotting

i .
10 log {[ Z Api(f)]A/n} versus one-third octave band center
i=1

frequency.

Force-level spectra were then converted into sound power
level spectra (using the analytical expression for free-field
dipole radiation — Table I) and compared to measured sound power
level spectra.

One of the shortcomings of the experimental fechnique is
the limited number of DP sensors that could be placed on the
blade. As discussed previously, vital information near the
leading and trailing edges and near the blade tip could not be
obtained, so that conclusions on the total fluctuating force (in
frequency bands) imposed by the blade onto the surrounding
medium and radlated as sound are somewhat speculative.

In general, however, the behavior of the DPL spectra is
reflected in the behavior of the radiated sound power level (PWL)
spectra; for example, if 1n a particular experimental configura-
tion the differential pressures increase when flow is super-
imposed, the radiated sound power also increases. This behavior
confirms the expected interrelationship of differential pressures
(or, equivalently, forces) and radiated sound.

For the broadband radilation, the issue of phase speed does
not enter, since the entire rotor disk or rotor/stator configura-
tion acts as a broadband source. The fact of rotation (at least
at those rotational speeds investigated, which never exceeded a
Mach number of 0.25) is unimportant in this context.

¥ Since no information on the coherence of the force field on
the blade is available, the total blade area was used to con-
vert measured pressure spectra into force spectra. However,
the force field is likely to lose coherence at higher fre-
guenciles; in this case, forces cancel locally on the blade and
less sound is radiated. Hence, an indirect measure of the co-
herence of the force field on the blade is the deviation of the
predicted sound power from the measured one.
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Figures 22a,b through 26a,b present the results. Those
figures denominated with "a" pertain to differential pressure
measurements on the blade, those with "b" compare sound power
levels predicted from force measurements with directly measured
sound power levels,

The remainder of this section discusses the results for the
five experimental configurations.

1. B=1; V=20; U= 0 ft/sec

Figure 22a shows DPL spectra and Fig. 22b PWL spectra for
2000, 3000, and 4000 rpm. In this case, the single rotor blade
was driven by the motor. The DPL spectra show the bending mode
frequency at 400 Hz. The PWL spectra exhibit a haystack shape,
with peaks in the 31.5 Hz, 50 Hz, and 63 Hz bands, corresponding
to the fundamental rotational frequencies of 2000, 3000, and
4000 Hz. Radiation at these frequencies results from the steady
force field (which, of course, cannot be measured with fluctuating
pressure sensors); hence, no pronounced peaks at these frequencies
appear in the DPL spectra. Figure 22b indicates that broadband
levels were predicted corretly in the frequency range up to about
400 Hz. Above 400 Hz, sound power levels are substantially over-
predicted, indicating that above this frequency the coherence of
the force field is substantially reduced, so that force cancella-
tion on the blade occurs, resulting in decreased sound radiation.

2, B=1; V=20; U= 70 ft/sec

Figures 23a and 23b show DPL and PWL spectra for the single
rotor blade; the rotor was driven by the motor at 2000, 3000, and
4000 rpm; but, in addition, flow of 70 ft/sec was superimposed.
This superposition of flow caused both the DPL and the PWL spectra
at 2000 and 3000 rpm to shift to higher levels — as compared to
the case without flow (see Figs. 22a and 22b). This shift indi-
cates some flow phenomenon that causes larger (random) forces on
the blade and that consequently increases sound radiation.
Superposition of flow apparently increases the coherence of the
force field beyond frequencies of 400 Hz, since levels are
correctly predicted up to about 1600 Hz (Fig. 23b). Above
1600 Hz, force field coherence decreases. The deviation of
predicted and measured levels below 400 Hz has the same reasons
as before.
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3. B=10; V=03 U = 0 ft/sec

Pigures 24a and 24b show results for the lO0-bladed rotor
operating in a "propeller mode", (i.e., without superimposed
flow) at 2000 and 3000 rpm. Presumably caused by insufficient
balancing of the 10-bladed rotor, strong peaks appear at the
shaft-rotational frequency and multiples of this frequency
(33 Hz, 66 Hz, 133 Hz for 2000 rpm, and 50 Hz and 100 Hz for
3000 rpm) in the DPL data. For both speeds, the bending mode
frequency of the blade at 400 Hz shows clearly. The PWL spectra
(Fig. 24b) exhibit strong peaks at (a) the shaft rotational fre-
quencies and their multiples, induced by the steady pressure
field, and (b) at multiples of 10 (the number of blades) of the
rotational frequency (333 Hz and 666 Hz for 2000 rpm, and 500 Hz
and 1000 Hz for 3000 rpm).

