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Effect of Inlet Turbulence on Compressor Noise
B. Robbins* and B. Lakshminarayanat

The Pennsylvania State University, University Park, Pa.

The sound generated by the interaction of inlet turbulence with a rotating compressor blade row
is investigated. Currently, there are two theories relating the rotor geometry and blade aerodynam-
ics to the spectrum of the radiated sound. These theories are extended to include the cascade effect
by incorporating a cascade aerodynamic response function for the unsteady lift on the blades into
their analyses. To experimentally study this noise source, an aeroacoustic compressor facility was
designed and built. The parameters investigated include turbulence intensity and longitudinal inte-
gral length scale, blade speed, flow coefficient. The results indicate a definite increase in the
overall sound pressure level and an increase in the spectrum level of the sound pressure with
an increase in turbulence intensity. For integral length scales smaller than the blade spacing,
the total sound power is found to be proportional to (turbulence velocity/integral length),2 where
turbulence velocity is rms value normal to the blade chord. Comparison of theoretical results
with experimental data indicates one theory to predict the sound pressure level fairly accurately in
a limited frequency range.

Nomenclature

a0 = speed of sound
B = number of rotor blades
26, c = blade chord length
Fi(fl/A/, kR) - radiation function given in Ref. 3
/ = frequency in hertz
g(r) = frequency parameter
#(CO,<T,£) = cascade aerodynamic response function
/ = sound intensity in w/ft2

k — xS, nondimensional wavenumber
kx, ky = axial and tangential components (Absolute Sys-

tem) of k
Ma

 = UX/GO, axial flow Mach number
Mr

 = flow Mach number relative to the rotor
Mt = rotor tip Mach number
n_ = integer
(q,2)i/2 = rms vaiue of turbulence velocity normal to the

blade chord
R = rotor tip radius
rh/R = hub-to-tip ratio
S = blade spacing
L7rei = (Ux

2 + V2)172, flow velocity relative to the rotor
Ux — axial flow velocity
u — turbulent fluctuating velocity in the axial direction
u = turbulent fluctuating velocity in the tangential di-

rection
V = rotor blade speed
W = sound power in w
T = 2-n-fKf/Ux, nondimensional frequency
dr = spanwise distance along the blade
A/ = longitudinal integral length scale of the turbulence
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= frequency in rad/sec
= cascade stagger angle
= fluid density
= c/S, blade row solidity
= intrablade phase angle in rad/sec
= UX/V, flow coefficient
= 27r//a0, acoustic wavenumber
= i/<f/2C7rei, reduced frequency

X = wavelength of sound

1. Introduction

SINCE the development of turbojet-powered commer-
cial aircraft, the noise level near major airports has great-
ly increased. Noise from the jet exhaust was reduced by
using higher by-pass ratio engines and modified exhaust
nozzles. It then became apparent that during takeoff and
landing the primary source of noise could be attributed to
the engine compressor or fan. Therefore, identification of
the noise sources within the fan is an important step in
reducing this noise problem.

It is known that the noise radiated from turbomachin-
ery consists of a broadband signal on which a number of
discrete peaks are superimposed. These characteristics of
the radiated sound spectrum have been observed on fans,
aircraft compressors, and marine propellers. The genera-
tion of broadband sound suggests processes that are ran-
dom in nature. Recent studies have found four major
sources of broadband fan noise; blade boundary layers,
separated flows as in stall, vortex shedding from the blade
trailing edge and lastly, the freesteam turbulence in the
inlet flow. The last effect, which could be one of the more
significant noise generators, is studied in this investiga-
tion.

The mechanisms by which the incident turbulence,
both in an upstream wake and in the freestream, generate
noise are twofold:

1) Quadrupole Sources. The turbulence provides a mech-
anism by which the potential flowfield around the rotor is
scattered as sound. Ffowes-Williams and Hawkings1 first
pointed out this effect, and later, Chandrashekara2 inves-
tigated the significance of these sources in detail. The in-
vestigations carried out so far indicate that these quadru-
pole sources are insignificant noise generators at low
Mach numbers and low blade loading.

2) Dipole Sources. The nonuniform velocity field associ-
ated with turbulence produces fluctuations in the angle of
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attack to the blade row, leading to unsteady blade forces
and, hence, noise generation. This gives rise to dipole
sources on the blade surfaces. Sevik3 and Mani4 investi-
gated this effect, theoretically, using Sears'5 function for
the calculation of the unsteady blade forces generated by
the inlet turbulence. The objective of this paper is to
study this source of noise, which is likely to be dominant.

