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(i)

Summary

An open rotor has been considered as a process for converting
an unsteady velocity inflow into sound radiation. With the aid of
crude assumptions 'aero-acoustic transfer functions' have been
defined theoretically for both discrete frequency and broad band
noise. An experimental study of the validity of these transfer
functions has yielded results which show good agreement at discrete
frequencies though slightly less good for broad ba:id noise.

Agreement in both cases holds over three or more decades of the
relevant parameters.

The experimental work involved has necessitated the development
of a rotating hot wire anemometry system. A single hot wire probe
has been mounted in the nose-cone of the rotor and used to quantify
fluctuations in the airflow onto a single rotor blade for the transfer
function results. Further theoretical analysis has revealed that the
sound field can be expressed in terms of blade-to-blade correlations
in the airflow, and results from two probes rotating simultaneously
have been modelled mathematically and inserted in the theory.
Preliminary results show encouraging agreement with experimental

data.
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INTRODUCTION



This thesis describes an experimental and theoretical study
of the noise generated by a turbulent airflow entering an open rotor.
The objectives of the study are first, to demonstrate by experimental
results that a definite relationship exists between turbulence in
the airflow and the noise generated; second, to show how a simple
theoretical model can predict this relationship with reasonable
accuracy; and third, to use the experimental results in the
development of a more realistic theory. The position of this study
in relation to the available work on rotor noise is outlined below.

1.1 Historical Background

The main feature of the sound radiated by a rotor is that the
sound source is rotating. The first demonstration of sound from a
rotating source appears to have been performed by Mach (Ref. 1) as an
illustration of the Doppler effect. His apparatus was dezeribed by
Rayleigh (Ref. 2) in his classic book. It was noted that if the
observer were situated in the plane of rotation of the source (a
whistle) the note heard fluctuated in pitch due to the movement of
the source, whereas an observer on the axis of rotation heard a
steady note.

The sound from a rotating source seemed destined to remain an
interesting curiosity until the advent of the aeroplane. The
general interest in aviation at the time of the First World War was
paralleled by an upsurge of research into the noise from propellers
and the first attempts to fornulate a theory describing propeller
noise radiation dat; from this time. Theoreticians were, however,
hampered by the lack of good experimental data. An early
Aeronsutical Research Committee report (Ref. 3) noted, for iustance,

that propeller noise is at a minimum on the fan axis and that
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propellers make considerably less noise iﬁ flight than when tested
on the ground under nominally identical conditions. 1In a
comprehensive historical review of the study of propeller noise
which has been used as the base for this discussion, Lowson (Ref. 4)
points out that although these results were cbtained mainly by
subjective means "reported results of tests correctly define features
which were still a matter of controversy fifty years later". There
is obviously much to be said for the educated ear. Permanent records
of the sound were made at this time on a phonograph machine. Further
analysis of the data was possible by measuring the depth of the groove
thus created - a laborious process.

The difference in sound radiated by a propeller in flight and
the same propeller on a test stand is an important effect. Morfey
(Ref. 5) in another comprehensive review paper mentions that it was
also observed by Vaetzmann (Ref. 6) and Prandtl (Ref. 7) at about
the same time. The effect has recently regained some prominence
with the advent of the turbo-fan aero engine.

The first attempts to formulate a theory to describe the sound
from a propeller were made at the end of the First Worid War.
Lynam and Webb (Ref. 8) modelled the propeller by a continuo;s
ring of stationary sources and a ring of sinks with arbitrary axial
displacement. A different approach was tried by Bryan (Ref. 9)
who endeavouréd to predict the sound field from a point source in
circular motion. Thie.was an early example of the retarded time
concepts Neither of these papers successfully predicts the
amplitude of the sound radiated by a propeller and it was not until
some years later when Gutin (Ref. 10) p.-oduced his classic paper that

a theoretical formulation was found which agreed with the then



available experimental data. Gutin considered that the thrust

and torque forces on the rotor could be identified as acoustic

dipoles. His analysis predicts the sound field which results

whan a force of constant absolute strength rotates in a circle.

His calculated directional characteristics for the fundamental

_and second harmonic of blade passing frequency agree with the

experimental results of Kemp (Ref. 11) and Paris (R<f. 12),

showing a maximum behind the plane of the disc and a non-zero

level in th:: disc plane. This theory was extended by De—ing

(Ref. 13 and 14) and Gutin (Ref. 15) to:include the effects of

blade thickness. ILater, Garrick and Watkins (Ref. 16) added

the effects of forward speed to the original Gutin theory (Ref. 10),

but other than this, the steady force model has remained unchanged

to the prasent day and the harmonic noise resulting from the action

of steady forces on a rotor is widely referred to as '"Gutin' noise.
Sound from a rotor does not consist solely of discrete

frequency radiation. There is a broad band spectrum through

which the tones protrude. The first experiments to investigate

the sources of this broad band spectrum were performed by Stowell

and Deming (Ref. 17) who measured the noise from rotating cylindrical

rods. Now, if a cylinder is placed in a uniform flow a wake of

vortices is shed from it (the Karman vortex stréet). The

frequency of vortex shedding is governed by the Strouhal number,

and the fluctuating force on the cylinder is expressed as Aeolian

tone noise. Stoweil and Deming found that the broad band sound

radiated from the rotating cylinders was in the frequency range

predicted by the variation of Strouhal frequency over the rods.

Yudin (Ref. 18) did not restrict himself to rods of circular cross-
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=section but made a more genefal study of the noise from rotating
shapes. In addition, Yudin produced a theoretical analysis for the
sound on similar lines to that of Gutin for tone noise.

Yudin®s results demonstrated the increase in radiated sound which
results from running a flat plate in its own wake rather than at a
slight angle of incidence. .In doing this he was repeating an
observation made by G. I. Taylor (Ref. 19) twenty years previously.
Taylor found that when he waved his toasting fork through the air with
the prongs parallel to the plane of motion, the noise generated was
greater than that radiated if the prongs were perpendicular to the .
plane of motion. Kramer (Ref. 20) performed a similar experiment to
that of Yudin to demonstrate this effect for aerofoil sections. He
rotated a single blade of high aspect ratio and achieved a reduction
of three dB in the sound measured on the axis of rotation by running
with an angle of attack of one degree in either direction compared
with the level obtained at zero angle of attack. Thus, both self-
generated effects such as vortex shedding and external causes -~ free stream
turbulence for example - are important contributors to broad band noise
radiation.

By the end of the Second World War, foundations had been laid
for the understanding of the noise from rotating sources. The Gutin
theory for steady forces generated the harmonic radiation and the
broad band noise was described in terms of vortex shedding. It was
found however by, for example, Hicks and Hubbard (Ref. 21) that while
the steady force theory predicted the lower harmonics with reasonable
accuracy, the values calculated for the higher orders were
systematically underestimated. This was especially so for low tip

speeds and many-bladed propellers. One other obvious discrepancy



between the Gutin theory and experiment is that the theory predicts
zero harmonic sound on the fan axis whilst there is a definite

harmonic content in the measured sound radiated. The lack of
agreement betwcen theory and experiment is especially relevant to the
study of helicopter rotor noise where the higher harmonics are the
greatest contributors to the perceived noise. The use of steady
force theory to predict helicopter rotor noise suffers from an inherent
handicap. Helicopter rotors operate in such a way as to cause large
unsteady loads on the blades and, with hindsight, it appears obvious
that these should contribute to the noise. 1In the 1960s, a great

deal of work was done to establish the significance of these unsteady
forces. Schlegel et al (Ref. 22) and Loewy and Sutton (Ref. 23)
performed computational studies which clearly showed the effect of
unsteady blade loads on the sound radiated. Lowson and Ollerhead
(Ref. 24) used loading estimates extrapolated from measured data to
include the higher loading harmonics and using a point force assumption,
were able to predict the discrete frequency noise from a helicopter
rotor with reasonable accuracy.

The theoretical method used by Lowson and Ollerhead was a
continuation of earlier work by Lowson (Ref. 25). Lowson followed
Lighthill (Ref. 26) in obtaining the cxact equations for sound
generation from the exact equations of aerodynamics and solved these
to obtain the far field radiation from a point force in arbitrary
motion. Lowson's reéult can be applied to the steady force example
considered by Gutin and the resulting expression is identical with
that obtained by Gutin. The extension of this theory to cover
fluctuating loads results in the prediction of a non-zero level on

the rotor axis and also in agreement with experimental data for the higher
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blade passing frequency harmonics. For low speed fans, where the tip
Mach number is less than about 0.6, this fluctuating force mechanism
is the dominant cause of discrete frequency noise.

The principle behind the discrete frequency sound radiation by
a rotor applies equally to broad band radiation. For discrete
frequency radiation, the fluctuating forces are harmonjcally related
to the frequeicy of rotatson, but for broad band noise all frequencies
radiate. The origin of these random fluctuating forces was originally
ascribed to vortex shedding from the trailing edge, but it is now felt
that the broad band spectrum is a function of the inflow turbulence.