On the basis of forces measured on one blade, sound power
levels are predlicted correctly over a large frequency range,
from about 200 Hz to 4000 Hz (Fig. 24b); however, if each of the
ften blades are considered to radiate independently of each other,
sound power levels should be 10 dB higher than measured. Evidently,
radiation from the ten-bladed rotor is reduced by 10 dB, possibly
due to opposing forces induced on the neighboring blades.

by, B = 10; V= 0; U = 70 ft/sec

Superimposed flow on the 10-bladed rotor results in a "design
rpm" of 2400 with very little variation in DP levels on the blade
surface (see Fig. 21). Due to the fact that the rotor operated
near or at a "design condition", peaks at shaft rotational fre-
quencies are less pronounced (Fig. 25a) than in the previously
discussed case, where the rotor was driven by the motor at some
off-design condition (Fig. 24a). The PWL spectrum (Fig. 25b)
shows a peak at 8000 Hz, corresponding to twice the rotational
frequency times the number of blades. Furthermore, the high-
frequency portion of both the DPL and the PWL spectrum exhibits
increased levels for this conditlon as compared to the previous
case without flow. Sound power levels were again predicted on
the basis of the forces on one rotor blade, rather than on 10
blades, and the agreement extends to rather high frequencies.

5. B =10; V= 9; U = 70 ft/sec
The presence of an upstream 9-bladed stator resulted in the
DPL spectrum shown in Fig. 26a and the corresponding PWL spectra

shown in Fig. 26b. Superimposed flow caused the rotor to spin
at 2100 rpm. Peaks in the DPL spectrum at 320 and 640 Hz
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correspond to the loading harmonic frequencies of loadling harmonic
order A equal to 9 and 18. Sound radiation due to these loadings
appears at multiples of the blade passage frequency, U400 and

800 Hz. Other than that, both the DPL and PWL spectra are similar
to the previous ones where stator blades were absent.

Similar considerations for sound power level prediction as
outlined in (3) and (4) above hold for this case. A substantial
deviation at higher frequencies of predicted and measured sound
power levels indicates the occurrence of a drastic force field
coherence breakdown for this particular configuration.
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FIG. 1la. BASIC ROTOR CONFIGURATION

FIG. 11b. VIEW INTO ROTOR HUB WITH TRANSMITTER
AND POWER SUPPLIES
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Pressure Side

Suction Side

FIG. 12. INSTRUMENTED BLADE
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Fig. 15 Test Set-up: View toward open-jet
wind tunnel

Fig. 16 Rotor Assembly: 9-bladed stator
upstream of 10-
bladed rotor
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IV. SUMMARY AND CONCLUSIONS

Within the present study analytical models for the generation
and radiation of discrete frequency sound by rotor/stator combi-
nations in various environments were developed. On the basis of
some rather simple and very familiar arguments about the size of
ducts relative to acoustic wavelengths and some equally familiar
ldeas about subsonic versus supersonic phase velocities, it is
possible to obtain a simple but accurate understanding of the
important features of compressor noise theory. For example:

1. Using the idea of an infinite line of fluctuating 1ift
and drag forces, one can develop very simple and accu-
rate expressions for the total acoustic power radiated
by a rotor in a free environment. The results agree
with the more exact calculations of Lowson (reference 2).

2., The effect of a duct may be accounted for by consider-
ing a "very confined" annular environment, which is
modeled as the region between two semi-infinite
parallel plates, or by considering a rotor in a free
environment where the sources are close to a single
wall., The simple theory indicates under which condi-
tions the duct becomes important and what models are
appropriate for more detalled calculations.

3. The results of the simple theory agree with the more
detailed calculations of Lansing (reference 3) when
the same quantity, namely, "power radiated forward",
is compared. An interesting question raised by this
result is the effect of downstream conditions in a
real compressor for which the semi-infinite circular
duct is probably not a good model. It is also clear
that the power radiated downstream must be included
in some fashion.

To verify experimentally the analytical results, a system
to measure fluctuating forces on rotating airfolls was developed,
using special differential-pressure microphones and FM-telemetry.
Relevant experiments covering both the discrete-frequency and
the broadband aspects of stator/rotor sound generation were
conducted and reasonable agreement of theory and experiment was
achieved.
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However, no experiments on the force field coherence charac-
teristics on a single rotating blade or on a multibladed rotor
disk were conducted. Thus, the frequency at which force field
coherence breaks down and at which sound radiation decreases due
to cancellation effects could not be determined directly. How-
ever, the experimental results clearly indicate the occurrence
of such an effect, and it is suggested that detailed studies of
the force field correlation characteristics be performed in a
future study. ' ' '
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APPENDIX A

TRANSMISSION OF SOUND INTO A THREE-DIMENSIONAL
ENVIRONMENT FROM A STATIONARY POINT SOURCE
LOCATED IN A TWO-DIMENSIONAL ENVIRONMENT

1, Sound Generation in a Two-Dimensional Environment#
a. Plane wave expansions of the sources

To obtain the plane wave expansions of the monopole sources,
we will solve the sound generation problem using Fourier trans-
forms in y for a single source. We will then discuss the effect
of the free-end boundary condition on the solution by means of

images.
We introduce the Fourler transform pair in y, ky.
o ik_ .y
= L y
$(x,y) = 5= f_m ¢(ky,x)e dk
® —ikyy
ok, 0) = [ elxy)e ay . (A-1)

The equation governing sound generation in a two-dimensional en-
vironment is

V3¢ + k2¢ = 0 , (A-2)
where ¢ 1s the complex amplitude of the velocity potential

$(X.’yst) = ¢ - e_iwt

~

¥ The source strength for the monopole S2D and for the dipole ﬁED

used in this analysis are per unit length. 2D stands for two-
dimensional.,

72



The transformed equation 1s

d?¢
dx?

