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SYMBOLS

section lift curve slope

speed of sound

normal half distance between adjacent blade wake centerlines
mean blade chord

axial row separation

summation index, mode number
blade length

sound harmonic number
compressor mass flow

loading harmonic number
pressure

distance

time

axial flow velocity

centerline wake velocity defect
circumferential flow velocity
mean swirl component

velocity perturbation

tensor coordinate

source coordinate; wake ordinate



A compressor annulus area

AE nozzle exit area
B number of blades
C sound harmonic amplitude
CD blade profile drag coefficient
CL list coefficient
CQ torque coefficient
CT thrust coefficient
D drag force
D1 directivity index
F aerodynamic in-plane forces
Jg(z) Bessel function of order g and argument z
L lift force
M Mach number
P power
PR modal rotor or stator sound power
Q mass source strength; torque
R mean rotor blade radius
S lift response function
T thrust
i stress tensor
U mean flow velocity



AP

AP

number of vanes, flow velocity

blade tip velocity

defined in equations (55) and (56)
wake half-width

total pressure rise

static pressure rise

blade/vane angle

wake swirl angle

phase angle

nondimensional flow velocity Fourier coefficient
wake velocity Fourier coefficient

angle from fan axis to field point, blade pitch
nondimensional swirl velocity

wavelength

nondimensional mean swirl

nondimensional axial flow velocity
nondimensional flow velocity

nondimensional flow velocity (mean)

density fluctuation

solidity (total blade area/ annulus area)
inflow angle

rotational angle



W frequency

Q rotational speed
Subscripts:

m harmonic number
0 zeroth harmonic
i/] tensor notation

r rotor

v inlet guide vane
s stator

o outlet

i inlet

E nozzle exit conditions
b blade

k modal order

R real part

I imaginary part
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AN APPLICATION OF THEORY TO
AXIAL COMPRESSOR NOISE

By J.B. Ollerhead and C.L. Munch
Wyle Laboratories Research Staff
Payne Division, Rockville, Maryland 20852

SUMMARY

The theoretical solutions for the discrete frequency noise radiation by compressors and fans
developed in a previous study are reviewed and programmed for computer solution. A method is
developed to predict both steady and unsteady compressor airloads which generate the noise and
which are required as input to the acoustic theory. Comparisons of theory and experiment show
encouraging agreement, at least for the first harmonic noise and the potential of the method for
design applications is demonstrated .

1.0 INTRODUCTION

As turbine powered aircraft increase in size, so too does the associated noise problem.
Noise is rapidly becoming one of the major considerations in aircraft design and for this reason
it is very desirable to have at hand methods by which the acoustic characteristics of a projected
engine can be predicted from its design features. Unfortunately, accurate noise prediction
methods do not yet exist despite the fact that the relative insensitivity of the hearing mechanism
makes sound pressure level estimates with a one hundred percent error relatively accurate.

The noise of a turbine engine contains two major components, exhaust noise and rotating
machinery noise, where the latter is generated by compressors, fans, and turbinest . Jet exhaust
noise dramatically appeared as a social intruder with the introduction of commercial jet transport
aircraft in the early fifties. Research into methods of reducing jet noise has continued at a steady
pace since that time but following Lighthill's analytical explanations of the major observed fea-
tures of jet noise, little has been accomplished in the way of theoretical advance. The main
reasons for this without doubt lie in the great difficulties of specifying the turbulent properties
of the exhaust flow .

't Throughout this report the terms "compressor" and "fan" tend to be used interchangeably
since acoustically there is little difference between them.
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In the days of the pure turbojet engine, compressor noise received little attention since,
despite its characteristic whine, it was by no means objectionable when compared with the
broadband sound of the high velocity exhaust. However, the introduction of by-pass flow
engines, in which part of the total flow passes through secondary fan stages, with correspond-
ingly lower exhaust velocities, shifted the emphasis to those harmonic components of the noise
generated by the fans and compressors. Fan noise is particularly significant when the aircraft
is on landing approach at fairly low altitudes and with the exhaust flow velocity relatively low.

In principle, fan noise, although at first sight somewhat more complicated than jet noise,
should be easier to analyze. This is because all the features of the source, i.e., its geometry,
motion and force inputs, should be specifiable with some accuracy. To show that this is indeed
the case is the intention of this report. In a previous study (ref. 1) Lowson developed closed
form solutions for various components of fan noise radiation. The results of this analysis yielded
new insight into the acoustic effects of various design and operational parameters. A limited
number of practical applications of the theory indicated its promising potential as a prediction
technique, which was particularly interesting in view of the fact that until now it has been
common practice to use entirely empirical methods for compressor noise estimation.

This report describes a subsequent study which has been made to further examine the accuracy
of the theoretical results through comparisons with experimental data, both model and full scale.
The results have been encouraging and suggest that the very complex noise generation process can
be simulated by a relatively simple mathematical model. In the following sections the basic theory
is reviewed with emphasis on the problem of practical application, aerodynamic input terms are
developed, the accuracy of the analytical model is demonstrated through correlation with experi-
ment and parameter studies are presented which illustrate how the theory can be utilized in a
typical design application.



2.0 THEORY

2.1 Compressor Noise Generation

The present study is basically an application of Lowson's theoretical results to practical
compressor and fan configurations. For the sake of completeness, however, a brief review of
the analysis of reference 1 is included here. The development of the equations is followed
in a simplified manner; for a rigorous treatment, the reader is referred to reference 1.

The simplest form of compressor, from an acoustic standpoint, is an isolated rotor operating
in free air, namely a propeller. The fundamental mechanism of propeller noise generation has
been understood since the work of Gutin (ref. 2) gave a theoretical solution for the sound
radiated by the steady thrust and torque forces acting on the blades. It was shown that due to
their rotary motion these forces generate noise at all harmonics of the blade passage frequency
§LB. The noise arises merely because the point of action of the forces undergo oscillatory
motion with respect to the observer. In present notation, the sound pressure amplitude of the
mth sound harmonic is

mB2Q

2wagr

Fo

M

Cm {To cos 8 - }JmB (mBM sin B) )

(note that T, and F; are the thrust and in-plane forces per blade )

which has a finite value for all m. Figure 1 shows the calculated first harmonic sound pressure
level variations around a typical 4-blade propeller and a 40-blade fan under the action of the
steady forces only. The contributions of the thrust and drag terms are indicated independently.
The rotational Mach number in this case is M = 0.5. The noteworthy features of this comparison
are in the propeller case, the double lobed pattern with a predominance of rearwards radiated
noise (i.e., in the downstream hemisphere), and the greatly increased sideways radiation in

the case of the fan. The latter is purely a result of blade number; the higher the number of
blades, the greater the sideways radiation.

However, not too much importance should be attached to these results for the case of the
isolated fan is a long way removed from the realistic situation of an axial flow compressor
where the fan is mounted inside a duct in close proximity to surfaces which interfere with the
flow. In this case the fan operates in an unsteady flow environment, both the fan and other
surfaces radiate noise which then couples into the acoustic modes of the duct, and finally the
duct radiates the sound into the free air. The problems of duct propagation and radiation were
treated extensively by Tyler and Sofrin (ref. 3) in 1961 and by Morfey (ref. 14) and their
analytical results explained many of the observed directional characteristics of compressor
noise (e.g., ref. 4). However, it was shown by Lowson (ref. 1) that many of the effects
formerly attributed to the duct could be explained in fact by generation rather than by propa-
gation effects. For this reason we will proceed directly to the problem of noise generation by
the fan.



Figure 2 illustrates a typical compressor or fan configuration which will be explained in
some detail in section 2.2. Air is drawn into the system through a circular intake and passes
into the annular duct which contains the fan elements. It first passes through a row of
stationary inlet guide vanes, undergoing in the process circumferential acceleration in a
direction opposite to the motion of the rotor which is located immediately downstream. The
rotor compresses the flow and imparts swirl in the direction of the rotation. Finally the air
passes through another stationary row of blades, or stators, which "straighten" the flow,
removing the circumferential velocity components. Many variations of this configuration are
used in practice and the only element common to all axial compressors and fans is the rotor.
Most primary compressors. in aircraft turbine engines have many rotor/stator stages and may or
may not have inlet guide vanes. The configuration illustrated is typical of aft-fan stages
although it is becoming common practice to eliminate the row of inlet guide vanes.

Whatever the configuration, at the root of the compressor noise problem lie the viscous
wakes which stream from the blades of both rotor and stator alike. Because of these wakes,
subsequent blade rows encounter highly non-uniform flow patterns. This causes noise to be
generated by several mechanisms as discussed below.

The foundation for Lowson's analysis is the basic acoustic equation derived by
Lighthill (ref. 5). In tensor notation this is

2 aF,  3’T..
2p .7 20 -8 ., (2)
atz ax.2 at ax; axi ax.i

The left hand side of this equation is the acoustic wave equation in three dimensions and
the three terms on the right hand side are forcing functions corresponding to various types of
acoustic source all of which can be present in a compressor. The first term, 9Q /9t, is the
effect of mass fluctuations and represents a monopole source. In the compressor, monopole
sound is generated by the fluctuating flow velocities which effectively become mass flow
variations through the rotor and stator rows. The second term, 3 F; /3 x;, represents a dipole
source which introduces the effects of aerodynamic pressures acting on the airfoil surfaces.
These are largely lift fluctuations, the origins of which are treated in section 2.2. The final

term, 82Tij/axi 3%, involves many effects, predominant among which is the sound radiation

by turbulence. There is a certainty that both steady and fluctuating stress fields around the
airfoils generate a significant amount of sound directly as quadrupole sources (ref. 6). Althoug
these would become most important at transonic tip velocities, they have been ignored in refer-
ence 1 and the present study. The results obtained tend to justify this omission.

Of the other two sources the dipole noise due to force fluctuations is the more important.
Lowson (ref. 1) showed that for typical fan configurations, the acoustic power generated by
mass fluctuations would be between 15 and 25 dB less than that due to force fluctuations. Basec
on theoretical arguments, the following expression was obtained (ref. 1) for the ratio between
monopole and dipole acoustic power for a single compressor mode

4



10 logy (M"SS Source Power ) = 36.5 - 20 logiy Vy 3)

Force Source Power

which simply says that only at tip velocities of less than about 70 feet per second are the mass
sources more significant than for the force terms. Accordingly, although in reference 1
theoretical results were derived for both mass and force sources, only the force terms have
been considered in the present work. Restricting the right hand side of equation (3) to the
dipole term only, its solution can be written

F.
1 2 [ I]
4“002 ax, r L

where the integration is performed over the entire source region (e.g., the compressor face).
It is most important to note that the contents of the square brackets must be evaluated at the
appropriate retarded time. This takes account of the fact that it takes finite time for the
sound to propagate to the point where the density fluctuation p is observed. The value of the
retarded time can thus vary over an extended source region. Now a fan blade can be repre-
sented acoustically by a set of rotating forces. In the simplest case two forces per blade are
sufficient, corresponding to the thrust and drag forces acting at a single point along the blade
radius. This is the model adopted by Gutin where the forces are steady. Considering now
only one of these forces, the thrust component, but giving it a harmonically varying ampli-
tude so that

T = Tn cos (n y)

equation (4) can be integrated over a one revolution interval (ref. 7) to yield the result
for the observed sound pressure amplitude, in a form corresponding to equation (1), the Gutin
equation:

_ mB2Q

m 4uaqyr

C

{Tn cos e} {JmB_k (mBM sin 8) + (-1) J, g+ (MBM sin e)} (5)

It should be noted that when n =0, i.e., when the thrust is steady, equation (5) becomes
identical to the thrust term of the Gutin equation. The important thing to note about equa-
tion (5) is that a value of C, can be calculated for any value of m, i.e., any loading harmonic

contributes to any sound harmonic. This is simply a manifestation of the Doppler effect. As
the sinusoidal source approaches the observer, an increase of frequency is heard; as it moves
away, away, a decrease is heard. The net result is a periodic modulation of the observed

"> frequency, giving a signal which has a Fourier spectrum consisting of an infinite number of
harmonic components.