To investigate the effect of external turbulence as a broad baga
noise source, Sharland (Ref. 27) measured the noise radiated by a
small plate placed in an open jet. He found that the level of sound
radiated when the plate was positioned in the laminar core of the jet
was considerably less than that radiated when the plate was in the
turbulent jet flow. Sharland also estimated the noise radiated.
A similar expression using less restrictive assumptions, has been
developed by Lowson (for example Ref. 4). Sharland's experiment
demonstrated the relative importance of external and self-generated
turbulence for the broad band noise. ILowson et al (Ref. 28)
investigated the effect of blade tip shape on the socund from a low
speed open rotor. They found that by modifying the tip shape it was
possible to affect the high frequency broad band spectrum and that
there wassome Strouhal number dependence. The reduction in sound level
observed was consistent with the assumption that separated vortex flow
over the blade tips was a source of noise.

In practice it has been found that the distinction between broad

band noise and discrete frequency radiation is hard to draw. Leverton



(Ref. 29) observed the differences obtained when testing a rotor under
calm conditions and with a slight wind. Under calm conditions no
harmonics are visible, but these immediately appear with the wind.
There is, however, still a definite background level. Barry and
Moore (Ref. 30) tested a low speed ducted fan, and found that at
higher frequencies it was hard to distinguish between fluctuations in
the rotational harmonics and broad band noise.

This far, the discussion has concentrated on the part played by
fluctuating forces in the radiation of sound from rotating blades.
Other mechanisms do, however, exist. In the carly days of propeller
noise research, Deming (Ref. 14) and Gutin (Ref. 15) showed the.
possible effects of blade thickness. The existence of thickness
sources is now generally accepted, and whereas at low speeds and
frequencies of radiation they can be ignored, at tip Mach numbers
approaching unity, and high frequencies, they must be considered.
Hawkings and Lowson (Ref. 31) have studied the effects of thickness
sources in some detail,

A further mechanism which has been postulated as a source of
radiation from a blade is the aerodynamic stress system around it.
Lighthill (Ra2f. 26) first showed the possibility of fluctuating stresses
acting a. quadrupole sound sources. Some years later, Ffowcs Williams
ar Hawkings (Ref. 32) showed that the fluctuating stress system on a
blade must also radiate. This source mechwism tends to be ignored
in practice on two counts - first, thecory based on the fluctuating
force (d.pole) mechanism is in agreement with available experimental
da*a; and second, estimation of quadrupole source strength is difficult.
1.2 Present Work

This thesis concenirates on fluctuating forces as the source of



sound from a subsonic rotor. The fluctuating force mechanism is now
well understood (e.g. Ref. 32) - theory suggests that the acoustic
field is causel by fluctuating forces on the rotating blading; the
harmonic components of these forces give rise to the discrete frequency
constituents of the field and the remaining force components generate
the broad band noise.

A major difficulty encountered in the verification of this theory
has been estimation of the precise strength of these blade forces.
Lowson and Ollerhead (Ref. 24) used loading estimates extrapolated
from measured data in their prediction of helicopter main rotor noise,
whilst Lowson (Ref. 33) used an entirely theoretical : pproach in the
successful prediction of compressor noise. An alternative method
used by some workers is to infer the strength of the forces from the
known acoustic data. In this approach, the strength of the fluctuating
axial forces is obtained from on-axis sound pressure measurements, thus
guaranteeing agreement between theory and experiment. This technique
was used by Barry and Moore (Ref. 30) and also by Brown and Ollerhead
(Ref. 34).

On the other hand, theories exist which relate the fluctuating
force components on a blade to the components of the unsteady velocity
field impinging on that blade (see, for example, Ref. 35-37). There
is thus a direct link between the aerodynamic énd acoustic fields, and
the rotor can be regarded as a machine for converting the unsteady
aerodynamic inflow into sound radiation. The acoustic field is the
result of the interaction between thq rotor blades and the unsteady
flow which holds for both discrete freguency and broad band noise.

It follows therefore that if the unsteady velocity field can be

measured, the difficulty of estimating the blade forces can be
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circumvented. This is the approach which has been followed in this
work.

In Chapter 2 the complete analysis followed is set out from
start - the so-called 'Lighthill equation' (Ref. 26) - to finish -
the definition of 'transfer functions' between the input velocity
field and the output acoustic field for discrete frequency and broad
band noise. The approach follows that of Lowson (Ref. 33) using
his expression for the far-field pressure from a point force in
arbitrary motion (Ref. 25)e Fourier Transformation is used in
preference to Fourier Series analysis in order to deal with
- frequencies not harmonically related to the shaft rotational -
frequency. The step from blade forces to incoming aerodynamics is
taken via the work of Sears (Ref. 36) and in so doing two restrictive
assumptions are made. First, the amplitude of the velocity
fluctuation is constant along the leading edge of the blade; and
second, the lift generated is in phase along the blade span. The
resultant lift force is thus the maximum that could be obtained.

In the transition from the Fourier Transform of the sound pressure
to its Power Spectrum it was found that a slight excursion into the
realms of non-stationary signal analysis was required. It is
believed that this particular treatment has not been used before.
Ffowcs Williams and Hawkings (Ref. 32) recogniéed the problem dbut
avoided it to achieve the same result.

The taero-acoustic transfer function! is defined as the ratio
of the magnitude of the acoustic output to the magnitude of the
aerodynamic input at the same frequency. This definition arose
initially through the limitations of the analysis equipment available

to process the results and it has since been incorporated into the
!
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theory. No phase effects are includeds By making simple
assumptions about the input flod*it is possible to obtain an absolute
value for the transfer function which depends solely upon the number
of blades, their geometry, the speed of rotation, the frequency
under consideration and a constant function of the experimental
set-up for the instance when the observer (i.e. microphone) is on
the axis of the fan. To test this theory requires means for
measuring aerodynamic input (in rotating co~ordinates) and acoustic
output simultaneously and independently. It is also necessary to
analyse the data obtained in a suitable fashion. Chapters 3 and 4
describe these procedures.

Chapter 3 describes the reasons for and use of a hot wire
anemometer probe which rotates with the blading. ‘This iz, in more
than one sense of the word, a revolutionary procedure. The only
previous attempt to rotate a hot wire probe known to the author,
was that of Ufer (Ref. 38) who used a specially designed probe in
a constant temperature system to measure the flow beliind a blade
rows In the present system, a standard 'bought-out' probe is
held by a pin vice in the noée cone of the fan. The signal is
extracted by means of slip-rings which were expected to affect the
performance of the probe cable. After a series of tests it was
decided that, surprisingly, the equipment supplied with the
'bought-out box' vas the most effective., The only major problem
encountered was probe retention. Also described in Chapter 3
are the experimental rig used, the anechoic chamber and the sound
pressure measurements taken. The recording system used is mentioned.

In Chapter 4 a comparison is made between the two systems which

are available to analyse the results. These are a 'traditional!

>
Namely that the fluctuating velocity is constant in magni-
tude along the blade span and generates a 1ift force which
is in phase along the span.
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analogue narrow band filter and a digital system with Fast Fourier
Transform (FFT) software. The merits of each system cre discussed
individually and a comparison is made between them on the grounds
of ease of operation, accuracy, speed of operation etc. The
digital systen can also be used for operations in the time domain,
a fact which is made use of in Chapter 5.

Chapter 5 is naturally sub-divided into two sections - first
a2 discussion of the aero-acoustic results obtained, vhich range
from the on-axis microphone and rotating hot wire spectra as such,
to a comparison between the theoretical and experimental results
obtained for the aero-acoustic transfer function. The transfer
" function results cover about four decades of the frequency parameters
used, and agreement between theory and experiment is very good for
discrete frequencies - less good for brovad band noise. Reasons
for this difference in agreement are put forward.

A point wvhich arises is the difference in the sound generated
when the fan is running in a 'clean'flow compared with the noise
when the recirculation around the side walls is re-ingested.
Before recirculation the agreement between theoretical and experi-
nental aerc-acoustic transfer functions breaks down. Examination
of the coherence functions between aerodynamic input and acoustic
output proves that scme form of relationship does exist, though it is
obviously not of the form assumed previously. The conclusion drawn
is that the inflow (and hence blade response) is not as specified in
Chapter 2.

This leads to the second stage of the discussion,

Experimental results are presented which were obtained using

two rotating hot wire probes to investigate correlation lengths in
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the axial and relative inlet flow directions. These reveal that
for this particular fan operating in this particular environment

an eddy takes approximately 18 revolutions to pass axially through
the fan. It is this well-correlated structure which gives rise to
blade passing frequency harmonic tones with the randomness in the
.relative inlet flow producing the aerodynamic contribution to the
overall broad band noise.

The experimental auto- and cross-correlation functions obtained
have been modelled mathematically and substituted into the theory of
Chapter 2. It becomes clear that the aero-acoustic transfer function
depends upon the axial scale of the incoming turbulence, whilst for
the acoustic and aerodynamic spectra both axial and relative scales
need to be specified.

One particular example is studied and it is seen that the
spectra obtained consist of harmonics related to the axial decay
rate, superimposed on a broad band srectrum resulting from the
blade~to-~blade correlation chosen. A comparison between theory
and experiment is shown., It appears that this theory can be used
with aerodynamic data from model inlets to predict the noise
generated by an aircraft in flight as opposed to results obtained
from ground testing.