+ (kz—k;)é =0 . (A-3)

The solution to Eq. A-3 is

-ivk2-k?2 ivk2-k2
¢(x,k,) = A(k)e Y + B(k)e v, (A-1)

The radiation condition on outgoing waves will be satisfied by
letting k = w/c + ie so that ¢ee tWE o guei(utiedt 5 o ¢ o o
This operation will place the branch polints of /kz—k§ off the real

axis 'in the Fourier inversion integral.

Consideration of outgoing waves gives

i/k2-k2 x
@(ky,x) = A(k)e y H for x > 0O
and
-vkZ-k2? x
®(ky,x) = B(k)e y ; for x < 0 . (A-5)

The various fundamental sources are derived by applying different
"sump" conditions at x = 0,

For a monopole source

a ~
A(§%) = 6(y)8,, -
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For a vertical dipole source

(piw) A(%%) = 6'(y)ﬁ2D . (A-6)

For a horizontal dipole source

(pll.l)) A(d)) = G(Y)F2D %
The other quantity [¢ or (3¢/9x)] is continuous across x = 0.

The Monopole Source

For the monopole source, Eq. A-6 becomes

+
ao (ky,x) _ 86~ _ 3
dax dax 2D 2
¢t = o7 A =B

. T _ ~i 1
ivk?-k2 (2A) = 1 , A= 5 ——— . (A-7)

y ¢ JIx2

y

The plane wave expansion of the monopole source is

tivk?-k? x
e y

<
5D P , for x S 0 . (8-8)
Yy

* R
® (ky,X) = —2" S

Dipole Sources

The derivative of Eq. A-8 with respect to x should give a

function proportional to the horizontal dipole; the multiplication

of Eq. A-8 by iky (equivalent to a differentiation in y) gives a

function proportional to the vertical dipole. This relation is an

added check on the form and constants of proportionality in the
jump condition for the various sources.

-

~N
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Solving Eq. A-6 for the horizontal dipole gives

(piw) [A(k) + A(k)] = 1
A(k) = -B(k)
A(k) = 5%%
t1f +1vk2-k2 x

For the vertical dipole
(piw)/kz—k§ (24) = k_F

o[8'(y)] = ik

y
A - kyFop
2vk2-k2 (piw)
y
A =21B
o . 2 2
ot - Fop . eil/k —ky X . ky
vD (Cpwi) VKZ_K2
y
b. Summary of results
Monopole
. ti/kz—k; X
.S . e
¢i(x,k ) = = % D — . x 20
Y Vk?-kZ
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Vertieal Dipole

B RI_R?
ot (xk) = Fop Ky +1/k?-k2 x
vD 2%y (2pwl)  japz

(A-12)
Horizontal Dipole
F +1/kZ-k2 x
* 2D y
= + > -
(th(X,ky) jut m e s X < 0 . (A 13)
It can be seen that
°p ~ ky(DM
and that
ace,)
QnD ~ % . (A-14)
c. Solution for the two-dimensional environment with images

We now consider the above sources located at x = 0 in the
semi-infinite two-dimensional environment. The appropriate
boundary condition is then ¢ = 0 along the y-axis. This condition
is assured by choosing image singularities, located at x = -%,
which are of the same strength and proper sign.

Imaging the sources of Eqs. A-11, A-12, and A-13, we have

for the region -2 < x < +&, the following expressions for ¢,
which satisfy ¢ so that at x = 0:
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For the monopole source

. ~1vVkZ-kZ (x-%) . 1vk%-kZ (x+2)
S, e y S . e y
i °2D i °2D
y =3 —— + 5 —— . (A-15)
Yk® -k vYkZ-k
y y
For the vertical dipole
= T (e ey
. B Fop ky ivk ky (x=-2) ivk ky (x+2)
= e - .
vD (2pwl) fT3T
y _
(A-16)
For the horizontal dipole
Fop —i/kz—k; (x-2) 1 i/kz-k; (x+2)
*np T TZpe1) © ¥ (Zowiy © ’
(A-17)

Of particular interest is the plane wave expansion of 3¢/9x —
the horizontal particle velocity along the y-axis — since this is
the mechanism responsible for sound transmission into the free
environment.

