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Broadband Fan Noise
Generated by Small Scale Turbulence

Summary

This report describes the development of prediction methods for broadband fan noise from
aircraft engines. First, experimental evidence of the most important source mechanisms is
reviewed. It is found that there are a number of competing source mechanism involved and
that there is no single dominant source to which noise control procedures can be applied.
Theoretical models are then developed for (i) ducted rotors and stator vanes interacting with
duct wall boundary layers, (ii) ducted rotor self noise (iii) stator vanes operating in the
wakes of rotors. All the turbulence parameters required for these models are based on
measured quantities. Finally the theoretical models are used to predict measured fan noise

levels with some success.
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Broadband Fan Noise
Generated by Small Scale Turbulence

1. Introduction

Fan noise can be considered as the combination of tone noise which occurs at the
blade passing frequency and it's harmonics, and broadband noise which has a continuous
spectrum contributing to all frequencies. In the past the tone noise has been considered the
dominant contributor to the subjectively important part of the aircraft noise spectrum (see
figure 1.1). However in new engine designs, which have larger diameters and fewer
blades, the fan tones are moved to lower frequencies which are less important subjectively.
Consequently the contribution of the broadband noise has been shown to be equally
important as the tone noise to the subjective measures of aircraft noise for large diameter
engines (Gliebe(1996)).

In general broadband aerodynamic noise is caused by turbulence and it's interaction
with rigid surfaces such as fan blades or stator vanes. The primary turbulent flows in an
aircraft engine are shown in figure 1.2. In some of the earliest work on broadband fan
noise the most important source mechanism was assumed to be the interaction of the rotor
blades or stator vanes with inflow turbulence (see for example Mani (1971), Mugridge and
Morfey (1972), Hanson (1973), Sevik (1974), Homicz and George (1974), Amiet
(1975)). For a rotor which has no upstream stator vanes the only source of turbulence, for
ideal clean inflow conditions, is the boundary layer turbulence at the duct wall (Mugridge
and Morfey (1972), Moiseev et al (1978), Glegg (1993)). For stator vanes, which are
located downstream of a rotor, the flow is more complicated and includes turbulence in the
rotor blade wakes and the secondary flows in the hub and outer wall regions (see figure
1.2).

Prediction methodology given in the papers cited above was based on a description
of the turbulence and a blade response function which coupled the turbulent flow
fluctuations with the radiated sound. Various levels of sophistication were used in these
studies but in general the results were limited to flows with small Mach numbers.
However, very little was known about the turbulence in the engine, and so estimates
always had to be made of the turbulence parameters needed for the prediction models. More
recently an extensive study of the turbulent flows associated with broadband fan noise has
been carried out by Ganz et al (1995). This has provide new insights into inflow noise
mechanisms as will be described below. Furthermore recent wind tunnel studies by
Devenport (1997) have shown that the flows downstream of a typical set of loaded fan
blades include both small scale turbulence and random motion of coherent structures



associated with the secondary flow. The small scale self preserving components of the
turbulence will be the focus of the fan prediction methodology presented here, while the
random motion of the coherent structures, which may be described by a probabilistic flow
model (Glegg and Devenport (1991), Davenport et al (1996), Dhanak et al (1997)), and
may also be a source of broadband fan noise (Hanson (1973)), will not be considered in
detail.

In addition to the noise associated with unsteady inflows, the fan blades and stator
vanes will also generate their own turbulent boundary layer and tip leakage flows, which
generate broadband noise. These source mechanisms are defined as selfnoise sources, and
may be further categorized as trailing edge noise, caused by the blade boundary layer
interacting with the sharp trailing edge of the blade, and tip flow noise caused by the
leakage flow between the blade tips and the fan casing.

Trailing edge noise has been studied extensively for isolated blades (Ffowcs-
Williams and Hall (1970), Chase (1972), Amiet (1976),(1978), Howe (1978), Brooks and
Hodgson (1981), Kim and George (1982), Brooks et al (1989)), and has recently been
extended to multi-bladed rotors (Glegg (1996),(1997)). For this source mechanism sound
radiation is caused by the rapid adjustments of the turbulent boundary later fluctuations as
the turbulence is convected past the blade trailing edge. Analytical solutions exist for the
blade response and acoustic radiation but there is no suitable theoretical model for the
turbulence. However an extensive experimental study by Brooks et al (1989) provides an
empirical data base from which the trailing edge noise radiation from isolated blades can be
calculated as a function of blade Reynolds number, angle of attack (up to and beyond stall),
Mach number etc., and this has been extended to ducted fans (Glegg(1997)). At the present
time the state of the art of turbulent flow modeling using numerical approaches cannot
provide the detail and range of conditions covered by the Brooks et al(1989) data, and so
their semi empirical approach appears to be the most effective procedure for obtaining
estimates of blade self noise currently available. However, as numerical procedures
improve it may be possible to obtain a completely theoretical trailing edge noise prediction
method.

Tip leakage flow increases with the size of the gap between the rotor blade tip and
the duct wall casing, and there is extensive experimental evidence (Longhouse (1978),
Fukano et al (1986), Mugridge and Morfey (1972), Kameier (1997)) that fan broadband
noise also increases with tip gap. The tip leakage flow and the associated secondary flow is
not well understood and will also depend on the rotor loading. There are currently no
theoretical or semi empirical prediction models for this broadband fan noise mechanism
which is surprising considering it's relative importance. However as will be shown below,



the wake turbulence close to the duct wall is also increased when the tip gap is increased so
the inflow turbulence to the stator vanes is affected by the tip gap and this may cause
increased noise levels, depending on the particular rotor/stator configuration. Consequently
itis not always clear that increased tip flow noise is caused by “self noise", which would
occur in the absence of any downstream stators, or by "inflow noise" generated by the
turbulent tip flow striking downstream stator vanes. This is a typical example of why the
fan broadband noise problem is so complex because it shows that it is not always possible
to isolate source mechanisms when varying experimental parameters. The recent
experimental study by Ganz et al (1995) has shed some light on this issue by testing a fan
in a duct both with and without stators and this will be discussed in detail in section 2.

Aircraft engines often operate under conditions where the fan tip speed approaches
or exceeds sonic conditions. When the fan tip speed is in the transonic range shock cells are
formed on the blade surfaces. These represent a highly unstable flow condition and a small
change to the inflow can cause a large change in the location of the shock cell. For open
rotors it is known that during a blade vortex interaction at transonic speeds (see for example
Schmitz (1994)), shock cells move rapidly upstream on the upper surface of the blade and
new cells are formed and dissipated on the lower blade surface during the passage of the
vortex. This is a strongly non-linear flow regime where, in general, the mean flow cannot
be considered separately from the unsteady inflow. However for small disturbances a quasi
linear approach can be used to evaluate the importance of this mechanism (Glegg (1994)).
This will be described in more detail in section 6.

For supersonic tip speeds detached shock waves occur upstream of the blade
leading edges, and the radiated sound is dominated by "buzz saw" noise. The spectrum
typically consists of tones at the shaft rotation frequency and it's harmonics, and an
increase in the associated broadband noise is also observed (see for example Groeneweg et
al (1994)). However the importance of the broadband component of buzz saw noise is not
clear because the tones are so dominant. Furthermore the flow conditions are completely
different from those in the subsonic regime, and so supersonic tip speed fans must be
treated completely separately from subsonic or even transonic tip speed fans.

This report will describe procedures and methodology for predicting broadband fan
noise for aircraft engines. It will start by considering experimental evidence from a recent
test by Ganz et al (1995). The results of this experiment will be reviewed with the aim of
identifying the important mechanisms of broadband noise at subsonic fan tip speeds. The
next section will describe the theoretical background to fan noise prediction methodology.
Starting with the original theory of aerodynamic sound by Lighthill (1952) this section
reviews more recent advances which are particularly relevant to fan noise prediction



methods. Sections 4,5, and 6 then describe prediction methodology for inflow noise, self
noise and shock associated noise, and include a description of the parametric dependency
of these sources. Finally in section 7 the experimental results from the recent experimental
test by Ganz et al (1995) are compared with the prediction methods developed in the
previous sections, using experimentally measured values of the turbulence and flow
conditions as the input to the acoustic prediction codes.



2. Experimental Evidence

2.1 Introduction

This section will describe an experimental investigation into the sources of
broadband fan noise which was carried out by Ganz et al (1995) in the Boeing 2.74 m x
3.66 m (9'x12") anechoic wind tunnel facility using a 0.457 m (18") model scale fan. The
novel features of this test were:

(1) Upstream duct wall boundary layer bleed could be used to reduce inflow
turbulence levels to the fan.

(i) The desigﬁ of the rig enabled the model to be run with or without stators, giving
rotor alone noise levels.

(iii) Rings of duct wall microphones provided the ability to obtain modal
decomposition of the sound field.

(iv) Far field microphone array data was used to identify external radiated acoustic
power, and by use of a shield, the upstream and downstream power could be
determined separately.

(v) In duct hot wire measurements were made of turbulent flows incident on the fan
and the stator vanes.

(vi) The design of the duct allowed the blade tip gap to be varied.

The measurements obtained with the stator vanes removed from the duct downstream
of the fan provided data which could be used for the unambiguous identification of rotor
alone noise sources. Furthermore by removing the duct wall boundary layer upstream of
the fan, the rotor self noise was determined as a function of fan speed, tip clearance and
blade loading. Introducing a duct wall boundary layer then demonstrated the increased
levels caused by the interaction of the duct wall boundary layer with the rotor blades.

The experiment also investigated rotor stator interaction noise, by placing sets of
stator vanes downstream of the rotor. Three different stators were used, with 15, 30 and 60
vanes. The 15 vane and 30 vane set had the same solidity, and for the 60 vane set the
solidity was doubled. These tests provided information on the relative importance of rotor
and stator broadband noise, and how it varied with speed, loading, tip gap size and the
upstream duct wall boundary layer thickness. In addition, the test was complemented by
extensive hot wire turbulence measurements in the fan duct and in the upstream outer wall
boundary layer, and this provided further diagnostic evidence to support the conclusions

from the acoustic measurements.



In the following two sections the results of this test are presented and interpreted
from the viewpoint of identifying the most important sources of broadband noise. It
represents only a fraction of the complete data set and more details can be found in the
report by Ganz et al (1995). The acoustic measurements are given in terms of either the
upstream or downstream sound power as broadband power spectra with the tonal
components removed. The spectra are therefore smooth and the relative level of the
broadband noise and the tone noise is not presented.

2.2 Rotor Alone Noise

The quietest possible configuration for an aircraft engine fan is obtained when there
are no stators downstream of the rotor, there is a completely clean inflow and the tip gap is
a minimum. The test results for this configuration are shown in figure 2.1. This is
presented first because it represents the base line case to which all other sources must be
added. Note that the spectra are smooth, monotonically decaying and that the downstream
sound power is ~9 dB greater then the upstream sound power which was found to be
typical of the entire data set. This result represents the self noise of the fan at low loading,
and by either increasing the loading (figure 2.2) or the tip clearance (figure 2.3) the noise
level is increased. Also note how the loading causes up to a 6dB increase for the small tip
gap and a 2dB increase for the large tip gap, or alternatively the increased tip gap causes up
to a 4 dB increase at low loading but has almost no effect at high loading. This indicates
that these two source mechanisms can not be clearly separated for this case and both play a
role in determining the overall sound power output.

When the duct wall boundary layer is introduced, the spectra take on a new feature
(figure 2.4), which includes a series of broad peaks at the frequencies 9kHz,12
kHz,15kHz, 21kHz for the small tip gap and low loading cases. However for the large tip
gap and high loading there is an additional set of low frequency peaks at 4.2 kHz, 6.8kHz,
and 9.5 kHz, which are indicative of a rotating stall at this condition. At this fan speed the
blade passing frequency is 3kHz and so the undulations in the spectra at low loading are
indicative of "haystacking" of the tonal content which can be caused by long lengthscale
coherent structures being ingested into the rotor(see for example Blake (1986)). Note that
these structures must be related to the duct wall boundary layer flow, because they do not
occur when there is 100% boundary layer bleed applied, and they are less significant when
either the loading or the tip gap is increased.



The primary conclusion from these results is that there is no single dominant source
mechanism responsible for rotor alone noise and all sources must be taken into

consideration.

2.3 Rotor/Stator Interaction Noise

When a set of stator vanes are added downstream of the rotor, the radiated
broadband sound power is increased as shown in figure 2.5. This result shows the radiated
sound power in the upstream direction. It is clear that the stator contribution dominates in
spite of having to propagate through the rotor. In general the sound power is seen to
increase in proportion to the number of stators, although when the stator solidity is large
(as is the case with 60 stators in figure 2.5) the increase is not as much as expected.
Although this result shows that the stators are the most important source of broadband
noise it should be noted that they are not overwhelmingly dominant, and a 6 dB reduction
in the contribution from the stators would not give a similar reduction in the overall
broadband sound power because of the contribution from the rotor.