Turning to the case of the compressor rotor, only certain values of n can exist. To
understand this it is sufficient to consider a single rotor /stator pair and to acknowledge that
when a rotor blade passes close to a stator blade it experiences a force fluctuation. If there
are V stator vanes then any single rotor blade encounters V force fluctuations during the course
of one revolution. If the fluctuations are all identical, then the blade airload cycle can be
represented by a Fourier series having a fundamental frequency of V @ . In other words, only
the harmonics corresponding to integral multiple of V (i.e., m = kV) can be present (where k
is any positive integer). Thus, summing equation (5) over all these harmonics we obtain an
equation of the form

+ o
_ mB2Q) . .
Cm = Sy oyt k=2-—co T cos 8 J o\ (mBM sin 6) 6)

Note that, as in the case of a propeller, only harmonics of the blade passage frequency can
be radiated. This is because pressure fluctuations at any fixed point in the compressor plane
pass through a complete cycle between the passage of successive blades. Thus the source
only contains harmonics of B. The complex radiation patterns which will be discussed
shortly are functions of the phase variations of these harmonics over the distributed source .

The components of the sound pressure Cp, attributable to the different loading harmonics k

have been distinguished as "modes" of the acoustic field with the parameter (mB-kV) referred
to as "modal order." This is because of the analogy with Tyler and Sofrin's duct modes which
indeed is a good one as far as the effects are concerned. Tyler and Sofrin (ref. 3) showed the
importance of the same modal order parameter to duct propagation and found that, in general,
only a limited number of modes propagate, high values of mB-kV corresponding to modes which
rapidly decay along the duct. In the same way, only a few low numerical values of mB-kV
need be retained in the summation of equation (6) as we shall shortly see.

Just as the fluctuating forces on the rotor blades generate noise, so too do those acting
on the stator blades. However, in this case, the source is a stationary dipole field with
rotating phase patterns caused by the motion of the blade/vane interaction positions. Because
of this phase rotation, the theoretical result for the stator radiation is remarkably similar to
that for the rotor, the significant difference being that any sound harmonic (m) is generated
only by load fluctuations of the same frequency (T, ). This can be explained by the lack of
any Doppler effect for the stationary blades. The stator equation which is equivalent to
equation (6) for the rotor would be

to
_ mBV§) .
Cn = e o T Tm cos 6 =z-w: JmB-kV (mBM sin 0) (7)

where the obvious difference is the presence here of the thrust term outside the summation.

The summation remains to take account of the source phase effects which, of course, are highly
dependent on the numbers of blades and vanes. It is most important to realize, however, that
now k is not related to any load harmonic but is merely a summation parameter which cannot

6



be described in any better way than a mode number. In the stator case, the vane loading
harmonics are related to the fundamental frequency at which the rotor blades pass by rather
than to any spatial variable.

At this point, it is only necessary to present the complete, rigorous solutions for the
rotor and stator noise radiation due to aerodynamic forces. These are, from reference 1:

+ oo

. F
_imB2Q . mB-kV k kv .
Cm = T oy 1 k==-<n(-|) {Tk cos O - vy (] - ;\-E)} JmB-kV (mBM sin 0) (8)
for the rotor, and
+ oo F
_ imBVQ mB~kv m kv .
Ch = 51—'-(-’-;)—; R (-i) {Tm cos 6 - vy (] _Tni) ; JmB-kV (mBMsin8)  (9)

for the stator.

As before, these equations represent the acoustic field due to point fluctuating
thrust and in-plane forces acting on the blades and vanes of a stationary compressor. These
form the basis for all the work reported here and although the effects of forward speed were
discussed in reference 1, effort has been concentrated on the case of the stationary engine,
for which detailed experimental data is available. It should be noted however that it is a
relatively straightforward matter to accommodate the effects of flight velocity.

In order to apply equations (8) and (9) to practical compressor configurations, it has
been necessary to make a number of simplifying assumptions. Predominant among the acoustic
assumptions are

1) representation of each blade or vane by a pair of point forces,

2) neglect of a variety of phase variations,

3) neglect of finite flow velocity in the vicinity of the blade rows, and

4) neglect of duct effects.
In practice, of course, the blade forces are caused by distributed pressure acting over their
entire surfaces and the use of point forces can only be an approximation. However, this step
has proven successful for both propellers and helicopter rotors (ref. 7) where extensive spatial
pressure distributions have been replaced by a single force.

In a previous study of helicopter noise (ref. 7), one of the most difficult practical prob~
lems was that of the phase relationships between the various loading harmonics and the various

acoustic modes. It was found that any attempt to take into account the detailed in-phase and

7



out-of-phase components resulted in violent fluctuations of the results depending upon field
point (i.e., observer) position and the precise number of airload harmonics admitted. This is
the result of very significant concellation effects which can occur in highly localized regions.
Such variations do not occur in practice and sound pressure level surveys made around com-
pressors show fairly smooth and continuous intensity changes. The reasons for this are that

(a) the noise is generated by distributed pressure fluctuations rather than by point forces which
cause a "smearing" of source phase angle due to random pressure variations over the surface
and small retarded time differences, (b) flow irregularities cause departures from purely har-
monic variations, and (c) propagation effects such as scattering cause redistributions of sound
energy at significant distances from the source, in particular, large "dips" in the radiation
patterns are rapidly "filled in." In the present study, as before, the phase problem has been
eliminated by ignoring all phase terms in both the acoustic and the aerodynamic expressions
and simply adding intensities due to different modal contributions. This is, of course, equiva-
lent to assuming uncorrelated sources, i.e., sources having random phase relationships.

The effects of finite duct flow velocities have not been considered since until the axial
flow Mach number approaches unity, they are not thought to be especially significant. The
two main effects are to effectively lengthen the upstream duct length and to introduce refrac-
tion due to velocity variations across the duct. Although account of such phenomena could
be incorporated, it does not seem justifiable at the present time in the light of the rather large
number of assumptions made in other areas.

The duct mode coupling effects have already been briefly discussed and further discussion
is deferred until section 4.4.

In the next section, methods for estimating the magnitudes of both the steady and
fluctuating forces are presented. Additional assumptions regarding the nature of the flow
processes are discussed therein.

2.2 Blade Airload Prediction

Expressions presented in the previous section give the acoustic field around a compressor
as functions of its basic design and operating parameters and the equivalent harmonically
fluctuating point forces which act upon the blades. In this section, the aerodynamic features
of an axial flow compressor which are important to its acoustic features are discussed. A
simplified analysis is presented which is used in subsequent sections to define the force inputs
to the acoustic equations. This analysis is based on incompressible, inviscid flow theory which
is adequate for low speed flow.

2.2.1 Basic design principles. — The main purpose of an axial flow compressor is, as the
name implies, to increase the pressure in a fluid flow. The simplest compressor configuration is
that of a single fan, or rotor, installed in a pipeline as shown in figure 3. The blades are
attached radially to the hub and rotate to impart energy to the flow. Consider a cylindrical
section of radius R, thickness dR, concentric with the axis, into or out of which there is no
flow. This cylinder can be developed into a plane to give a plane "cascade” flow, which is

8



different for different radii. If u and v are the axial and circumferential flow velocity
components (the latter being measured positive in the direction of rotation) the axial mass
flow through the section is

m=2r RpudR (10)

Denoting conditions upstream and downstream of the fan by the subscripts i (inlet) and o (outlet),
respectively, for mass continuity:

Up = v, an
However, the cross flow component is increased by the fan from vi tovg . For the rotor,
torque = mass flow rate x change in swirl
i.e.,
Q, = th(vO—vi) (12)

where swirl is defined as the product of the tangential velocity and radius (v is subsequently
referred to as the "swirl velocity"). The rotor power required is therefore

Py = MQR(vy - v.) (13)

Assuming unit efficiency, this can be equated to the power added to the flow which is the
product of the volume flow rate and the total pressure rise. That is,

m & R(vy - v;) = m(AP]) /p
or

APy = p QR (v, - v) (14)

By Bernoulli's equation the total pressure rise is the sum of the dynamic and static pressure
increments:

1
APy =3 p (vf-v;2)* AP (15)

Therefore, the static pressure rise across the rotor at station R is



vo+vi
AP=p(v0-vi)(.Q.R- 5 )

AP = p (v, - v;) (2R = V) (16)

where v is the mean swirl velocity in the rotor plane.

In general, it is desirable to maximize the static pressure rise component of the rotor
because this can always be converted to velocity head with little loss through an appropriate
contraction. The converse is difficult to achieve since subsonic flow diffusion is inevitably
accompanied by pressure losses associated with flow separations and turbulence. If the fan is
being used as a flow accelerator, as it is in the case of an aircraft engine, the swirl compo-
nent at the outlet is of not value; it merely represents a loss of energy. Consequency, it is
common to find a set of stationary flow straightening vanes, or stator, downstream of the fan
whose function it is to recover the switl energy as static pressure. As figure 4 shows, the
space between each pair of stator vanes is effectively a diffuser which removes the swirl

component and reduces the resultant flow velocity from (vo2 + uz)'lt tou. Neglecting the

viscous losses which are associated with this process in reality the pressure rise denoted by
equation (14) is then completely converted to static pressure by a rotor/stator combination.

The maximum value of vi obtainable in practice is, of course, limited by the rotational

velocity of the rotor. One common method of increasing the total pressure rise obtainable by
a single stage fan is to introduce negative swirl upstream of the rotor (v;) by the use of inlet

guide vanes. The additional losses incurred by first reducing and then increasing the static
pressure are more than compensated by the additional total pressure rise across the system.

Thus, it is more meaningful for the present purposes to consider the general case of an
axial compressor stage consisting of inlet guide vanes, rotor and stator. Typical aircraft
engine compressors generally consist of multiple rotor/stator stages in series which incrementally
achieve a high overall pressure ratio. However, the fan or bypass flow is normally driven by
a single stage unit.

2.2.2 Fan performance analysis. — It can be shown (e.g., Betz, ref. 8, p. 155) that the
maximum total pressure rise achievable in a fan of finite blade length is roughly proportional
to the square of the ratio of hub radius/tip radius. For this reason, it is common practice to
use a large hub, which enables the fan to be conveniently approximated by a thin annulus in
which the blade length is small compared to the mean radius.

The assumed fan system geometry is shown in figure 2. The duct cross sectional area is
constant at all three rows (IGV, rotor and stator). The static pressure rise applied by the fan
stage is dissipated by accelerating the flow through the exhaust nozzle which has a smaller
cross-sectional area.

10



The basic fan design parometers are

Duct area A
Mean radius R
Rotational speed Q
Nozzle area Ag

(Note that R is now the average blade radius.)

IGV Rotor Stator

Number of blades Vv B \A
Solidity g, o s
Blade pitch 9, r s

It is assumed that the blades are sufficiently short so that forces calculated for the mid-
section can be assumed uniform over the blade length. "Solidity" is the ratio of the total
blade area to the duct cross-sectional area (where blade length = duct thickness). Thus, for
example,

where ¢ = mean blade chord, .and £ =blade length. Figure 5 shows the rotor blade flow
velocity diagram where all velocities have been non-dimensionalized on the mean blade
velcoity QR. The non-dimensionalized coefficients are listed in Table I.