The monopole source

5o N +i/k2—k; £
x=0
The vertical dipole
F +ivk2-k2 &
20 _ 2D . y
H <=0 = W ky e . (A.-lg)
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The horizontal dipole

~

50 _ Fop

x=0 pw

4 ivk2-k? ¢
/kz—k§ e y . (A-20)

2. Transmission of a Plane Wave in a Two-Dimensional
Environment into a Three-Dimensional Environment

We now consider the power radiated into the three-dimensional
space at the slit by the particle velocities produced by the in-
cidence and reflection of the waves in the confined environment.
In the previous analyses, we obtained the velocity normal to the
slit in the form of a Fourier transform in y. This method is very
convenient for the calculation of the sound radiated into the
free environment., Each wave component is considered separately.

The governing equation in this space is the three-dimensional
wave equation

V¢ + c?¢ = 0 . (A-21)
Again, using PFourier transforms in y, we obtain

2 2 2 = —
V2D¢(ky,x,z) + (k —ky)@(ky,x,z) =0 . (A-22)

The dominant radiation from the slit is due to the "source effect"
of the normal velocity at the slit. Thus, the waves in the free
space are cylindrical and are functions of r and k_ only. Equa-
tion A-22 becomes J

90

)
% 3% |7 oap (k)| + (K2-k2)e(k ,r) =0, (A-23)

where r = Vx°2+z2.

The outgoing-wave solution to Eq. A-22 is

o(ky,r) = A(ky>H§*) (Vk®-ks ) . (A-24)
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To determine A(ky), we examine the behavior of @(ky,r) for small

r, equating its source-like behavior to the effective source at
the slit from the normal velocity. '

FPor small r,

2(k,,r) ~ A(K) (1 + i % log v + iC) . (A-25)

The source-like behavior is given by

AV}

¢(ky,r) = A(k) 1 5 log r
» Séﬁ) log r , (A-26)
where
S(k) _ A(Kk)i? AK) = -1 S(x)/b .

em ﬂ 3
The source strength due to the reflected and incident waves is

S(ky) = —u(ky)h (A-27)

for each wave component. The u(ky) for the various sources are
given in Egs. A-18, A-19, and A-20,

- i (1) —
¢(ky,r) =+ 7 u(ky)h « H, (Vk2+k§ r) . (A-28)

For the various sources, combining Eq. A-26 with Eqs. A-18
through A-20 gives the following forms for @(ky;r) in free space:

Monopole

[ 1vVKk2-K2 2}
e y

oy (r,k) = 1 x n §, ul" (T2 1) . (A-29)
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Vertiecal Dipole

hFoogtt) (/kz-k; r) .

R |
¢VD(r’ky) =171 2D%o

(A-30)

Horizontal Dipole

p(rk) = 1 h F

1 vk?-k? ivki-kZ &
E .——_—l [ ] e y

(1) —5 7%
ofe (/kz-k§ r) .

pw 2

(A-31)

Now that we have the Fourier transforms of u and p along the
slit, we can calculate the power radiated into free space.

. o ik .y .
p(y,t) = Re{%%% f ge Y dk,, - e“lwt}
o - ' —u
u(y,t) = Re 2 Ue1k Vot emtuwt
21 J_ o
% , % ik.y
M(t) = h sinwt J Im{i§% J e Y dk}

+ h coswt J Re%%%% J pe iKY dk}

. Re{E%-J ~yetk'y dk'}dy . (A-32)

In this problem, ¢ and U are both even or both odd for the vari-
ous simple sources.

80



For ¢ and U_ even in ky (but complex),

I(t) = h sinwt J Im{—iﬂe— J ¢ cosk_y dk

I k'y dk k
nlgf u cos yy y} v

-0

w [o's]
+ h coswt J Re J -1PW f ¢ cosk y dk
-—00 (211')2 —o y y

Re u cos k! dk!}b k . ' A-
{L@ v y} y (A-33)
Integrating with respect to y, we find

o0

1

= cosk'y cosk_yd
J_m yY yY %y

.g t Q !
5T 5 (ky+ky) + 3 (k,_=k')

]

M(t) = h sinwt J Tm f%%% J ¢dky}

) S et
(ky+ky) + 5 (ky ky)]

H
=4
Tt
! 8
8
[
Q,
~
<
N —
N o

o (‘ ipu) o)
ddk
+ hcoswtj_m Relm J—m Y}

-—00

IR I A I Y WS B |
Re{ J U[2 (ky+ky) + 5 (ky ky)]dkyj

(A-34)
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Since ¢ and U are even in ky’ Eq. A-34 becomes

o]

N(t) = h sinwt J Im{i§$ ¢(k)} Im{U(k)} dk

+ h coswt (2m) f _ Re{%%% ¢(k)} Re{U(k)dk} . (A-35)

The rms average I is given by one-half of the peak I :

s g.[J;m Im{%%? @(k)} Im{U(k) }dk

+ J Re{%%% @(k)} Re{U(k)}dk] . (A-36)

As an example of an application of the above formula, we compute,
using the plane wave expansions, the power per unit length radi-
ated by a monopole source in a two-dimensional environment. We
will then compare this to the sound transmitted into free space
at the slit. The plane wave expansion for the potential due to a
monopole source at x = £ 1is

. =(x-e)vk?~k? i
1 Sop® /
(P(ky) = -3 s (A=3T7)
y

and the x-velocity due to this source is

S iv/k2-k2 g
y (A-38)
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Calculating the peak power from Eq. A-38, we find

2 2
s 1 3 ivk?-kZ g SZD 1/K2 K2
I = '2—- f Im 5 pr2D Im 5 e dk
T e vkZ-Kk2 y
2 2 o
1 o . it/.k k 2 js l/kz_k2
+ X I Re %; S2D € Re ~%2 e dk
-0 /kz_kz l Y
wS 2 dk ows
1= L [¥ 2p "y _ ®ep (A~39)
2T P 1 8 :
-k /k2-k;

This 1s one-half of the total power from a source in a two-
dimensional environment. (We calculate only the power going

upstream.)