To further understand the mechanism of rotor stator interaction noise it is necessary
to consider the turbulent inflow to the stator vanes. Figure 2.6 shows the measured
turbulence intensity in the fan duct downstream of the rotor as a function of radial and
azimuthal location. The data was obtained with a single cross wire probe and the phase
locked signal was extrcated to get the random component. The measurements show high
turbulence intensity close to the duct walls and contributions from the turbulent wakes
which are represented by the diagonal lines of high intensity. Between the wakes the
turbulence levels are negligibly small, and the peak turbulence intensity in the wakes 1s only
~5%. In contrast the turbulence intensity in the duct wall region is in excess of 6% at all
locations and sometimes as large as 8%. It would appear therefore that the contribution
from the flow in the wall region could be a major contributor to the turbulent flow incident
on the stator. The flow in the outer wall region is dominated by secondary flow and the
interaction of blade passage vortices with the turbulent tip flow through the rotor. The tip
flow will be more complex and of larger extent when the tip gap is larger and so one would
expect the broadband noise from the stators to increase if the tip gap is increased. To verify
this hypothesis we first consider the turbulence in the rotor wake: figure 2.7 shows the
circumferentially averaged turbulence intensity as a function of radial position for both the
streamwise and the transverse turbulence components. These results clearly show that the
turbulence close to the outer duct wall increases in intensity as the tip gap is increased and
also extends further into the fan duct. The effect this has on the radiated sound is shown in
figure 2.8 which gives the broadband sound power for small and large tip gaps for a stator



with 60 vanes (for which stator noise dominates). The larger tip gap introduces a 3 dB
noise increase, but the results are not conclusive because, as noted in the previous section,
a larger tip gap will also generate more rotor noise. To eliminate this uncertainty, the rotor
alone noise, under the same inflow conditions and loading, can be subtracted from the
stator noise to give the stator alone contribution as shown in figure 2.9. These results show
that the stator noise increases with rotor tip gap, independently of the increase in rotor
noise. The increases are larger for high loading cases and interestingly for sound power
radiated upstream through the rotor. It appears therefore that there are conditions where
changes to the outer wall flow can increase the stator noise independently of any changes to
the rotor noise.

Finally we will consider the effect of loading on the stator noise. Figure 2.10
shows the average turbulence intensity as a function of radial position for different fan
loadings. This shows a general tendency for the turbulence levels, both in the wake regions
and the tip flow regions, to increase with loading. In the duct wall regions, the high loading
cases give twice the turbulence intensity of the low loading cases, but in the wake flow
region the increase is closer to a 30% in the outer region. In the hub region the trend is
reversed. Assuming the sound power output is directly proportional to the mean square
turbulence level, one would expect the stator alone noise to increase as the loading is
increased, but if wake flows dominate this increase may be small. Figure 2.11 shows the
stator alone noise as a function of loading with all other parameters held constant, and it is
clear that only small increases of this magnitude are observed. These results suggests that
increases in radiated sound power as a function of loading are caused, to some extent, by
increased turbulence in the fan duct, but in general this is not a large effect at this fan speed.

2.4 Conclusion

The experimental results presented above give a break down of the different source
mechanisms of broadband fans noise. It is seen that there is no clearly dominant source to
which noise reduction approaches can be applied, but rather a number of competing
mechanisms exist which are more or less important depending on the particular fan design
and flow conditions. Clearly rotors must be designed to minimize turbulent flow incident
on the stators and the outer wall flows can be a contributor in this regard. The wake
turbulence is of lower level but of greater extent and so can also be the dominant source of
high frequency turbulent flow. The rotor noise is not very far below the stator noise and an
interesting feature identified here is the contribution of the coherent structures in the wall



boundary layer which lead to broad peaks in the spectrum around the blade passage
frequencies.



3. Theoretical Background - Fundamentals

Theoretical modeling of aerodynamic noise generation is based on the solutions to
the equations which describe the motion of a compressible fluid. The first full formulation
of this problem was due to Lighthill (1952) who re-arranged the Navier Stokes equations
into a wave equation, including all the non-linear and viscous terms. For problems which
involved moving bodies, Ffowcs-Williams and Hawkings (1969) introduced an approach
based on generalized derivatives which has developed into a powerful tool for all types of
aeroacoustic problems (Farassatt (1994)). The Ffowcs-Williams Hawkings equation
considers a fluid which contains an arbitrary moving surface (or multiple moving surfaces)
defined by the scalar function f(y)=0. The region of interest is defined where >0 and the

normal to the surface is n=Vf/Vf] pointing into the fluid. For impermeable surfaces

moving with a local velocity V, the wave equation is formulated using the perturbation of
the density as the acoustic variable and is defined as;

3.1)

*HP) 22 P (HT) 3 F F
— L - LV (Hp' ) = —————| p;; —| pV; =6
52 = ) v, o\ Uy, (f” 7\ P fay, S

where H represents the heavyside function H(f) and p;; is the pressure stress tensor, p_ and

c.. are the steady state density and speed of sound at the observer, and T, is Lighthills stress
tensor. In this equation the lefthand side represents a wave equation for waves propagating
in a stationary fluid while the right hand side represents the source terms. The first term on
the right is of quadrupole order and describes sound radiation from sources in the fluid.
The second term is of dipole order and describes sound radiation from the pressure stress
tensor on the blade surface. The last term is referred to as the thickness source term which
is only non zero for moving surfaces and represents sound radiation from volume
displacement effects which occur when the displaced volume is in accelerated motion
relative to the observer.

The interest of this study is to consider the sound radiation when blades move
through a turbulent flow. In this case the source terms on the righthand side of this
equation are hard to determine. Long and Watts(1987) proposed an integral equation
formulation to obtain the surface pressure, in the absence of the quadrupole term and
neglecting viscous effects. In other formulations (Amiet(1975), Mani(1995)) the
quadrupole terms are treated separately from the dipole terms, and the surface pressure is

obtained from the blade response function for an incoming upwash gust. There is however
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a fundamental problem with using Lighthills formulation for sound radiation from turbulent
flows because the volume source term T, also depends on the acoustic field.
The definition of T} is
(3.2)

_ )2
Tjj = pvivj + pij = p'cdyj

where v, represents the velocity of the fluid and includes the mean flow, the turbulent flow
in the absence of the blade, and the acoustic perturbation velocity which is required to
satisfy the boundary conditions on the blade surface. Both Howe (1975) and Goldstein
(1978) have introduced alternative formulations to the acoustic analogy which separate the
"acoustic perturbation” terms from the "source term". Goldstein's equation has received
more attention than Howe's equation for fan noise applications and so we will limit this
review to his approach, since the physical mechanisms involved are essentially the same.
Goldstein's formulation describes the generation of sound due to the distortion of
an upstream disturbance by a two dimensional potential flow around a stationary
streamlined body. It is obtained from the /linearised Euler equations, and so neglects the
effect of viscosity and nonlinear interactions of the turbulent flow. The flow is specified in

terms of it's steady velocity, pressure, density and entropy (U,p,,p,.S,) and it's unsteady
parts (u,p’,p’.s") which are a function of time #. The unsteady velocity is then further split
as u=V¢+ u”, where the velocity potential represents the acoustic field and is related to the

pressure fluctuations in the flow using p’=-p,D,¢/Dt (where D /D1=0/dt+U.V is the total

time derivative based on the mean flow U). The residual velocity u” is a known function of

the upstream flow and satisfies the differential equation
(3.3)
Dou([ )
Dt

+wPvyu=0

Goldstein(1978) then formulates a wave type equation with non-constant coefficients
which describes the generation and propagation of the acoustic velocity potential. The result

is given as
(3.4)

D,| 1 D,¢ 1 1 %))
Dol LDl 1 g1, vg)=Lv(p,u
DT[C(% DT) - V(po V)= (pou?)

11



where ¢, and p, are local speed of sound and density. The source term is specified in terms

of a vortical gust velocity and an entropy disturbance which are imposed at the upstream
boundary. The upstream disturbance is defined by the incompressible velocity perturbation
A(x-U_1i) and an entropy disturbance s_(x-U_ni) where i is a unit vector in the direction of
the upstream flow. The residual velocity is defined at any downstream location by

3.5)

D = Ax - ith)% +Q2c,) s (X~ iU,,t)[U,- ~U. %}
I 1

The vector X-iU _t=(X,-U_t,X,,X;) is defined so that D (X-iU_t)/Dt=0 and can be

characterized by the gradients of each component which for 2D potential flow are

(3.6)
VXI =U;.°S VX2 =—U—n VX3 =7
U U

oo

where s is a unit vector in the direction of the flow n is a unit vector normal to the flow and
Z is a unit vector which lies out of the plane of the flow. Difficulties occur for blades with
forward stagnation points because the gradient of the co-ordinate in the direction of the
flow JX,/dx; is singular when U=0, and so both the terms in (3.5) become very large.
However if the functions X,,X,,X; are defined downstream of the stagnation point,
equation (3.6) can be used to give a co-ordinate transformation valid in all parts of the
flow, except along the stagnation streamline upstream of the stagnation point. We will use
this transformation to provide further insight into the source terms of (3.4). However, first

we note that

3.7)

1Du__Vp __Vp VS

¢z Dt pc? P Cp

so for the mean components of an isentropic flow we have Vp /p,=(U.VU)/c,? and we

can write
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(3.8)

1D D39 24 yu Do _u(UYV)
¢t p7? DT Co Dz 5

We next transform this equation into X,,X,,X; co-ordinates using the scale factors
h,=UlU,_, h,=U_JU and h,=1 so that for a vortical incoming gust
(3.9)

1 D2¢

1 D3¢ _ L(_l__azJ_ zi[fh Dy ]osv u.(U.YU)
¢ DTt A73Ki\h} Ki) 3,9 \#}) DT\cs) Dt ¢5

and re-arranging this result and making use of the divergence free property of A, gives
(3.10)

1D 3% _ 1 99 __Q Dy¢ u(UVU)
2 —__Z,QX{( ) o bl

The interesting feature of this result is that the lefthand side is now defined in terms of a
wave equation with constant coefficients because D fIDt=df/dt+U_df1dX, and the righthand
side only includes terms which tend to zero when the flow returns to it's background value
U, It is relatively straightforward to show from equations (3.5) and (3.6) that the

impermeability of the blades requires the boundary condition J¢/dX,+A4,=0 on the

surface(s), and by using generalized derivatives (Farassatt (1994)), we can write this
equation with surface source terms on the righthand side similar to those in equation (3.1)

as
(3.11)
1 D2(HY) _32(HY) _
2 p |
1 a¢ D, ( 1 \D,(H¢) Hu.(U.VU)
ZloEogr a3 5 e

+48(N) VS —axi(w(f) IVf 1)
2

The interpretation of each of the terms on the right of this equation is as follows:
The first term represents the contribution from the volume sources and is weighted by the
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factor (1-h;%) where A,=U/U,_ and h,=U_U. The i=I term therefore has a very large
weighting function close to forward stagnation points where the steady flow tends to zero.
This feature was discussed at length by Atassi and Grzedzinski (1989) who argued that, by

allowing ¢ to be the sum of a component related to the pressure and a purely convected
component which did not contribute to the acoustic filed, then the unsteady velocity on and

parallel to the surface d¢/dX;+A, tended to zero. Consequently the singularity at the

stagnation point caused by (1-k,7) is canceled by the zero of J¢/dX,+A,, and a finite

contribution obtained from the source term in that region. The surface contributions of the
first term are therefore finite, but small distances from the surface the cancellation of

d¢/dX; by A, will not be complete and the most significant contributions can be expected

from regions where U/U._, is either very small or very large, for example either close to the
leading edge or the stagnation point, but not the trailing edge. This suggests that a rounded
leading edge will reduce the contributions from this term at all frequencies. The second and
third terms represent the contributions due to refraction of sound by the flow, and are small
when flow Mach number is small. The fourth and fifth terms are the contributions from the
surface, and represent the contribution from the zero normal velocity boundary condition
(which is only non-zero when the surface is unsymetrical in X, co-ordinates, and so must
be a lifting surface), and the surface value of the velocity potential.

The limiting case of a flat plate at zero angle of attack is obtained when the flow
speed is uniform and so only the surface terms in (3.7) are non-zero. Furthermore the
incoming gust is undistorted by the flow, and so A, is identical on the upper and lower
surface, and the net contribution from this term is also zero. The remaining equation is then

defined as
(3.12)
L D2(Hy) _3*Hy) _ _ 3

= - ApS(X7)
ci D72 3Xl~2 8X2( po(X; )

This represents the flat plate approximation which was considered by Amiet (1975)
for sound radiation from an airfoil in turbulent flow. However this approximation ignores a
number of terms and there have been a number of studies to evaluate the accuracy of this
approximation for isolated airfoils, as a function of thickness and angle of attack. Howe
(1989,1990) considered lift and unsteady thickness effects and concluded that at low Mach
numbers, the volume sources canceled the unsteady thickness sources (Glegg(1986)), and
that the corrections for an airfoil at an angle of attack to altered the far field directionality of
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the radiated field. Using the numerical solution described by Scott and Atassi (1990), the
sound radiation from isolated blades and cascades has been studied extensively. Atassi,
Fang and Patrick (1993), Hall & Verdon (1991), Atassi (1993) give calculations for both
isolated airfoils and blade rows in non-uniform flows. Kerschen and Myers(1995)
considered sound radiation from a lifting airfoil in the limit that (1-k,%)<<1, and showed
significant increases in radiated sound power as the angle of incidence increased, especially
at higher Mach numbers.

However the problem with Goldstein's formulation is that it does not apply to
moving surfaces for which the potential flow around the body varies with time and so the
thickness noise term in the Ffowcs-Williams Hawkings equation is not included.
Furthermore the formulation is based on the linearised equations of motion and so does not
include the non-linear convection of the incoming gust past the blade, which has been
shown to be important for open rotor applications (Hardin and Lamkin(1984)). Alternative
approaches, for example Guidati et al (1997) who used an approach based on tracking the
vorticity in the flow, and Lockard and Morris (1998) who solved the full Navier Stokes
equations and used a novel method to describe the incoming gust, are not limited by these
approximations and may lead to more general methods of solution.