The experimental evidence (qualitative) on the depen-
dency of radiated sound intensity on inlet turbulence is
due to Sofrin and McCann.6 They examined the noise due
to inlet guide vane (IGV) and rotor viscous interaction as
a function of axial spacing between IGV and rotor. A fall
off in the noise level is observed with increasing spacing,
up to a certain spacing, and then it leveled off. Whereas,
the noise level decreased much further with the removal
of IGV. Sofrin and McCann conclude that the presence of
IGV upstream of the rotor raises the turbulence level in
the duct, and the drop off in noise level on complete re-
moval of the IGV's is due to lowering of turbulence inci-
dent on the rotor. Quantitative measurement of the sound
intensity due to incident turbulence is not available. This
is one of the objectives of this program.

At the present time, there is no data available to sub-
stantiate the theories proposed on the quantitative effects
of dipole sources in sound generation. In addition to
checking these theories, it is the intention of this investi-
gation to gain some basic information on the interaction
of inlet turbulence with the flow and blade parameters in
producing the acoustic field. An understanding of these
detailed mechanisms may ultimately lead to noise reduc-
tion techniques. The parameters effecting the acoustic
field produced by freestream turbulence and rotor interac-
tion are studied in this paper. Specifically, these parame-
ters include the turbulence intensity, the ratio of the inte-
gral length scale of the turbulence to the blade spacing,
and the flow coefficient.

In order to acquire the necessary information, a com-
pressor noise facility was designed and built by the au-
thors. The inlet turbulence was generated by three square
mesh grids of different sizes. The relevant flow parameters
are measured experimentally. Then, spectral measure-
ments of the sound radiation were made; these include
measurements made by both a 10 Hz and a Vs-octave
band wave analyzer. Further, the spectral content of the
directivity patterns were made with a y3-octave filter. The
theories were then compared with the experimental data.

2. Theoretical Considerations

Previous theoretical investigations of dipole sound ra-
diation due to the operation of a rotor in a turbulent in-
flow have been carried out by Sevik3 and Mani.4

In Sevik's analysis the turbulent inflow as assumed to
be homogeneous and isotropic. The lift fluctuations over a
typical blade are determined. The correlation of these
time-dependent lift is related to the spatial and temporal
correlation of the velocity fluctuations in the approach
stream. The aerodynamic response function was chosen to
be that developed by Sears.5 This function is based on
two-dimensional, incompressible, thin-airfoil aerodynam-
ics and ignores mutual interference between blade ele-
ments. A further simplification is made in that the Sears'
function is chosen as the mean value for the entire blade
span. The spectral density of the radiated sound due to
the fluctuating lift on the blades is determined. The ef-
fects of rotor ducting on the radiated sound are not con-
sidered and acoustic compactness of the blades is as-
sumed. In addition, it is assumed that the solidity of the
rotor is such that it can be treated acoustically as a disk,
which implies that the acoustic wavelength must be much
larger than the blade chord and the blade spacing.

Sevik's theory predicts that the radiated sound spec-

trum depends on such parameters as the turbulence level,
a characteristic time scale derived from the ratio of the
integral scale of the turbulence divided by the axial flow
velocity, and characteristic length scales such as the ratio
of the integral scale of the turbulence to the acoustic
wavelength, the radius of the rotor and the blade chord.
Sevik's theory does not include blade-to-blade correlations
of the time-dependent lift and hence, the resulting spectra
do not exhibit a broadband peak centered at the blade
passing frequency and multiples. Sevik's derivation yield-
ed the following expression for the spectral density of the
sound power:

2 v
(1)

where
T = 2>nfAf/Uy. nondimensional frequency
W — sound power in watts

Ux = axial velocity
R = rotor tip radius

Ayr = longitudinal integral length scale of the
turbulence

, kR) - radiation function given in (Ref. 3)
Ma — axial Mach number,

4> — flow coefficient
rh/R — hub-to-tip ratio

/ — frequency in hertz

g(T) is the frequency dependent term in the spectrum
of the total normal force acting on the blade and Sevik's
expression f or g(T) is

1 7-1 +
i - r 2

i + T (2)

where co is the reduced frequency and is equal to vc/2Ure\.
The term in the square bracket of Eq. (2) represents an

approximation to Sears'5 function [S(o;)]2 ~ (1 + 27TO;)-1.
In the present investigation, Sears' function is replaced by
a cascade gust function, which takes into account the in-
terference effect due to adjoining blades in a cascade. If
this is represented by H(u,a,£), where £ is the blade
stagger angle and a is the solidity of the blades, the re-
sulting expression for g(T) is

Use of the cascade gust function jfiT(o;,0-,£), in place of
Sears' function, is intended to refine Sevik's (Eq. 1) and
Mani's theory (described later) by including the cascade
effect. There have been several investigations dealing with
the unsteady forces generated in a cascade, due to blade
vibrations and upstream unsteadiness in the flow. Han-
amura7 treated the unsteady flow through large cambered
blades in a cascade and Whitehead8 carried out a similar
analysis for a cascade of flat plates. Both of these investi-
gations are based on the method of singularities and are
probably the most accurate analyses available to date. In
the present investigation, Whitehead 's8 analysis is used to
derive the values of H(u,a£)l for the rotor used by the au-
thors.