The angle ¢ is the effective inflow angle so that the blade angle of attack « is obtained
by subtracting the inflow angle from the geometric blade pitch setting 8. The blade lift L},
acts in a normal direction to the inflow so that the axial thrust component T, and in-plane
force component F, are given by

T, = L cos ¢

(17)
Q

T

= Lb sin ]
In these expressions the blade drag force, which acts in a parallel direction to the inflow, has
been ignored. This is justified because the drag is very small compared with the lift and

because at typical compressor inflow angles the thrust and in=plane force components are of the
same order,

11



TABLE 1

NON-DIMENSIONAL VELOCITY COEFFICIENTS

Dimensional Non-dimensional
Axial flow velocity U g
Rotor inlet swirl velocity v; A
Rotor outlet swirl velocity Yo A,
Mean rotor swirl velocity v By
From equations (17, (12), and (14),
e M M

fane =3 TRAAP COR-V ] (18)

>

So that, as shown in figure 5, the in-plane flow component is proportional to (1 - %) and the

resultant inflow to [p? + (1 - A)?] %

Applying isolated airfoil blade element theory to a single rotor blade
1 -
L, =5 @RI+ (1-N?]1C C (19)

Now the lift coefficient C; is the product of the lift curve slope, and the angle of attack,
i.e., CL=a a=a(6- ¢), and

cos ¢ = -2 (20)
Vil+(1-»7?
Also, since the blade angle of attack a is always a small angle
a xsin (0 - ¢) =sin O cos ¢ - cos O sin ¢ (21)
whence from equation (17),
T=BLycos9=5 pA @R a o (1-N{(1-Msin6-pcose} (22)
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Equation (18) can be rewritten
T=pA@RZMN=A) (1= (23)
Equating equations (22) and (23)

GO’r

2

(Ng - A - [(1 =) sin® - pcos 8] (24)

Assuming now that the stator always recovers 100 percent of the static pressure

1 2
AP = 7P VE (25)
where Vg = nozzle exit velocity
A
VE = pilR (-&E) (2¢)

Equating equations (14) and (26) we obtain
A \?
2 _ - -\
pe = (!E) (N, A;) (27)

Assuming no swirl upstream of the inlet guide vanes, the torque on the guide vane row is,
similarly,

. i
mvi=pA(Q,R)2|J)\;=-§pA(\Q.R)2 o, CL, (28)
whence
oy CLV
A = o (29)

where C|_V = IGV lift coefficient which is constant for a given IGV pitch setting.

Equations (24), (26), (27) and (29) can be combined to give the following cubic in p:

¢ a 2 CL o,0.0 2
A . v'r A
(]+—;—> p3+ cra(ﬁ) (pzcose-psln0)+ A 5 (AE) =0 (30)

which can be solved numerically for the axial flow ratio p.
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Equation (30) shows that p is constant for a particular fan design and it follows from
equations (29), (17), and (24) that so also are X;, Ay, and A. This, of course, is one result

of the inviscid flow assumption. Within this constraint, once these parameters have been cal-
culated for a given fan, all results can be dimensionalized by scaling flow velocities as the
rotor speed and airloads as the square of rotor speed. That these relationships are in fact good
approximations is indicated by figure 6 which shows experimental data for three fans. Specifyin
overall rotor thurst and torque coefficients as

T
T - 1A (QR)?
2
CQ = 1 Q (3])
5 PA QR) 2R

it can be deduced from equations (23) and (12) that

Cr =2 -M( -) (32)
Cq =2k -2 (33)

The equations presented up to this point can be used to estimate the steady thrust and
in-plane forces acting on all blades. In the next section the fluctuating force problem is
treated.

2.2.3 Fluctuating blade forces. —~ Compressor blades operate in a non-steady flow
environment due to the proximity of other blades. Kemp and Sears (refs. 9 and 10) showed
that two fundamental mechanisms cause blade lift fluctuations; potential flow interactions
between blade rows and wake impingement. In the former case, the bound vortex associated
with each blade induces flow perturbations at blades in both preceding and following rows.
In the latter, each blade passes through an endless series of wakes shed by the blades in the
preceding rows. Of the two problems, that of the viscous wake is the most significant (and,
fortunately, is the easier to tackle). This is because the induced field of a vortex decays as
the inverse of distance whereas wake velocities decrease approximately as the inverse square
of distance. Kemp and Sears (ref. 10) found that the two effects were equally significant
at row spacings corresponding to approximately one tenth of the blade chord dimension. Since
it is common practice in modern compressors to separate rows by at least a chord length, the
potential flow interactions are probably an order of magnitude less important than the viscous
ones. Inthe analysis that follows, which is similar to that of Kemp and Sears, the following
assumptions are made:

14



1) The flow is inviscid and incompressible with the viscous wakes
being represented by inviscid shear flows.

2) Isolated two~dimensional thin airfoil theory can be used to define
mean blade loadings.

3) Wake data for single airfoils in a free stream can be used to
approximate the wakes behind compressor cascades.

The validity of these assumptions will be discussed at a later point in the report.

2.2.3.1 Rotor forces. — During its motion around the annular duct the rotor blade passes
through a periodically varying flow field because of the velocity reductions occurring in the
wakes of the inlet guide vanes (fig. 7). This is equivalent to a periodic variation of the blade
angle of attack a which can therefore be expressed as a Fourier series:

Qo

a=a,+ a) cos (kVy) (34)
k=1

The sine terms have been dropped by appropriate choice of a zero reference for . If we
assume that the principle of linear superposition holds in this case, we can write

(e 0]
L = Ly, + kz_:] Ly, cos (kVg + €) (35)

where Lbk is the kth harmonic blade lift in response to the kth angle of attack harmonic and

€| is a phase angle.

In point of fact the notion of angle of attack loses some of its meaning when the spatial
extent of the velocity perturbations is small compared with the blade dimensions (such as
illustrated in figure 7). Sears (ref. 11) analyzed the problem of a wing entering a sinusoidal
gust. For an upwash variation of the form

w =w'cos w (t-%) (36)
he showed that the lift per unit span has the form

L=%chw'S(2UE) cos (Wt + ¢€) (37)
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The lift response function S (wc/U) accounts for the tendency of the airfoil to "filter" the
effect of the velocity fluctuations so that these effects become increasingly attenuated with
frequency. Lowson (ref. 1) showed that for most practical applications, Sears' exact expres-
sion for the lift response function could be represented by an approximation of the form (note
that there is a typographical error in reference 1) '

s ()] - () @8

T wc
(Note also that a phase angle has been omitted; see ref. 1.)

Since in equation (37), a small upwash velocity w is equivalent to an angle of attack
increase of w/U, the equation could be rewritten for the compressor case,

3
-1 U2 (-——U ) 39
Lk =7ecU o (TTvae (39)

where it must be remembered that @) is an "effective angle of attack" harmonic related to
localized upwash variations.

It is convenient to express the compressor flow velocity fluctuations as a proportion of
the free stream velocity, V. Using the Fourier representation and non-dimensionalizing

AV
~ = 8 * zk: 8| cos (kVy)
where again the phase angle can be dropped without loss of generality.

Referring now to the blade velocity diagram, figure 8, it can be seen that the change of
angle of attack A @ due to a (non-dimensional) velocity decrement Av

Aa=—A¢=AvM;¢:)__, (40)
u? +(1-%)?
Aa =AY a (41)

Vopte-n2g

In the notation of equation (34) Aa can be expressed

©
Aa = kz—] @ cos (kV¢)
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Noting that the ratio Av /v is equivalent to AV/v, the corresponding lift harmonic L) acting
on the blade is obtained by substituting U2 = (QR)2 [p? +(1 - N?] into equation (39)

p o AQR?Z [p2+(1-N2] aA e

N —

Lbk =

R [u2+(1 - N2\
nkecV

1

2 w212 )2
=% p 0, A@R?2 a § p{“*‘ LS } (42)

The lift force can then be resolved into its thrust and in-plane force components
according to equation (17).

2.2.3.2 Stator forces. — Figure 9 shows the equivalent wake geometry and vector
diagrams for a stator blade. A similar analysis can be followed to show that, for a stator

blade

R uZ +(1 -xo/z)zl"’}*
(43

=1 2
Lbk 2thVA(\Q.R) cSkp{ ———
which is almost identical in form to that for a rotor blade.

As in the work of Kemp and Sears, use is made here of the empirical wake relationships
presented by Silverstein, et al. (ref. 12) who collapsed experimental wake data obtained
from isolated airfoils. They showed that the wake half-width, as indicated in figure 10
may be expressed by the formula

L = 0.68 ‘/cD (-C"--o.é) (44)

The notation is that of the present report where Cpy is the airfoil profile drag coefficient,

and x is measured, in the direction of flow, from the 1/4-chord point. Also from the results
of Silverstein, et al. (ref. 12), it can be deduced that the centerline velocity defect He is
given by

3
i__- 1.21 CD

U X.-0.45 (45)
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where u is the free stream velocity. Finally, the velocity defect profile across the wake can
be approximated by

et (%)

Equations (45) and (46) define the velocity profile across the wake at any distance behind
the airfoil. However, we require this information in the form of a Fourier series so that the
profile must be written

) ay 7

——= +Zcos(

where

+
_1 p k Ty
M % f —p— cos b ) dy
-b
(The sine term can again be discarded because of wake symmetry about y =0.)

Now, since the velocity defect p/pc is zero outside the wake limits - Y < p/pc <Y, the
integration limits can be changed to # y. Substitution of equation (46) gives

Nk =-:;f cos (k_:;z) dy
-Y
_ sin(kw Y/b)
o[- (]

Since p/U = p/pc . pc/U, equations (45) and (48) can be combined to give the following

for the harmonic coefficient § of equation (48).

(48)

3
1.21Cp° G (k nY/b)

X-0.45 nk[1-(kY/b)?]
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Note that for the rotor force fluctuations due to the IGV wake (fig. 7),

2 2
x _d BY A
c ¢ "
b:I—R_p_____—
V. ‘/2 2
v p+ki

and for the stator forces due to the rotor wake

- d Vi +(@ ->‘o)2
c T

olx

aR __ H
5 Vur+(-2)?

b =

2.2.4 Summary of airload theory. — The analysis followed in sections 2.2.1 through
2.2.3 yielded various relationships which may be used to estimate both the steady and
fluctuating airloads acting upon both rotor and stator blades. These methods have in fact
been used for all the ensuing acoustic analyses. However, it is extremely difficult to specify
how the results are used since they depend entirely upon the specific application and the basic
aerodynamic data available. However, for convenience the most useful equations are
repeated.

a) total pressure rise across rotor

AP = p (QR) (A, - ))) (14)

b) static pressure rise across rotor

AP = p (2R)? (A, = M) (1 =) (16)

¢) axial velocity ratio
A
b= A V2O %) (22)
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d)

f)

9)

h)

rotor inflow angle

M
tan¢ = ——=

1-2
rotor thrust coefficient
Cr=2( -2)(1-N
rotor torque coefficient
Cq = 2u (A -2
non-dimensional velocity defect harmonic

)
2
1.21¢Cp sin (knY/b)

3-0.45 wk [1-(kY/b)?]

S

where y=0.68c¢

blade lift harmonic (for rotor)

1 RIp2 + (1 - 2% )?
Ly, =3 p o, A@R?Z o Skp{ S K li
for stator
: Ik + (1 -2, /271% )2
Lbk=5pcsA(.QR)zo & H kB

(18)

(32)

(33)

(49)

(44)

(42)

(43)

This list is by no means exhaustive but is useful for defining a starting point for a particular

analysis.
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3.0 COMPUTATIONAL METHODS

 Equations (8) and (9) have been programmed in FORTRAN for digital computer solution.
These equations have been somewhat modified for use in the program and the modified equations,
as well as other associated relationships, are discussed in the following sections. In this
section the discussion is confined to general aspects of the numerical procedures followed.
This is intended to serve as an introduction to readers who may wish to develop their own
digital computer program.

During the development and use of these computer programs it became apparent that with
the exception of the Bessel function calculation the arithemetical labor involved in calculating
the sound pressure level at a single field point is not in general too excessive for manual com=
putation. To make hand computation a realistic proposition, therefore, tables of Bessel functions
necessary to this calculation have been prepared and have been published as a separate appendix
to this report (ref. 15). The calculation method is designed to provide the engine designer a
simple tool with which to make preliminary estimates of fan noise radiation. For detoiled cal~
culations of the sound field the computerized method is considered to be the only practical
approach .