The primary difficulty in using numerical solutions to equations such as equation
(3.4) for the broadband fan noise calculations is that the blades interact with small scale
turbulence. Consequently the scale of the airfoil is large compared with the gust
wavelength, and so the grid required for the numerical calculation has to be very detailed,
especially around the leading and trailing edges. Typically we are interested in non-

dimensional frequencies wc/U_ which areas large as 70 and it unusual to find numerical

calculations for non-dimensional frequencies in excess of 25. This makes the high
frequency broadband noise problem particularly challenging and suggests that a complete
solution will not be found using existing approaches. In the sections which follow we will
discuss the analyses which have been used to date to evaluate broadband noise from fans
and rotors, and we will discuss further the limitations imposed by the requirement to model

the effects of high frequencies and small scale turbulence.
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4. Inflow Noise

4.1 Introduction

As described above, recent advances (Atassi(1993), Hall & Verdon(1991)) in fan
noise prediction have been based on numerical methods which evaluate both the unsteady
loads and the radiated noise from a cascade of fan blades with finite thickness, angle of
attack and camber. These approaches consider the response of the cascade to a harmonic
input gust and combine both the surface and volume sources to give the radiated acoustic
field. The application of these methods has been primarily to evaluate the sound generated
by stator vanes in response to the mean velocity deficits in the rotating wakes of an
upstreani fan. In this case the inflow can be broken down into it's Fourier components to
provide the amplitude of the harmonic inflow perturbations and the radiated field will be
periodic in time with tones at blade passing frequencies. An obvious extension to this
approach is to compute the broadband noise spectrum by considering a turbulent rather than
a deterministic inflow to the cascade. Martinez (1997) carried out a study of this type and
was able to generate predictions of broadband fan noise spectra but the computational effort
required for this calculation was extensive.

Earlier work on broadband turbulence ingestion noise (Mani(1971),Homicz and
George (1974), Amiet (1975)&(1977), Glegg (1993), considered each blade of the fan as
isolated, and ignored the cascade effects or coupling between the response of adjacent
blades. Ventres, Theobald and Mark(1982) developed a broadband noise prediction method
based on a two dimensional blade response function for a cascade of blades modeled as flat
plates, but did not include the effect of the spanwise variation of the incoming turbulence.
However, as was illustrated in section 2 the turbulent inflow to both the rotor and the stator
has a strong spanwise variation, especially close to the outer duct wall. These effects
cannot be modeled using the strip theory approach of Ventres et al, especially if there is any
spanwise flow or the stator vanes include sweep or lean. In this section we will derive a
theoretical approach to broadband noise prediction which is based on a flat plate cascade
blade response function, including all the spanwise effects. The advantage of using a flat
plate model is that the primary effects are included without the necessity for extensive
computation time, and so many different operating conditions can be considered without
excessive computational effort. The blade response function which will be used is
described in detail by Glegg(1997) and this approach is reviewed in section 4.3, Section
4.4 describes the application of this theory to the broadband noise problem, and
characteristic results are discussed in section 4.5.
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4.2 Modeling a Fan using a Rectilinear Cascade

All the studies described above only consider two dimensional cascades and a more
accurate model of an aeroengine is given by a rotor and/or a stator in a circular duct. The
unsteady loading and sound generation by a ducted rotor was considered by Namba
(1977). The solution is obtained by solving an integral equation for the velocity potential
using a collocation method and numerical results showed that three dimensional effects
reduced the blade loading at low frequencies and non zero spanwise wavenumbers reduced
the acoustic radiation at high frequencies. Kordama and Namba (1989) extended this
analysis to a rotor with swept blades and Schulten(1997) introduced a alternative form for
the Green's function in a circular duct to evaluate the acoustic radiation from swept stator
vanes downstream of a fan. However Golubev and Atassi(1996) have shown that for a
duct with swirling flow a reasonable approximation can be achieved using a rectilinear
cascade to model the rotor or stator providing that the hub to tip ratio is not too large. This
will be the approach taken here because it allows a full analytical solution to the inflow
noise problem to be obtained, and eliminates many of the rather difficult mode coupling
effects which occur in circular ducts, which are likely to be of secondary importance to the
radiated sound power.

To model the sound radiation from a turbulent inflow incident on a set of blades we
will use the linear cascade model developed by Goldstein(1976). The blades are modeled as
flat plates aligned in the direction of the oncoming mean flow, mounted between rigid end
walls (see figure 4.1). The span of the blades is b and the spacing between the leading
edges of the blades is s. The linear cascade is an unwrapped analog of an annular duct and
so all features of the fan and the flow will be periodic in the circumferential direction.
Consequently if there are B blades in the fan the flow field will repeat itself at distances of
Bs along the fan face. Furthermore the flow field must satisfy the rigid wall boundary
condition at the end of each blade.

The acoustic velocity potential scattered by the cascade subjected to a incident gust

of the type gust w exp(-iwr+iyx+ioy+ivz) can be defined using equation (3.12) in the co-

ordinate system shown in figure 4.2 as

(4.1
1 D*(H9) o2 J I
g——th——V (H¢)=—5§ A¢, (x —nd)S(y — nh)e '@V

17



where D@/DT=0¢/ dr+Ud@/dx is the total time derivative in the direction of the uniform
mean flow U in the duct, @ is the frequency, o is the interblade phase angle (see below)

and v is the spanwise wavenumber of the gust. Since we have assumed that the blades are

flat and aligned with the flow, the mean flow distortion caused by blade thickness camber
and loading is ignored for this ideal cascade model.

To determine the acoustic field we will obtain the solution to equation (4.1) subject
to the boundary condition of zero flow through the blades. This will be discussed in the
next section and then applied to the broadband noise problem in section 4.4.

4.3 The Acoustic Field from a Three Dimensional Cascade

In the 1970's several studies were carried out to evaluate the acoustic field from a
harmonic vortical gust incident on two dimensional sets of blades, represented by a cascade
of flat plates at zero angle of attack. Kaji and Okazaki (1970a) considered sound
propagation upstream through a cascade by solving for a distribution of dipole sources on
the blade surfaces. In this approach the solution of the integral equation which relates the
source strength to the velocity disturbance was obtained using a collocation procedure. In a
subsequent paper Kaji and Okazaki (1970b) used the same approach to evaluate the sound
generated by a rotor wake/stator interaction. Mani and Hovray(1970) considered the sound
transmission problem for waves propagating through a blade row using an approximate
solution based on the Wiener Hopf method. Although they gave an analytical result they
assumed that there was no interaction between the leading and trailing edges of the blades.
Koch(1971) extended the Wiener Hopf analysis of Mani and Hovray(1970) to blades with
finite chord and gave the transmission and reflection coefficient for both upstream and
downstream propagating acoustic waves. Koch's analytical solution is unwieldy and
although in principle it can be used to calculate the unsteady lift on the blade surfaces he
was unable to do so.

Koch's method provides the analytical basis for the solution to the cascade
problem, but numerical solutions which are based on a similar approach to that of Kaji and
Okazaki (1970) have proven to be more versatile (Fleeter(1973), Smith(1973)). For
example Smith(1973) developed a code which gives the unsteady loading, the vortical
field, and the acoustic field upstream or downstream of a blade row for any type of
incoming gust.

The recent development of very high by-pass aeroengines which have blades with
much larger chords than in previous designs, has lead to renewed interest in analytical
methods for the blade response function at high frequencies. Peake (1993) has extended
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Koch's(1971) analysis to give the unsteady loading on the blades caused by an incoming
vortical gust, and has also developed analytical tools (Peake(1992), Peake and
Kerschen(1995)) which enable rapid evaluation the functions required for the Wiener Hopf
solution of Mani & Hovray (1970) and Koch (1971).

All the methods described above only apply to the two dimensional problem. For
broadband noise spanwise effects are important and a fully three dimensional response
function is required. This was derived by Glegg (1997) for a fully three dimensional
rectilinear flat plate cascade. The analysis allowed for a skewed gust, which enabled both
the spanwise wavenumber, the spanwise convection of the gust and the effect of blade
sweep to be included. In this approach the solution to equation (4.1) was solved in blade
based co-ordinates (x,y,z) (see figure 4.2) assuming a incident vortical gust w_exp(-

ix+iyx+ioy+ivz). An integral equation was derived which related the acoustic

perturbation in the y direction on the blade surface to the discontinuity in the potential in the

form

4.2)
9(x,0,2,0) _ e*iﬂ"”"zj Ag,(x,)K(x - x,)dx,
% 0

The discontinuity in the potential was then defined as the sum of four different solutions:

(4.3)
4
Ago = 8850 +80 + 895 + 895V

where each solution satisfies the integral equation

4.4)

FO@ = [ Ag (xp)K (x - x,)dx,
0

The interesting part of this approach is that each of the four solutions has a different
physical interpretation, which represents a different degree of approximation in the
complete solution. The first part of the solution ensures that the no flow boundary
condition is met on the blade surface and also the wake which requires the boundary
conditions
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4.5)

fOm= % =—wye'’* x>0 AP (x)=0 x<0

The boundary conditions are defined on the half planes x>0 and x<0 and this type of
problem can be solved using the Weiner Hopf method. In addition to the zero flow
boundary condition the Kutta condition must also be satisfied. This is achieved by

requiring the second part of the solution to satisfy the boundary conditions
4.6)
D(A¢(()l) (x)e—iat+ivz + A¢£2) (x)e—iax+iW)

fPm=0 =x<c =0 x>
Dt

This again can be solved using a Weiner Hopf approach because the boundary conditions
are defined on the half planes x>c and x<c. However the solution for A¢,” is not

necessarily zero upstream of the blade leading edge and so we must introduce two
additional corrections which are coupled and satisfy equation (4.3) with the boundary
conditions

(4.7)
Pw=0 x>0 AP )+ 2P )+ 4¢P (x) =0 x<0
and
(4.8)
3) —iwt+ivz 4) —it+ivz
f(4) =0 x<c D(ags” (e 49, " (e ) =0 x>c¢

Dt

which are also boundary value problems suitable for solution using the Wiener Hopf
method.

The sum of the four parts satisfy the boundary conditions of no flow through the
blades, no discontinuity in potential upstream of the blade leading edges, and no pressure
discontinuity downstream of the trailing edges (the Kutta condition). Consequently the
cascade response problem which is defined by three separate boundary conditions,
specified on different parts of the x-axis, has been broken down into four boundary value
problems which are specified on semi-infinite parts of the x-axis for which there is a
known method of solution.

This problem was solved by Glegg (1997) and a result obtained for the acoustic
field as
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(4.9

oo + +
o 1w, ol D(Ao) o-iOx+i(@=2mm)y | ki (x—yd | hy+ive

Bse it k212

K, =1/rc2 —(v/)B)2 fm =(c+xMd-2mm)/s,
se =yd* +(hB)? Xy =KM = f,, sin y, +C0S X K7 — f

where D(A_?) represents the Fourier transform of the velocity discontinuity for an upwash

gust of unit amplitude defined as
(4.10)

D(y) = _21;j Ag, (x)e P dx
0

In addition o=y, d+ah is the interblade phase angle, M is the flow Mach number, f=(I-

M?)"?, x =tan’(hfP/d) and { *=P(k-(A *-kM)*)"*. The blade spacing and stagger angle is
defined in figure 4.2.

In the result given by equation (4.9) the terms in {} represent the amplitude of each
mode of propagation, while the phase terms give the spatial dependence of the modes.
From this expression it is also possible to obtain the upstream or downstream sound power

for a harmonic gust as:
4.11)

w2 wo.Bsb & lﬂC,ﬁD(lﬁ,)Iz
Wt =[_0]p0— z Re

2 ﬂsse = —o0 /K-z _f7721

In this expression (w,’/2) represents the mean square magnitude of the harmonic upwash
component incident on the cascade.

This summarizes the analytical results obtained by Glegg (1997). For broadband
noise calculations we will need to generalize these results to the case where the upwash
velocity is defined spatially as a stochastic random quantity, convected with the mean flow.
However before considering the broadband noise problem we will discuss the

characteristics of the blade response function for a harmonic gust.
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First we note from equation (4.11) that each of the terms inside the summation sign

represents the modal sound power, and that this will only be non-zero if x,>f, . Therefore

for modes to be cut-on the effective wavenumber k, must be exceed a certain value which is

determined by the interblade phase angle, the Mach number and the mode order. The
effective wavenumber increases with frequency, but also depends on the spanwise
wavenumber. Gusts with significant spanwise variations will cut on at higher frequencies
than gusts with no spanwise variations. In contrast, for a two dimensional model the

spanwise variation of the gust is ignored giving x,.=x and so the cut on frequency of each

mode is only a function of the mode order and interblade phase angle. In broadband noise
modeling the spanwise variations of the gusts are very significant and so the correct
spanwise wave number dependence must be included.

It is shown in detail by Glegg(1997) that the radiation in the upstream direction is
determined by the first and third terms in the expansion given in equation (4.3). The
downstream radiation is determined by the second and fourth terms. The first term
represents the leading edge noise, which would occur if the blades had semi infinite chord.
However this must be modified to account for waves reflected back upstream from the
trailing edge, and this is represented by the third term in the expansion. It would be
convenient to ignore the waves reflected at the trailing edge, and this approach has been
used in several studies (Mani & Hovray(1971), Peake (1995)), but it was shown by Glegg
(1997) that this approximation can lead to significant errors, and for accurate results all the

terms must be included.
4.4 Application of Cascade Theory to Broadband Noise

The theory described above gives the sound radiation from a cascade of blades in
response to an incident harmonic vortical gust which is convected with the flow. To apply
this theory to broadband noise the gust must be defined in a more general form and also
required to satisfy various boundary conditions. The first modification we will impose is
that the cascade is bounded by rigid end walls (see figure 4.1) and so both the acoustic field
and the incoming gust must satisfy the no flow condition at these boundaries. Secondly the
cascade flow represents an unwrapped version of a blade row in a circular duct, and so
must be periodic in the azimuthal direction. Finally we will assume that the gust is
convected with the mean flow at a uniform speed.