Mani4 carried out an analysis relating the characteris-
tics of the turbulence and design parameters of the rotor
to the spectrum of the radiated sound. He used a spectral

JThis function corresponds to Whitehead's aerodynamic coeffi-
cient CFW.
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representation of the turbulence, regarding the turbulence
as a super-position of shear waves. It is assumed that the
turbulence is homogeneous, isotropic, and weakly station-
ary, and that the longitudinal velocity correlation is of the
type exp(—r/A/) where r is the separation between points
in the turbulent field and A/ is the length scale of the tur-
bulence. Mani employs the aerodynamic response func-
tion developed by Sears,5 consequently, the effects of ad-
joining blades in the rotor on the time-dependent blade
forces are not accounted for.

In the determination of the radiated sound spectrum,
only waves above the cutoff frequency are regarded as
contributing to the far-field acoustic energy and reflec-
tions from open ends of ducts and adjacent blade rows are
neglected. The sound radiation upstream and downstream
of the blade row is computed. The results show that the
amount of acoustic energy per unit frequency, as a func-
tion of frequency, is obtained as a function of the axial
flow Mach number, blade tip speed, blade row solidity,
turbulence intensity, and of the ratio- of the length scale
A/ of the turbulence to the transverse separation between
the blades S. The spectrum contains broadband peaks at
blade passing frequency and multiples as long as A//S ex-
ceeds about 0.5. For larger values of A//S, the peaks be-
come sharper. For A//S = 0.1, computed by Mani, the
spectrum shows no peaks at the blade passing frequency.
Although the peaks disappear for small values of A//S,
the nondimensional sound levels increase as A//S becomes
smaller. Mani's expression for the spectral density of the
sound intensity is

dl
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(4)

/ = sound intensity
X = acoustic wavenumber

urei = (ul + ^2)1/2 , velocity relative to rotor
a = solidity

^r± — n** ft———, ,'AI / V 1 (1 ~ Mrt ) ± M* fr± 2Mr(l - M;)177 LV a) "
Mr,Mt= relative flow and blade tip Mach number

respectively
k = XS

kx,ky — axial, tangential component of the
nondimensional wavenumber k

The term in the square bracket of Eq. (4) is the average
of Sears' function [(5(oj)]2, averaged over ky. Here again,
Mani uses the approximate form of Sears' function [S(co)]2

= (14- 27Tco)~~1 and integrates this over ky. For low Mach
numbers, the term in the square bracket reduces to (1 +
27rco) ~ x as shown below.

For low Mach numbers, the expression in the square
bracket of Eq. (4) can be written as

•SCREEN
DIFFUSER

Fig. 1 Schematic of rotor noise facility (dimensions are in
inches).

A =

'*?<•-
Mt TTCX

Mt 7TCX
a Mr

(5)

where
a — I + (nc\/Mr] = 1 + 277-0;

For low tip Mach numbers (using the approximation log
[(1 + e)(l - t)"1]^ 2e where e is a small quantity)

1 M> 1 1 l e t ^ ! 2 /«\: |5(co)| (6)A = Mt 1
Mr a

Mani's expression 4 can thus be modified (for low Mach
numbers) to include the cascade effect by replacing the
square bracket term in Eq. (4) by |f/(o;,<7,£)|2. Here again,
the authors have used Whitehead's8 analysis to evaluate
the cascade gust function H(u,v,£) for their rotor.

It is evident from Sevik and Mani's analyses that the
acoustic power or intensity is a function of several vari-
ables

/or W = A.
U'' ,Ma,Mt, 0, a, (7)

It is interesting to note that Sharland's9 approximate
expression,

W = (8)

takes into account some of these parameters. In this ex-
pression Cia is the slope of the lift-angle of attack curve,
which is taken into account in Sevik and Mani's analysis,
modified by the authors, through the parameter //(o),o-,£).

All_these analyses indicate that / or W varies linearly
with a2. In the experimental program described later, the
parameters a and £ are_ held constant, and turbulence
characteristics (such as a2,o?,A^/S) are varied. The flow pa-
rameters Ma, Mr, and <f> are also varied, but not signifi-
cantly.