The conclusions that.arise from this work appear at the end
of Chapter 5 and are:

1) The theoretical model developed is based on the fluctuating
force (dipole) mechanism of sound generation. The fluctuating 1ift
force on the bhlades is related to turbulence in the inflow to the
fan by unsteady aerofoil theory and an ‘aero-acoustic transfer

function' is defined as the ratio of the magnitudes of the acoustic
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and velocity power spectra at the same frequency. This

formulation is simplified by placing the observer on the axis of

the fan. The on-axis aero-acoustic transfer function is quantified
for both discrete frequency and broad band noise by consideration of
the effects of blade~to-blade correlation in the airflow. The two
extremes of perfect and zero blade-to-blade correlation are
considered for comparison with experimental results - perfect corre-
lation giving the discrete frequency aero-acoustic transfer function,
and zero correlation the broad band aero-acoustic transfer function.
With these assumptions, the value of the theoretical on-axis aero-
acoustic transfer function is dependent solely upon frequency,

speed of rotation, blade number and a constant function of the
blading. There are no empirical factors involved.

2) To establish experimentally the existence of a definite
relationship between the velocity entering a fan and its on-axis
acoustic spectrum requires simultaneous and independent measurement
of both the acoustic and velocity data. Obtaining the required
acoustic information merely involves positioning the microphone
as required in a suitable free-field environment (anechoic chamber)
but if hot wire anemometry is to be used in the measurement of the
turbulent flow entering the fan, the effects of the fan itself on
a stationary wire must be considered. This work establishes the use
of rotating hot wire anemometry as a viable experimental technique
which requires no particular sophistication of instrumentation at
speeds up to 1600 rpm (a wire speed of 43 m/s). The restriction
on higher speeds is a result of problems in probe retention,-not of
wire strength. Given a more sophisticated mounting system, it is

anticipated that the limiting factor found when increasing speed



would be the rubbing speed 6f the slip ring brushes on the rings
themselves.

3) The experimental results show that there is a definite
connection between the velocity input to and the acoustic output
from an open rotor. Comparisons between the experimental and
theoretical on-axis aero-acoustic transfer functions show
agreement to within 10 dB over three decades of the relevant
parameters for both discrete frequency and broad band noise.

This agreement holds when the incoming turbulence intensity is

of the order of 3%. When the turbulence intensity is less than
3% it is found fhat an experimental aero-acoustic transfer function
existg.at discrete frequencies only but it is not of the form
suggested by the theory. It is felt that some of the restrictive
assumptions made in the development of the theory are not applicable
here.

L) The idealised conditions of full and zero blade-to-blade
correlation do not exist in real life. Experimental auto- and
cross-correlation functions obtained from rotating hot wire
anemometers show that the inflow appears to consist of long thin
eddies which require approximately 18 revolutions to pass through
the fan, The form of these correlation functions can be modelled
mathematically and inserted into the theory. . By this method,
velocity and acoustic spectra are predicted as well as the aero-
acoustic transfer function. It is found that the aero-acoustic
transfer function is a function of the axial decay of the eddies,
while the acoustic and velocity spectra depend upon both the axial
decay and also the correlation of the turbulence in the direction

of the relative velocity.

Ti.e. there i1s coherence between the velocity and acoustic

signals measured.
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5) The theoretical model uscd takes no account of any span-
wise variation in the turbulence field, and hence assumes that the
lift generated on a blade is the maximum possible. In practice,
however, there is a correlation pattern along the span in addition

to thos in the axial and V,, directions. It is felt that the

eel
investigation of this span-wise effect, first experimentally and

then tleoretically, would be a profitable line for future work.

The extension of the rotating hot wire technique to higher speeds

is also to be recommended. This would involve the development of

an improved mounting system for the hot wires - usinm *ue Llades
~hemselves as supports, for example - and some othe tem for
transmitting the data. A system like this could be . . o
investigate the duct boundary layer in a ducted rctor.

One other line of enquiry is the apparent dependence of the
form of the aero-acoustic transfer function on the turbulence
intensity in the inflow. This is of importance since aircraft,
in general, do not operate in recirculating flow situations.

6) 1In practice, this work is one further step along the
road to the prediction of the sourd generated by a rotor. It
has confirmed, by experimental means, that the fluctuating force
(dipole) source mechanism describes the sound field of a low-speed
open rotor with reasonable accuracy for both discrete frequency and
broad band noise. It has demonstrated that, given some knowledge of
the blade~to-blade correlation in the inflow it is possible to
predict the acoustic spectrum of the rotor. Thus, data from
model inlet tests can be used in the prediction of fan noise.

These results should apply in all instances wherc low~-speed fans

are used = air conditioning plants for example.
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The development of rotating hot wire anemometry provides a
useful experimental tool for the investigation of: velocity
impinging on fan blades, duct boundary layers, tip flow behind
a rotating fan and other similar situations.

The work as a whole shows that a small-scale, low-speed fan
can be used to provide information which may lead to larger, more
expensive, test rigs, &..d also demonstrates the development of
theory to fit experimental data.

Some of the work described in this thesis has been presented

in Ref. 4, 28 and 39-44.
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2.1  Backgrourd
The derivalior of tieo fer field scund pressure of & point
fluctuating force in erbtitrary motion is sketcked.
The formulation of the generel theory of serodynamic sound
is due to Lighthill. The 'Lighthil) Ejuation' cen be obtained
directly from the serodynznic equations of continuity end momentun.

%t cun be written, in tensor notaiion,

2p - ol = Ty - 3 - 3@ ¢)
e B:l: EESR LN d % PY-

The left hend side of equation (1) is :ecognised as the equation
governing sound prepagation in a uniform accustic medium at rest.
The terms on the right hancd side represent volume distributions
of the possi®le sources of sound present in the fiela.

Eere

S.. = ¢ Py .
s O, cry
F; 1is the exterrnal force per unit velume acting on the fluiad
and Q is the rate cf introduction of mzss per unit volume,
The solution to equetion (1) fur an unbourded fluid can be

written

P //[_.g_]dv(,) (2)

where the right hand side of eguation (1) has been written ac G
and the sguare brackets [ ] imply cvaluation of their

contents ut retarded (or source) time T:¢-+r . Here 1 ic observer
n.
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time and r:r(t) the distance from souc-ce to observer, 4 is a dummy

variable of integration referring to the source position.
We are concerned with the sound field generated by a moving
force - this is represented by replacing G in equation (2) by - dFc

¥ 4o
(from equation (1)).

U ;:a_v//_ f_fj]dv(y) @)

Jowson (Kef. 25) solved equation (3) to show that the far field sound
pressure received from a point fluctueting force in arbitrary motion

can be written

ORIGINATL PAGE IS

; or POOR Q
P (é) :/ x40 _)_ ( )J (+) o
(1-#)o,r 3T\ 4or (/-/'/ )

where x; are the observer ccordinates

y; ere the source coordinates

Hi is the component of the instantaneous convection
Mach number in the direction r .
2.2 Application to Rotor Noise

The general expression of equetion (4) is used to obtain the

far field sound spectrum of a rotor blede in terms of the fluctuating
blade forces. All frequencies are included,

The far field acoustic spectrum of &n isolated rotor is found
to consist of harmonics of the blade passinz frequency superimposed
on an overell 'broad band'! spectrunm.

Lowson (Ref, 37) used equation (4) to show that the magnitule
of sound in rotor bdlade passing frequency and its harmonics can be
predicted from a knowledge of the periodic fluctuating forces acting

on the blading. This was demonstrated by using Fourier Series
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techniques to relate the sound harmonic magnitude to the Fourier
components of the fluctuating thrust and drag on the blades.
If Fourier Transform rather than Fourier Series techniques are
employed, attention is not confined to harmonics of blade passi. g
frequency and thia approach has been followed in the present work.
By thitc means the broad band portion of the spectrum can be analysed.

The Pourier Transform of equation (4) above gives the magnitude
and phase of sound observed in the far field at all freguencies of

the spectrum.

P(L) /7_,‘_,__ 3 £ (T) )] exp{-.?ti/éj) ole

(1-M,)a,r 3T | 47r (1-m,)

substituting T - ¢ - r and oé-LZ(/-M,)to allow for retarded
qo

time effects gives:

?(/)zfg_}d) b} ( 4] )expzf-.?ml/(rr_r )Edt. (s)

o @o” 3T 47r (I—M,) Q.

Equation (5) can be integrated by parts to give

) =]°E~'Ir}(r) ~_£ () ( oo. Mn,)) upzf -27if (= :{)} 2z, (<)

2q’r Lor [I”'",) r P

where

Flz) = EG)(x -4) |,

r

the component of the force in the direction of the observer.

The second term in equation (6) only applies in the acoustioc
V

near field. The original expression (equetion (4)) neglected

near field terms and thus the far field result obteined for the

+ It was pointed out by the external examiner that equation
(4) as written must therefore describe the sound field in
its entirety. Dr. Lowson observed that this is the effect
of using » /> rather than ¥3/»>¢ as in Ref. 25.
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Fourier Transform of the sound pressure emitited by a point force in

ardbitrary motion is

00

" - | 4409 ol -2mif (z o) e @

To make use of this expression in the analysis of a specific
problem (for example, fan noise) it is necessary to define both
the motion ard tne foxce F.[z) .