To develop a flow model which satisfies these conditions we will define the blades
to be moving with velocity V, and the turbulent gust to be convected with the mean flow
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velocity V in the fixed frame of reference. The flow speed relative to the blade is then
obtained as V-V,.=(U,0,0) defined in (x,y,z) co-ordinates (see figure 4.2). The gust must
be periodic (repeating itself after B blade passages), and is described in moving co-
ordinates x''=x-(V-V,)¢ as having an upwash velocity Zw(x''-md). The gust w(x'') is
zero unless 0<y“<Bh, and d=(Bd,Bh,0) where the (x’’,y’’,z’") co-ordinates are aligned
with the (x,y,z) co-ordinates in figure 4.2. The unsteady upwash relative to the blades is

then
“4.12)

nu(x,?) = i w(x—md—(V-Vp)1)

m=—oco

It was argued by Goldstein(1976) that for a vortical gust between two parallel end walls the
flow components parallel to the walls can be described by a Fourier cosine series

expansion, so in general we can write
(4.13)

wix'y' 2= [ [ X b ae™ T e, cos(anz* / b)d e
n=0

(where €,=1,n>0, €=1/2). The integrand is defined as the wavenumber transform of

w(x"') in the form

4.14)
5 R Bhb o
w,(7,00) = > J f I w(x'',y", 2" )e™ MY cos(nnz [ b)dx'' dy' ' dzZ"
@) b g 0 0
The upwash in blade based co-ordinates is then obtained as
4.15)

n.U(x, t) = j J. z 2 v’{,n (7,a)e_iY(x—Ur—’an)_ia(y—’th)En COS(nﬂ:Z/b)dea

—00 —o00 =0 m=—o0

Making use of the Poisson sum formula
(4.16)
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Y efmmBdviomBh _ o N §(yBd + 0Bh - 2nk)

m=—oco k=—co

and integrating over « gives

4.17)
2n = ok . —ire-Un-iCE- ),
n.u(x, )—— j 2 Z w, (Y ———)e B h g, cos(nnz/b)dy
—oo n—-O k=—oco h
If we define @w=-yYU and y,=a/U then we obtain the upwash velocity at the blade as
4.18)
n.u(x, t) = 2 2 j Win (w)e—la)t‘f'l’/o(x"yd/h)_ZTUky/Bhen Cos(nnz/b)dw
n=0 k=—°°—oo
where
4.19)
-2 . 2nk  y,d
) = — y— + ——
Win (@) = W Yo+ )
-1 § R (x—yd / h)+2miky / Bh
=iy, (x—y +27i
= _jR { £ w(x)e cos(nnz/ b)dxdydz

Equation (4.18) gives a Fourier expansion of the incoming vortical gust which satisfies the
periodicity condition and the end wall boundary conditions. Note that x-yd/h is constant at

the blade leading edges and so the interblade phase angle of the gust is o= -27k/B.

To obtain the acoustic field from this gust we can combine equation (4.9) with
equation (4.18) to give
(4.20)
o(x,1) =

= -] oo

2 2 z JT,,(ﬁ(co)wk,,(a))e iot+i(o=2mm)y [ h—idL (x— yd/h)gn Cos( )

ﬁSe m=—cok=—con=0 —oo

t+ *

where T (@) = emDAm)
2 2
Ke =Jm
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where T,,* is the amplitude of a mode of order m with a spanwise mode order n and an
interblade phase angle -27k/B. The computation of the triple summation in this expression
can be simplified by using the property that T, =7, **"¥. Then if we introduce the integer

variable p=mB+k it follows that 6-27om=-27p/B.

It is valuable to specify equation (4.20) in observer coordinates which are aligned
with the fan face as shown in figure 4.2. This is achieved by using the co-ordinate

transformations

4.21)
x=yd/h=x'[cosy YIh=(+Vyt)/s—x'd/sh
to write (4.20) as

4.22)

¢=ﬂiy_l 2 2 ITO(:;))(CU){ Z Wp—mB,n(w)}
¢p

=—on=0 oo m=—co

> ; ) U ;s t )
e—-ta)ot—Zmp(y -x'd/h)/ Bs—iA,sx /hen cos(nmz/ b)dw,
W =0, - py
with £,=27V,/Bs. The important features of this result are that the field is now defined in

the y’ direction. In an equivalent annular system the azimuthal coordinate 8 is related to y *

by 2ry’/Bs=6 and so the integer p defines the mode order in the cylindrical co-ordinate

system. Also note that the summation over m is only required over the gust coefficients and
not over the blade response terms which simplifies the evaluation of equation (4.22).
For a stochastic input we need to calculate the sound power spectral density which

is defined in a moving fluid as
(4.23)

*

Sww (@) = ";’“ Ex J—ia)q)(x,a)){V(p(x,w)—%—(U.pr(x,w)—ia)gb(x,w)} .ndS
S Co

where n is a unit vector pointing out of the surface and ¢(x,w) is the Fourier transform of

the velocity potential with respect to time. The evaluation of this expression follows the
same procedure as is required for the evaluation of the sound power given by Glegg (1997)
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in the blade fixed frame. Since the modes are orthogonal they contribute independently to
the sound power giving
(4.24)

[ -] - - - - |

BsbU
Sww (@ )—p" 223 S Y £, HY (0)Eg ()

m=—oof=—ocon=0

o|ng 5D,

U.Bsse‘\/’(c? ‘fz

If the blades are moving with speed V, in the y’ direction then the observed

where H® (@) = and  Ep, (@) = %Ex[lwk,, (w)|2]

frequency in the stationary frame is given by w,=w+p€Q,. To calculate the sound power in
the stationary frame we note that the terms in {} in (4.23) are independent of the relative
motion of the blades to the observer (because D¢/Dt and U.n remain unaltered by the

translation). However the frequency must be defined in the observer's frame of reference,
so we can modify (4.24) for moving blades . Using H, *=H, **"* we find
(4.25)

(p)

BsbU w,Hy (W, — pQp)

Sww (@,) = P D En— — : Z Ep-mB,n (@ = PQp)
2 p,n wO _pgb m

The evaluation of this expression is dependent on the definition of the turbulence

spectrum function E, (@) which is obtained from the inversion integral,

(4.26)
Bhb o , '
Win (©) = thij [ | wooe™ 7oy I+2miy I Bh ¢os(nmz | bdxdzdy
0 0 —
which gives,
(4.27)
peose 1t 17, (X=X J+i(2mk+Y,Bd)(y-3,) / Bh
Epp(w) = Ex[w(x)w(x)]e’ToF—00 YoBaNy=H
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cos(nnz/ b)cos(nnzy / b)dxdx)dzdydz dy;
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where the extent of the flow in the x direction is #R where R tends to infinity. Defining

T=RU and assuming a statistically stationary time series
(4.28)

bb T
Epp(@) = —— j J‘ J’ J‘ I wa(__UT,y,yl,Z’zl)e1m+1(21rk+yoBd)(y—yl)/Bh
0 000 -T

cos(nnz/b)cos(nnzy / b)dtdzdz dydy,

where R, (-U7,y,y,zz,) is the cross correlation coefficient between the velocity

fluctuations at (x,y,z) and (x,,y,,z,), assuming uniform convection in the x direction.

4.5 Turbulence Models

4.5.1 Wavenumber Spectrum Modeling
The simplest way to evaluate (4.28) is to use a homogeneous turbulence model for
which
(4.29)

wa (“UT.y, yw .2, Z' ) = J' “' J' (wa(kx ,ky,kz )eikaT—iky(y’y')_ikz(Z—Z')dkxdkydkz

—00 —00 —00

Using this expression in (4.28) gives
(4.30)

2
1T 7 2|2sin(nk +7,Bd/2~k,Bh/2)|
E""(w)’uJ J @uns Yok kN 12 | 2mk+y,Bd—kBr | T
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If the integral length scale is small compared with the scale of the flow then we can use the
relationship

sin2(&d) |  «
Lim| ——22| > =§
d—l:?o[ (&d)? - d ©
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so that

(4.31)
Lim|F, (k) = 2T S(nm/b—k,)
boeo b
then we obtain
(4.32)
2
En(@) =3, (~y, 2nk/Bh+y,d/hnm/b)

UBhb

This shows that to specify the sound power output we primarily need to know the
wavenumber spectrum of the incoming turbulence.

4.5.2 A Boundary Layer Model
In this case we assume the flow is restricted to a region close to the wall such that

the integrals over the span need only be carried out over the range 0<z'<é. Typically we

can expect n<N for cut on modes and that Nwd/b<<1. Making this assumption we have

4.33)
& ; —ik,5/2
Fy(k,)=2 [ e _25 (2sink;8/2e
b b P
0
SO
(4.34)

. 2 2w
b@‘_’)’:’qIFn(kz)l = -;2—5(1%)

which gives in the limit that the lengthscale of the turbulence is much smaller than the scale

of the flow
(4.35)

en)?s

E, (w)=
n UBhb*
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4.5.3 Wake models

If we consider the turbulent flow to consist of B, independent blade wakes and the
projected width of the blades wakes normal to the direction of the flow is W, then we can
use the same approach as was used for the boundary layer flow to estimate the wave
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number spectrum for a single wake as W/Bh times the homogeneous turbulence result.
Then independently summing the contribution from each wake we obtain
(4.46)

(2m)? (BRW) }
E =2 I ZRT —v,.21k/ Bh h,
kn(w) UBhb{ Bh (wa( Yo Tk / +70d/ 0)

However as was pointed out by Hanson (1997) the term in {} is simply the spatial average
of the wavenumber spectrum for the flow, and can be evaluated from the average statistics

of the turbulence convected past the stator vanes in the duct.

4.5.4 Von Karman and Liepmann Spectra
Various empirical models are available for the wavenumber spectra of the turbulent

flow. The most commonly used is the Von Karman spectrum, which is defined as
(4.47)

w2SSL(5/6) |( (1-k2 1K)k 142) o _JET(G/6)
k29NRT(1/3) |\ 4n+k2 1k2)VT/6 L TQ/3)
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<wa(kx,ky,kz)={

The Liepmann spectrum which has a slower fall off with frequency is also used and is

given by
(4.48)

> H(l—k} LG /k?)] 5

1
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4.6 Characteristics of Inflow Noise

Equation (4.25) prescribes a procedure for calculating the sound power generated
by a cascade of blades which encounters a turbulent flow. The input parameters are the
observed frequency, the relative blade velocity, the number of blades, the blade chord,
spacing and span; the turbulence intensity, lengthscale and the boundary layer or wake
thickness. We are using a linear cascade model and so the mid span values should be used
for all the parameters. In this section we will show some sample calculations which indicate
the trends which we expect to find in the numerical calculations as the input parameters are

varied.
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First we compare the upstream and downstreamn radiated sound power spectra for a
typical set of input parameters, using a Von Karman turbulence spectrum model for a
boundary layer type flow incident on a set of stators (Figure 4.3). The input parameters are
the same as for the 55% speed case given in table 6.3. The computations show that the
downstream sound power exceeds the upstream by up to 7 dB which is typical of the data
described in section 2 (see for example figure 2.1). The effect of the spectrum model is
shown in figure 4.4. In general the Von Karman turbulence spectrum model is recognized
as giving a better fit to measured turbulence spectra, and the computations here show only
small differences between these two models. We will use the Von Karman spectrum for all
the calculations presented below. Figure 4.5 shows the effect of fan speed on the radiated
sound power with all other parameters held constant. The increased speed causes relatively
minor changes in the spectral shape, and a broadband increase of ~ 8dB.

The spectral shape is most affected by the turbulence lengthscales and these can be
estimated either from the boundary layer thickness or as an independent parameter. Glegg
(1993) gave the relationship between the turbulence lengthscale and the boundary layer

thickness as k,6=1.2, where k,=3/4L, so we can estimate L~58/8 . Using this approach,

changing the boundary layer thickness will also change the turbulence lengthscale. Figure
4.6 shows the characteristics of these two parameters when combined in this way. The
thicker boundary layer has an increased level, and more low frequency content. To identify
the effect of the turbulence lengthscale alone, the sound power calculations for a range of
lengthscales and a constant boundary layer thickness is shown in figure 4.7. The larger
lengthscale causes the low frequencies to increase dramatically, with an associated
reduction in the high frequency part of the spectrum.

In conclusion, these results have considered the overall properties of the fan noise
spectrum as a function of various input parameters and it appears that the spectral shape is
most strongly affected by the turbulence lengthscale used as the input to the calculations.
Unfortunately this is the most difficult of all the turbulence parameters to measure, and
cannot be achieved without at least two point measurements. Alternatively it can be
estimated from the spectrum of a single hot wire measurement and a spectral model. We

will consider this point in more detail in section 6.
4.6 Conclusion

In this section we have reviewed existing methods for the prediction of broadband
fan noise from inflow turbulence and developed a procedure for fan noise prediction based
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on a linear cascade model. The model is a rectilinear approximation to a fan or stator in a
cylindrical duct, but it's advantage over other methods is that it includes all spanwise
coupling effects. The standard output of this approach is the upstream and downstream
sound power, but modal amplitude and power calculations are also possible with minor
modifications.

Numerical examples have been given and it is shown that the spectral shape of the
radiated sound power is primarily controlled by the turbulence lengthscale, which is the
typically the most difficult turbulence parameter to measure.
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S. Self Noise
(This section is the reproduction of a paper presented at the ATAA Aeroacoustics
Conference in 1997)

5.1. Introduction

Fan broadband noise is classified into two different categories: the first is self
noise which specifies the sound radiated by the self generated turbulence close to the
blade surfaces. The second is inflow noise which is the sound radiated by the interaction
of the blades with turbulence generated at some upstrean location. The self noise is the
base level of the radiated sound field and is important because it represents the minimum
achievable level of broadband noise from the fan. This section will consider methods for
predicting fan self noise for ducted subsonic fans.