3. Turbomachinery Noise Facility

An aeroacoustic compressor facility was designed and
built by the authors to carry out the experimental investi-
gation. A single stage axial flow compressor was used in
this investigation. The facility consists of four main com-
ponents: a large, acoustically treated enclosure surround-
ing the compressor inlet, the axial flow compressor, an
acoustical baffle chamber downstream of the fan, and a
Joy axial flow fan. A detailed drawing of the assembly is
shown in Fig. 1.

The acoustical enclosure surrounding the fan inlet was
designed to provide a known acoustical environment free
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Table 1 Grid characteristics

X60°
x
x
X

X

COMPRESSOR x

INLET X90°

Fig. 2 Plan view showing microphone and hot wire locations.

of unknown sound reflections and reverberations. With
limitations on its size, the inside dimensions of the cham-
ber are 80.5, 96.0, and 76.0 in. in width, length, and
height, respectively. Construction of the chamber is basi-
cally a wood frame, with side walls much like a bookcase;
the spaces between the shelves being filled with Owens-
Corning, Type 705, Industrial Fiberglas. The floor is cov-
ered with the same material. Fiberglass is suspended from
the frame in wire mesh baskets; these baskets thus form
the ceiling. The thickness of the acoustical treatment is 10
in. One end of the chamber is left open for the compressor
inlet, but 2-in. thick fiberglass insulation is draped over
most of the open area.

The inlet enclosure was calibrated using a known, but
frequency limited, omnidirectional source. The variations
in the sound pressure level (SPL) with distance on the
centerline of the compressor axis were measured; in addi-
tion, the directivity of the sound field was obtained. The
results indicate the chamber has anechoic conditions at
frequencies above 1250 Hz. The directivity measurements
indicated that the enclosure is omnidirectional above 630
Hz. Summarizing, the acoustical properties of the enclo-
sure are known, and they become those of an anechoic
chamber.

3.1 Rotor Characteristics

This section outlines the characteristics of the rotor
which is employed in the noise facility. The hub-to-tip
ratio of the rotor blades is 0.482. The tip diameter of the
rotor is 6.90 in., and the hub diameter is 3.44 in. so that
the blade span is 1.73 in. The chord is nearly constant
(1.6 in.) from hub to tip. The stagger angle varies from
0.31 rad at the hub to 0.81 rad at the tip. The rotor is of
free vortex design.

The standard configuration of the rotor employs 17
blades; the midspan blade spacing is 0.956 in. The range
of steady velocities at the rotor inlet was from 97 to 142
fps. The rotor was operated in air at 3626, 4360, and 5440
rpm. The design lift coefficient of the rotor blade is 0.46
and the flow coefficient is 0.99.

Mesh size Rod diameter
Grid no.

0
1
2
3

(in.)

0.594
0.812
1.125

(in.)

No grid
0.141
0.156
0.219

4. Experimental Method and Instrumentation

4.1 Aerodynamic Measurements

Flow measurements of the mean velocity in the axial
direction and the turbulence intensity in the axial and
circumferential directions were made with an x-configura-
tion hot-wire probe. The probe was traversed radially
along the blade span; measurements were taken at eight
radial locations and 0.64 chord lengths upstream of the
rotor, as shown in Fig. 2. In addition, these radial tra-
verses were made at three circumferential positions, 90°
apart.

The axial velocity or flow coefficient was controlled by
the Joy axial flow fan, located downstream of the com-
pressor as shown in Fig. 1. The turbulence intensities and
longitudinal integral length scales of the turbulence were
varied by the use of three square mesh grids placed 2.65
chord lengths upstream of the rotor, as shown in Fig. 2.
Table 1 gives the grid mesh sizes and rod diameters.

The approximate longitudinal integral length scale of
the turbulence has been experimentally measured using a
hot-wire probe. The sensor was positioned normal to the
flow direction; measurements were made at three radial
positions. The autocorrelation function was obtained by
using a correlation computer. The length scale was then
approximated from the measured temporal integral scale
and the axial mean flow velocity. The axial component of
the turbulent energy spectrum was measured at the mid-
span of the rotor; measurements were made behind the
three grids and with the open duct for all three rotor
rpm's.

4.2 Acoustic Measurements

Acoustic measurements of the sound field produced by
the compressor were made while it was operated at differ-
ent flow coefficients and with various inlet turbulence in-
tensities and length scales. Both narrow band 10 Hz and
Va-octave band sound pressure level (SPL) spectrums of
the noise were obtained. In addition, the directivity of the
sound field was filtered and measured by the %-octave
band wave analyzer. The total power radiated from the
compressor was derived from additional measurements.

A -Vs-ni. Bruel & Kjaer condenser microphone was posi-
tioned on the compressor axis at distances of 4.35 and 8.7
duct diam from the inlet, as shown in Fig. 2. Both 10 Hz
and %-octave wave analyzers were employed to filter the
signal. A Graphic level recorder was attached to the filter
output and provided a permanent record of the sound
pressure spectrum.