Figure 1 illustrates that, for a point force rotatirg in a

circle, (for example, a point blade force)

F; (T) -= -7lt) , -Dl)sinb , D(T) cos & ORIGINAL, PAGE I3
. OF POOR QUA”TY

X -y x, ¢ - Reos®d , ~Rsae

Hence
F"(‘C) = {x., 'z;) F;(‘C) s - x7/(tT - # d}‘t!Side
r r r
and
r = IE-g, = (xz*71+2z-227c4>$0)71
._3 ': - ZZCDS'Q
5

2
where terms of order ( __2_ ) and higher have been ignored.
r'

The fluctuating force terms can be defined by their Fourier

Transforms.
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(<) :/ ) .,‘P{zra,t}.,y ,

d (z) -‘/ b[7) up[?ﬂiyt—‘? 0(7 ]
Then

Fr(t’) = __J_f-_/ {7) eapfz-v:/ ]a’7 M/ 3(7) prfzfc; 'fa"?

Substitution of these results into equation (7) gives the
expression for the Fourier Transform of the sound pressure

 received from a rotating fluctuating point force as

P{f): -<f /(/ a./ '7‘(;;) up{!x&y:}?dj - 7:&'9/3[7) up[z;rijfj?dyj?
a0t U g -

/

exp) -7 ¢ T+ r ) T
P[ 2eif ( ;)) ot

or,

Pif) - =i //(*’(‘1) g€ ¥() e“f”»l(" 2

4f4r

Q;(Pl.—_g:[ (9-,#) - ch/(r - wse)? o?a(& . (S)

ra

The Thrust and Drag integrals can be treated separately.
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2(}‘) -‘// __(2) “p; (e- #Xj /) .#5 rlr é?zasa?ayde .

27k )
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Jones (Ref. 45, p.137) gives the result: OF POOR QUALITY,
oo oo
! qu-Lacos.x - oﬂx.? ol/x = < “P,‘ —(,'n’ﬂ'?J [o) S(x-r\) )
= O S A

where | (a) 18 & Bessel Function of the first kind and §{x-») ise

a Dirac Delta Funotion. This is used in equation (9) to give
» (f):]“}{_(a) upll ity -@ij?f«r{-%f,’l,. (-24%)5 (fé =)
= % ) na,
which can be integrated directly with the result
2(f)- Lx‘f(/ -ak) e_,(,af-‘,n- -2zcfe fcn#? L ( &A—J‘)

Ry -~

or, since

A ") (")-’("> and (-l) z Qx'o{ou‘)?) ,

l;.(}) = —Z :x_"r'(,l —nA) -exp{ 4-'2»7 ~2ifr - ‘.”’J)Ju( _2_1:£1> .

Az -0b

In a similar fashion,

R - // 4sin 2 3() expf (o-gX94) - Zn/, , zn/z,we] oty oo

2ré f, q
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The integral over @ can Ye written

I - 7;.‘.. & up{i_g (9 -/) + t‘c'ﬁi#cns9j7 ot

-0

This can be integrated by puris to give

Ie.— ra (2 -f) /.QKPZIAB‘(?.Z) + Zw'i/o?Lcmsj) oo,

LAY

Using the same result from Jones gives

B () / ae(f)ba) <cr] St (/) - -—L*”'" 2}

RSy ¥ O $

>80
J ot

LYYV

r] ) (2242 S ) o
r, Qe
This can be integrated as before to gii'e

P)(f):Zran)(,l .4)«,92(‘”,”,.7- 204 2}(__[_1)

Z'r/ R 2

Ne D

From equetion (8), ?(/) - __‘_L ( ¢ +5 (F))

2a,r!

) L(_Z_J_ )~ o) nfin (402 26Le)) (1)
ne-ao La rt 45K r,a,

(=)

This equation is, in fact, cquation (55) of Ffowes Willians
and Havkings (Ref. 32) expressed in a different form. It resembles
equation (11) of Lowson (Rkef. 33), but if the frequency f is tied to

the rotational frequency (by being cet equal to mh, say) equation (10)
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above is found to differ from lowson's result by & factor of % in
magnitude. This is a direct consequence of allowing £ in equation (10)
to take all values fron -e to +ws Lowson's derivation caters for
the single~sided physically measureable spectrum. In this work it
was found more convenient to use the double-sided form of the Fourier
Transfornm during the iheoretical anelysis und then convert to the
single-sided spectrum for comparison with experiment.

2,3 The Lero-icoustic Conncction

The relétionships between the incoming velocity field and the
observed acoustic field are defined for discrete frequency and broad
band noise. The first step is to shift the tsmphasis from blade
forces to the input velocity field via unsteady aerofoil theory.

Equation (10) is the Fourier Transform of the far field sound
pressure radiated by a rotating point fluctuating force which is
represented by its Thrust (axiel) end Drag (circumferential) components.

Por the case c¢f a fan blace, the force distribution over the
blade can be replaced by the total force acting at an effective radius
a8 long as the blade dimensivas are small compared with the wavelength
of the sound emittede The forces aciing on the air are thus related

to the total 1ift on the blade as followss 'ORIGP‘.\IAL PAC:
a [ ‘\,’“‘

ad 1.'\)

'7"(9) :/((7) cosx olr

f’-ab\ { l)

> 3) .-/;(f,) Sk olr
i

where & 18 the angle of incidence of the dlade.

Estimation of the precise sirength of these blade forces has
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been a major difficuliy encountered in the verification of this theory.
In this analysis & najor step is taken by transferring from dblale
forces to inflow velocity fluctuations which ceuse these forces.
Sears (Ref. 26) analysed the problem of a wing entering a
sinusoidel gust and chowed that, if & thin serofoil is in an unsteady

agirflow of the form

vix,¢) = v'(g) expgz-r«.‘y (e—f_)s) ,

wvhere x is distance downstream of the blade mid-chord point,
then the 1ift per unit span (acting at the guarter-chord point) is

given by:

L(e) = Tep i v'() S{s) e.a(Pg 27éq 6}7 ]

Here ¢ - wcg , lhe reduced freguency, and the Sears Lift Funciion
7]

SG) = L (s) K (s) + i (S) Kk, (c5)
K (cs) + &, (is)

vhere / J, are Bessel functions of the firet kind and K° k are
‘l ’ I'd ]

modified Bessel functions of the second kind. This is shown graphically

in Figure 2,wWhere the Sears Lift Function is plotted for values
’from ¢ = 0 to & = co '

For & fluctueting inflow containing components at all frequencies, ¢,

Llg) = wep Ur'(g) SE) .

This expression is substituted into eguation (10) via equetions (11)

to give
. P(/) rZ /(z[cusx - nm.'r-..sr) é#‘c/atlvv{/.nt) S(s) apfcn(¢¢z) S27c 5_)
’“.“;m 20°l"" 41,2',' . Z 2 a, '5
PN o

Jn ( _z_,@,_) orr., (2)
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For ease of manipulation & simplified form of notation is now

introduced and equation (12) is re-writtien

PU) ] Al v Urt) s fonls ex) ~nf] L (ne)

Az et

where

/5,\ (H z 17/0/ Ue S(s) ( xfeesx - nS‘d«x) dar

§20n 2o, 12 41
¥- 2z ed A&y ORIGINAL PAGE I3
a, a7 OF POOR QUALITY

It can be seen from equation (13) that v'dﬁma> has been assumed
constant over the bdblade span. The justification (or otherwise)
‘of this will be examined later.

For a rotor with B equispaced blades the Fourier Trensform of

the sound pressure received in the far field then becomes

8 e
Plp Z_Z cplf) v (f .AA)QP{“({ @;ﬁ) . Cx/Z NG

k:' N3

244 Power Spectral Analysis

Won-stationary signel analysis techniques are vsed to obtain
the power spectral denaity of the far field sound pressure in terms
of the spectral compesition of the incoming airflow.

Of greater vse in analysis is the Puwer Spectral Density of the
gignal which describes the frequency composition of the data in terms
of the speciral density of its mean square value.

In the present work the analytical result is obtained by the
use of non-stationary signal analysis theory. This rigorous approach

does not appear 1o have been uced before, alihough the final result
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has been obtained by, for exemple, Ffowcs Williams and Hawkings
(Ref. 32, equation 39). |

In the general case, when the ob~erver is not on the axis of
the fan, the signa)l received from each blade will, by virtue of
the rotation of that blade, be Doppler shifted in frequency with
& corresponding changs in amplitude. The effect of this change
in amplitude is that the ensemble mean average of the signal as
defined by Bendat and Piersol (Ref. 46) is a function of time and

therefore not constant. This time-varying mean implies that the
;aignal cannot be regarded ns a stationary random process - the
definition of stationarity requires a constant mean value. As a
result, computation of the Power Spectral Density requires the use
of non-stationary data anelysis techniques. In the analysis which
follows it is assumed that the velocity field impinging on the blades
takee the form of a stationary random process.

The time-scale of the non-statiorarity of the process is a
function of the rotational frequency and is much shorter than the
length of signal used in analysis (in a tape loop for example).

The spectrum obtained is thus the !time-averaged power spectrum' which
is derived analyticelly below,

Following the technique of Bendat and Piersocl (Ref. 46 ppe 357-360)

a filter is defined whose frequency response function is given dys

ho!}ﬂ

Hg) <! f-B<g<fe
2

= 0 elsewhere
wvhere f is the centre frequency of the filter
Be is the bandwidth of the filter

The time-varying power spectrum {Ref. 46 p. 350 Egn. 9.111) is then

given by
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Fple.h) - // w(3)4,) €[7G) 0] wpf-27ie (3,-9.)] 5,

£] ] 1s the 'expected value' or ensemble average of the quantity
in square brackets.