The calculation of power radiated into the three-dimensional
environment 1s similar to that above. The differences are

1. the particle velocity u at the slit is doubled, and

2. the value of 9 is a value appropriate for a "line"
wave radiating into a free environment,
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Conslider the monopole source:

'1/k2-k§ [
u = -e S2D
1 1v/k2= ; L
¢ = -H' e hSZD
k S
= pw “2D 3 . .
1-[pea.lfc h J—k 2m 0 S2D hdky 3
k = w/c
h232_pw2k
_ 2D
Toeak = 7 87 — | (A-40)
2a2
h S2D w2

Hpeak = Ton o P To

Consider the vertical dipole:

EX - ivkZ- ; 2
—U(ky) i F2D e
k . i/ki-k§ 2
p1w¢(ky) = h F2D e
252
I _ 2 k kyFED .
peak -k Tow2m y
52
_ 2 3.2 2D
= 3 k’h Tooor (A-41)
=2 2
w? FZDh
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Consider the horizontal dipole:

vk2-k? ivk23-k? 2
¥ y

+u(ky) = 5% F2D e
vk?-kx2 1/1{2-1{; 2
~plud(k ) = ——L hF, e
] _ el GERIEy
peak _x pweT b4

- _h? =2 of2
Hpeak T Toum Fop K (3 k)
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APPENDIX B

SOUND POWER RADIATION FROM LINE SOURCES
IN A FREE-FIELD ENVIRONMENT

In this appendix we consider the sound power radiation from
line sources, specifically volume sources and thrust and drag
forces. The configuration considered is a sinusoidal line of
singularities along the y-axis, with a phase shift between sources
that produces a traveling wave (Fig. 27).

1, Volume Sources

We consider a line of volume sources along the y-axis of
the form

Qly,t) = Q, eXp[é(kyy—wt)] > (B-1)

where Q(y,t) is volume outflow/unit length.

The velocity potential, ¢, satisfies the wave equation with
the boundary condition

iig (2ﬂr %%) = 9, expli(ky-wt)] . (B-2)

The outgoing solution is
9 (1) % -
¢(r,y,t) = -1 o H [(kz—k§)“r] expLi(kyy—wt)] s (B-3)

where k = w/c.

The far~field acoustic pressure is

pwQ, 5
Q(P3Y:t) - —T

s (L2 2y . _
W(kz—k§)lér expli(k ky) rl x eXp[l(kyy wt)] |

(B-4)
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FIG.27 MODEL OF SOUND TRANSMISSION FROM
CONFINED INTO FREE SPACE
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The radial velocity (in the far field) is

2
n(kz—k§)lér

Q .
V = —ﬁ-(kz-k§) ‘/ exp[i(kz—k;)lér] X exp[i(kyy—wt)] .

(B-5)
The rms acoustic power radiated/unit length is given by
_ 1 ckQ?

I=52m|p||v,| = B5— for k > kg

(B-6)
= 0 for k < k
y

(p and Vr are in phase in the far field). This result can easily

be understood in terms of the Mach number of the wave

M, = (w/k,)/c = k/k,

Note that the power radiated is indewendent of ky, the mode
wavenumber, once the Mach number, Mc’ exceeds 1. [Although in the
line model any value of ky is appropriate, in the compressor

model, (kyRo) must be an integer. ]

2. Thrust and Drag Forces

We now consider a sinusoidal line of thrust and drag forces
of the form

£,=t exp[i(kyy~wt)]i - d exp[i(kyy—wt)]j . (B-7)

i

The direction of fi is chosen to be appropriate for @ and k
positive. The solution for the pressure is obtained directly as
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a sinusoidal superposition of point drag and thrust dipoles lo-
cated along the y axis

p(x,y,28) = 73 f 3z | r,(m °© dn

di o 5 eikr(n) i(kyn-mt)
T Am L,o 3y | T, (M | € - dn, (B-8)
where r,(n) = [x+(y-n)?+z%1"% and r = (x?+22)"%.
The relation
P P
3y [ro(n)] = sﬁ [Po(n)]

is used to re-express the second integral; after an integration
by parts, we obtain

ikr (n)

p(x,y,z,t) = °1 A ” S el(kyn_wt) dan
32 Tz ) roin5 _

ik¥di T st (B-9)
- - J_m ——?;Yﬁj—— e dn .