The self noise from a ducted fan can be further broken down into two different
source mechanisms. First there is blade boundary layer noise which is generated by the
turbulence in the blade boundary layer interacting with the trailing edge, and is
sometimes referred to as trailing edge noise. Secondly there is tip flow noise which is
generated by the complicated flow around the blade tips and its interaction with the duct
wall boundary layer. Little is known about tip flow noise although experimental
observations (Mugridge and Morfey (1972)) have shown changes in fan noise with
variations in tip gap dimensions. In contrast a large amount of work has been done on
trailing edge noise for unducted rotors (Ffowcs Williams and Hall (1970), Howe (1978),
Chase (1972), Amiet (1976), Kim and George (1982), Brooks and Hodgson (1981), and
Brooks, et al (1989)) but the application of these concepts to ducted fans does not appear
to have been studied. This paper will address this issue and apply the known concepts of
trailing edge noise to a ducted fan configuration, considering in particular the coupling of
the trailing edge noise source to the sound field in the fan duct.

Theoretical studies of trailing edge noise (Ffowcs Williams and Hall (1970),
Howe (1978), Chase (1972), Amiet (1976), Kim and George (1982)) have shown that the
source mechanism of trailing edge noise is the scattering of sound at the sharp trailing
edge of the blade. The sound is actually generated by the turbulence in the blade
boundary layer but since this is convected subsonically it does not couple with the
acoustic far field. However it does generate a strong near field which causes significant
pressure fluctuations on the blade surfaces. To ensure that the flow past the trailing edge
is continuous a viscous wake must be generated, and it is the interaction of the sound

generated in the wake with the surface upstream of the trailing edge which causes waves
32



to propagate to the acoustic far field. Analytical solutions to this problem can be posed in
terms of a boundary value problem in which the Kutta condition is imposed at the trailing
edge of the blade. Of particular relevance is the theoretical approach developed by Amiet
(1976) who gives a formulation relating the far field spectral level to the spectrum of the
convected boundary layer pressure fluctuations and their spanwise correlation length
scale. Both factors need to be known to predict the sound from a ducted fan, and while it
is possible to measure the surface pressure spectrum using pressure transducers imbedded
in the blade surface, it is very difficult to measure the spanwise correlation lengthscale.
An alternative approach is to estimate the combination of these two parameters from
acoustic far field measurements of an isolated airfoil in a wind tunnel. By using Amiet's
(1976) relationship, measurements of the acoustic field can be inverted to obtain the
components of the surface pressure spectrum which are important for sound radiation.
This approach has the advantage that non radiating components of the surface pressure
spectrum are correctly filtered out of the estimated surface pressure. A further advantage
of this approach is that an extensive data base exists (Brooks et al (1989)) for the self
noise generated by isolated blades at different flow speeds and blade angles of attack.
Consequently by combining this data set with Amiet's theory we can specify the blade
surface parameters needed to compute trailing edge noise.

In this study we are interested in ducted fan blades and so to predict the in duct
sound levels we require the surface pressure spectrum and correlation length scales on the
fan or stator blade surfaces. This information is not available but can, in the first instance
be estimated from the measurements on isolated blades as described above. However
ducted fan blades differ from the blades used in Brook's study in many respects. First fan
blades are not isolated and so the flow may be influenced by the presence of an adjacent
blade. This can have an important effect on the acoustic scattering as will be discussed
below, but it's influence on the blade boundary layer properties is not clear. The second
difference is the blade camber. Brook's measurements are for uncambered blades whereas
typical fan designs have blades with significant camber. However it is argued by Chase
(1972) that the boundary layer properties scale with the flow speed and the boundary
layer momentum thickness at the blade trailing edge. Consequently Brook's results can be
used in principle for ducted fan blades providing a relationship is established which
ensures that the blade trailing edge boundary layer properties are the same in each case.

Since fan blades are rotating the flow speed and the angle of attack vary
significantly across the span. However the spanwise correlation lengthscale of typical
boundary layer flows may be assumed to be of the order of the boundary layer thickness

and this is small compared with both spanwise scale of the mean flow variables and the
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acoustic wavelength. This suggests that the boundary layer properties of a rotating blade
may be approximated by splitting the blade into spanwise strips and assuming the
boundary layer is the same as that of a blade in rectilinear motion with the same local
flow speed and angle of attack (Brooks et al (1989)). However, the surface pressure
spectrum which couples with the acoustic field is correlated over a spanwise distance
which is the order of the acoustic wavelength and so this strip theory approach is only
valid in the high frequency limit where the acoustic wavelength is small compared with
the blade span. This is a significant limitation and the consequences of this approximation
for the ducted fan configuration will be considered in section 2.

In section 2 of this paper a theory is developed for the sound power radiated from
a ducted fan by trailing edge noise sources. The turbulent boundary layer fluctuations are
assumed uncorrelated on each blade but a correction is included for acoustic scattering
from adjacent blades. The blade surface pressure spectrum is based on the interpolation
of Brook's measurements on isolated airfoils. The scaling of the results as a function of
the blade design parameters is given in section 3.

5.2 The Evaluation of the In-Duct Sound Power for Trailing Edge Noise
5.2.1 Theory for Noise from Blades Rotating in a Duct

In deriving a theory for the noise generated by ducted fan blades we must
consider the general problem of sound radiation from a unsteady flow over moving
surfaces in a duct. This problem is illustrated in figure 5.1 which shows a set of fan
blades in a circular duct and an observer at the location x. By using Lighthill's acoustic

analogy the acoustic pressure at the observer can be specified as:
5.1)
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dt

where G(y,7/x,t)is the Green's function which applies for a source in the duct at y and an

observer at x in accordance with the conventions given by Goldstein (1976). The first
term on the righthand side of this equation is the quadrupole source term which
represents the sound generated by the turbulent flow fluctuations. In the blade boundary
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layer these sources are convected subsonically relative to both the observer and the rotor
blades and there is no rapid streamwise distortion of the flow, which can be assumed
uniform at the trailing edge of the blades if the Kutta condition applies. The second term
represents the dipole source term where f; is the force per unit area applied to the fluid by
the blade. The last term represents the contribution from the moving volume of the blade
commonly referred to as thickness noise. This term is not important for ducted fans and
only contributes to the near field at the blade passage frequencies, and so will be ignored.

To evaluate the levels of trailing edge noise two different approaches have been
used. Ffowcs Williams and Hall (1970) and Howe (1978) used a Greens function which
satisfied the boundary conditions a semi-infinite flat plate and so were able to eliminate’
the dipole term in equation (5.1). In Howe's approach a vorticity distribution is shed from
the trailing edge to ensure that the Kutta condition is satisfied. In contrast Amiet (1976)
specified a convected pressure disturbance on the surface of the blade which was induced
by the quadrupole sources in the blade boundary layer. He then assumed that the
turbulence in the boundary layer was undistorted as it convected past the trailing edge
and introduced a correction to the local acoustic field which ensured that there was no
pressure discontinuity in the blade wake. In essence both Howe's and Amiet's wake
corrections are identical the only difference being the manner in which the problem is set
up. Howe specifies the flow explicitly while Amiet specifies the net contribution of the
induced flow in the wake. Both theories show that the subsonically convected turbulence
in the boundary layer does not radiate to the acoustic far field and no sound is radiated if
the eddy convection velocity equals the free stream velocity. In the analysis given here
we will use Amiet's approach and define the acoustic field in terms of the blade surface
pressure, ignoring the quadrupole term since this does not couple with the acoustic field.
This is equivalent to assuming the quadrupole field generated by shed vorticity in the
wake is exactly canceled by the surface pressure discontinuity which would have existed
on an imaginary extension of the airfoil surface. On this basis (Amiet (1976)) we need
only consider the dipole term in equation (5.1).

The Green's function can be defined for the acoustic field in a hard walled circular
duct with a uniform axial flow (Goldstein (1976)) as

(5.2)

G(y,tlx,0)=
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where the observer is located at r,,¢, ,z, and the source point is r,¢,z (z is in the direction
of the flow and the * refers to an observer in the upstream/downstream direction). The

axial flow Mach number is M and u2=1 -M2. The wavenumber k, is defined as w/c,
where ¢, is the speed of sound, U, represent the duct modes and the coefficients s are

the solutions to U’j(ca)= U’j(ah) =0 where a is the duct radius and 4 is the hub radius.

We also have that
(5.3)

2 a
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Js h
The terms in equation (5.2) have been arranged so that those which depend on the source
co-ordinates are grouped in the {} brackets. Consequently when (5.2) is used in equation
(5.1) we can carry out the integrals over the source variables separately and define a

modal expansion for the acoustic field in the form
5.4)
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where the coefficients A (@) are the mode amplitudes at the frequency @.

To obtain the mode amplitudes for the dipole term in equation (5.1) we will first
assume that the thickness of the blade is small compared with the acoustic wavelength so
the surface integral in (5.1) may be replaced by an integral over the blade planform and
the force applied to the fluid is replaced by the pressure difference across the blade
surfaces. The integral over the planform must be carried out for each blade separately so

we define y,(r,7) as the location (in stationary co-ordinates) of the point r on the n
blade at time 7. In cylindrical co-ordinates y,=(r,@,(r,z,7),z) where z,<z<z, specifies the
axial extent of the blades at each radial location. If we define & as the chordwise location
on the mean blade planform (see figure 5.1) and f as the angle which the mean blade

planform makes with the direction of rotation (so that tanfS=U/Qr) then z-z,=&sinf} and

we can define
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(5.5)
On = QT—Z—;m——fcosﬁ/r—e(r,z)

where &(r,z) defines the blade camber relative to the mean chord line.

The force applied to the fluid is in the direction normal to the blade surface and so
the gradient of the Green's function in the dipole term of (5.1) must be evaluated in this

direction. The normal is defined by n=Vg//Vg/ where g=¢-¢, and so if we define

F(r.&,w) as the Fourier transform with respect to time of the blade surface pressure

fluctuations on the n* blade, the mode amplitudes will be

(5.6)
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Given the dimensions of the duct all the quantities in (5.6) are known apart from the
blade loading distribution F,. This result allows for blades with arbitrary shape but it is
often reasonable to ignore the effect of the blade camber, sweep and lean on the
amplitude terms in (5.6) by approximating the normal to the blade surface as

6.7

n=(n,,ng,n;)= (0,sin B,cos )

The duct modes are useful because they can be used to calculate the in duct sound
power propagating either upstream or downstream from the fan. The expression for the

autospectrum of the sound power is (see Goldstein (1976))
(5.8)
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This is a relatively simple expression and allows the spectrum of the sound power to be
obtained from the spectrum of the mode amplitudes. Note how no sound power is

radiated when f3, is imaginary which eliminates the cut off modes from the calculation.

The in duct sound power generated by broadband noise sources is therefore given
by the expected value of the mode amplitudes as a function of frequency. These can be
defined from equation (5.6) in the form

5.9

CHNCEE U (o js)U j(ejsr)

c Lt ot , o
J' Sl(:,;;m) v,y ’a)j )esz:(ﬁ,r)—tst(f,r MH2mij(n m)/Bdrdr' dfdf
0

where w=w-jQand K=k *E+j6r.). The term § " is the cross spectral density of

the pressure fluctuations on blades number m and » at the locations y=(r,£) and y’=(r’,&")

which is defined as
(5.10)

n
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If the fluctuations on each blade are uncorrelated then only those terms for which n=m
need be included in the summations but in general that will not be the case because the
blades are coupled by the acoustic field.

This result shows that the acoustic field depends on the cross spectrum of the
blade loading distribution and this must be known with sufficient accuracy to calculate
the surface integral in (5.9). Note that the integrand also includes highly oscillatory
functions and the coupling of these to the cross spectrum is crucial to the accuracy of the
result.

The blade loadings for broadband sources on rotating blades are not well
understood. At the present time the fully coupled blade response to either an unsteady
inflow or a turbulent boundary layer can only be obtained numerically (Schulten (1996),
Kordama and Namba (1989)), and calculations to date have been limited to the first few
blade passage harmonics. Broadband noise calculations are an order of magnitude more
difficult because they require multiple frequency calculations at very high frequencies.
Therefore we are limited at this time to estimating the blade response function for a
rotating blade by using the blade response functions for rectilinear blades applied to
incremental strips across the span. The accuracy of this approximation depends on the
spanwise extent of the blade response to a local excitation. In broadband noise
calculations it is often argued that the spanwise correlation lengthscale of the incident
fluctuations is small and so each spanwise strip of the blade can be considered
uncorrelated (Amiet (1976)). However this argument only applies to the flow exciting the
blade and does not consider the blade response which may effectively spread the
influence of a local gust across the blade span. In the following sections we will examine
this approximation for trailing edge noise sources on a rotating blade.

5.2.2 The Blade Surface Pressure

The theory for trailing edge noise from an isolated blade is given by Amiet (1976)
who shows that the acoustic radiation depends on both the turbulent boundary layer
pressure fluctuations and the blade response function. In fan noise applications the blade
response function also depends on the acoustic scattering by adjacent blades. This
problem was studied for a linear cascade model by Glegg (1996) and significant blade to
blade interactions were identified. In this section we will review the results of Glegg
(1996) so that they may be used for the evaluation of equation (5.9).

It will be assumed that the pressure fluctuations generated by the blade boundary

layer far upstream of the trailing edge of the n" blade can be represented by
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(note this formulation differs from that given by Amiet (1976) in as much that the
response is allowed to be a function of span). The blade loading on a rotor blade will
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where x is in the direction of the flow and y is along the span. The function &,.. 18 the
blade response function of the n™ blade to a boundary layer on the & blade. The cross
Spectrum of the surface pressure required in (5.9) will therefore depend on

Ex[P (w,v)P,*( @,V’)] which can be evaluated for a homogeneous turbulent boundary

layer which is uncorrelated from blade to blade, but has the same average properties, as
(5.13)

[SPP(COJ)

T
7 EdF (@, 9P, (w;,v)] = SV =V)S,
where Spp(@) is the Spectrum of the surface pressure fluctuations at a point. The

parameter / is the spanwise lengthscale as defined by Amiet (1976), which is a function
of the spanwise wavenumber. It is often argued that the dependence of / on the spanwise

wavenumber can be ignored because it is only important when v&>J » where & is a

lengthscale which is of the order of the boundary layer thickness, but we will not make
this approximation unti] a later stage. We then obtain the cross spectrum of the blade

loadings as
(5.19)
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The result given by (5.14) provides the cross spectrum of the loadings for a linear
cascade which has uniform spanwise properties. By using strip theory we can use this
result as an input to equation (5.9) to obtain the amplitude of the duct modes in terms of

the surface pressure spectrum S,.