It has already been assumed that thc impi- “ing velocity
field is stationary and therefore (Ref. 46 p.79)

'y 8wt

7 6) 70 2111 4 )0 v (5.-) 5(35 -4 ()

k:l‘-“\, it M3 -00

te)

eipf iz (m=n) ¢ 256 (mC-n8) ¢ 5 (5, -2,)] | (73) L (4s:)

2 8

y:‘(g) is the cross-power epectrum beiween the velocity impinging
on blade k and that impinging on blade 1 at the same freguency g.
It is a measure of the power comaon to both signals,

Substituting into equa‘ion (14) and integrating over g, Elves

M +ar

[ACE / (9. (g, - 4 (n '"))Z/Y_Z;/s () .0 -4 ()

L,‘, Gy ntom o

v;L (3'«:-4) &F{_l;f(m-n) M_Z;ﬁl (¢ -ak) + v (n-u)}?

L (AZ)/.. (ﬂ(g' —A(a-n))) uP{Zré/\(;(n—m)} a’?' .

(+s)



31
Equation (15) represents the time-varyingz power spsctium of tke

signal. This is related to the time-uveraged power spectrum by

the following (Ref. 46 p.361)
-7

B fe L[ BpH

g LT 7

TLus equation (15) must be averaged over t.

However,

Zé z_;l_ /' ur{ 2rihe (n -M)}a’é

) -7

=/ if a-m:o0

s O if n-MfO,

Thus, for the time-averaged power spectrum to exist, n = m. This

is independent of the filter bandwidth Be'

Furthermore,

o

/ #i (g HG,) o - 28,
end, fcr

Qﬂho , Zﬁr/
Thus the power spectral density of the far field acoustic signal
becomes
——— g’é ?r T , L3 ( ] ?
ALY, lz RN EIING) e‘rc__zgm (-8 (1¢)
Rr1les ne-

where all time dependence has vanished from the expression end this
time-averaged power spcectrum of the original non-stationary cignael is,

itself, stationary.
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If i1t is assumed that #ll the blades are identical, the doudble
sumnation cver tlade nuzber in equation {16) can be reduced to a
single sum over ) » the blade-to-blude spacing.

Equation (16) then becones:

z-:!? 4 3
BLh - f}Z.L//‘.. O v, (#-+4) (/. (af)) “P{ ngilj? ()

where v;@ is the cross-power spectrun be;tween the velocities
inpinging on twe hlades k und 1, A blage spaces apart. A is
positive for blade 1 leuzding blace k.

In order io mcke use of equation (17) in the prediction of noice
frez an open rotor, the velocity field V).'(g) riust first be defined,
It has been found eacsiest 1o regard this in terms of rotor tlucde-to-
blude correlalions, bewring ir mind that the cross-power spectrun
required is the Fourier Transform of the cross-correlaiion teiween
blades.

(NAL TAGE 18

+o
' . ORI .
vA (5) = / 2)(’5) exp {‘ZﬁoftZdt .  QF POOR QU

E&(c) is the cross-coerrelation belicen two bludes separated by A
syeces at & time Yag between thae two sigrnals of T seconds,

2.5 Aero-icoustic Troncfer Tunctions

T™wo types of inflow ure specified to odblain the relutionships
between aerodyramic inpul end acoustic output for voth discrete
frequency and droad band noisee.

There are two extremes of flow regime that can be considered
easily - perfeci blade-to-blade correlation (which ocecurs when each

blade sees preciscly the ssme flow picture as its prelecesctor al
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that poirt in space) and zero blade-to-blade corrslation - the ecule
of the turbulence is smaller than the dlade spacing and each blade
radiates independently. The first of these can be caused by & large
static distortion (rig blockage for example), whereas the second is a
result of the randomness of the flow.

For full correlation, a distortion cuen be considered static in

both space and time such thet (with the same convention on A )

Rez) = R (T + L)
8h
and hence
+Go
vl'(g) = / R (€ 4_2_) QP{‘?réy.‘:J)dz.
—co B
This can be integrated to give

v') (‘}) = \{"(7) exP{ 2[(:;1X?
3 J

vhich is substituted in equation (17):

B .
i—-[“ - B) ) lv" n X le.x ( 2ec/\ .
» () L L"’“ (O v (-2 (). (o)) P&_BH

Low v.'(y) is a periodic function with fundamental frequency
..  the frequency of rotation. Writing

/: kh whore £ is an integer, gives

B-1ix

o lkt) = B ) 1 (RR[y ((R-n)i) (I, (Ak)) ep § 22620
B

Nro ne-m



[4

34

and
3-t
Z O.xrﬂ{ Zmlﬂkz » B R md
B
Azo

so elsewhere,

Therefore, the far field discrete frequency power spectral density

obtained from an open rotor is

i;,(maz‘)i 31//’., (,..zv.)l1L v ((=8-)h) (] (ﬂmBA))L, %)

n =0

The other flow regime to be considered is that of zerc blede-
to-blade correlation.
Here
] PR S - S o |
v ( O x 2o LRGAvaL JAGE IS
) 9) JF POOK QUALITH

and the summation givea

—_— e
R -] BIAM] () (U, (48)
ar-co .
which differs from equation (18) by a factur B and represents the
far field road band power spectral density obtained from the rotor.
All that is now required is to sum over {he Eessel Functicne.

A major simplification is achieved if the observer is placed
on the sxis of the fan, The argument of the Bessel Function is

then zero and the Drag term bheconmes zero.
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The summation vanishes leaving

%‘!mgf\j = Bl//f, (MZA)/zvo‘(MKA)

and

Pl - BlAP] W .

In each czse the frequency of sound received depends solely
upon the same frequency in the velocity spec :m. The relationship
between incoming velocity fluctuations to th: ctor and its on-axis
acoustic output can now be expressed fully. iero-acoustic transfer
functions car be defined for the two examples of discrete frequency

and broad band noise radiation as

BB s B, (mER]
Vc' (mg‘\)

and

3 [, (B

|

From equation (13),

A (3) = T2 | Ye SE)gamxc
a v
""'s'aan
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Lowson (Ref. 33) used the form of the Sears Lift Function given
by Yemp (Ref. 47) together with standard asymptotic feras for

Bessel functions to obtain, at moderate reduced freguencies,

S<) - epfi(s -7/

Lwaryh
for reduced freguency o > 7 . uriGINAL PAGE IS
OF POOR QUALITY
Tox
& = Tgc z cgcosu
u 2hr

where r is the blade radius.

Substituting for S{s) gives

o' 25| [ de Vel efepems -z )] J

s
Span

and the aero-~acoustic transfer funclions are:

—_— Y,
P - ma’égt."( / (;e )‘upf ((amBeese “z)?o«)z (%)
VO'(M-BI\ q:t;l casSK Z Zr 78 _‘

"nn

for discrete freguencies only

&nd
— 2 3 ; . Vzex e o ’ Y g
B - 22| () (=) @

for droad tand noise.
If it is assumed arbitrarily that the fluctucting 1ift force
generated on the dlade is in plase along the span, equutions (19 and 20)

simplify to
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——— ) 2

P ‘Mak) = m 33—.73£1A‘ (/ ( Ae )/z olr (27
%' (mBh) ate! cosx

for discrete {requerncies

and

P 32,3 3 /2 L

Blf) - Ezf_if(/ (_’f_) dr) (22)
v (P alrt CasSx

’ sl”n

for broud bund noisce.

Thase ejuations are the miin theoretiesl resulvs of this Thesis.

It is seen that beth transfer fuictlions depernd solely upon
blade number, rotztioral specd, freguency and the geomatry of tlhe
fan blading under considerwtion. 411 these quantities ere known
and, given & meuns of measuring sound pressure and fluctueting
velocity simultancously and independently, the transfer functions
defined here theoretically cen be measured experimentally.

2.6 Iffect of RBlideiv-Blede Cerrslution

Experimentul resulis are used to extend the theory developed
previouslye

Bxanples of the tuto- and cross-correlation functions obtuined
from the rotating hot wire unenometer signel are shown in Figures
27 end 28, These do not correspond to the simple model assumed
previoucly of patclies of fully-correlated turbulence which remuined
8o for several fan revolutions, combined witk short time-scale
tvrbulence which gave zero bdlade-to-bdlude correlution, The
neasured correlation functions appesr to support the 'spaghetii' ideas
of Henson (Ref. 4C) with a lorg 'siring' of turbulence drawn into the
fun, The auto-correlation function sppears to conzist of a series

of pulses of the same shape ( sz(c) ) whose rep:tilion rate is the
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period of rotation of the fan end which ere reduced in amplitulde

at each repetition, This cen be represented mathemetically ase

R, (=) Z Cz (/-‘) S (= - ) (23)
frree h h

whexe Ck(r) is the envelope of pezk amplitudes.
Similarly, from Pigure 28, the cross-correlution function between

blades spaced A apart is given by
e
) ) Sp-2) Se('“'z: *L) '
pro® L. 8L h Bh

(The same convention on X applies as previously).

Hence, the velocity cross-power spectrum

V' )-: m{&’ C - A S - x \ - f-&riyz? dT
' -,/,,4-‘-«»“(? ) {7 ) T
='§‘:‘ C Bu-\ S( < T 2
[ ela2) SOl e
where 52(7):/52(1:) “P{'z”“.ﬂfz""f

-~ the Fourier Transform of the pulce shape.