3.1 Mathematical Aspects

The basic relationships for the compressor noise radiation are equations (8) and (9) and
these have been programmed for simultaneous solutions. They may be rewritten:

VS Tm F
Crks = om Re {mBM cos O = (mB - kV,) (‘TI.‘)J JmB-sz (mBM sin 0)
V. T
s 'm
= 2nRr "mks (50)
BTy £
Crokr = 2 R %mBM cos O - (mB-kV) (_T-)r} JmB-va (mBM sin 6)
BT,
~ 2uRr Pmkr (51)

where V,, = number of vanes on the upstream stator (IGV), and V; = number of vanes on the

the downstream stator.
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Yet another phase term (-i)mB('I - kV/mB) has been neglected in equations (50) and (51)
for similar reasons to those discussed in section 1, since it was felt their inclusion introduced
unnecessary complexity. Further, in summing the sound pressure values of equations (50) and
(51) over all modes, the procedure is one of taking the "sum of the squares" of the values, in
effect, assuming random phase relationships between the different modes.

Advantages accrue from the simultaneous computation of equations (50) and (51) due to the
use of the recurrence relations. Values of J,(x) are obtained using the recurrence relation

Jpeg 00 494 0 =22 0 (9 (52)
_ 2n
b= W (53)

for the calculation of the Bessel function J _(x). For this method all orders from n =0 up to

the desired order n = N are calculated for a given argument, (x), value. Thus, since the
Bessel function argument is the same in equations (50) and (51), if the larger of the two values

lmB - k Vvl or I mB-k Vsl is used for N, then Bessel function values will be available for

both equations. A detailed discussion of the recursion method is given in Appendix A. The
time saving resulting from this approach becomes especially important when summing equations
(50) and (51) over all k modes where the argument does not change.

The sound power radiated by the compressor is found by integrating the sound intensity ove!
a sphere containing the source as center which, recognizing that the compressor noise field is

symmetric about the centerline axis of the compressor, becomes

L)

w =/21r sr1 do (54
0

where s is the radius of the circle at angle 8 and spherical radius r. Then the relations
describing rotor and stator sound power in each mode k is given by:

2 _2
PRmks = Vs Tm kas

w
- 1 2 .
kas* _Z—.f(Pmks) sin © dO (55)
4nR%ay p, 0

* Note that here the rms values of Pmks and Pmkr are used.
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—p2 72
PRokr = B Ty Winkr

n
Wokr = --—l—-‘/‘(Pmkr)2 sin® do (56)
4nR2q, py 0

and the total power (sum of all modes k) is given as:

+o
2 42
wms = Vg Tm Z PRmks
k=-
+ o
= p2 2
W, =82 2 PR T,
k=-m
WmT - Wms+er (57

The directivity index, which represents the sound level radiated in a particular direction
relative to the sound level that would be generated in the same direction by a spherically
radiating source, is given by the relation:

Actual sound pressure of azimuth

Sound pressure at azimuth 8 by equivalent spherical source

Thus, for the rotor, stator, and their total, the directivity indices are the equations:

to
2 2 2
Vs Tm |<=2- (Pmks)
Dps = it (58)
2
2x R Po % wms
+oo
2 2 12
B k;oo (Pmkr) Tk
Dmr = (59)

2
2n R Py 9 er

* Note that here the rms values of Pmks and P, are used.
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mr “'m
DI - = (60)
mT Wit

Wiy DI + W, DI

These, then, are the equations used in the computer program to calculate the sound power
level and sound pressure level due to a particular IGV/rotor/stator configuration.

3.2 Computer Program

The program shown in schematic flow form in figure 11 calculates the sound power
generated by the rotor, the stator, and their total, and lists for each sound harmonic m,
directivity indices for each. The airloading data, in the form of Fourier harmonic amplitudes,
either measured or calculated are required for input.

While the summation of equation (57), for instance, theoretically extends from - to
+o0 on k, in actual practice, the summation range of k is very limited. As pointed out by
Lowson (ref. 1) for a given rotor/stator or stator/rotor configuration, there are a definite
number of modes whose contribution is significant to the total, all others being ignorable.
This is primarily the effect of the Bessel function term in equations (50) and (51) where
incremental changes in k produce large changes in the order value. Once the value of the
order ImB - kVI gets very far from zero, the function value rapidly approaches zero resulting

in insignificant modes. The range of significant k was given by Lowson as the inequality:
mB . mB .
—V(I-Ms|n9)sk5v(l+MsmG) (61)

This means, then, that for the rotor only those loading harmonics in the range established

by equation (61) need be included in the computation. For the stator, of course, the number
of loading harmonics required is equal to the number of sound harmonics being calculated
since only the mth loading harmonic contributed to the mth sound harmonic. For the stator
the limitation of equation (61) applies to the modal summation only.

It may be noted from equation (61) that for tip speeds less than Mach 1.0, the lower limit
on k does not go below zero; however, for M greater than 1, k can be negative. This brings
up the problem of how to treat negative harmonics of thrust loading (i.e., T_) in equation (51)).

The manner of describing the Fourier expansion of the fluctuating forces answers this question.
From section 5.1 of reference 1 the fluctuating thrust is represented by the Fourier expansion:

+oo

T= 2 T exp(-iAQf) 62)

k=-
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where
T = TR+ Ty
T-k = TkR - Tkl = Tk* (63)

Now, since equations (50) and (51) compute the absolute magnitude of the sound pressure
(Cnke oF Cinks) only the absolute magnitude, rather than the complex magnitude, of the force

loadings need to be considered. In that case, equation (63) becomes

Il = (g +ep® = |1 (©4

Thus, for negative loading harmonics (i .e., negative k), the value of thrust loading used is
equal to the corresponding positive harmonic loading (i.e., T_| = T}). In general, however,

negative modes when they occur in the real case are almost always insignificant because, in
that case, the order of the Bessel function term in equations (50) and (51) is mB + kV, hence
the value of the bessel function is negligible compared to the higher order modes where the
Bessel function order is mB - kV.

The computation proceeds as indicated in the figure 11 flow diagram producing the
output shown in figure 12. The integration indicated in equations (56) and (57) is performed
using the trapezoidal integration method and as a result the accuracy is highly dependent
upon the interval chosen for 8. For reasonable results, the increment should not exceed
about one or two degrees.

The sound pressure level is calculated at each field point by direct evaluation of
equations (50) and (51), thus accuracy is not a function of the interval chosen for 8. If, then,
minimum compute-time is a requirement and only sound pressure level is needed, the increment
selected for 6 may take on any value up to 180 degrees remembering that if the increment is
greater than 1 or 2 degrees the sound power levels and directivity indices will be in error.

3.3 Hand Calculation Method

For the purposes of calculating the sound pressure level generated by the rotor and stator
of a compressor at one or two field points, a practical hand calculation method has been
developed. This is made possible by the fact that in most cases the number of significant modes
k is very limited, often being only a single mode. This allows a designer to determine the
expected noise level of his designs in certain critical directions, thus easily enabling noise
considerations to be a part of the design process.
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The required compressor parameters are:

m sound harmonic number

B number of rotor blades

Vv number of inlet guide vanes (or upstream stator vanes)

M rotational Mach number

0 field point azimuth location relative to the engine axis
(0° in front of engine)

V, number of downstream stator vanes

tan ¢_ rotor inflow angle = (F/T)r

tan ¢ stator inflow angle = (F/T)s

R rotor and stator radius

n radial distance to field point

Referring now to equations (50) and (51), the procedure for the calculation is as
follows:

1) List all required parameter values including radial distance, ry,-and azimuth
location 6.

2) Determine the range of "k":

B
k . =2=(1-Msinb)
VV

min

k =-$—B-(l + Mssin 0) rotor
v

max

=mB .
kmin—Vs (1 - Msin9)

max

k =%B' (1 +Msin 0) stator
s

3) Calculate the required force harmonics using the equations of section 2.2.4.

rotor: Tkmi n

to T

max

stator: Ty to Ty,
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4) Calculate the constant terms:

rotor: ——-B-—-
' 2w R

o mBM cos 8; mBM sin 8; (F/T)_

VT,
- ; mBM cos 8; mBM sin 6; (F/T)s

stator:

5) For each value of "k" calculate:

BTy F
rotor: 20 logw {Z_w_R-r- [mBM cos 8 - (mB ~ kvv) (T)s] }

VT
stator: 20 log,, {2_:_R_rrn_ [mBM cos © - (mB - sz) (’?) ] }
s

6) From the table of Bessel functions determine the value of:

rotor: 10 logy,

J l |(mBM sin 0)

mB-va

stator: 10 log, id |mB'sz| (mBM sin 6)

and multiply by 2 to obtain 20 logyg (mBM sin B)l

J|mB-kV|

7) For each value of "k" add the two previously calculated terms to obtain the modal
sound pressure:

BT
k F
20 logyy Crukr = 20 logyo {2_{5? [mBM cos O - (mB-kV,) (T)r] }

+ 20 logy, lJ ImBetey, | (BM sin ©)

VsTm F
20 logyy Cpks = 20 logyg PuRT mBM cos 8 - (mB-kV,) (—T)s

+ 20 logyo \JImB-szl (mBM sin e)‘
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8) Convert to sound pressure level by adding 127.5 dB to the calculated values of
20 logyy C, i, and 20 logyg Coks®

9)  For the rotor and for the stator, add logarithmically the modal sound pressure levels
to obtain the total sound pressure level, C_ . and C_ :

k

max SPL
Coos = 10 logy, E antilog ( ]gks)
~Xmin
kmax
SPL
Cor = 10 logyy Z antilog ( ]gkr)
~“min

10) Add logarithmically the values of C_ _and Cp. to obtain the total sound pressure

level, C.,; and the given field point.

. Cms . le’
CmT = 10 logy, { antilog <o + antilog o
An example of this calculation procedure is given in Appendix B.

3.4 Empirical Approximations for Modal Acoustic Power

Lowson (ref. 1) showed that the total acoustic power in the rotor or stator mode of order
mB-kV is given by the approximate relationship:

1 2
W, |~ ———— {lms - kv|” FL D+ (mBM)? Tk’T\} (65)
! 81" 00 po R2
where
~ +oo (_])r (mBM)2 | mB-kV| +2r
D=, (66)
r=0 1! (2 |mB-kV|+1n)!(2 |mB-kV|+2r+1)
and
+ -
/T\ ] ® (-1 (mBM)2 |mB=-kV|+2r
r=0 r! (2 |mB-kV| + 1! (2 |mB-kVv]| +2r+1) (2 |mB-kV|+2r+3)
(67)
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AOA
The quantities T and D were numerically evaluated by computer for a number of values
of (mB~kV) and the results are shown as the various broken lines in figure 13. For the purposes
VN A
of illustration, a third quantity, ImB—kV| D+ (mBM)2 T has also been plotted in figure 13.
This represents the term inside the brackets when Dy =T, (note that k here is an appropriate

harmonic number) which is typical for a compressor.

Unfortunately the series given above are badly conditioned and their calculation leads
to excessive computer time for practical purposes. Consequently, empirical approximations
to these functions have been derived which should be accurate to within 2 dB and adequate

for design purposes. These approximations are:

vy ) -1 -8 [mB-kvi
~ . M 11 “ 3 ‘
= — —~—— 68
D =ZBMm n__ M (] kv | -1.8 |mB-kV| ‘> (68)
jmB-kV]| -mB)
J
and
v 1.8 |mB=~kV|
M (1 -
R SRS ML 69
4mBM 1 kv ) -1.8 [mB-kV| (69)
ke 0 (-5
mB-kV| mB

These approximations are shown as the continuous curves in figure 13. At high values of (mB-kV)
these tend to the asymptotic solutions given by Lowson (ref. 1):

~
D = 7mBM

T=- 70
T = ZmBM (70)

Although these relationships have not been used in the present study they do provide very
convenient and simple predictions of overall acoustic power for design purposes.
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4.0 RESULTS

4.1 Some Basic Features of the Analytical Results

Before proceeding to the main results of the study it is worthwhile to pause and re-examine
some of the general features of the basic equations (8) and (9) as applied to typical compressor
configurations. For a detailed study the reader is referred to reference 1.