The directional characteristics of the sound field pro-
duced by the compressor were obtained from SPL mea-
surements made in a horizontal plane in an arc from the
0° station, on the compressor axis, to the 90° station, in
the plane of the compressor inlet (Fig. 2). These measure-
ments were made in 5° increments; the distance between
microphone and compressor inlet was 4.35 duct diam. The
signals were filtered by a Vs-octave wave analyzer and re-
corded on a chart recorder.

The sound power was then obtained by positioning the
B & K microphone at twelve equally spaced locations on
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Table 2 Summary of aerodynamic and acoustic measurements

Grid no. rpm

0 3626
(No grid) 4360

5440
1 3626

4360
5440

2 3626
4360
5440

3 3626
4360
5440
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Fig. 3 Measured inlet mean velocity profiles. Rotor operated
at 4360 rpm.

the surface of a quadrant of a hemisphere surrounding the
inlet. Also, the average SPL obtained over the quadrant
was later used in deriving the directivity gain index. A
%-octave band analyzer connected to a chart recorder was
again used in these measurements.

5. Experimental Results

In this section, we quote only the typical results, for a
complete set of results the reader is referred to Ref. 10.

5.1 Aerodynamic Measurements

The results of the mean velocity (absolute) measure-
ments are shown in Fig. 3. The velocity profiles of the
flow in the axial direction indicated at least a 15%
variation in velocity between the hub and tip of the rotor.
Clearly, the local flow coefficient is larger near the hub
than at the blade tip. The average flow coefficient for the
different operating conditions is given in Table 2. This av-
erage flow coefficient is defined as the ratio of the mass
averaged axial velocity to the blade speed at midradius.

Figure 4 shows the results obtained for the turbulence
intensities in the axial and circumferential directions.
Note that the value of the circumferential component
(/x2)1/2/Vx jg akout twice the value of the axial component
(w2)1/2/Vjc. Thus, the turbulence is nonisotropic, even

P E R C F N T ROTOR T I P R A D I U S

Fig. 4 Measured inlet axial and circumferential turbulence
intensities. Rotor operated at 4360 rpm.

though it is nearly uniform from hub to tip. The turbu-
lence interacting with the rotor is nonisotropic due to the
close proximity of the rotor to the grid. Since the rotor is
only a few mesh sizes downstream, the turbulence has not
fully developed.

Values of the longitudinal integral length scale of the
turbulence were found to vary from 0.2 to 0.4 in. across
the annulus in front of the rotor. The integral scale Af
nondimensionalized by the local blade spacing S is tabu-
lated in Table 2, and graphically shown in Fig. 5. A/ is
found to be nearly constant across the annulus, even
though the ratio decreases towards the tip due to larger
blade spacing at that location.

The turbulent energy spectrum of the axial component
of the fluctuating velocity was obtained for all operating
conditions. As typical of the results, Fig. 6 shows the
spectrums obtained behind grid number 3 and with the
open duct (no grid). With the open duct the energy spec-
trum drops 35 db between 0 and 4,000 Hz; with Grid No.
3 the spectral decline is only 13 db in the same fre-
quency range. The frequency at which the slopes of the
two spectrums are the same occurs around 2,000 Hz.

Thus, the turbulence that was generated by the grid has
not decayed substantially at the higher frequencies. The
grid turbulence spectrum has a small slope; this would
produce an acoustic spectrum with the same characteris-
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GRID NO.
O I
Q 2
A 3

RPM
3626
4360
5440

0.5 r

0.4

0.3

0.2

OHH
0.6 0.7 0.8 0.9

PERCENT ROTOR TIP R A D I U S

Fig. 5 Measured inlet nondimensionalized longitudinal
integral length scale of the turbulence.

GRID NO RPM
3 - 3626

2 3 4

FREQUENCY (kHz)

Fig. 6 Measured axial component of the turbulent energy
spectrum.

tic shape. On the other hand, the open duct spectrum has
more energy at the lower frequencies and would produce
an acoustic spectrum with this basic characteristic.

5.2 Acoustic Measurements

The results of the acoustic measurements shows an in-
crease in the sound pressure level with an increase in tur-
bulence intensity. Figure 7 shows the %-octave band mea-
surement of the spectrum level of the sound pressure at
various inlet turbulence levels, averaged from hub to tip
in the free steam. These results were obtained with the
microphone located on the compressor axis at a distance
of 30 in. (or 4.35 duct diam) from the inlet; the rotor was
operated at 5440 rpm. Grid No. 0 denotes no grid in the
duct, the corresponding turbulence intensity was found to
be small. Upon placing a grid in the inlet flow, both tur-
bulent velocity components increase, thus adding to the
acoustic radiation via the unsteady blade forces. Similar
increases in the spectral level occur with the other two
grids. In addition to the variation of turbulence intensity,
the integral scale also varied as seen in Table 2. The ef-
fect of the integral scale variation will be discussed later.