This expreesion for the velccily cross-power spectrun can now be
used in ihe previous anulysis to predict the powesr spectirum of the
sound pressure.

Equation (17} stuted that

8-l e

B0 < AL A0 ) 0, () < 2220

)uD LS B
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The summation over )\ is

2-!

Q (f) =Z ' (f k) exp{ zw;xz
\:0 B

Substituiing from equaticn (2)) gives

B-1+c0

Q(f) = sz(/-nA)ZZcz{M) ox,,{-zra/(i%,g_‘.%)x?.

A‘°ﬁr¢: BL

It can be seen that not only is there no dependence upon A in the
summation, but also, 88 u end A\ vary, the quantity 3/4-) vill take
all values beiweer ~c and +c« once &nd once only. The double sum

can thus be replaced by & single summation.

i.e.

a(f) - S, u-w)f (2 «P{-.z_zéﬁz} .

8k Bh

Further analysis requirees specification of the envdlope function and

pulse shape,

Consider the case when the envelope function Ca(t) is exponential

(as suggested by Figures 27 and 28 ).
ca () = uF[—-x'/« ]t‘]

where «'- the exponential decay rate-can be obtained from the

experimental rasults,
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P'OO

W) ] expf il - 2rife]. (25)

S (f’nk) p:-w Bh

This sum was evaluated by Lowson (Ref. 49) as

D (f) = -Q («F) = SCAA(X‘/B) where S = Zﬁ. (7“)
:;’2 (¢ -nh) cosh («'[3) - cos(s /®) h
Which can also be written UfiGJVAL,;QQ
OF FOOR qu !GIE IS
D(f) - | - expf-2<'/B} .

I - 2cos (5/3) epf-n'/3] + <<p[-2</8]

The function D(f) represents the effects of blade-to-blade correlation
on the acoustic power spectrum. It is periodic in £ with period Bh
as expected.

This result can be used to examine the full blede-to-blade
correlation and zero blade-to-bliade correlation exemples considered
previously.

For zero blade-to-blade correlation,

«'-» @ and O(f) — | as enticipated.
For full blade-to-blade correlction the result is not as

immediately obvious. JJowever, equation (25) shows that when x':0

Df) = Z "‘P{ ?f‘t,"}

Prec0
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and Lighthill, Ref. 50 pp. 67-68, shows that in this instance

d(t) - 2rB] S§(S - Zroa)

s -

or

d(f) = -?;m S(Zﬁ - 39)

In other words, the effect of full blade-to~blade correlation
is a series of delta functions of amplitude equal to the blade number,
occuring at blade pussing frequency and its harmonics. This agrees
with the result obtained previously.

Equation (26 ) representing the effect of blade-to~blade correlation
can be substituted into equation (17) sc that the expression for the

acoustic field now becomes

0

PP =7 Bla O[3, (D) Se (f -) DIF)

Nns-co

where /A({)]t represents the blade response,
(j (Af))z and (-nh) represent the Doppler shift caused by the
rotation of the bleding,

S:?(j) represents the circumferential spectrum of the turbulence

and

> ({') represents the cffects of Llade-to-blade correlation.
Agein, utilising the simplifying effects of placing the observer

on the fan axis, gives

P - BIALAN S (AP
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and the complete sero-acoustic transfer function as obtained sgainst
frequency can be calculated for one set of conditions e i.e. speed
and blade number fixed.
The velocity auto-pover spectrum is obtained from equation (24)

as

Vo'(j) ”i 7 CZ(%‘-) Sz (“C -ﬁ) exP{—Zfé:]z‘ el

+ob

=5,4)) (k) u,azf -zrip]
porem h'’ h J

5iGE 1D

.o 3AL :&fﬂ

LT ARG
< ":-\;j\}“

We have already assumed CQ(C) is exponential

e).’p{ -x'//.[}

T
N
"

hence

E(t)- wlf)- sl (<)
S(f) st ces (5)

(vhere § = 2v¢f ao in equation (26))

h
or

E(f) - | - expl-2<']
I- Zeas (5) expf-w'] v expf-dx’

This function £?(f) ropresents theeffects of fan ‘retalion

on the velociiy spectirum, Because only the one summation is involved
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there is no dependence on blude number and.!d? is periodic in f with
period A as anticipated,

The on-uxis aerc-scoustic transfer function wes defined
previcusly as the ratio of the mugnitudes of the acoustic and aero-
dynamic power spectra at the same frequency.

Thus

2 U) = Bla@l

—billen L

%' (f) £(f)

or, in full,

31‘;‘/( /Cr r) s 4 (<'18)
B (t) g °°"< cont. (< /3) - cos (§/8)

v. (P = or O ' (27

cosh (k') - cos(§)

tYhich cin agair be conmputed directly for e given blade geometry,
blade number end spead of rotation.

An interec*ing poirt to note here is that the iransfer function
is not catirely independent of the {ncoming turbdulence, It is a
function of blade-tio-blade correlation, end hence turbulence, though
not of the circumferentizl scale of the turbulence.

Thus, from a knowledge of the axial decey 2.le of the furbulence
entexring & rotor, the on-axis eero-acoustic tranefer function cuan dbe
obtained with some case.

However, csiimation of the ucousiic and velceily power spectra
requires &n assumption of rulse shape.  Ixamination of Figure 29

suggested that Sﬁ,(c) could be represented by un exponentiully deceying
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i.e,

S (2) = exp [ -bhlT|] cos (griz)

where 5 , the exponential decuy rate and 7 + & function of the
frequency, cen be obtuined from experimental results,
S"?(g) - the Tourier Traenvforn of %(c) - is calculated by
convolving the Fourier Transform of

exp {-b4/)]
with the Trancform of

Cos (Zﬂ%zr)

end iz given by Bendat und Piersol (Relf. 46) sas

5, (f) = b4 [ o+ ] .
$zl.1fl¢r7‘{1[+ 1/.-) YA +412// 'Zi)
2 2
The physically realisable 'single-sided! power spectrum is

Glt) = 2%

and hence the nmeasuradble velocily power spectium is civen in full
b ¥ G

from equation (24) es

Yo () = 4bhsodt) [ 8% saxf e m gt (28)
L4t 2 F2 p T @
cest, () = cos (§) | (84" r4x'(f e gt ) )(w‘ 4.4,,-(/,,(,‘))
z 7

( v* ~ the mean squure turbulence velocd ly ~ appecrs bhecause the
original suto-correlation wus normelisecd).
vt and A were meusured at the iime of the experiment and

,(: 6 and Z have been chledned from subsequent wrulysise.



45

The single-sided acousiic power spectrum deccmes in full

oL o]

Re-oo 1“‘“/ G T, 2eRr, a,r,
47’5&(. 5“‘441‘{/-:»4)‘ ’ —.7:!‘[.' , )
(tl.‘%lorz(l -nd »Llj)(‘lll +411(/-,,A -zé) )/
. Py P
Bscd [o'/3) . (29
st (<) o5 (S /)

Figuces 3?7 end 38 show exampyles of the spectra obtained from these
formulae for the inconing velocity and the on-axis sound pressuce,
They are discvesed in Chupter 5 together with the results obiuined
for the aero-acoustic transfer functions - buth for discrete frequency -
and droad tend noice,

The object of this Chap.oer hus been to derive cero-acoustic
transfer funciions which could be cempurcd vith experimentel duta,
Leter experimontal resulis reve extendcd the original theory.

The importenirceults are the sero~acoustic trarnsfer furctiors:
R — t
L
= 4
R (mBK) = MBT (/(__ ) ) (21}
v, (NBI\) ' CoSK

for discrete freguencies
end

B - B ( / [ 2 )’ " ) )

vo| (F) e r, §hn CeSX

Y
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for Y%road tend noice,

For the 1200 rpm, 7-Yluded fan considered later, the important

¢ vers ORIGINAL PAGE IS
results wera: OF POOR QUALITY,

Aero-ucoustic transfer funcliiom

322 3 h 2
Bhv (/ ( cr )olv) sad («'/B)
agnt \spadl cosx cosh (<'/3) - ces (/)
v (f) sevh (« )

cosh(o') - cos 5)

5

Sound power spccirum

> T7 < s \? _ 2 ‘
O L) (e ) (M)

a1

4 LA( Yy +4r‘(f_;55fr 7tk
( b4+ 41."(,’— Py Zf) )({,2414— 4—-}(; -nk -Z_A)z)
2 2

B siak (i( /B)
ecsh (£'/B) - cos{3/3)

snd Veloclity power spectrun

Y, (f) = £vrbhsina(x’) ( b s berf e U
cosl (x') -ees(S)

(27)

(29)
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3.1 The Rig

The primary objective of the 2xperimentis was to establish
that the aserodynamic input to a fen and its acoustic cutput ere
related in a systematic fashion.

The secondary objective was then to determine if this
‘sero-acoustic trensfer function' was of the form predicted by the
theory of Chapter 2. This led to the final, tertieary, objective =
the successful prediction of the on-axis rotor noise from the
aerodynamic data.

To achieve these objectives it was nccessary to design a rig
on which zercdynsmic and acoustic measurements could be made both
independently end siimultaneously.

The rig used for the experiments is shown in Figure 5. As can
be seen, in essentials it consists of a 0.66m diameter low speed
open rotor driven directiy by a 7.5 KW D.C. mctor. The notor is
connected to the drive-shaft through a flexible coupling and the
motor and shaft are supported on an angle-iron frame. The fen is
slightly over-hung end the frame supports slope away from the fan
disc in an attempt to decrease the possibility of blade tip/rig
interaction.