For both rotor and stator alike, the directional character of the radiated sound, and the
relative importance of different acoustic modes, are accounted for by the common portion of
the equations which is

{ F ( kV )}
Tk cos O - ™ 1- Ty JmB-kV (mBMsin 6) 1)

Both factors in this expression have characteristic directionalities. The directivity corresponding
to the first can be rewritten:

F ( kv \) 2
G (8) = 10 log,, chose- e 1 - -y (72)

which only differs from the Gutin form (see eq. 1) by the multiplier 1 - kV/mB. Equation (72)
is plotted for T = Dy, = 1 (remember that T/D = 1 is typical of compressor rotors), M = 0.5 and
various values of kV/mB in figure 14. Note that equation (72) is antisymmetrical about kV=mB
so that

G(e, —) -G (180°-6,2- %) (73)

Thus each curve in figure 14 is labeled with two values of kV/mB. For the lower value,
corresponding to kV < mB, the axis pointing toward the top of the page is the forward axis
of the fan, i.e., the thrust line. For the higher value (in parentheses), corresponding to
kV > mB, the axis is reversed so that the top of the page becomes the downstream side of the
fan. The bold curve in figure 13 represents the limiting solution when kV = mB. This has two
lobes and is perfectly symmetrical about 8 = 90°, In this case, inspection of equation (72)
shows that the in-plane forces do not generate any noise. This condition Is known as the "siren"
mode (having zero modal order kV = m B) where the distributed sources are all in phase. This
is easiest to visualize for the case when V =B, i.e., an equal number of rotor and stator blades.
Here each blade passes a vane at the same instant so all force fluctuations occur simultaneously
and the compressor face acts almost like a piston source (having force rather than mass fluctua=-
tions). This configuration was always believed to be undesirable because of this "siren" effect
but in fact Lowson showed that it does not generate the maximum acoustic power and further=
more the sound is radiated in a predominantly axial direction which is quite desirable from a
community noise standpoint,
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For all values of kV/mB less than unity (including negative ones) the curves are asymmetri-
cal about B = 90° and show an increased radiation in an aft direction. In the range 0.5 < kV/
mB < 1.0 the pattern retains two lobes but the depression occurs at acute values of 8. In fact
this is equivalent ot the propeller noise condition (eq. 1) where the in-plane force contribution
is of the same order. When kV/mB is less than 0.5 the second lobe disappears and for kB/mB<< 1
the radiation tends to a spherical pattern as the influence of thrust becomes negligible.

When kV > mB the entire plot “flips over" and identical patterns arise, this time with more
noise radiated forward than aft. This indicates an obviously important design feature, that the
ratio of the number of blades and vanes governs the direction of predominant radiation.

Thus the first factor of equation (72) controls the relation between forward and aft radiated
sound. The second term, which is symmetrical about 8 = 90°, governs the detailed lobed struc-
ture of the radiation pattern and accounts for the phase cancellation effects occurring across the
compressor .

In most practical cases both B and V are large numbers so that successive values of the
Bessel function order are separated by large differences. For example, taking typical values

B=40, V=30, M - 0.5 we see that the order mB-kV can take valves . . . -50, -20, 10,
40, 70 . . . with arguments in the range 0 to 20 for m = 1. For the second harmonic, m = 2,
mB-kVv=. . .-40, -10, 30, 50 . . . with arguments between 0 and 40. Since Bessel

functions of the Flrsr kind are symmefrucal about order zero, it is only necessary to inspect
positive orders and figure 15 shows J,, J,o, and J,, plotted (in intensity form, i.e., 10 logy J %)
against argument up to a value of 40. Since the functions oscillate about zero, the logarithmic
intensity profiles exhibit periodic troughs whose frequency decreases with order. The important
feature is that higher order functions appear and become significant at higher argument values.
Thus in the example cited above, the first harmonic m = 1, whose argument range (corresponding
to 8 = 0 through 90°) is 0 < mBM sme < 20 will be |orge|y dependent on the k = 1 mode, the

k = 2 mode only appearing as 8 . 90°. The second harmonic with 0 < mBM sin8 < 40 will
receive contributions from the k = 1,2 cnd possibly 3 modes depending on the value of the
respective airload harmonics.

Figure 16 which is reproduced from reference 1 gives a very clear illustration of the Bessel
function effect. This is an array of directivity plots corresponding to increasing argument across
the page from left to right and increasing order down the page. In physical terms, the argument
increases with harmonic number, number of blades, and tip speed (all of which cause an increase
of frequency) and the order with modal order (which tends to increase as the difference between
the.number of blades and vanes diverges. The clear message associated with this figure is that
the number of lobes in the pattern increases with frequency and that sideways directivity is
emphasized by increasing modal order.

One of Lowson's most significant findings was the existence of a source "cutoff" effect.
Analytically this is tied to the behavior of the Bessel functions; physically, to the phase velocity
of the blade/vane interactions. Essentially the consequence is that a tip speeds lower than some
critical value, radiation efficiences rapidly diminish. In fact these critical values correspond
almost exactly to Tyler and Sofrin's duct cutoff frequencies, which prompted Lowson's conclusion
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that the presence of a hardwalled duct is of little consequence. The decay effects would be
observed even if the duct were not there. Another related effect is that only a limited number
of acoustic modes contribute to any particular sound harmonic, since the frequency lies in the
inefficient radiation range of the remainder. It was shown in reference 1 that the number of
contributing modes is given by the approximation

22 (1-MsinB) & k & TE (14 Msin®)

a criterion which has been used in the computations of the present study.

4.2 Comparison of Theory and Experiment

The main objective of this study is to determine how well the analytical model described
in previous sections predicts the noise radiation of real compressors. For this purpose, noise
data from three fan systems have been used, including a small research compressor and two full
scale aft-fan engines. Unfortunately only a few basic flow measurements were made in each
case and no data was available on the unsteady aerodynamic effects which are so important to
the noise problem. Consequently it has been necessary to use the methods described in section
2.2 to estimate the necessary force input to the acoustic calculations. The research compressor
data was obtained by Crigler and Copeland (ref. 4) at the Langley Research Center anechoic
facility using a single IGV/rotor stage with a total thrust in the order of 100 Ib. The full scale
data, supplied by the Rolls Royce Company, was obtained out of doors around research engine
test stands. These fans, designated Aft Fan 1 and Aft Fan 2 for present purposes, have estimated
maximum thrusts of approximately 1000 and 5000 lbs, respectively. Of the three sets of data,
that of Crigler and Copeland, being measured under accurately controlled laboratory conditions
is considered to be the most reliable. The estimated design parameters of significance to the
noise problem are listed in table Il for each of the three fans. The correlation between theoreti-
can and experimental results in each case will now be discussed in turn.

Crigler and Copeland's research compressor was manufactured from components taken from
a multi-stage aircraft engine compressor. It consisted of a single stage comprising inlet guide
vanes and a rotor mounted inside a faired duct. The inlet duct was of the order of three rotor
diameters in length, and the outlet duct was extended to remove the exhaust flow from the test
area. The blade assemblies were modified to enable the axial spacing between the IGV's and
rotor blades to be varied and also the number of inlet guide vanes could be varied from 31 to
53 to 62, The number of rotor blades was fixed at 53. The entire unit, including an electric
motor and dirve assembly, was mounted inside an anechoic chamber. A microphone attached
to a rotating boom was used to measure sound pressure levels in the quadrant from 8 = 0 to
© = 90° on a 12 ft diameter circle centered on the duct inlet. The first harmonic sound com=
ponents were extracted by passing the microphone output through a one=third octave harmonic
filter encompassing the harmonic frequency.

The data are compared with theoretical results obtained using the fan parameters of table
I in figures 17 through 23. Figures 17 through 19 show the directivity patterns only,and for
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TABLE 11

ESTIMATED COMPRESSOR PARAMETERS FOR
THREE EXPERIMENTAL UNITS

Research Fan Aft-Fan 1 Aft-Fan 2
Approximate gross thrust, T (Ib) 100 1000 5000
Mean duct CSA at rotor, A (ft?) 0.556 2.33 6.78
Mean blade radius, R (ft) 0.531 0.793 1.79
Contraction ratio, A/Ag 1.88 1.605 1.97
Nondimensional IGV-rotor separation 1.035% 1.3 2.1
Nondimensional rotor-stator separation - - 1.3 1.5
Number of IGV's, V,, 31, 53, 62 43 5*
IGV chord (ft) 0.0584 0.194 0.335
Number of rotor blades, B 53 31 43
Rotor blade chord (ft) 0.0584 0.242 0.3
Number of stator vanes, V, - - 50 50
Stator vane chord (ft) -- 0.183 0.32
Rotor inlet swirl ratio, A 0 0.14 0
Axial flow ratio, p 0.422 0.477 0.645"

+ Could be varied
++ Varied slightly with RPM, significantly below 2500 RPM

*  Faired supports only
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convenience, two sets of data are plotted back to back on each figure. Each plot has been
normalized with respect to the maximum sound pressure level. For various reasons similar to

those discussed in section 2.1, the pronounced lobes in the theoretical radiation patterns will

not be so exaggerated in practice. This is because various propagational and spatial source
effects tend to round out the profiles "filling in" the holes and reducing the peaks. Directional
features become more obscured with increasing distance from the source. Taking this into account
it appears that, with a few notable exceptions, the analytical results in figures 17 to 19 are fair
representations of the measured directivity patterns. The main exceptions are evident in figure

19 (a), in the vicinity of 80 - 90 degrees on figure 17, and 0 - 20 degrees in figures 18 and 19.
In each of these cases the disagreement appears as an underestimation of sound pressure level in
the theoretical result. Whereas this might be partially explained by the "filling in" effect, it

is more probably attributable to noise radiation by other components of the test set-up not ac-
counted for in theory. In figure 19 (a) the additional sideways radiation could well be generated
by the inlet guide vanes themselves due to potential flow interference from the rotor. This effect,
which would in any case only arise for very small row spacings, has not been accounted for in

the theory.

Figure 20 compares the measured and calculated absolute first harmonic sound pressure
levels for the three sets of inlet guide vanes (62, 53, and 31 vanes) which a rotor/IGV chordal
spacing of 1.035 lengths (i.e., for almost zero clearance between rows). Except for the locat-
ions mentioned above, the measured and calculated levels are in good agreement, the only
exception being the 31 inlet-guide vane case where again the theoretical levels are a little low.

The effect of inlet-guide - vane/rotor separation is shown for the three inlet-guide-vane
configurations in figures 21 to 23. These results indicate that the wake theory used takes
adequate account of the row separation effect.

Particular note should be taken of figure 22 which corresponds to the case when the number
of guide vanes and rotor blades are equal. This is the only situation in which axial radiation is
predicted (see section 1.0) a fact which appears to be well supported by experiment.

The results obtained for the Crigler and Copeland fan, although confined to the first har=-
monic radiation, are considered to be encouraging. In particular, Lowson's conclusions
regarding the hardwall duct seem to be justified, for in this case, the inlet duct was consider~-
ably longer than typical aircraft inlets, being three diameters, or more than 20 wavelengths,
(at the higher RPM's) long. It is of interest to compare the present theoretical results with the
radiation pattern predicted by Crigler and Copeland who used Tyler and Sofrin's radiation
theory (see ref. 4, figs. 11 through 13). Whereas the Tyler and Sofrin results predict only the
broadest features of the directivity pattern (in some cases only) the present theory without
recourse to consideration of duct effects, predicts both overall sound pressure levels and
directivity with some accuracy. It is interesting to contemplate what could be achieved if
both source and duct effects were included simultaneously.

The full scale data included in this study was measured out of doors and run with the engine

mounted horizontally a few feet above the ground. Both units were aft fan, by-pass stages
driven by "slave" turbine engines. Attempts were made to screen the slave engine inlet noise
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rom the microphones. The first two fan noise harmonics were measured, again using third-
sctave filters.

Turning to the first and smaller of these units, Aft Fan 1, theoretical results were com-
suted using the input parameters listed in table III. These are compared with the experimental
lata in figures 24 through 26 for the first harmonics. Figure 24 corresponds to the design operating
-ondition of the engine. Agreement in all three cases if fairly good although the validity of the
:omparison is uncertain. No information is available on background noise levels and the fan
10ise cannot be separated from the noise of the slave engine. Furthermore, the effects of sound
eflection, refraction, and scattering, which are not accounted for theoretically, could be most
ignificant.