The integral is proportional to the Hankel function Hgl).
The result is

Ip(xsz)l = % (ti g%

i.ikydi) {Hgl)[(kz—k§)lé?]} . (B=10)
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The acoustic far-field pressure 1is

1

1 —_ . 2 2
lp(r,0)| = F (tyvk*-kZ sine-k d;) [;?;;:;?72] , (B-11)
y

where sin6 = z/r. The radial velocity is obtained from

v = 3¢ . -123p
or

r pw or

In the acoustic far field

l (kz_kZ) ]/
v.(r,8) = x ———551—-[ti(k2-k;)2 sine-k.d;] . (B-12)

The rms acoustic power/unit length is obtained by integration:

1 2m
M= .2_j rlp|lv]ae (B-13)
0

where |pl||v| = IE?%EE [t; (k®-k2) sine-d;k 12 .

In the integration from 6 = 0 to 2w, the contribution from the
tidi cross term cancels; the expression for total power is

£2
- 1 i 2 2 2.2
T = gsew [ 5 (k2-k2) + kZa? (B-14)

For ky =0, I = tik/l6pc, which is the result for a two-dimensional

acoustic dipole.

90



One can also identify the power radiated "forward" and
"pearward" by integrating from 6 = 0,7 and from m to 2w. This
integration gives

t2

= l .._i. 2 2\ 232
IIforward 16pck [ 2 (k 'ky) + kydi
rearward

- 4 2 2%
o diti(k -ky) ky] k > ky . (B-15)

As in the theory of propeller noise, the relationship of the
1lift and drag forces is such that more power is radlated down-
stream,
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APPENDIX C

TRANSMISSION INTO A THREE-DIMENSIONAL ENVIRONMENT
FROM LINE SOURCES IN A TWO-DIMENSIONAL ENVIRONMENT

We now consider the sound radiated by a sinusoidal distri-
bution of thrust and drag forces confined between two closely
spaced parallel plates of infinite vertical extent and semi-
infinite horizontal extent, modeling the annular duct of a com-
pressor as shown 1n Fig. 6. We are interested in the total
acoustic power/unit length radiated into the free space beyond
the edge of the confined flow. Figure 27 shows the configuration
for the mathematical details. A singularity distribution of
forces is located along the y-axis with the form

i(kyy—wt) . i(kyy—wt)_

5>
f. = t, e i+4d; e Jj . (c-1)

(Complex exponential notation will be used for convenience.)
In two-dimensional flow, the acoustic field due to a point force
at the origin is

it.
(X,5,£) = Tl 2y [(erk2)%n)
b 3 Y s = 3x 0 - y r
id.
i o (1) 2_1.2v%
T 5y {7, "[(k —ky) r]} . (C=2)
For small r, Hgl) ~ %% log r, so that

(9
(o}

i 9 i 9
p(x,y,t) ~ - 0 X (log r) - > 5y (log r) . (C=-3)
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For a sinusoldal distributlon of forces along the axis,

p(x,y,t)

1im x-0 5% {log[r(n)]} dn

ty Im 1(kyn-mt)
~ - = e
2w

-C0

(c-4)

. di jw i(kyn—mt)
— e
2T

% {loglr(n)]1} ,

where r(n) = [Ji:2+(y-n)2];E and the substitution 3/3y [r(n)] =
9/9n [r(n)] has been made. The last term may be integrated by
parts to give

i(k_n-wt)

- —;17"-1 log r(n) e Y an . (c-5)

Since 1/2m 3/3x (log r) is a generalized function for the delta
function, the first term implies that one boundary condition to
be satisfied on the y-axis is

1(k. y-wt
( gy )

Ap = p(0+,y) - p(07,y) = -t; e . (C-6)

Solving for the contribution to the velocity poctential results
in

id k(= i(k n-wt)
Raeid = - ot [ restr(mle Y an . (c=7)

We take the x derivatlve of Eq. C-7 to obtain delta function
behavior in the integral.

Since 3¢/3x is the horizontal velocity u, we obtain a second
boundary condition for the Jump in horizontal velocity at the
y-axls:

d. k., i(k_y-wt)
u=u(ot,y) - U0 ,y) = =Le& ¥

L (c-8)
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Equation C-6 could have, of course, been directly obtained from
Eq. C-1, but it is useful to carry it along in the derivation of
c-8.

We now scolve the problem sketched in Fig. 27: acoustic
radiation by a line of singularitiles in a semi-infinite confined
reglon with free space beyond. At the edge of the slit, the
boundary condition is p = 0, so that

p(-2,0) =0 . (c-9)

Equation C-9 is the first-order approximation for a narrow slit
(narrow meaning h << A).

The main features of the problem are:
1. Plane oblique acoustic waves are generated at the y-axis.

2. A significant portion of the power generated at the
singularities i1s reflected at the opening and is trans-
mitted to X = « (immediately raising the issue of the
applicability of semi-~infinite models to compressors).