Yhe fen used is & commercislly avajilable axial flow rotor
supplied by Stendard and Pochin Bros. Ltd. of Leicester. The hub
cen take 2, T or 14 polypropylene plastic blades whicli are availeble
with root incidences of 25°, 30°, 35° and 40°  The twist along the
span in each case is 20° and full blade details are given in Figure /.
For these exveriments the fan was run at speeds of 1000, 1200, 1400
and 1600 rpm in its two~ &nd seven-bilade configurations with tlades
of 300 root incidence. Figures 5-7 show the performance of the

seven~bladed fan using these blades,
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A more conplete presentation of fan performance is given in

Ref.28.

The rig Is situated in the anechoic chamber of the Loughborough
University of Technology Acoustics Facility with the axis of the
fan at the mid-height of the chamber. The walls and floor of
the chamber are not lined with foam wedges in the customaxy fashion
but with fibre-glass slabs graded to have the greatest de: ity nearest
the wall. The fibreeglase is covered with a thin layer of
polyurethane foam to prevent erosion by the airflow in the chanmber
and the net result has been found to give satisfactory absorbiion
ebove approximately 200 Hz, The construction of the chamber is
shown in detail in Pigure €.

SN AL PAGE IS
3.2 Instrumentation 2 UE QUALITY

The instrumentation used in the experimentis falls naturally
into two categories, acoustic and aserodynamic. Acoustic mecsurcments
were made using a 3" Bruel and Kjaer microphone type 4133 with F.E.T.
preamplifier type 2619 mounted on & boos ot a radivs of 2.14 metres
from the centre of the fan disc and level with it. For this work
the microphone was always placed on the fan exis to meke uce of the
simplifications that arise from the absence of Doppler shifi caused
by the rotating bleding. The micercphone vwas powered by # Bruel and
Kjaer type 2607 neasuring amplifier and the resultant signal was
recorded on one track of a Hagra IVS tmin track stereo tape recorder.

Measuremente made with a stationary hot wire anemometes probe
placed .0565n axially upstream of the fan tip produced spectira of
the type shown in Figure 9. The peaks occur et harmonics of blade
passing frequency end are superimposed on a general background level.
It is hard to distinguish between 'self-genecratcd' effects due to

the fen and those in the incoming (low velocity) airflow,
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Thus the aerodynamic meesurements required necessitated the
development of & rotating hot wire anemomet:r syestew in order to
measure the fluctuations in the airflow impinging on one fen bvlzde.
Despite initial misgivings this has been achieved by using the
latest DISA miniature probe e -ten, A 4ma dismeter 235um long
right-angled mounting tube vas clamped in the nose cone of the
fan end used to carry a DISA type 55F0I probe elerenti together
with a DISA 55E20 prote support. The probe element was oriented
such that the active sensor length was parallel to the blade leading
cige es shown in FigurelC. The hot wire was driven through two
chaanels of sliprings (manufectured by I.D.H. Electronics Ltd.) by
either a DISA type 55D0I or a DISA type 55!M0I hot wire anemometer
unit, Both uniis were used in the constant temperature mode.

The hot wire signal was linearised by a DISA type 55DI0 lineariser
and smplified by a Bruel and Kjaer type 2606 measuring amplifier,
This amplifier was chosen in preference to the type 2607 used for
the microphone signal as the 2606 is capable of handling eignals
with a greater crest factor than can be accommodated by the 2607.
It vas felt that the hot wire eignals might require this cepability.
The anemonmeter signal wes recorded on the second track of the Kegra
IVS tape recorder to give a =simultaneous record of the two signals,
In order to obtein meaningful results the acoustic and eserodiymamic
systems were celibrated as follows.

The acoustic meesuring &nd recording systiems were calibrated
simultaneously using either a Bruel and Kjaexr type 4220 pictonphone
or a type 4230 acoustic calibrator to produce a known reference
level at the microphone. The resultent signal was then recorded.
The hot wire system was calibrated in two stages, first by spinning

the nose cone/fan disc assembly (without blades) at o series of known
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rpe to give a plot of airspeed vs d.c, volts, A typical hot wire

calibratiorn curve is shown in Figure 11, vhence it can be seen

what good lineerisation is possible with the rotating probe

system. The data acquisition system was then calibrated by
recording a 1 KHz 50 mv rms signal on tape at the stsart of a test
series which could be ussed in conjunction with the d.c. curve to
provide an absolute level for the result. It should be mentinned
that all the anemometry setting-up procedures that depend on the
length and characteristicz of the probe cable wers performed with

the rig running at or near its lowest speed (190 rpm) wiih & shield
over the probe zo that (for instance) tlie resistance and other
effects of the sliprings would be taken into account. This pathod
appears to lave worked satisfaotorily snd it has elways besn possible
to obtain a reascnable to good frequoncy response vwhen setting up ths
bridge neiwork with a square wave test signal.

3¢3 The Xrperiments

The experimental work has followed two nastural lines of
approach - aero-acoustio and aercdynamic. The objectives cf the
aero-acoustic work were first, to establish the existence of a
transfer functicn between eerodynamic input to and acoustic cutput
from the fan, and seccnd, if such & functicn were found to exist,
whether it was of the form predicied by the theory. The asrodynamic
experiments axroce from further considerution of the theory ard sre
discussed later,

To achieve the aero-scoustic objectiives a series of tests was
made at fan speeds of 1000, 1200, 1400 e¢nd 1€00 rpn (i.e. tip-speeds
of 34.6, 41.5, 40.4 and 55.3 r/s) with the fon in both its tvo- end
seven-oladed configurations. For these tests the hot wire was mounted

& radiue of 0,256 m (8CGf radsus) « this being the greetest radius
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possible using standard DISA mounting tubes - as it was felt that
the tip flow would exert the mcst influence on the ncise. The
sensor was oriented parallel to the leading edge of one blade and
situated approxiwately half a chord-length upstreamalong the chord
line, and the speed was restricted to the maximum of 1600 rpm from
considerations of wire strength and mounting problems ~ at higher
speeds there was a tendency for probes to bury themselves in the
walls of the chamber. In ell cases the microphone was mounted
with the diaphragm perpendicular to the fan axis at a distance of
2.14 metres from the centre of the hub.

It was found that, owing to the enclosed nature of the e&necheic
chamber, a recirculating flow situation occured in which the air,
having passed through the fen, was pushed round the walls and
re-ingested, The onset of recirculaetion was accompanied by an
audidble change in the character of the fan noise which became
noticeably harsher anl increased in amplitiude. Each test therefore
could produce two sets of data - one "betc :" and one "with"
recirculation -« thus providing two measurcments of the aero-acoustic
transfer function whichshould be identical. It was felt that if
the trensfer functions between aserodynazic input and acoustic
output were found to be the same under these very differentinput
conditions and also to agree with the vAalues obtained by theoretical
arguments this would be a convincing proof of the relationship deduced
between input eerodynsmics and output acoustics. The test series
was repeated in order {v Jbtein information on the repeatability of
the results.

Following the establishment of rotating hot wire anemometry
as a viable experimental technique it was decided to extend the

measuring cystem from a single rotating probe to two probes in
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order to obtain more insight in.o the rature of the flow. The
initial investigation was aimed at confirming the Scars (Rel. 36)
model of uniformly convected sinuscidal gusts enterirg the fan te¢
cause the fluctuating 1lift forces on the blades. To achieve this,
the probes were positicned along the chord line upstresm of one
blade at tr: same radius (0.256m) as before. The upstresm probe
was 0.136m (spproximately two chord lergths) from the blade leading
edge and the second probe was positicned as previously. The setting
up and calibration of the probes was performed as befors &nd two
DISA 55DI0 linearisers were used to ensure that both systems had the
same velocity vs . volis ~ calibration. A typicel cxample of this
is shown in Yigure 12. The recording/analysis gyster wae calibreated
with 1KHz S0mv rms signals from the Brusl and Kjaer 2807 amplifier
for cne prote system end the 2606 eamplifier fer the other.

In snother test series the two probes have tecr used to
investigate blade-to-blade correlations -~ egein at the same radius
(0.256m) as before and with both probes in ihe same position relative
to different blades. The fan was run at 1200 rpm (cerresponding to
& tip speed cf 41.5 m/s) and the protes were posiiioned on sijmcent
blades, then separated by one &nd by two blades. Thesze pesitions
(on the seven-bladed fan) cover the full range of blade-to-blede
Bpacings as either probe car be considered to be leading.

A longer prode nounting tube wes manufsctured to enatle
investigation of the flow in the tip re,iocn of the bvladess Two series
of tests were run with this probe. ¥irst, using just the tip probe
and on~axis microphone a few transfer function recerdings were madc
in the same wny as bLefore to check on diffexvencos betveen results
obtained at a radius of 0.256r &nd thcoe ot the tip. fecond, one

probe was placed in its originel position with the asecond probe at



f§é t1p of the sa&e blude - the calibrations .ere set up to be
iéentiéal as before - and tesis were run (with seven hladee agein)

at 1000 and 1200 rpm corresponding to tip speeds of 34,6 and 41.) n/s
if;vfespeétively. The objective of these tests was to disccver the

':Uﬂaegre of spanwise correletions along the dblade.