Figures 27 and 28 show the results for the second and larger of the full scale fans, Aft-Fan
*. In this case the noise was measured on a line parallel to, and 100 ft from the engine axis.
iecause of the larger distances, the propagation effects mentioned above may be expected to
»e even more serious. Even so the agreement between the analytical and experimental results
iay be considered fair.

Attempts to correlate measured and calculated higher harmonic noise levels yeilded calcu-
ated levels which were of the order of 5-10 dB lower than experiment. It is possible that the
imple theory used to predict the fluctuating blade airload is inadequate on the higher frequencies
:nd further work is required to resolve this question.

4.3 Design Study

Having demonstrated the apparent accuracy of the compressor noise theory a short study
as been made to illustrate its potential usefulness for design applications. Many of the basic
‘esign requirements for low noise, such as low tip speed and large spacings between blade rows,
re well known but the present theory can now be used to attach quantitative significance to
uch measures. One of the problems in a design situation is of course that variables can rarely
-e varied independently. For example reduction of tip speed must be accompanied by other
hanges if a loss of performance is to be avoided. The methods described in section 2.2 have
herefore been used as the basis for a realistic and consistent design analysis so that the full
.erodynamic and acoustic consequences of parameter variations can be accounted for. The
:pportunity is also taken to examine in some detail the acoustic characteristics of compressors.

4.3.1 Baseline Case. — It was shown in section 2.2.2 that for incompressible inviscid
low, flow velocities through the fan are proportional to the rotor tip speed and that aero-
‘ynamic forces are proportional to the square of the tip speed. It is thus a fairly straight-
orward matter to study the effect of rotor tip speed on the noise radiation for a given fan
ystem based upon these assumptions. In this and subsequent studies, a fan stage consisting
f IGV's, rotor and stator, as illustrated in figure 2, has been adopted as a "design" or "base-
ine" case. The assumed design parameters are given in table III.
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TABLE II1

DESIGN PARAMETERS FOR BASELINE FAN STAGE

Gross static thrust, T 10,000 Ib
Cross sectional area of duct, A (constant for each blade row) 10 ft2
Mean blade radius, R 2 ft
Contraction ratio, A/AE 2

Mean blade rotational Mach Number, M 0.7
Nondimensional row separation, d/c 1.0
Mean rotor swirl, A 0.05
Number of rotor blades, B 40
Number of inlet guide vc:mes,Vv 35*
Number of stator vanes, V. 47"

* These are numbers required to maintain given performance assuming equal
blade chords and lift coefficients for all blades and vanes.

The methods described in section 2.2 were used to calculate the aerodynamic loadings
which are included in figure 29 as the solid curves marked "baseline". The total rotor thrust
is 9500 Ib which indicates that 5 percent of the pressure rise across the rotor is dynamic, i.e.,
due to an increase in resultant velocity. As previously discussed, only when the mean rotor
swirl is zero does the rotor carry the total system thrust. It will be noted in figure 29 that the
first harmonic rotor blade thrust amplitude is less than 2 percent of the steady thrust per blade
and the higher harmonics fall off at a fairly high rate.

Figure 30 shows the first harmonic noise radiation pattern calculated for this case. The
vertical line represents the rotor axis, forward toward the top of the page, and the radiation
is, of course, symmetrical about this axis. The heavy line in figure 30 gives the total sound
pressure level, due to both rotor and stator noise on a 100 ft radius. In order to illustrate the
origins of this rather complex pattern, the constituent modes of significance are also indicated.
It can be seen that in the forward sector, the rotor and stator contribute approximately equally,
whereas in the aft sector the field is dominated by the rotor. The main reason for this can be
found in the discussion of section 4.1. The rotor noise results from the interaction with the
wakes from the 35 inlet guide vanes. Considering only the k = 1 mode, kV/mB=35/40= 0.875,
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so that this mode may be expected to radiate slightly more noise aft then forward. The k=1
modal plot shows that this is indeed the case although the difference is only of the order of

2 dB. Turning now to the stator, which has 47 blades; its noise is the result of interactions
with 40 rotor blade wakes so that, again for the k=1 mode, kV/mB = 47/40=1.175. Con-
sequently the stator will radiate more noise in a forward direction. Figure 30 shows that the
difference is around 7 dB. Consequently although the rotor and stator contributions are almost
equal near to the forward axis, the stator noise is around 9 dB less than the rotor noise near

8 = 100° only. The greatly increased sideways radiation of the second mode, relative to the
first, as indicated by figure 30 can be clearly seen. For the stator (where now in eq. 61

V = V,) only the first mode makes any contribution throughout the angular range.

The close similarity between the k=1 modal patterns for both rotor and stator simply result
because the Bessel function orders (| mB - kVy | ) and (| mB - kVs|) are not substantially dif-
- ferent (5 and 7). Note that there is no radiation along the axis, either forward or aft. This
only occurs in fact for "siren" modes, i.e., when mB = kV. That this should be so is fairly
easy to understand physically since in this case the latter case the axis is surrounded by a ring
of equal phase sources which will obviously be heard on the axis. When kV # mB all sources are
effectively out of phase with the phase angle passing through an integral number of cycles around
the ring of sources. In such cases the radiation always cancels on the axis.

Figure 31 shows the equivalent results for the second harmonic sound field (m = 2) although
now the picture is somewhat more complicated. To simplify the plot, as far as is possible, the
rotor and stator radiation modes are drawn on opposite sides of the centerline. The continuous
curve is the same in each case and represents the total sound pressure level on the 100 ft radius
due to the complete fan stage. This time there are six significant modes altogether, corres-
ponding to k = 1, 2, and 3 for both rotor and stator. That roughly twice as many modes contri-
bute to the second harmonics as to the first should of course be expected for the criterion given
as equation (61) where m is now 2. Probably the most striking feature of figure 31 is that the
rotor and stator are just about equally important around the azimuth. The differences this time
are much more detailed and relative contributions change every few degrees.

4.3.2 Effect of RPM. — Figure 32 shows the acoustic effects of running this same fan at
different RPM's. The curves in this figure show the first harmonic sound pressure level variation
on the 100 ft radius for different rotor blade rotational Mach numbers in the range0.4<M < 0.9.
In evaluating these curves it must be remembered that the thrust (and other forces) is proportional
to M? and the frequency to M.

The obvious features of these results are that as rotational Mach numbers increase

e overall sound power increases,
e the number of radiation lobes increases, and

o there is a dramatic increase in sideways radiation at high
Mach numbers.
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There is little point in plotting sound pressure level against Mach number for any radial
position because the result will depend strongly upon the particular position chosen. Lowson
showed in reference 1 that sound power output is approximately proportional to M3, a result
which agreed with available experimental data, and which may be expected to apply here
also. The very substantial increase of sideways radiation for M= 0.8 and 0.9 is the conse-
quence of additional modes entering the efficient radiation range as phase velocities increase .

4.3.3 Effect of Design Changes when Constant Performance is Maintained. — Although
figure 32 illustrates very effectively the significant effect of blade rotational speed on noise
output it does not give much indication of the potential of RPM control as a noise reduction
procedure since reductions of tip speed are accompanied by very substantial reductions of per-
formance. Consequently, blade speed changes have been included in an analysis of the acoustic
effects of varying a number of design parameters, while maintaining constant system thrust.
Naturally an infinite variety of such changes are possible and it has been necessary for present
purposes to restrict the study to a number of very modest variations.

In order to isolate individual effects as far as possible, parmeters were varied one at a time
about a set of baseline values, which are those listed in table 1II. The parameters varied were

e rotational Mach number, M
e number of rotor blades, B

e mean rotor swirl, A

e row separation, d/c

e number of IGV's, stator vanes, V,,, V,

To avoid changes of performance during parameter variations, blade chord changes were
made, commensurate with constant lift coefficient. The relative numbers of IGV's, rotor blades
and stator vanes were controlled by adopting the same chord dimensions for each. The nearest
integral number was selected for each row which gave a lift coefficient closest to the design
value. The parameter variations and the associoted changes in the dependent variables are
listed in table IV. It should be noted that to vary the number of IGV's and stator vanes to
specific values, the chord dimensions had to lift free to vary.

4.3.3.1 Effect of Tip Speed (or Rotational Mach Number M). — For direct comparison
with the results discussed above and shown in figure 32, the first design variation examined
was that of rotational speed, this time maintaining constant performance. Before examining
the acoustic results however, it is as well to look at some of the aerodynamic changes introduced.

The major ones, indicated in table IV that when increasing the rotational Mach number from 0.4
to 0.9,

a) The number of inlet guide vanes changes from 27 to 39; this is to maintain
the mean rotor swirl at the same percentage of the blade rotational speed,
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Independent Variables

TABLE 1V

Dependent Variables

VARIABLES IN CONSTANT PERFORMANCE PARAMETER STUDY

K

+1GV Chord/stator chord (rotor blade chord = 0.476 ft.)

39

C T TiR Mg

M |8 A v | Vs (F1) tan fp | Tan & °  (Ib per blade)
0.7 | 40 | 0.05 1.0 || a7 | 0.476 0.615 | 1.492 | 237.5 | 3.808 | 2.419
0.4 27 30 | 1.196 1.077 | 0.933 n 5.878 | 8.895
0.5 30 35 | 0.843 0.862 | 1.137 " 5.230 | 5.293
0.6 33 4 | 0.622 0.718 | 1.324 " 4,487 | 3.444
0.8 37 54 | 0.375 0.538 | 1 " 3.239 | 1.770
0.9 38 63 | 0.302 0.479 | 1 " 2.733 | 1.327
1.0 39 72 | 0.249 0.431 | 1 " 2.307 | 1.043
20 18 24 | 0.952 0.615 | 1 475 5.389 | 3.350
30 26 35 | 0.635 0.615 | 1 36 4.392 | 2.812
50 44 59 | 0.381 0.615 | 1 190 3.412 | 2.149
60 53 71 | 0.317 0.615 | 1 158. 3.113 | 1.959
0.1 30 55 | 0.458 0.65 1 225 2.970 | 2.512
0.2 19 73 | 0.423 0.731 | 1. 200 1.5t9 | 2.575
0.3 6 95 | 0.389 0.835 | 0.911 | 175 0.395 | 2.496
X 1.2 || 35 47 | 0.476 0.615 | 1.492 | 237.5 | 3.397 | 2.133
R . 'I .5 n " n [1] L] 2.939 'I '833
) . 3.0 » " » " " 1.912 | 1.090
. ) 6.0 || » " " " " 1.201 | 0,585
. . 1.0 " " " " 0.758 | 0.269
. 20* 20* | 0.836/1.1 23: " " 3.808 | 3.697
. . a5+ 35* | 0.478/0.642 " " 3.808 | 2.797
. . &0* 60* | 0,279/0.374" " " 3.808 2.138

*Specified.



b) The number of outlet guide vanes (i.e., stator vanes) increases from 30 to 72
in order to remove the increasing rotor outlet swirl component,

c) The blade chord reduces from 1.197 ft to 0.249 ft to maintain equal thrust at
the same lift coefficient,

d) The rotor inflow angle ($,) reduces from 1.077 to 0.431 so that the torque

thrust/ratio reduces (conversely the stator inflow angle (cp ) more than
doubles from 0.933 to 1.881), and

e) The harmonic blade airloads change substantially as shown in figure 33; the
low harmonic amplitudes decreasing with Mach number, the higher harmonics
increasing. This is mainly the result of changes in chord and swirl velocities.

Figure 34 shows the acoustic effects of these design changes on the first sound harmonic.
At first sight this is similar to figure 32 which shows the effect of merely changing the RPM of
the "baseline" fan stage.