3. The boundary condition, p = 0, causes a doubling of the
horizontal velocity.

4, The slit then acts 1like a line of volume sources as
described in Appendix B. The acoustic power/unit length
radiated into free space 1s obtained from Eq. B-6.

The solutions to the problem are plane waves that are obligue
to the y-axis and of the form

E
i(k2-k?)2x —i(kz-k; x) ik _y-wt)
¢(x,y,t) = A, e ¥ + B e e Y
for -2 < x < 0
1
i(k%2-k2)2x i(k_y-wt)
6(x,y,t) = C_ e J e 7 for x > 0 . (C=10)

0
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Ay, B,, and C  are determined from the boundary conditions

c-6, C-7, and C-8:

0 pc ] i (kz—k§)4 |
| dyky
c = t, + — =9 ) (C-11)

Transmitted Power

The horizontal velocity at the slit is

15
: 1 4,k ~12(k2-k2)* + i(k y-wt)
w=2 - L ope eyl 1Y | y y
9X pw y i

- > P! e
-k ]
(k y)
(c-12)

From Appendix B, the rms power/unit length radiated by this sinu-
soidal line of volume sources, completely unbaffled (as in Fig. 6),
is

- 1 2 . 2\% 2 S
I = Book ti(k —ky) - diky t k ky
=0 f < ky s (C-13)

where ti and di are the force/unit length and tit and dit are

consequently equivalent to three-dimensional forces.
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If the source is baffled, the power is

oI . en
unbaffled* K °

where A is the "open" angle, i.e., for a plane wall baffle,

A = w, For the annular compressor duct of Fig. 6, A = 31/2 might
be appropriate, although modeling an actual compressor inlet by
any baffled or unbaffled duct is problematical,
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APPENDIX D

CONSIDERATIONS CONCERNING THE DEVELOPMENT
OF A DIFFERENTIAL-PRESSURE SENSOR

. 1. Design Requirements

A differential pressure sensor with a total thickness of
0.10 in. poses some unique problems. The size requirement
dictates that most of the components and techniques fully uti-
lize "state-of-the-art" expertise. . .

Following 1is a brief discussion of some design requirements
and their solutions.

a. Case strain
Requirement:

Transducer-body design capable of belng mounted in compres-
sor blade without introducing case strains.

Solution:

i) For rigidity all case materials were selected to be
stainless steel.

1) A center support arrangement as shown in Fig. 28 was
chosen to guarantee that the mounting technique would
not introduce any unnecessary case strains at the g
loads anticipated. The lock ring clamps the sensor
uniformly in place and allows both diaphragm areas
to be free from any hard mounting to the compressor
blade. A soft RTV compound fills the remaining voids
and preserves the integrity of the blade surface.

b. Sensitivity
Requirement:

Sensitivit& of each sensing element uniform within +1 dB.
SoZution:

1) Careful quality control and precise workmanship were

necessary to maintain the sensitivity within the al-
lowable tolerances.
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17) All piezoelectric elements were cut on an ultra-
sonic grinder to diameter tolerances of 0.0002-in.
diameter at BBN to insure their roundness. The
element size is 0.050-in. diameter by 0.010 in.
thick.

121) Silver brazing of the 0.001-in. stainless steel dia-
phragms with a maximum fillet of 0.001-in. diameter
was accomplished with techniques commonly employed
at BBN. This tight control of the brace was neces-
sary to insure a uniform active area of the dia-
phragm.

iv) All components were ultrasonically cleaned after
manufacture and again before assembly.

c. Low output impedance
Requirement:

Spurious signals generated from lead vibration.

Solution:

i) Pilezoelectric elements typically exhibit impedances
of 107'? ohms, leaving the sensor prone to random
signals generated by lead motion. This fact made
an internal impedance lowering circuit mandatory.

24) An F.E.T. hybrid circuit, with an output impedance
of less than 1500 ohms, developed at BBN, was in-
corporated into the transducer body.

d. Centrifugal loads
Requirement:
DC signal imparted by centrifugal loading.

Solution:

i) A bias resistor of 5 x 10® ohms was selected to
give a lower roll-off frequency of 50 Hz to elimi-
nate any DC or near DC {(0-10 Hz) signals caused by
centrifugal loading or large temperature gradients.
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e. Vibration sensitivity
Requirement:

Drastic lowering of vibration sensitivity.
Solution:

i) The fact that the two sensing elements must be of
opposite polarity to produce a differential pres-
sure pulse caused the vibration output to be in
phase and thus led to a doubling of the vibration
sensitivity. The vibration outpgt of one of the
sensing elements was shifted 180" to produce a re-
duction in vibration sensitivity of about 20 dB
between 50 and 20,000 Hz below the original state.
The phase shift of the vibration signal had to be
accomplished without any phase shift of the pres-
sure signal. Rearranging the spring mass ratios
of one of the sensing elements provided the neces-
sary results.