Figure 8 shows a comparison of the narrow band sound
measurements of the background noise (equipment turned
on, compressor turned off) and the sound spectrums with
the rotor operating at 3626 rpm in an open duct (no grid)
and with Grid No. 3. It is clear from this figure that the
background noise is lower than the lowest sound spectrum

ioor

90

g 80
8
d

70

__ u2
GRID NO. Ux Ux

 RPM

3 0.090 0.038 5440
0.060 0.025
0.050 0.021
0.025 0.019

0.5 I 2 5
FREQUENCY(kHz)

10 20

Fig. 7 Effect of turbulence intensity on the spectrum of the
sound pressure level.

-BLADE PASSAGE FREQUENCY

2 3
FREQUENCY (kHz)

Fig. 8 Typical narrow band sound pressure level spectrum.

level generated by the compressor (no grid and 3626 rpm).
The spectrum represents the true spectral level of the
compressor, with little influence from the background
noise. Comparing spectral levels, the spectrum from Grid
No. 3 is always 10 db greater than the background noise
at all frequencies. This confirms the extent of turbulence
induced noise.

The BPF at this rotor speed is 1028 Hz. As seen from
Fig. 8 a peak occurs at this frequency in the spectrum of
the rotor with Grid No. 3. Also noticeable are the peaks
occurring at 750 and 900 Hz; these occur at all the operat-
ing conditions. It is felt that these are caused by vibra-
tions in the microphone supports. Therefore, these peaks
have no acoustic relevance.

The directivity patterns of the SPL of the broadband
noise were found to exhibit directional properties, as typi-
fied by Fig. 9. This figure shows the effect of turbulence
intensity on the directional properties of the radiated
sound. The graph indicates a circular pattern from 0° to
50° off the compressor axis. From 50° to 90° stations, a
substantial decrease of 12 db was observed. The direction-
al dependence of the broadband noise occurs in the solu-
tion of the wave equation. By choosing the appropriate
Green's function which applies to the far-field, the solu-
tion is found to depend on the angle between the observer
and the compressor axis.

Both Sevik and Mani predict (Eqs. (1) and (4), respec-
tively) that the turbulence induced noise should be pro-
portional to (turbulence intensity).2 Furthermore, for
small values of A/, JPi in equation 1 is nearly independent
of A/ and hence Sevik's theory predicts the SPL to be
proportional to (A/)~2 . Mani's expression [Eq. (4)] also in-
dicates that, for small values of A/, SPL should vary as
(Af)~ 2 . These in addition to Sharland's Eq. (8) indicate
that
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Fig. 9 Typical measured SPL of broadband noise from
octave analysis.

SPL or PWL ~
^1 / 2 \ 2

A
Since the turbulence is nonisotropic in our case, the

logical choice for the turbulence velocity is the mean
square value normal to the blade chord given by

— v2 cos2^ + 2uv cos£ + u2 sin2£ (9)
In addition, the spanwise effects are important. The ef-

fective radius is the one which has the maximum lift fluc-
tuations. Since the rotor used in this investigation is of
free vortex design (constant blade loading from hub to tip
in steady flow), the maximum lift fluctuations occur at
the spanwise location where (<?2)1/2/A/ is maximum.
Hence

SPL or PWL ~) Urel* (10)

where L^el is the relative velocity at the spanwise location
where (c/2)1/2/A/ is maximum.

The total sound power (PWL), derived from the SPL
measurements and integrated over a sphere of radius 2.5
ft, is plotted against q2Ure\4/Af2 in Fig. 10 and tabulated
in Table 2. This plot clearly confirms the validity of Eq.
(10). Hence
PWL = PWLQ + 40 log£/rel + 10 log#2 -20 log Ay (11)

where Urei and (<?2)1/2 are in fps and Af is the integral
length scale in ft. PWL0 is a constant base level, for this
rotor its value is -45.2 db. The scatter of the experimen-
tal data is within ±1.5 db of the relationship given by ex-
pression 11, plotted in Fig. 10; the accuracy of these mea-
surements is ±1 db.

This clearly establishes the fact that the turbulence in-
duced noise depends not only on the maximum turbulence
intensity (normal to the blade chord), but also on the
scale of the turbulence. This is one of the important
quantitative conclusions of this investigation. The rela-
tionship [Eq. (11)] is valid for turbulence integral length
scales smaller than the blade spacing. If they are of the
same order of magnitude or higher, one may expect the
turbulence induced noise to be a complicated function of
A/ as predicted by Sevik and Mani.
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Fig. 10 Variation of PWL with relative flow velocity,
turbulence intensity, and integral length scale.
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Fig. 11 Comparison of predicted spectrum with measured
spectrum of SPL (% octave analysis).