However, closer examination reveals that the sound pressure variations are not as great
when constant thrust is maintained. The sideways radiation (8 = 90°) is greatest when M= 0.9,
as before, but is only 13 dB less when M = 0.4 (as opposed to approximately 43 dB previously).
Furthermore, the M = 0.4 case gave more sideline noise than the intermediate values investi-
gated. In fact there is remarkably little variation between the results for M = 0.5 through 0.8
except in the detailed lobal structure of the patterns.

Particularly noteworthy in the M = 0.9 curve is its near symmetry about 8 = 90°. This is
the result of the closeness between the numbers of rotor blades and inlet guide vanes (40 and
39, respectively). As seen previously the pattern becomes perfectly symmetrical when mB=kV.

4.3.3.2 Effect of Number of Rotor Blades. — Although the effects of five variations of
rotor blades were investigated, only three are shown in figure 35 for clarity. The three cuives
correspond to B = 20, 40, and 60. The main aerodynamic result of changing blade number is
of course to reduce the chord dimension since the solidity remains approximately constant for
constant lift coefficient. Due to the design constraints imposed, changes of rotor blade number
are accompanied by changes in the number of inlet guide vanes and stator vanes, again mainly
due to the changes of chord length. The effects are summarized in table IV, Figure 35 clearly
indicates that changing the number of blades has very little effect on the first harmonic noise
output.

4.3.3.3 Effect of IGV and Stator Vane Number. — Much more dramatic effects may be
observed in figure 36 which shows the effect upon the first harmonic noise of changing either
Vy or V. The plots show the noise radiated by either the rotor or stator which, under the
conditions imposed, are acoustically equivalent. The main reason for the significant changes
here is that the number of rotor blades is unvarying and similar results would have been seen
in figure 35 if B had been varied for constant V,, and V. The sideways shift in emphasis for
V = 60 can be seen in figure 36 together with a general reduction in sound power.
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4.3.3.4 Effect of Mean Rotor Swirl. — As discussed in section 2.2 inlet guide vanes are
installed upstream of the rotor to increase the total pressure rise obtainable. The mean rotor
swirl is simply the average of the (nondimensional) inlet and outlet swirl velocities at the rotor,
and generally decreases with the amount of (negative) pre-swirl imparted to the rotor inlet flow.
Thus the lower the mean swirl, the higher the number of IGV's required. This is indicated in
table 1V, where it is shown that as A decreases from 0.3 to 0.05, V, increases from 6 fo 35.
As might be expected the result of this change on the sound radiation is very significant.
Figure 37 illustrates that the first harmonic sound pressure level is reduced by around 20 dB.
This is at least in part due to the fact that as less and less inlet swirl is applied, more and more
stator vanes are required to recover axial flow downstream of the rotor leading to substantial
increases in their modal order mB-kV. Removal of IGV's together with a corresponding increase
in the number of stator vanes clearly represents a powerful noise control technique.

4.3.3.5 Effect of Row Separation. — An accepted engineering technique for decreasing
the radiated noise is to increase the axial spacing of blade rows. Lowson (ref. 1) discussed
this at some length and in particular pointed out that different effects might be expected for
rotors and stators. Basically this is becuase for the stator any sound harmonic is generated by
airload fluctuations of the same frequency so that increasing row spacing, which preferentially
reduces the higher harmonic airloads, should reduce the higher sound harmonics most effectively.
On the other hand, rotor blade airload harmonics contribute to all sound harmonics so that a
fairly uniform decrease in sound spectrum level might be expected.

To investigate this effect, results have been computed for the baseline fan system for a
range of axial spacings between blade rows. The parameter d/c was varied in steps between
1.0 and 4.0 which correspond to clearances of 0 to 10 chord length. The resulting reductions
in the harmonic airloads for both rotor and stator are shown in figure 29. The ordinate in both
graphs is the harmonic thrust component per blade. It can be seen that the fluctuating load
levels decrease very rapidly with row separation.

The effects of this airloading reduction on the first three harmonics are illustrated in
figures 38 through 40. The lobed pattern, clearly evident for the first harmonic, is less
marked for the higher harmonics. This is a direct result of an increasing number of contri-
buting modes with harmonic numbers. Ignoring the differences in the directivity patterns,
however, the most obvious fact indicated by this comparison is that increased row spacing
more effectively reduces the higher harmonic sound levels for the complete system.

Some individual variations for the rotor and stator are shown in figure 41, which bear out
Lowson's conclusions described above. In each case, results are plotted for three azimuth
stations, namely 45°, 90°, and 135° from the fan axis. Sound pressure levels are shown as
functions of the separation parameter d/c and are referred to the value dor d/c = 1. Each
individual graph therefore compares the decay rates for the first, second, and third sound
harmonics.

The stator results are similar for all azimuth positions, and very approximately, a doubling
of the separation distance between rotor and stator reduces the first harmonic sound by 6 dB,
the second by 12 dB, and the third by 15 dB. The rotor results on the other hand vary consider-
ably with azimuth location although in general the sound pressure level reductions achieved
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are not so significant. The first harmonic is reduced by about 4 dB per separation doubling,
the second by about 5 dB and the third by between 4 and 8 dB.

Thus, it seems reasonable to conclude that if the stator noise dominates, which it will do
in the absence of IGV's increasing row separation will be very effective in reducing noise.
Rotor noise can be reduced by the same technique but the benefits (in dB) are only about half

as great.,
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5.0 CONCLUSIONS

As a result of the current study the following conclusions regarding compressor noise
radiation and its reduction have been reached:

1) Lowson's analytical results can be utilized in a simplified model which adequately
predicts the first harmonic sound radiation by axial flow fans. The method appears to offer
considerable promise for general purpose prediction purposes and can be adapted for studies
of multi-stage compressor noise.

2) The method is amenable to hand calculation if results are required for a few field
points only, particularly if the number of rotor and stator blades are similar. For detailed
study of the sound field, however, computerized methods are recommended.

3) A simple two-dimensional aerodynamic model for estimating both steady and fluctuating
blade airloads appears to give sufficiently accurate results for use in the noise prediction method.

However, some refinement appears necessary for the second and higher sound harmonics.

4) Neglect of duct propagation effects appear to be justified in the light of other uncer-
tainties.

5) Based on the results of a simplified parameter study in which the effects of design

changes on a constant performance fan stage were investigated, the following steps appear
to offer the most promise for noise reduction purposes:

e Reduction in the number, or elimination, of the inlet guide vanes
(along with an associated increase in the number of stator vanes).

® An increase in the axial separation between blade rows.
6) In the same study the following steps did not appear to offer much noise reduction.
e Reduction of tip speed.
e Variation of the number of rotor blades. (Although variations of the
rotor blade/1GV/stator vane ratios can have a profound effect and

should always be studied in detail).

7) Further development of the theoretical prediction method is desirable, but will be
difficult until more accurate, comprehensive experimental data are available.
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APPENDIX A

RECURRENCE METHOD TO CALCULATE BESSEL FUNCTION VALUES

The recurrence method mentioned in section 3.0 for the calculation of Bessel function values
has been found to be the fastest method when a number of functions having the same argument but
different orders are needed. It is particularly well suited to calculation of functions of large
numerical order and/or agreement.

The method basically derives from two fundamental relationships for Bessel functions given
by Olver (ref. 13) as the following:

3o+ 900 = () 9,60 (A-1)

Jo(x) + 2J2(x) + 2J4(x)+ .= (A-2)
Or, rewriting equation (A-1)

5,60 =(22) 0 0 -, 6 (A-3)

Thus, if Jn(x) and Jn+l (x) are known, Jn_' (x) can be calculated and likewise Jn-2 (x), Jn__3 (x),

etc. The problem obviously is one of determining the values of Jn+l (x) and Jn(x) for which to
start the process.

For a given argument x there is a number q such that J_(x) = 0.00 to any number of

significant digits. If we then start the recursion at this point and assume that J B x)=1,
equation (A-3) can be written as the relation, 9

Joa = 2y 6 - g (A-4)
or
_ 2@
oo = (A-5)
and then
. 2@2 |, 2@
o & = = 2= (A-8)

In this manner all the functions down to Jy (x) can be calculated.
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Since the calculated values must meet the requirements imposed by equation (A-2) they
must be normalized by dividing each value by the factor 'I/(JO (x) + 2J, x) +. . .) where
the values in the denominator are the values calculated by the recursions of equations (A-4),
(A-5), and (A-6). At this stage cll Bessel function values from Jo (x) to J_ (x) are available.

The problem of calculating function values up to J,(x) is one of determining the value of g > n
at which to start the recursion. If q is too small, inaccurate values are obtained; if q is too

large unnecessary calculations are performed. The criteria developed for the selection of g

is that the error in the function value be less than approximately 10~ after the first recursion.
This is done by selecting q to be:

1/3
{lxl + 5x ,xSS}xZn
||

q:
x{ + 10 , x> 8
/3 (A-7)
q = {n + Sx ’ x‘<8}x<n
n + 10 , x> 8

To illustrate the method an example is presented.

It is desired to calculate the value of Jo (%), Jl x), . .. J5 (x) where x =3. From
equation (A-7) the value of q is given as:

q = 5+50)" = 13

Then,

J13(3) =0, J2(8) =1

h@ =202 )09
3y 3) =2_3fl-‘l @) -1 = 58
Jo ) = -1160994

Now the normalizing factor becomes

1/(-1160994 + 2 (2168733) + 2 (591337)+ . . . +2 (1)) = 1/4465876
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The resulting function values are given by:

Tabulated
Function Not Normalized Normalized Values (Ref. 13)

J,@) 0 0.000000
Jr (3) 1 0.000000
) 8 0.000001
JIo (3) 58 0.000012
Jo @) 379 0.000084 0.000084
Jg (3) 2216 0.000496 0.000493
J7'(3) 11439 0.002561 0.002547
J6 (3) 51090 0.011440 0.011394
Jg ) 192921 0.043198 0.043028
Jg &) 591337 0.132412 0.13203
J, 3) 1380035 0.309017 0.30906
J,3) 2168733 0.485623 0.486091
J,3) 1511609 0.338479 0.339059
Jo 3 -1160994 -0.259970 ~0.260052

Thus it can be seen that the calculated values are within about 10™* or 1075 of the
tabulated values from reference 13. If closer accuracy is desired the recursion can be

calculated again but starting with q = 21 which gives results with the error approximately
10~ or 10~°,

Note that the value for, in this case J,, (3) need not have been 1; indeed, any convenient
value can be chosen. This can become a necessity if the un-normalized numbers become larger
than computer size limitations allow.