.5.2.3 The Duct Mode Amplitudes obtained from Strip Theory

The mode amplitudes defined by (5.9) can only be evaluated if the cross spectrum
of the loadings are known and, as stated above we will estimate these from the cross
spectrum of the loadings on a linear cascade of semi-infinite flat plates with uniform flow
at all spanwise locations. This is at best a high frequency approximation since the
properties of the boundary layer on the rotating blade will vary significantly across the
span and we must therefore use broadband strip theory to relate the linear cascade blade
response to the rotating blade response. The assumption required is that S~ will tend
to zero when the spanwise displacement r-r’ is greater than some distance L over which
the flow conditions may be assumed constant. The blade response extends the influence
of any locally excited region over a blade surface area which scales with the acoustic
wavelength. Consequently strip theory only applies when kL>>1. On this basis we can
carry out a local expansion of the Bessel function terms in (5.9) which retains the phase
variation of the Green's function across the span but relates all amplitude variations

which depend on r’ to their value at . The expansion takes the form
(5.15)
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This allows an approximation of the integrand of equation (5.9) in the vicinity of r so that

it may be written (assuming uncambered blades aligned with the flow)
(5.16)
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In approximating equation (5.9) using (5'.16) we have introduced an important
simplification of the broadband noise problem from rotating blades because it allows us
to substitute from for S,. from (5.14) directly using the local flow conditions at the

spanwise station r. Evaluating the integrals using (5.14) with y-y’=r-r’ and x=£-c in the

strip theory limit AL>>1 gives
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Note that we have used the property g =g, and given S,, a dependence on r to indicate
that it is a function of spanwise location. Also we have taken g, to be an even function of
the spanwise wavenumber which is to be expected in the uniform flow approximation.
This result shows how the duct mode amplitudes are dependent on the surface pressure

spectrum S,, , the blade response function ‘¥ and the spanwise lengthscale /. The blade

response function can be defined analytically but the surface pressure and the spanwise
lengthscale are features of the flow which are hard to predict or determine from
computations of the flow. Typically we are interested in blades which are operating close
to stall and so the flow is very unstable and non-linear interactions are important. At this
time we are limited to estimating the surface pressure from experiments on isolated
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blades and interpolating the results to the conditions of interest. This approach will be

described in section 5.2.6.

5.2.4 The Phase Approximation

To obtain the result given by (5.17) it was necessary to make use of the local expansion

(5.15) and in this section we will evaluate the value of the phase function v, . First

consider a Taylor series expansion of the Hankel function in (5.15). This may be written

in the form
HP (o) = exp|:1n(HJ(-l) (o) + (r —r)% (in(H (P (ar))]

so that we can define the phase function as

—iod—I}(l) (or)

P (U ( PN
v, = z&(ln(Hj (o)) = Pz

For large values of the argument we can approximate the Hankel function as

) i O
) 2 o+ —jr/2-n/4)
HY (ar) = ,[——e 8ar
J nor
so that
.2
V1=a --4‘] 21 ..l_
Sor 2r

(5.18)

(5.19)

(5.20)

(5.21)
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We see therefore that the real part of the phase function depends on the radius, and
although this dependence is weak well above cut-off, there is an implicit radial
dependence.

One of the problems with using a flat plate blade response function to represent a
blade rotating in a cylindrical duct is the matching of the blade response functions at
frequencies where the duct modes cut on. At the cut-on frequency B,=0 and so
considering (5.8) and (5.9) we see that the sound power of each mode is singular at cut-
on. However for a rectilinear cascade it can be shown (Goldstein (1976)) that the blade
response function tends to zero at the cut on frequency and so the sound power remains
finite. It is therefore important that, when modeling the response of the rotating blade by
an equivalent rectilinear blade over a finite strip (however small), that the behavior at cut
on is correct. This is especially significant for broadband noise calculations because at
high frequencies the modal density in any bandwidth of practical interest is high, and so
there will be several modes which cut on within any band. The singular behavior of the
expressions for the sound power and the mode amplitudes can cause large errors unless it
is accounted for correctly.

To address this problem consider the dispersion relationship for acoustic waves in
cylindrical co-ordinates. For a wave field in a duct with uniform flow in the axial

direction the acoustic pressure is given by p=AU{ &, r)exp(-iwt+ij¢p+ir). The dispersion
relationship which determines yis given by

(5.22)

y2+ak =@-W)?/c

In contrast the acoustic field in rectilinear co-ordinates with a uniform flow in the z
direction is defined as p=Aexp(-iwt+ivy+ifx+iyz) and satisfies the dispersion

relationship
(5.23)

72 +ﬁ2 +v? =(a)-—7U)2/c§

If the x axis is aligned with the azimuthal direction so that x=¢r, the periodicity of the
wavefield requires that 8=j/r. Consequently the dispersion relationships will be identical
if
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(5.24)

To first order we can expand this relationship to give
(5.25)

j2

2ajsr

V=0 -

Js 2

which is a good approximation to the Taylor series expansion given by equation (5.21).
In conclusion, when aligning the wavenumbers in rectilinear co-ordinates with the
wavenumbers in cylindrical co-ordinates it is important that the dispersion relationships
are preserved so that the cut on frequencies for each mode are the same in both cases. For
this reason we must chose the spanwise wavenumber given by (5.24) in the rectilinear
expansion and this gives a good approximation for the local expansion of the Bessel

functions.

5.2.5 The Blade Response Function

The blade response function for pressure fields convected past the trailing edges
of a linear cascade of blades was investigated by Glegg (1996) where it was shown that,

for an incident pressure field of the type given by (5.11),
(5.26)

o0
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where the function A, is defined by equation (5.23) of Glegg (1996) (with
Qexp(i& Jy,/)=1/2 to account for pressure doubling on the surface) and the trailing edge of

each blade lies at x=nd. It then follows that the function required in (5.17) is given by
(5.27)

Y(w;,v,y)=21Be"" Y Ai_,p(¥.V)

p=—o0
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and by combining equation (5.23),(5.26) and (5.28) of Glegg (1996) we find that
(5.28)

igce'”
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where £.=(1-M}2)"? (2 -(y+kM )7, ki=-VI(1-M}?), M, is the flow Mach number

relative to the blade, k=w/c,(1 -M}), y=w/U,, U, is the gust convection velocity and the

functions J, are defined in Glegg (1996). This result is only valid for calculating the
sound field in the region downstream of the blade trailing edges because the model used
is for a cascade of blades with semi-infinite chord. For the sound which propagates in the
upstream direction the sound field is trapped in the blade passages and then radiates from
the inflow plane of the fan. A complete theory for the propagation of waves through the
blade passages, their reflection and subsequent radiation is not yet available but current
indications are that there is very little energy reflected back downstream from the fan
leading edge.

To interpret the results it is shown in Glegg (1996) that a reasonable

approximation is given for (5.17) in the form
(5.29)
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where {=(1-M2)"*(x-(y-xM_f )" and h, is the blade spacing normal to the direction of

the flow. Two features are important about this result: first we the term (1-expQi&h,))
represents the reflection of waves by adjacent blades and is typical of an interference
effect. The response function therefore has zeroes at frequencies where {h,=m and these

will be apparent in the computation of the sound power spectra to be discussed in section
5.3. Secondly the function given in (5.29) reduces to the blade response function for an

isolated blade in the limit that A, tends to infinity since { has a small positive imaginary

part so (1-exp(2i&h,))~1 .

5.2.6 The Surface Pressure Spectrum
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To evaluate the spectrum of the blade boundary layer pressure fluctuations we
will consider measurements of the acoustic field from an isolated blade. It is shown in
Amiet (1976) that the far field pressure spectrum from an isolated blade in a uniform
flow is given in terms of the cross spectrum of the blade pressure fluctuations. To
evaluate (5.17) we need to specify 2IS,, and this can be determined from the

measurement of the pressure spectrum in the acoustic far field as
(5.30)

Spp (X0, @)
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where ' is the blade response function of an isolated blade and we have specified the

observer to be located at x,=y,=0. It is therefore relatively simple to obtain the pressure
spectrum required for (5.17) from measurements of the acoustic field from an isolated
blade. The accuracy of this estimate is determined by the knowledge of the blade
response function, but this is specified theoretically, and the primary assumption is that
scattering by the leading edge of the blade is ignored.

5.2.7 Numerical Implementation

The theory described above has been implemented by carrying out five separate
tasks based on the input parameters of a particular fan design. Each step is described
below:

(1) The self noise source spectra are calculated using the blade self noise
prediction code provided by Brooks et al (1989). This calculation is carried out for each
blade station and gives spectral levels between 200 Hz and 40,000 Hz in blade based co-
ordinates.

(2) The duct mode eigen values and eigenfunctions are calculated for each
frequency at each radial station with sufficient resolution for the radial integration
required in equation (5.17).

(3) The blade response function and source level are calculated for all cut on
modes at ~10 radial stations across the blade span.

(4) The radial integration is carried out numerically. The mode functions are

highly oscillatory and so a small step size is required in the integration to define these
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correctly. Accurate results are obtained by using at least 30 steps across the span for the
lower order modes and by increasing this to (a-h)/(5s,,, ) for large radial mode orders
where s, is the largest value of s for all propagating modes at a given frequency.
However relatively few source points are defined in (5.3) but they tend to vary smoothly
so linear interpolation can be used to specify these functions at the small increments
required for the mode functions.

(5) The sound power is evaluated for each frequency and each mode using
equation (5.17).

Numerical checks have been carried out on the radial integration by comparing
the results with known theoretical solutions. Further checks on the number of radial
stations required in (5.3) above have shown that 10 radial stations gives a converged
solution. The codes for the blade response function have been checked using the two

alternate methods of calculation.

5.3. Results and Discussion
5.3.1 Numerical Examples

In this section we will illustrate the application of the self noise model described
above to a ducted fan. We will limit consideration to a fan in a duct of radius 0.2286m
with 20 blades and a hub to tip ratio of 0.44. The results will be presented in terms of the
spectrum level of the sound power obtained from equation (5.8) and corrected for the

bandwidth used in the frequency analysis by multiplying by 24® with Aw=2x rad/sec.
Unless otherwise stated the tip Mach number will be 0.7, the tip inflow angle S=tan’

'(U/Q2a)=23" and the blade chord 0.081m. Two different distributions of blade angle of

attack will be considered: a constant angle of attack of 7° at all spanwise locations and a
varying angle of attack in which there is a linear reduction of blade angle from 8° at the
hub to 4° at the tip.
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5.3.2 Self Noise Source Levels

The self noise source levels are obtained from the non-dimensionalised measured
spectra given by Brooks et al (1989), for a series of NACA 0012 airfoils with different
chords and at different angle of attack. The measured spectra scale with the fifth power of
the inflow velocity and significant increases in the low frequency part of the spectrum
were observed at high angles of attack when flow separation and/or stall occurred. Flow
separation was significantly altered by the use of boundary layer trips indicating that
there may be significant scale effects present.

This study is concerned with high solidity fans in which the local flow in a blade
passage may vary significantly from a flow with the same Reynolds number over an
isolated blade. In particular the influence of adjacent blades on flow separation and
boundary layer development may be significant. Furthermore the airfoils used in Brook's
study were uncambered whereas ducted fan blades usually include a significant amount
of camber. The relationship between the angle of attack of an isolated blade and the
equivalent angle of attack of the blades in a high solidity fan is yet to be determined and
will require an extensive experimental study. However results to date suggest that the
blade incidence angles are equivalent between these two cases, but further work needs to
be done to confirm this preliminary conclusion.

Figure 5.2 shows the isolated blade self noise spectra for each radial station of the
constant angle of attack case (Case A) described above. Note how the highest levels
occur near the blade tip where the blade relative velocity is highest, and how the spectral
peak occurs at ~ 9000 Hz. At inboard stations the peak moves to lower frequencies and
the levels are reduced as the fifth power of the blade relative velocity.

For the case when the blade angle of attack varies across the span (Case B, Figure
5.3) a different characteristic is observed. The increase in angle of attack on the inboard
stations of the blade causes the level of the spectral peak to remain constant in spite of the
reduction in blade relative velocity. This characteristic is caused by the flow over the
blade approaching separation and will be affected by the details of the fan design. In
general we can conclude that separated flow will result in significant increases in low

frequency self noise from the fan.
5.3.3 In Duct Sound Power
To demonstrate the effect of the two different variations of blade angle of attack

on the radiated power levels figure 5.4 shows the downstream sound power for the blade
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source levels given in figures 5.2 and 5.3. Note how the constant angle of attack case has
higher levels, especially at high frequencies. The high frequency characteristic is
explained by the higher angle of attack close to the blade tip for case A. In contrast the
high angle of attack close to the hub causes blade stall for case B and this results in
higher low frequency levels, as expected from Figure 5.3.

An interesting feature is the noticeable dips in the spectra at ~8kHz. This is
caused by the interference effect discussed in section 5.2.5, and is a direct consequence of
the cascade blade response function having a null in this frequency band.