5.3 Comparison of Experiment with Theory

The theories of Sevik and Mani (Sec. 2) both with the
Sears function S(co) and with the cascade function of Whi-
tehead [H(&,&,%)] are used to compute the spectrum levels
of the sound pressure for the compressor used by the au-
thors. The comparison between the measured SPL and
calculated sound power levels was made by converting
Sevik's prediction to SPL values. Details of this calcula-
tion can be found in Ref. 10.

The predictions are compared with the experimental re-
sults in Fig. 11, which shows the % octave results of the
sound spectrums obtained for the rotor at 4360 rpm with
Grid No. 3. In this figure the Sevik-Sears predictions are
quite good; the Mani-Sears predictions overestimate the
experimental results by about 6 db, especially at low
frequencies. The Sears function, S(co), is found to be
slightly lower than the Whitehead's function
CFw(H(u,ff,£) in our notation) for frequencies up to 2
KHz. Beyond this, the trend was reversed and the un-
steady loads in a cascade of blades are found to be lower
than that of an isolated blade with the same relative ve-
locity. This is reflected in the SPL predictions plotted in
Fig. 11. Sevik-Sears and Sevik-Whitehead predictions are
found to be nearly the same up to 2 KHz, beyond which a
maximum of 4 db discrepancy is observed between the
two calculations. Mani-Whitehead predictions seem to fall
closer to experimental values at higher frequencies. The
cascade function, #(00,0-,£), from Whitehead's analysis8

could not be calculated beyond 4 KHz due to numerical
convergency problems.

Narrow band comparisons indicate that the Sevik-Sears
theory accurately predicted the spectrum level of the
sound pressure from 3,000 to 10,000 Hz. Above and below
this range of frequency, Sevik's calculations overestimate
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Fig. 12 Comparison of predicted spectrum with measured
spectrum of SPL (narrow band analysis).

the experimental results (Fig. 12a-c). Sevik3 states that
"The predicted spectrum level becomes inaccurate at
values of A//X > 0.25, since the integral scale of the tur-
bulence and the wavelength of the sound become compa-
rable magnitude." Sevik's analysis becomes increasingly
inaccurate when A/ and A are of the same order of magni-
tude, since the retarded time changes in the derivation of
noise level is not negligible. Hence in the present experi-
ment, Sevik's theory is valid up to about 10 KHz. One
criticism of Sevik's theory is that it does predict the blade
passage frequency.

Although Mani's analysis is general enough to predict
an increase or peak in the sound spectrum level at BPF
and higher harmonies, these peaks represent a concentra-
tion of coherent broadband energy at those frequencies. In
this study, no peaks were predicted by Mani's analysis
(Figs. 11 and 12a). Physically, as the integral scale gets
smaller, the band width of the turbulent eddy source
frequencies broaden and the corresponding acoustic
frequencies produce broad band noise. On the other hand,
if the rotor chops through the large eddies (large integral

scale) the turbulent source frequency band width is small
and thus a peak occurs at the BPF.

Mani has theoretically shown the effect of A//S on the
level of the sound spectrum. His results indicate a de-
crease in the spectrum level of 5 db with an increase in
the value of A f / S by a factor of 4. Referring to Fig. 5, the
experimental value of A/yS varied by a factor of 2 over the
blade span. This, together with the experimental error in
measuring the integral scale, would account for, at least, 4
db in the Mani-Sears overestimate of the spectrum level.
Physically, as Mani explains it, for large values of A//S
the turbulence appears to the rotor as a stator blade row
with very few vanes (relative to the rotor blade number);
thus, most of the interactions produced are spinning too
slowly in the duct to effectively propagate. With decreas-
ing values of A//S, greater portions of the turbulent kinet-
ic energy spectrum participate in the noise production
process.

6. Conclusions

The following conclusions can be drawn from the noise
studies conducted with a single-stage compressor operated
over a range of tip speeds with various inlet turbulence
characteristics, such as intensity, energy spectrum, and
integral length scale.

1) The total sound power is dependent not only on the
intensity but also on the scale of the turbulence. For inte-
gral length scales smaller than the blade spacing, the total
sound power is found to be proportional to (turbulence
velocity/integral length scale),2 where the turbulence ve-
locity is the rms value normal to the blade chord. Total
sound power is also found to be proportional to t/rel.4 The
expression

PWL = PWL0 + 40 logtfrel + 10 log<p~ - 20 log A/

seems to provide predictions which are in close agreement
with the experiment. These conclusions are in agreement
with the predictions of Mani, Sevik and Sharland.