2i) The reasonably high~frequency data (20 kHz) re-
quired from this sensor ellminated the single
diaphragm type of differential sensor. Porting
arrangements for a single element sensor would
not be adequate for the frequency requirements
and would also interrupt the smooth surface of
the compressor blade.

Figure 13 shows a schematic of the differential-pressure
sensor and a photograph of some of the components.

2. Specifications

Sensitivity -115 +1 dB V/ubar

Vibration Sensitivity 100 dB SPL/g between
50 and 20,000 Hz

Noise Floor -100 dB V

Frequency Response 50 to 20,000 Hz

Temperature Sensitivity +1 dB for -50 to 160°F

Power Requirement 1 mA @ 9 Volt DC

Case Material Stainless Steel

Output Impedance <1500 &
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FIG. 28. MOUNTING OF DIFFERENTIAL-PRESSURE SENSOR IN BLADE
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APPENDIX E

FM - Transmitter Specifications

Power Requlrement <7 mA

RF Frequency within 88 to 104 mHz
(selected for best
reception)

Input Sensitivity up to 125 mVolts

Noise Floor (shunted input) <1 uvolt re input

Dynamic Range 47 aB

Signal Frequency Range 20 - 10,000 Hz

Temperature Compensation 50°F to 100°F

Battery Voltage Nominal 1.4 volts

Weight of Transmitter <10 grams

Range of Transmission 50 f't

101



APPENDIX F

CONSIDERATIONS CONCERNING THE
CALIBRATION OF DIFFERENTIAL PRESSURE SENSORS

Differential sensors are used to obtain measures of the
differential dynamic pressure on two opposite sides of a com-
pressor blade. The use of differential sensors requires some
special considerations.

The differential-sensor transfer function can be described
in the following way:

eO = Slpl— Szpz s (F_l)

where e 1is the output voltage of the differential sensor, s,
the pressure sensitivity of one side, and s, is the sensitivity
of the other side. p,; and p, are the dynamlc pressures on
sides 1 and 2.

If the sensor were ideal, s; would equal s, and e, = (p,-p,).
However, in the small volume allowed in the size of the compressor
blade, it is difficult enough to make a single measurement, much
less a differential measurement. As a result s, differs some-
what from s, in the realization of the actual sensors, as will
be shown below.

We examine the influence of a nonideal sensor where S, F S._.

Let the sensitivity be expressed as s * a, where a = (sl-s ) and
. . . 2

s = (S1+Sz)/2’ Equation F-1 is now rewritten as:

e,= p,(s+a) - pz(s—a)

= s(p,- p,) + a(p,+ p,) - (F-2)

Here, the term a(p,+ p,) is a correction to be applied to the
data because of the mismatch 1n sensitivities.
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To 1llustrate the effect we consider a hypothetical
sensor with a 10% difference between s, and s,. Assume
s, = 2.10 uv/ubar and s, = 1.90 uv/ubar, We calculate s
and a as:

S1+ 5,
5 = —5—=2.00 v/pybar ,
a = = 0.10 v/ubar . (F-3)
2

Assume p; = 600 ubars and p, = 400 pbars. The output voltage
from the sensor will be:

e, = s,p, - S,b, = 1260 - 760 = 500 uvolts.

By applying e, = s(p,~-p,), the output signal of our hypo-
thetical sensor woulé indicate a differential pressure of
250 ubars rather than the actual 200 ubars. Since s, 1is
larger than s, ("a" is positive) we read a higher differ-
ential pressure. A correction factor K can be derived as
follows:

K = (real diff. press.) — (indicated d4iff. press.)

€0

= (pl—pz) - 5

- 2 (p,+p,) . (F-4)

We apply this correction to the above example and obtain
K = -0.05(1000) = -50ubars. To use this correction we need
to know "a" and p, + p,.

The hypothetical measurement above 1s also shown in
Fig. 29. The Ap without correction is 250 upbars. If the high-
pressure side were reversed, the error would be low rather
than high, giving an error band as indicated in Fig. 29.
As p, and p, get larger, the error grows.

An estimate of p, + p, is important for the measure-
ment so that corrections can be applied.
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FIG.29 DIFFERENTIAL-PRESSURE MEASUREMENT WITH NON-IDEAL .HYPOTHETICAL SENSOR.
N 2.10 microvolt/microbar

So= 1.90 microvolt/microbar
s = 2.00; a = 0.10



A useful concept for differential measurements is common-
mode rejection (CMR). Common-mode sighals are those that are
applied equally to both diaphragms. An ideally balanced sensor
would yield an output of zero. A nonideal sensor gives an out-
put that depends upon the degree of balance. The higher the
CMR, the more accurately small differences can be measured in
the presence of large pressures.

If we apply equal pressures of 500 pbars to our hypothetical
unit, we obtaln the followling:

e, = 1050 - 950 = 100 uvolts ,

or an indicated pressure difference of 50 ubars. The CMR of the
sensor is then 500/50, or 20 dB. This indicates a lower limit

to the differential pressure that can be measured and which is
indicated in Fig. 29 as the common-mode 1limit for the hypothetical
sensor.
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