The scaling with Mach number is shown in Figure 5.5 for case A giving results
for blade tip Mach numbers of 0.5,0.6,0.7,0.8 and 0.9. To obtain these curves the fan
speed was varied while maintaining the same inflow angle and angles of attack. An
increase in the spectral level is observed with greater increases at higher frequencies. To
determine the scaling of self noise with Mach number figure 5.6 shows the total sound
power as a function of blade tip Mach number obtained by integrating the spectra. For
Mach numbers less than 0.5 the scaling is proportional to the fifth power of the Mach
number as expected from the source levels. At higher Mach numbers a greater sensitivity
is observed and the scaling is closer to the sixth power of the Mach number or greater.
Note that at Mach numbers greater than 0.7 the complete spectra could not be calculated
and so the levels are obtained by integrating the available data shown in figures 5.5.

The scaling with angle of attack is shown in Figure 5.7 for case A with nominal
angle of attack changes of -2°,-1°,0°,+1°,+2° relative to the base level. Note here how the
spectral shape changes significantly at low frequencies when blade stall occurs. In Figure
5.8 the total sound power between 1kHz and 20kHz is shown as a function of angle of
attack for both cases A and B and it is seen that this increases as ~2.4 dB per degree for
case B which has a twisted blade for which only the hub stalls in this range of parameters.
Case A which has a constant angle of attack across the span shows more sensitivity
because both the tip and the hub region stall at incidence angles greater than 7°.

5.3.4 Modal Power Distribution

One of the interesting features of the approach given here is that the distribution
of sound power in each mode as a function of frequency can be displayed as shown in
Figure 5.9 for the constant angle of attack case (Case A). In this plot the sound power is
presented for all the azimuthal modes (x-axis), against frequency (y-axis), and the
contour height (z-axis) represents the sound power which is the sum of the levels in the

radial modes. The plot shows a clear tendency for there to be more sound power in the
50



positive (co-rotating) modes at high frequencies, and at low frequencies there is more
sound power in the negative (counter-rotating) modes. Figure 5.9 also highlights valleys
in the modal power distribution which are caused by the blade to blade interference
effects discussed in section 5.2.5.

To further investigate why the modal power is concentrated in the co-rotating
modes we note that the frequency dependent factors which affect the mode strength given

by equation (5.17) are the wavenumbers f, and kjf the source spectrum 2/S,, and the
blade response function ¥ . The source spectrum and the blade response function are

both functions of @=c-j€2. which represents the blade based frequency and accounts for

the Doppler shift of the moving blades by coupling different source frequencies into
different duct modes. The interference effects due to blade to blade interactions which
cause the valleys in Figure 5.9 make it hard to separate out the source spectrum scaling
for each mode and so calculations were carried out using a blade response function which
eliminated adjacent blade interference. This was achieved by letting 4, tend to infinity in
equation (5.29). The sound power spectra for the modes j=0,/0 and 20 are shown in
figure 5.10(a). The spectral peak occurs at higher frequencies for the higher order modes,
but when plotted against the blade based frequency (figure 5.10(b)) all the spectral peaks
line up showing that the sound power is primarily a function of the blade based
frequency. The match is not perfect at the lower frequencies because of the influence of
the blade response function close to cut on, and this is even more pronounced for
negative mode orders, for which the spectral peak of the zero order mode is “cut off” but
the high frequency parts of the spectra line up as a function of the blade based frequency.

5.4. Conclusions

A theoretical prediction method for the broadband self noise from ducted fans has
been developed. The source mechanism is assumed to be the interaction of the turbulent
boundary layer with the trailing edges of the blades and the source levels are obtained
from the measurements of self noise from isolated blades by Brooks, Pope and Marcolini
(1989).

It was shown that strip theory must be used to apply these results to a rotating
blade, and this is only a valid approximation in the high frequency limit where the
acoustic wavelength is much smaller than the duct radius. A method was introduced for
coupling the modes in a circular duct to the modes of a linear cascade. This is achieved
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by matching the dispersion relationship of the acoustic field in each case, and if this is not
done correctly then the incorrect behavior of the blade response function is obtained close
to cut off. This is important due to the singular nature of the expression for the sound
power at the cut off frequency.

It has been found (Glegg (1996)) that for a high solidity ducted fan the blade
surface pressures are not uncorrelated on each blade and corrections must be included for
the scattering from the trailing edges of adjacent blades. This is achieved by using a blade
response function which assumes blades of semi infinite chord arranged as a linear
cascade, and this function has the correct behavior to properly calculate the modes close
to cut off which is not the case for approximate methods which do not include the effect
of the spanwise wavenumber. However a correction needs to be added to account for the
propagation of trailing edge noise through the blade passages and into the duct upstream
of the fan.

Numerical results show that the in duct sound power scales with the fifth power of
the fan speed at low Mach numbers, but this changes to the sixth power or greater at high
Mach numbers. The angle of attack of the blade increases the self noise as 2.4 dB per
degree and significant increases in low frequency self noise occur if blade stall occurs.
For blades with a linear variation of angle of attack stall effects occur primarily in the hub
region and this does not give as large increases as stall effects which occur in the tip
region of the fan. Scale effects have also been considered and are found to be dependent
on Reynolds number. It is also shown that the sound power is concentrated in the co-
rotating modes because of the Doppler shift introduced by the fan.

The advantage of the approach given here is that it based on an experimental data
base and so includes the effects of nonlinear source mechanisms and viscosity in high
Reynolds number flows. Given the limitation that the flow is modeled as being the same
as that of an isolated blade, the method makes a first order attempt to account for the self
noise from blades at high angles of attack where separated flow and blade stall takes
place over different sections of the blade. Clearly more work is required, both
experimentally and numerically, to evaluate the turbulent boundary layer close to the
trailing edge of fan blades which, in contrast to the blades used here, may be highly
cambered and influenced by the presence of adjacent blades. However the method
described here should give a first order estimate of the trailing edge noise from a ducted

fan.
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6. Predictions of the Boeing Broadband Fan Noise Data Set
6.1 Introduction

This section will consider the application of the theoretical results presented in this
report by carrying out detailed comparisons with the measurements on the Boeing fan rig
described in section 2.

6.2 Rotor Alone Self Noise

The self noise prediction method described in section 5 gives an absolute method
for predicting self noise levels from a fan. The method only gives the downstream sound
power because the propagation of the trailing edge noise through the blade passages is not
included. Consequently we will only consider measurements in the downstream direction.
As was stated in section 2, the rotor self noise will be the base level of Broadband fan noise
and is most likely to be the dominant source when there are no stators, the upstream duct
wall boundary layer is removed, and the tip gap is a minimum. The flow conditions and
input parameters for these operating conditions are presented in Table 6.1. Of particular
importance here is the detail given for the angle of attack across the span of the blade. The
predicted noise spectra for the four cases considered is shown in figure 6.1, and
encouraging agreement is obtained. Note that at the lower speed the level for the high
loading case is 6dB higher than for the low loading case, and the prediction method
accurately follows this trend. At the higher fan speed with high loading the self noise is
over predicted at high frequencies, and it is not immediately clear why this is the case. The
prediction methodology is based on isolated blade measurements at low Mach number, and
the high speed/high loading case represents the greatest departure from these conditions.
The tip Mach number in this case is 0.87 and it is unlikely that the input data is valid at this
speed since shock cells are almost certainly present on the blade surfaces.

The predicted self noise spectra show a clearly identifiable dip at ~8kHz which can
be attributed to blade to blade acoustic interference. This effect is not apparent in the
measurements, and the prediction methodology may be over emphasizing this effect. The
theory does not allow for acoustic reflection of the noise generated at the blade trailing
edges by the leading edges of the blades and this may reduce the apparent null in the spectra
which can be seen in figure 6.1.

Finally it should be noted that predictions of stator self noise showed that the stator
self noise levels were not significant.
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6.3 Rotor Alone Inflow Noise

When there is a duct wall boundary layer the rotor alone noise is increased, and the
inflow noise prediction method described in section 4 should predict this change. A true
comparison is only valid however if the predicted boundary layer (BL) noise is added to the
rotor alone levels without the boundary layer present. Figures 6.2 through 6.5 show the
predicted spectra in the upstream and downstream directions for the four different subsonic
operating conditions. The overall predicted level is the sum of the measured data without
the BL present and the predicted level. In general excellent agreement is obtained, however
there is a trend to over predict at low frequencies in the upstream direction.

The rotor causes significant flow tumning and so to partially account for this the
downstream sound power has been evaluated assuming the blades are aligned with the flow
in the downstream region, while the predictions in the upstream direction are based on the
flow conditions upstream of the fan. At the very least this ensures that the acoustic modes
downstream and upstream of the fan have the nominally correct cut on frequencies.

To obtain these predictions the boundary layer thickness and the turbulence length
scale and intensity have to be specified. The boundary layer thickness was estimated from
performance calculations (see figure 6.6) the turbulence intensity was obtained from hot
wire measurements (see figure 6.7). However estimating the turbulence lengthscale was
more difficult. To obtain a reasonable value, the turbulence spectra at 6mm(0.25") from the
wall were considered (see figure 6.8). Note that the 10 dB down point for the streamwise
component occurs at 6.5 kHz, while for the transverse component it occurs at 30 kHz. The
spectral shape of the Von Karman spectrum for a gust in the direction of the flow is given

by (1+(aw/k,U)’y*® and for a transverse gust is given by (3+8(aw/k,UD/(1+(awik UyP) ",

By identifying the frequency where spectrum is 10dB below the level at zero frequency, we
can estimate the lengthscales L, for the streamwise gust, and L, for the transverse gust, as
6.1)
_ 142U _2WW
. 87fy - 87fy

where f, and f, are the frequencies of the 10dB down points respectively. Using these
formulae, the lengthscales can be estimated for each component as 6.2 mm and 2.6mm
(and similarly for the higher speed case). Using the smaller of these two lengthscales gives
the best fit to the data, but the reason for this is not entirely clear. A possible explanation is
that the lower frequency part of the streamwise turbulence spectra are dominated by
coherent structures which do not fit the Von Karman model.
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6.4 Rotor/Stator interaction Noise

To predict stator noise two different types of inflow turbulence must be considered.
First there is the wall flow which is dominated by the wall boundary layer and the influence
of the tip leakage vortex. Secondly there is the wake flow, which is of lower level, but of
greater spanwise extent. To estimate the contributions from the wall flow, the BL thickness
and intensity must be estimated. The lengthscales are obtained from the turbulence spectra
and equation (6.1). Similarly for the wake flow, only in this case only the average
turbulence intensity and lengthscale is required.

For this study the turbulent spectra in the wake were only available for the large tip
gap, low loading case at the 55% operating condition (see figure 6.9). Calculations were
therefore carried out for this case, and extended to the 70% operating condition for the
same tip gap. Using the spectra shown in figure 6.9, the lengthscales in the outer wall
region and wake region were estimated as 7.6mm and 3.4 mm respectively for the low
loading case. For the high loading case the outer wall turbulence lengthscale was increased
in proportion to the BL thickness. The boundary layer thickness and all the turbulence
intensities were taken from figure 2.10. All the parameters used in the calculations are
given in Table 6.3. Note that for the 70% operating condition the same values for the
turbulence intensities and lengthscales were used as for the lower speed.

The results are presented in figures 6.10 through 6.13, and give the measured rotor
alone noise, the predicted wall boundary layer noise, the predicted wake noise, the sum of
these three components, and the measured stator noise. By adding the rotor alone noise to
the predictions for the other sources proper account is taken of the rotor self noise, and the
predictions provide the incremental increase due to the presence of the stators. In general
the predictions are good, with a tendency to over predict in the low frequency, upstream
direction, as was found for the rotor alone cases. The trends in the data with both speed
and loading are accurately followed by the prediction methodology. Furthermore it appears
that in all cases the wake flow is a greater contributor than the outer wall flow in all cases.
This conclusion is consistent with the results presented in figure 2.11, with the exception
of the high speed high loading case. However since no measurements of the stator inflow
were made for this condition, and the prediction is based on estimated parameters, no

conclusions can be drawn about this particular case.

6.5 Conclusion

In this section the prediction methodology has been compared with the broadband
noise measurements obtained from the Boeing fan rig. Predictions of rotor self noise were
compared with rotor alone data obtained with a clean inflow. The results showed the
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compared with rotor alone data obtained with a clean inflow. The results showed the
correct trends with loading, but tended to over predict at high fan speeds, where the blade
tip speed is in the transonic range and the input data is most likely inapplicable. The
increase of the rotor alone noise caused by the presence of a turbulent duct wall boundary
was then evaluated using measured values to define the turbulence parameters. Again the
results showed the correct trends with increases of speed and loading, however, the best
predictions were obtained if only the smallest observed lengthscales were used in the
prediction method. Finally the predicted levels of stator noise were considered, using
measured values for the turbulence parameters. The measured levels were predicted well
and the trends with flow speed and loading were identified. At the low speed condition,
wake turbulence was evaluated as more important than wall turbulence, which is consistent
with the results in section 2.
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7. Conclusions

This report describes the development of prediction methods for broadband fan
noise from aircraft engines. First experimental evidence of the most important source
mechanisms is reviewed. Then theoretical models are developed for each source
mechanism. Finally the theories are used to predict measured levels with some success.

The experimental evidence presented in this report are the results of a test carried
out on the Boeing 17" model fan rig. The results give a break down of the different source
mechanisms of broadband fan noise. It was found that there is no clearly dominant source
mechanism to which noise reduction approaches can be applied, but rather a number of
competing mechanisms exist which are more or less important depending on the particular
fan design and flow conditions. It was shown that noise levels always increased when
stator vanes were present downstream of the rotor. In general, fans should be designed to
minimize turbulent flow incident on the stators and the outer wall flows can be a contributor
in this regard. The wake turbulence is of lower level but of greater extent and so, in some
cases, may be the dominant source of high frequency turbulent flow. However the rotor
noise is not very far below the stator noise and good predicted levels cannot be obtained
unless the rotor alone noise levels are known.