2) The sound spectrum has a shape that is similar to
the shape of the turbulent energy spectrum. Large
amounts of broadband noise in the sound spectrum corre-
sponds to relatively large amounts of energy found in the
turbulent energy spectrum.

3) The broadband radiation patterns exhibited a direc-
tional characteristic which is typical of compressors. The
peak SPL usually occurred off the compressor axis.

4) The sound spectrum levels produced by the inlet dis-
tortions can be predicted over a limited frequency range.
The overestimate of the Sevik-Sears prediction at lower
frequencies can be attributed to his use of the Sears func-
tion for the unsteady lift. It is felt that the interference
effect on the unsteady lift between blades in a cascade is
the cause of this deviation in theory from the experiment.
Sevik's and Mani's theories with single airfoil unsteady
lift calculations agree with experimental results at
frequencies above 3,000 Hz. The predictions contain no
peaks (except at BPF) in the spectrum, which is in con-
tradiction with the measured spectrum.

5) The use of the cascade gust function did not affect
the SPL prediction at moderate frequencies (0.7 to
2KHz). At higher frequencies, the predictions with cas-
cade gust function came closer to experiment, especially
with Mani's theory.
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Passage of a Swept Airfoil through an Oblique Gust
John J. Adamczyk*

United Aircraft Research Laboratories, East Hartford, Conn.

An analysis is presented which yields an approximate solution for the unsteady aerodynamic re-
sponse of an infinite swept wing encountering a vertical oblique gust in a compressible stream. The
approximate expressions are of closed form and do not require excessive computer storage or com-
putation time, and further, they are in good agreement with the results of exact theory. This analy-
sis is used to predict the unsteady aerodynamic response of a helicopter rotor blade encountering
the trailing vortex from a previous blade. Significant effects of three dimensionality and compressi-
bility are evident in the results obtained.

a
C
E
HO, HI
/0, 7a
Jp, Ji
K
M
n
r
R

Subscript

1/4

Nomenclature

speed of sound
cosine Fresnel integrals
complex Fresnel integral, defined by Eq. (25)
Hankel functions, first kind, orders 0 and 1
modified Bessel functions, first kind, order 0 and 1
Bessel functions, first kind, orders 0 and 1
gust wave number
Mach number of the freestream, U/a
integer
radial distance from the midchord line of the airfoil
dimensionless radial distance
sine Fresnel integral
time
complex amplitude of u^1

Cartesian coordinates, Fig. 1
dimensionless coordinates, defined by Eqs. (9) and

(10)

= quarter-chord

Introduction

THE determination of the unsteady aerodynamic re-
sponse of an airfoil to a vertical gust velocity field has
long been of interest to aeroelasticians and acousticians.
For the most part aeroelasticians have used the incom-
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pressible two-dimensional theories of Kussner1 and Sears2

to predict the unsteady response. In estimating the acous-
tic field generated by airfoil-gust interactions the acousti-
cian typically uses the unsteady lift obtained from one of
the previous theories to determine the strength of the
acoustic dipole source which is then assumed to replace
the airfoil in the flowfield (e.g., Curie in Ref. 3).

Typical of the many unsteady aerodynamic problems in
which these incompressible theories have been used in the
past are: 1) rotor blades passing through the wakes of sta-
tor blades in turbomachinery, 2) an airfoil interacting
with a turbulent gust, and 3) helicopter rotor blades en-
countering the tip vortices from proceding blades. In each
of these problems some uncertainty arises as to the appli-
cability of two-dimensional incompressible aerodynamics.
It is not surprising, therefore, that several analytical stud-
ies have appeared recently which treat the complexities of
three dimensionality and compressibility in the unsteady
problem. For example, Filotas4 obtained a closed form so-
lution for an oblique sinusoidal gust encountering an infi-
nite wing; however, this work is limited to a two-dimen-
sional airfoil of zero sweep (i.e., the incoming flow is nor-
mal to the leading edge line of the wing) in an incom-
pressible stream. Graham5 included the effects of com-
pressibility and three dimensionality but neglected the
effects of sweep. His analysis is based on a numerical so-
lution of the governing differential equations. Adamc-
zyk6'7 also included the effects of compressibility and
three dimensionality, but the form of the solution was ex-
pressed in terms of an infinite series of Mathieu functions
which are difficult to evaluate analytically. Another re-
cent analysis by Johnson8 included the effects of com-
pressibility and three dimensionality; however, his ap-
proach is tailored towards analyzing the response of an
airfoil to a free rectilinear vortex. Hence, the researcher
has had no simple compressible three-dimensional ana-
logue of the Sears solution available to him and was re-
quired to resort to the more restricted theories of Filotas