~ One additional factor to take into consideration is the calculation of Bessel function values
is that of case of negative order or argument. In this case, the values can be calculated know -
ing the relationships:

J_ 6 = (-1 6

(A-8)

Jn( -x) = (~1)" J, &)
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APPENDIX B

EXAMPLE OF HAND CALCULATION METHOD

For the purposes of demonstrating the use of the hand calculation method described in
section 3.3, the parameter study baseline case will be used as an example. It should be noted
that when using this method, it is advisable to calculate a few points in the immediate vicinity
of the location desired to be certain that the point selected did not happen to fall on one of the
minima of the lobal structure. The calculation will be performed at an azimuth location (8) of
45° and radial distance of 100 ft. Auxiliary points will be taken at 43° and 48°,

(1) Parameters:

B =40 V=235 s =47
R=2.0ft r,= 100 ft 0 = 45°
m=1 M=0.7 (D/T), = 0.615

(D/T), = 1.492

(2) Range of significant modes "k":

Rotor:  k . = T"/‘-\’j- (1-Msing) = L2 (1-0.7(707) =0*
k= '\'}—VB (1+Msin®) = 220 (14+0.7(.707)) =2**
Stator: k.= 3—3 (1-Msin0) =12 (-0.7(707) =0
k== (1+Msin8) =L qi07(707) =2**

(3) Using the methods of section 2.2 of the text, required force harmonics are calculated

to be:
Rotor: T, = 237.5 Ib/blade
; = 3.81 Ib/blade
T, = 2.59 Ib/blade
Stator: T, = 2.42 Ib/blade
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(4) The constant terms become:

) 40 -2 ¢ =2
Rotor: 2w RT 2+ @) (100) 3.18x 10 “ ft
ST, (47)(2.42) 2 o2
Stator: ZaRr 27 @) (100). 9.05 x 107 ft
Both: mBMsin® = 1.(40)(0.7)(0.707) = 19.8
mBM cos 8 = 1.(40)(0.7)(0.707) = 19.8
(5):
Rotor —=— Step 5 -
mBM cos 6 - BT {mBM cos 0 -
F F 2nRr
k | mB-kv, | (mB-kv,) (_f)r (mB-kV) (T)r e | Hmbevgom,t | 20 tosnltt]
0 40 24.6 -4.8 237.5 -36.2 31.2
1 5 3.18 16.6 3.81 2.01 6.06
2 -30 -18.5 38.3 2.59 3.15 9.96
Stator
- Vg T
- mBM coseF Z:R:n{mBMcosG-
k B-kV, B-kV (—) B-kV (—) 201
mB-kVs | (mB=kVW\F) | (mB-kVel(3) (mB~kVy) (F/T)s} oan {}]
0 40 59.6 -39.8 3.60 1.1
-7 -10.4 30.2 2.74 8.8
2 -54 -80.5 100.3 9.08 19.2

49




(61 71 8):

Rotor

—.——-Sfep 6 - Sfep YA Sfep 8

10 logyg
JmB_kV( ) 20 |Og'|0 J 20 |Og|0 kal‘ SPer

-91.6 -183.2 -152.0 -24.5

-8.9 -17.8 -11.7 115.8

-40.1 -80.2 -70.2 57.3
Stator

10 logjg J | 20 logy J | 20 logyy Crpks SPL)

-91.6 -183.2 -172.1 -44.6
-7.4 -14.8 -6.0 121.5
-183.9 -367.8 -348.6 -221.1

(9) The values of Cp,¢ and Cmr are given by:

115.8 dB re: 0.0002 p bar
mr

C

ms

121.5 dB re: 0.0002 p bar  since modes other than k = +1 are negligible.

(10) The total sound pressure level is then calculated:

C ;= 10log, [antilog (12.15) + antilog (11 .58)]

C .= 122.4 dBre: 0.0002 p bar
mT
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The total rotor and stator sound pressure level at an angle of 45° to the intake and 100 ft
away is, then 122,.4 dB. Since it is apparent that this field point is not located at a minima
of the lobal pattern, where the level would be very small, it is probably not necessary to calcu-
late the two auxiliary points at 43° and 48°, However, it might be advisable to check at least
one of the other points.

It is apparent that if the number of significant modes or the number of desired field points
is large, the calculation method can become very tedious and time consuming. For these
instances the computerized approach appears to be the best solution. As mentioned previously,
the method was developed to aid the designer, or operator, in spot checking the expected
sound levels at one or two preselected points, not to perform a detailed study of the sound field.
For the intended uses, the hand method appears to be more than adequate.

* Note that the values are rounded to the next lowest integer (e.g., 1.5-.1)

* * Note that the values are rounded to the next highest integer (e.g., 1.5.2)
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Figure 1. Comparison of First Harmonic Radiation Patterns for a Fan and a Propeller Due to
Steady Loading Only and Operating in Free Air. Tip Speed = Mach 0.5 and
Static Thrust of 1000 Pounds. Four Blade Propeller of 5-Foot Radius and D/T of
0.1. Forty-Blade Fan of 2.5-Foot Radius and D/T of 1.0.
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Figure 3. A Simple Axial Flow Fan
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Figure 5. Rotor Blade Flow Geometry
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Relative Engine Mass Flow - Ib/sec

200
180 -
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140 -
120 |-
100 I~
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Aft Fan 2

Aft Fan 1

Crigler and Copeland (Reference 4)
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Figure 6. Measured Variction of Engine Mass Flow Rate
with Rotor Tip Speed
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IGV Quarter-
Chord Line

Rotor Quarter-
Chord Line

Figure 7a. Wake Intersection Geometry
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Figure 7b. Flow Velocity Diogram
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Figure 8. Rotor Blade Velocity Diagram

Rotor Quarter-
Chord Line

Stator Quarter-
Chord Line

Figure 9. Stator Blade Equivalent Woke Geometry
and Velocity Diagram
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Figure 10. Airfoil Wake Thickness Diagram
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I Input Data J
[}
e Increment Sound Harmonic Number m >

T\
T

Calculate Absolute Range of Significant Modes k for
Rotor and Stator

K
v‘(— Increment Azimuth Angle 8 )

Kl

Calculate Jy(x) to Jn(x) for Necessary Range of n = mB-kV

Increment Modal Order k )

i

Calculate Pk Pmks; Wk and kas and Store as

Function of k

!

Calculate SP,, SP and SPf and Store as a function of 8

K

Calculate W Winer and Wmt and Store as Function of m

mr/

!

f\ Increment Azimuth Angle 8 )

Calculate Di,, DI and DI and Store as Function of 0

m

{ Increment Sound Harmonic Number m)

we ;
—__ Increment Aximuth Angle 8 )

J

Calculate from DI+ Dl and Dlmt the Coordinates Necessary

to Plot Them on Computer Driven Plotter

Figure 11. Computer Progrom Flow Diagram
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ROTOR LOADING:

237.5000 3.8100 2.5900 1.9600 1.5450 1. 2100 . 0000
. 0000 . 0000 . 0000 . 0000 . 0000 . 0000 . 0000
. 0000 . 0000
STATOR LOADING:
2.4200 . 0000 . 0000 . 0000 . 0000
NUMBER OF ROTOR BLADES (B) = 40 THRUST LOADING (TI) = 3.810 LB/BL
NUMBER OF STATOR VANES (V) = 47 ROTOR RADIUS (R) = 2.000 FT.
TIP MACH NUMBER (RM) = .70 INLET GUIDE VANES = 35
INTEGRATED POWER LEVEL (DB)
(M)
*kx ] 159.5
ROTOR  * 2 .0
POWER  * 3 .0
%* % % 4 .O
*kk ] 172.4
STATOR * 2 .0
POWER * 3 .0
* k% 4 ,0
*kk ] 172.7
TOTAL  * 2 .0
POWER * 3 .0
* %k 4 .0

Figure 12. Somple Output
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DIRECTIVITY INDEXES (DB'S)

THRUST LOADING (Tl1) = 3.810 LB/B ROTOR RADIUS = 2.000 FT
INLET GUIDE VANES = 35 SOUND HARMONIC NUMBER = 1
NUMBER OF ROTOR BLADES = 40 NUMBER OF STATOR VANES = 47
STATOR ROTOR TOTAL
PSI DMS DMR DMT
.0 -500.0 =500.0 =500.0
4.0 -63.1 -18.9 -32.0
8.0 -24.3 6.7 -6.4
12.0 -5.6 15.8 3.3
l6.0 2.8 12.5 4.3
20.0 1.9 9.4 2.8
24.0 -11.2 9.8 -2.7
28.0 .2 7.7 1.1
32.0 -37.5 7.3 -5.8
36.0 -1.6 5.5 -.8
40.0 -13.9 6.3 -6.1
44.0 -4.2 -.0 -3.9
48.0 -6.8 5.9 -4.1
52.0 -12.8 -11.6 -12.7
56.0 -5.4 2.0 -4.5
60.0 -10.4 1.5 -8.1
64.0 -20.1 -9.4 -18.2
68.0 -9.3 -5.5 -9.1
72.0 -8.7 ~2.7 -8.1
76.0 -11.2 -3.2 ~10.2
80.0 -15.8 -3.6 -13.4
84.0 -21.7 -3.5 -15.5
88.0 -27.3 -3.6 -16.4
92.0 -29.0 ~3.9 ~16.8
96.0 ~26.7 ~-3.5 ~16.2
100.0 -24.5 -1.5 -14.2
104.0 -24.7 1.0 -11.9
lo08.0 -29.3 1.8 -11.2
112.0 ~-62.7 -2.2 -15.3
116.0 -41.9 -6.7 ~19.9
120.0 -27.1 5.4 -7.7
124.0 -19.3 5.5 -7.4
128.0 -25.0 ~-8.5 ~20.0
132.0 -17.8 8.8 ~4.2
136.0 ~-14.2 2.7 -9.0
140.0 -23.1 8.8 -4.2
144.0 -10.3 7.9 -4.1
148.0 ~45.7 9.6 ~-3.5
152.0 =7.7 9.9 -2.0
156.0 -18.7 11.9 -1l.2

Figure 12. Continued.
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***DIRECTIONAL SOUND PRESSURE LEVELS (DB) **%*

———— e s T ————— —— T T — —— — T — T " (o T T o o T

CALCULATED AT 100.0 FOOT RADIUS

* CASE P4 -- BASELINE CASE *

TR(I)
237.5000 3.81
1.2134 .93
. 2367 -00
. 0000
TS (1)

2.4209 1.47

NUMBER OF ROTOR BLADES
NUMBER OF STATOR VANES

TIP MACH NUMBER
STATOR DRAG/THRUST

STEADY THRUST - ROTOR

SOUND HARMONIC NUMBER

31
94
00

66

2.5872
. 7099
.0000

.9322

=1

1.9706 1.5456

-5185 .36le6
. 0000 . 0000
.5482 . 2795

THRUST LOADING
ROTOR  RADIUS
ROTOR DRAG/THRUST
INLET GUIDE VANES

TOTAL SOUND PRESSURE LEVEL OVER ALL MODES K FROM -1 TO 2

AND ALL MODES K FROM -1 to

2 FOR THE STATOR

STATOR ROTOR TOTAL

PSI SPL SPL SPL
0 -500.0 -500.0 -500.0
5 74.7 101.9 101.9
10 111.5 124.7 124.9
15 126.4 126.9 129.7
20 126.8 121.4 127.9
25 120.9 116.8 122.4
30 121.0 122.6 124.9
35 122.6 111.9 122.9
40 111.0 118.3 119.0
45 121.5 115.9 122.6
50 105.8 114.2 114.8
55 119.2 112.2 120.0
60 1i4.5 113.5 117.0
65 110.1 99.4 110.4
70 116.4 108.6 117.1
75 114.5 109.0 115.6

Figure 12. Concluded,
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Figure 13, Comparison of Exact and Approximate Solutions for Sound Power
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Figure 16. Directivity Patterns for Fluctuating Force Terms in Stator=Rotor
Interactions (Reference 1)
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(a) Sixty-Two Inlet Guide Vanes, 90 (b) Sixty-Two Inlet Guide Vanes
Tip Mach Number = Tip Mach .
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(c) Thirty-One Inlet Guide Vanes,
Tip Mach Number = 0.346 80

10 100 90 80 70
Sound Pressure Level - dB re: 0.0002 pbar

Figure 20. Concluded
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Figure 22. Comparison of Measured and Calculated First Harmonic Noise for Various IGV/Rotor -
Spacings. IGV =53, M; =0.471, Measured on 12-Foot Radius (Reference 4)
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Figure 28. Comparison of Measured and Calculated First Harmonic Noise for Aft Fan Engine 2 at 4449 rpm
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Figure 29. Effect of Rotor/Stator Separation on Harmonic Airloads
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Moda! Contributions
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Figure 35. Variation of First Harmonic Compressor Noise with Number of Rotor Blades.
Compressor Maintained at Constant Performance.
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Figure 36. Variation of First Harmonic Rotor Noise with Number of Inlet Guide Vanes
(or First Harmonic Stator Noise with Number of Stator Vanes)



16

Sound Pressure Level - dB re: 0.0002 x bar

Figure 37. Voriation of First Hormonic Compressor Noise with Inlet Swirl. Compressor
Maintained ot Constant Performance.
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Figure 38. Variation of First Harmonic Compressor Noise with Rotor/Stator Separation.
Compressor Operated at Constant Performance .
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Figure 39. Variation of Second Harmonic Compressor Noise with Rotor/Stator Separation.
Compressor Maintained at Constant Performance.
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Figure 40. Variation of Third Harmonic Compressor Noise with Rotor/Stator Separation,
Compressor Maintained at Constant Performance.
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