The primary difficulty in developing theoretical models for broadband fan noise is
that the scale of the airfoil is large compared with the gust wavelength, and so numerical
approaches have difficulty in modeling the flow, especially around the blade leading and

trailing edges. Typically, predictions are required at non-dimensional frequencies, wc/U,_ ,

of up to 70, and it unusual to find numerical calculations for non-dimensional frequencies
in excess of 25. This makes the high frequency broadband noise problem particularly
challenging and suggests that a complete solution will not be found using existing
approaches. For this reason semi analytical approaches were used here to model the
interaction of the turbulent flow with the fan blades and stator vanes, and measured data
were used to define the properties of the turbulence. At the present time this appears the
only realistic alternative, but in the future as computational methods improve, a fully non-
linear viscous calculation of the stochastic compressible/turbulent flow in the fan duct and
around the stator vanes, would be an enormous improvement on the approach taken here.
In section 3 the existing methods for the prediction of broadband fan noise from
inflow turbulence were reviewed and a procedure was developed for fan noise prediction
based on a linear cascade model. The model uses a rectilinear approximation for a fan or
stator in a cylindrical duct, but it's advantage over other methods is that it includes all
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spanwise coupling effects. The standard output of this method is the upstream and
downstream sound power, but modal amplitude and power calculations are also possible
with minor modifications. Numerical examples were given and it was shown that the
spectral shape of the radiated sound power is primarily controlled by the turbulence
lengthscale, which is the typically the most difficult turbulence parameter to measure.

A theoretical prediction method for the broadband self noise from ducted fans was
also developed. The source mechanism is assumed to be the interaction of the turbulent
boundary layer with the trailing edges of the blades and the source levels are obtained from
the measurements of self noise from isolated blades by Brooks, Pope and Marcolini
(1989). It was shown that strip theory must be used to apply these results to a rotating
blade, and this is only a valid approximation in the high frequency limit where the acoustic
wavelength is much smaller than the duct radius. A method was introduced for coupling the
modes in a circular duct to the modes of a linear cascade. This is achieved by matching the
dispersion relationship of the acoustic field in each case, and if this is not done cormrectly
then the incorrect behavior of the blade response function is obtained close to cut off. This
is important due to the singular nature of the expression for the sound power at the cut off
frequency. For a high solidity ducted fan the blade surface pressures are not uncorrelated
on each blade and corrections must be included for the scattering from the trailing edges of
adjacent blades. This is achieved by using a blade response function which assumes blades
of semi infinite chord arranged as a linear cascade, and this function has the correct
behavior to properly calculate the modes close to cut off which is not the case for
approximate methods which do not include the effect of the spanwise wavenumber.
However a correction needs to be added to account for the propagation of trailing edge
noise through the blade passages and into the duct upstream of the fan. Numerical results
show that the in duct sound power scales with the fifth power of the fan speed at low Mach
numbers, but this changes to the sixth power or greater at high Mach numbers. The angle
of attack of the blade increases the self noise as 2.4 dB per degree and significant increases
in low frequency self noise occur if blade stall occurs. For blades with a linear variation of
angle of attack stall effects occur primarily in the hub region and this does not give as large
increases as stall effects which occur in the tip region of the fan. Scale effects have also
been considered and are found to be dependent on Reynolds number. It is also shown that
the sound power is concentrated in the co-rotating modes because of the Doppler shift
introduced by the fan.

Finally the prediction methodology was compared with the broadband noise
measurements obtained from the Boeing fan rig. Predictions of rotor self noise were
compared with rotor alone data obtained with a clean inflow. The results showed the
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correct trends with loading, but tended to over predict at high fan speeds, where the blade
tip speed is in the transonic range and the input data is most likely inapplicable. The
increase of the rotor alone noise caused by the presence of a turbulent duct wall boundary
was evaluated using measured values to define the turbulence parameters. Again the results
showed the correct trends with increases of speed and loading, however, the best
predictions were obtained if only the smallest observed lengthscales were used in the
prediction method. Finally the predicted levels of stator noise was considered, using
measured values for the turbulence parameters. The broadband fan noise levels were
predicted well using this approach and the trends with flow speed and loading were
identified. At the low speed condition, wake turbulence was evaluated as more important
than wall turbulence, which is consistent with the results in section 2 for this fan design.
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Tables

Table 6.1: Input for Boeing Fan Rotor Alone Self Noise Calculations

Minimum Frequency 1000 Hz
Maximum Frequency 25000Hz
Number of Frequency points 25
Analysis Bandwidth 15.6Hz
Duct Radius 0.2286 m
Hub Radius 0.1m
Blade Chord 0.081m
Number of Blades 20
RPM: 55% 9156 rpm
70% 11663 rpm
AxialFlow  55% 84 m/s Low
77 m/s Hi
70% 110 m/s Low
100m/s Hi

Blade Chord

(r-h)/(a-h) c

0.0500 0.0718

0.1500 0.0736

0.2500 0.0758

0.3500 0.0768

0.4500 0.0769

0.5500 0.0769

0.6500 0.0768

0.7500 0.0770

0.8500 0.0784

0.9500 0.0801

Angle of Attack (rotor incidence)

1/a 55% Low 55% Hi 70% Low 70% Hi
0.05 8.3 11 8 10.8
0.15 7.5 10 7.5 10
0.25 6.6 9.1 6.2 8.8
0.35 5.7 8.1 5.2 7.7
0.45 5 7.2 4.6 6.8
0.55 4.7 6.8 4.3 6.4
0.65 4.5 6.6 3.9 5.9
0.75 4.4 6.4 3.9 5.7
0.85 4.4 6.1 3.9 5.7
0.95 4.4 6.1 3.9 5.7



Table 6.2: Input for Boeing Fan Rotor Alone Inflow Noise Calculations

Boeing Test Input Data (Inflow Noise)

Analysis Bandwidth

Duct Radius

Hub Radius

Rotor Blade Chord
Number of Rotor Blades

Number of Stator Vanes
Stator Chord

Duct radius at stator

hub radius at stator

55% Low
Rotor upstream
U (rotor) 94 my/s
V (rotor) 0
pm 9156

BL thickness 8.9mm
Lengthscale 2.6mm
Turb. Int. 2%

Run No 759
100%bleed 782

Rotor downstream

U (rotor) 94 m/s
V (rotor) 50 my/s
pm 9156
BL thickness 8.9mm
Lengthscale 2.6mm
Turb. Int. 2%
Run No 760
100%bleed 781D

15.6Hz
0.2286 m
0.1m

0.081m

20
30
0.044m
0.2286m
0.1m
55% Hi 70% Low
94m/s 123m/s
0 0
9156 11663
8.9mm 7.6mm
2.6mm 2.8mm
2% 2%
762 766
779 783C
94m/s 123m/s
50 m/s 61 m/s
9156 11663
8.9mm 7.6mm
2.6mm 2.8mm
2% 2%
761D 765C
780D 784

70% Hi

123my/s
0
11663
7.6mm
2.8mm
2%

763C
786

123m/s
61 m/s
11663
7.6mm
2.8mm
2%
764
785C
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Table 6.3: Input for Boeing Fan Stator Noise Calculations

Stator upstream

157m/s
61 m/s

U 123 m/s 123m/s

\" 50 m/s 50 my/s

BL thickness 14.9mm 22.86mm

(tip clear 0.05",fig H31)

BLLen.Sc 7.6mm 11mm

(estimated from spectra 10dB down pt of 8kHz fig H21)
Turb. Int. 5.5% 6%

Wake Int 3% 4%

Wake Len S¢  3.4mm 3.4mm

(estimated from spectra 10dB down pt of 18kHz fig H21)

1008
724

157m/s
61 m/s

Run No. 1001D 1004

Rotor alone 717 720
Stator downstream

U 123 m/s 123m/s

v 50 m/s 50 m/s

BL thickness 14.9mm 22.86mm

(tip clear 0.05" fig H31)

BL Len.Sc¢c 7.6mm 11mm

(estimated from spectra 10dB down pt of 8kHz fig H21)

Turb. Int. 5.5% 6%

Wake Int 3% 4%

Wake Len S¢ 3.4mm 3.4mm

(estimated from spectra 10dB down pt of 18kHz fig H21)

Run No.
Rotor alone

1002
718D

1003D
719D

1007
723C

157m/s
61 m/s

1005
721

157m/s
61 m/s

1006
722
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Figure 1.1: Typical fan noise spectrum showing the subjectively important
regions for large and small diameter engines.
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Figure 1.2 Internal Turbulent Flows in an aircraft engine
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Figure 2.1: Broadband noise power spectra in the upstream and downstream directions for
the rotor alone case with 100% boundary layer bleed on the outer duct wall upstream of the
rotor. (55% speed, low loading, tip gap 0.02")
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Figure 2.2: Broadband noise power spectra in the downstream direction for the rotor alone
case with 100% boundary layer bleed on the outer duct wall upstream of the rotor, showing
the effect of loading. (55% speed, tip gap 0.02")
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Figure 2.3: Broadband noise power spectra in the downstream direction for the rotor alone
case with 100% boundary layer bleed on the outer duct wall upstream of the rotor, showing
the effect of tip gap and loading. (55% speed)
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NASA TASK 4 FAN BROADBAND NOISE TEST, PART 4 AND S
HOTWIRE MEASUREMENTS IN THE FAN DUCT

CORRECTED FAN SPEED 55%, NO SUCTION, LOW LOADING (17K)

EFFECT OF ROTOR TIP CLEARANCE ON FLOW PARAMETERS
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Figure 2.7: The effect of rotor tip gap size average turbulence intensity levels downstream
of the rotor at 55% speed as a function of radial position for both streamwise and
transverse turbulence components. Also shown is the mean flow.
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Figure 2.8: Broadband noise power spectra in the upstream direction showing the effect of
rotor tip gap size on stator noise. (55% speed, no boundary layer bleed, 60 stators)
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Figure 2.10: The effect of fan loading on the average turbulence intensity levels
downstream of the rotor at 55% speed as a function of radial position for both streamwise

and transverse turbulence components. Also shown is the mean flow.
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Figure 2.11: Broadband noise power spectra with rotor alone noise subtracted showing the
effect of rotor loading on stator noise. (55% speed, no boundary layer bleed,60 stators)



Figure 4.1 : The linear cascade model with rigid end walls
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Figure 4.2: A linear cascade of blades in a uniform flow and an
incident velocity perturbation given by w.
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Figure 4.3: The sound power spectra for a set of 30 stator vanes showing the upstream

and downstream radiated sound power. (6=I14mm, L=8.7mm, 55% speed, VK spectrum,
turbulence intensity=6%)
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Figure 4.4: The sound power spectra for a set of 30 stator vanes showing the effect of the

turbulence spectrum model. (8=14mm, L=8.7mm, 55% speed, downstream radiation,
turbulence intensity=6%)
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Figure 4.5: The sound power spectra for a set of 30 stator vanes showing the effect

of the fan speed. (6=14mm, L=8.7mm, downstream radiation, turbulence
intensity=6%)
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Figure 4.6: The sound power spectra for a set of 30 stator vanes showing the effect of the

wall boundary layer thickness. (L=36/4.8, 55% speed, downstream radiation, turbulence
intensity=06%)
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Figure 4.7: The sound power spectra for a set of 30 stator vanes showing the effect of the

wall boundary layer turbulence lengthscale. (6=14mm, 55% speed, downstream radiation,
turbulence intensity=6%)
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Figure 5.1: The co-ordinate systems used in the analysis
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Figure 5.2: The source spectra for a rotating blade with a
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Figure 5.3: The source spectra for a rotating blade with a
linearly varying angle of attack from 8° at the hub to 4° at the
blade tip.
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Figure 5.4: Downstream sound power for an angle of
attack which is (a) constant across the span, and (b)
linearly varying acoss the span.
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Figure 5.5: The effect of increasing the Mach number
on the downstream sound power for case A.
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Figure 5.6: The overall sound power for case A as a function
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>0.7 levels are underestimated)
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downstream sound power for case A.
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Figure 5.9: Modal Distribution of sound power as a function of frequency
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Figure 6.1 Self noise predictions and comparisons with measurements giving the
downstream sound power for rotor alone cases with 100% bl bleed
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Figure 6.2: The measured and predicted upstream and downstream sound power at
the 55% operating condition, low loading for rotor alone noise with no BL bleed.
----+---- predicted BL noise, ----x---- sum of predicted BL noise and measured
level of rotor alone noise with 100% bleed.
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Figure 6.3: The measured and predicted upstream and downstream sound power at
the 55% operating condition, high loading for rotor alone noise with no BL bleed.
----+---- predicted BL noise, ----x---- sum of predicted BL noise and measured
level of rotor alone noise with 100% bleed.
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Figure 6.4: The measured and predicted upstream and downstream sound power at
the 70% operating condition, low loading for rotor alone noise with no BL bleed.
----+---- predicted BL noise, ----x---- sum of predicted BL noise and measured
level of rotor alone noise with 100% bleed.
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Figure 6.5: The measured and predicted upstream and downstream sound power at
the 70% operating condition, high loading for rotor alone noise with no BL bleed.
----+---- predicted BL noise, ----x---- sum of predicted BL noise and measured
level of rotor alone noise with 100% bleed.
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Figure 6.6: Calculations and measurements of the inlet boundary layer thickness.
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Figure 6.7: Turbulence intensities of the inlet boundary layer.
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Figure 6.8: Inlet boundafy layer turbulence spectra.
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Figure 6.9: Rotor wake turbulence spectra
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Figure 6.10: The measured and predicted upstream and downstream sound power
at the 55% operating condition, low loading stator noise.

----+---- predicted BL noise, ----*---- predicted wake noise, ----x---- sum of
predicted BL noise, predicted wake noise and measured level of rotor alone noise.