Table 1 lists all the experiments which were performed and

*%f{ha results obteined in these experiments were analysed as described

: ?in’the following Chapter.
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This Chapter describes the means available for analysing

the date obdtained in the experiments cf Chepter 3. The respective
nerits of the systenes are conpared.

Two methods - one analogue, the other digital - have been
available for analysing the data. For analogue &analysis the
recorded signal is spl’it into short tape loops (of two seconde
duration) and the resultant output filtered by a narrow band
(3.16Hz) filter (Briel and Kiaer type 2020) which is swept through
the frequency range 20-20,000Hz by a Bruel and Kjaer type 1024
Beat Frequency Oscillator. A permanent record of the output is
made by a Bruel and Kjaer 2305 Level Recorder. Spectra such as
Figure 1> are the only form of output available with this equipment.

The second, digital, method involves & Hewlett Packard 5451A
Fourier Analyser, 7ne heart of this system is &8 Hewlett Packard
2100A mini- computer with associated Fourier software. The signal
to be analysed is input vias analogue-to-digital converters and
can either be processed directly or stored on digital magnetic tape
for attention later. (A1l input signals are low pass filtered to
prevent aliasing). The Fourier software package is addressed via
& keyboerd - Fourier transformation, change of coordinates from
rectangular to polar, the use of a Hanning window etec. being performed
at the push of & button-and it is possible to string a series of
operations together to form a keyboard program. A permanent record
of the output is obtained from a Computer Instrumentation Ltd. digital
graph plotter - this output can be in the form of spectra, transfer
functions, coherence functions, correlograms or time-averaged data,

A comparison between the two systemc follows.
The majority of results were required as sero-scoustic transfer

functions in the form defined in Chapter 2, To produce these on
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‘the Bruel and Kjaer (anelogue) equipment is & time consuming
task involving the anelysis of the two sigrnals separately
followed by extracting the individual levels at the required
frequencies and subtracting them {as the scules ere logarithmic)
to give the transfer function emplitude &t cach freguency of
interest. The shortrtape loops used ensure thet the same
signal is analysed at 211 frequencics and that the werodynamic
and acoustic signals (i.e. the cause and effect) correspond.
Restricting the length of the loop to two seconds also enebles
the 'hefore! and 'with! recirculation flow regimes to de
investig ted independently. Illowever, the rarrow bandwidth
and small timescale of the analysis de not make for great
statistical sccuracy. The main advanlage of this system lies
in iis ease of celitration end operation. The levels are set
from the recorded calibration signals and the systiem can then
be left to {ts own devices.

Production of resultis on the Hewleit Packard system reguires
& different technique. Transfer funciions can be produced auto-
matically from two s ultancous inputs either using the sanme tape
loops as tefore or from data digitised previously and stcored on
digital magnetic tape. A keyboard progranm is written to perforn
tlie operation which, in itis case, will produce not transfer
functions alone but pover cpcctres of the input and output sisnals,

their cross-pover spectrum and coherence function. (e ccherence

ORIGINAL PAGE iS
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where /ﬁvl is the magnitude of the cross-pover spectrum
Vetween two signals x(t) and ¥(t),

P, is the power spectrum of x(t)

gyy is the power spectrum of y(t).
It 1o a measure of the degree of relationship between two si_ ;).
This program is set in motion and the results are plotted out.
Best statistical accurecy is obtained by averzging the results
from a large number of independent samples and hence, from this
viewpolint, the use of pre-digitised data is to be recommended.
However, using the same tape loops as are used in the anelogue
analysis does provide a check between the two systems,

It would appear then that the Hewlett Packard equipment
which produces transfer functions-directly should be & distinct
imbrovement on the Briel and Kjaer system which does not.

Unfortunecely, howecver, the state of the computer system
at Loughborough vhilst these results were being enalyseu made it
difficult to odtain a clear-cut decision on this., It was
mentioncd above that the major attraction of the unalogue system
lay in the eese with which results can be interpreted guantitively.
likewise, the main detrection fruom the merits of the aigital system
has been found in the ares of quantiitive interpretation of resulis.
Vhen resulte are required with « logariihnic amplitude scule the
Hewlett Packerd produces dBs yelative to its own refercnce level,
This reference level must be releted to the required reference
level via the calivration signel e&na it has deen found that the
technique uvailable ie both inconvenient and unsatiefectory.

All 4n 0ll, it is fclt that the !lewlett Packerd sysiem is ideul for
obtaining quick qualitative resulis in the frequency domein but

needa further developnent bdefore qrantitative results cuan be trusted

implicitly,



é;aeaasion concentr&tes ‘solely on frequency aspecis

/Jif:} iﬁéﬁgé ihéwzruel and Xjaer system has no other
tétt Packard syatem hovever can alsc be used in

2 % autocorrelation of & eipnel or ¢r o858
;‘,corrﬂlation hetxeen signais. Again, care is needed in the inter~
ﬂf,'pxetation ef these *esulta. To eliminate 'wiep around' errcT

;”7 portiéna of the data must be discarded, leav.ny velid answers

 gnonly he central half of the data block. Also, if correlation

‘rnnctiana (i.e. nc"mslised reaults) ere required these exe easily

"6btained for autc»correlations, at obteined with more difficulty

for crosa-parrelhtions.
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The resultis produced from the experiments of Chepter 3 by

the anelysis techniques of Chapter 4 can be divided into three
categoriess accustic, aerodyramic and amero-acoustic where the latter
group overlaps the others to & certain extent. All the acoustic
data are in the form of on-axis spectra at different fen speeds and
blade numbers and under the two entry flow conditions of 'before'! and
twitht recirculation. The effects of changing these parameters are
shown in Figures 13 to 15. As would be expected, the t'basict
spectrun consists of an overall broad band spectrum with discrete
tones a2t blade passing frequency and its harmonics. The frequencies
of these tones change with fan speed and blade number (Figures 13 end
14).

The comparison between 'before' and 'with' recirculation spectra
shown in Figure 15 is of considerably greater intercst. Here the
thefore! vecirculetion spectrum shows sharp peaks (whose width is
defined solely by the filter shape) at blade passing frequency and
harronics thereof, together with smaller peaks at harmcnics of
rotational frequency not related by blade number. These are super-
imposed on & low level broad band spectrum. The 'with' recirculation
spectirum has {ones at harmonics of blade passing frequency which are
considerably broader than l:fore &nd of greater amplitude. The broad
band background level has risen &above the rotationel frequency
harmonic tones observed previously. These changes in the acoustic
spectrum correspond to an audible change in the noise of the fan and
also to a visible change in the signal xeceived from the rotating
hot wire which ras monitored on an oscilloscope during the tests.
These particular results were obtained using the seven-bladed fan.

The two-bladed renults follow tho same overall pattern hut the time

taken for the recirculation to build up is longer in this case
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es the mass flow through the fan is less.,

Corresponding werodyranic spectra obtained from the rotating
hot wire anemometer signal sare shown in Figures 16 to 19.  Here
the besic spectrum again has a background brozd band level with tones
superimposed on il - at harmonics of rolationel frequerncy this time.
There is no difference between Figure 16 (seven bledes) and Figure 17
(two dlades) in ket no one particular harmonic of rotetional Lregquency
dominetes as in thc wcoustic examples. This indicates tlhsl the prube
is indeed seeing the airflow impinging on one btlade ratner than the
potential fiold of the rotor as is the case with & stationszry prote
(Figure 9). The effect of speed chenge is shown in Figurc 18 and
is, as would be expected, to chenge the fundenental fregquency of
the karmonics. The other featurcs remain the sume,

The 'tefore! ond 'with! recirculution spectira shown in Fipure 19
exhidbit similar differcnces to those observed in Figure 15 for the
ecoustic signul, "Before! recirculation the hermonic pexks are
sharp and clceerly defined, the backaroﬁnd level is lew, iith?
racirculation the docckground lev:l rises, the pasks broaden and
increase in explitude and it teconzs harder to dictinguish bebween
tenes end Yroad band informetion at the higher frequencies, The
reeireulating flow would ihus eppear to contain & brogd zpectium of
eddies of various sizec - some well correleied (to inerease the
discrete frecucncy toncs) others net (to ruicc the broud tard lcvel).

Typical results of the repcetability tests al discrele fregusercies
ere shown in Pigure 20 for the nmicrophone and Tigure 21 for the
squivalent ket wire sigruls,. In cech figure the level has becn
plotted aguinst bdlude pussing freguency hurmonic number for toth
"vefore' and 'with' recircule tion detus As cur be seeny agreement

between the two sets of experiment:il velues is of the ordexr of 7 'R
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and is better "wiih' then 'before' recficulution. It was considered
that this agreement wes close enough ic justify the uce of results
ffoz ong cet of daia only for eack point on the transfer functicn
plots.

It will be noticed thet wherczs the sound precsure level spectre
are scaled in @Bs re 2 x 1077 H/m2 (ke thareshold of hearing) in the
customury fashion, the velocity spectra use d3s re 1 z/c which is
taken &5 u converient reference level. The wctual levels are ostained
from a cozbinztion of the original sysiem calibration curve (é.c. volis
vs m/s) and the analysis of the 50 mv rms 1 KEz signal recorded at
the same time as the date. The combination of tha sound pressure
level and velocity scales results in aero-zcoustic trensfer functious

2
-r r by . .
given in Bs re 2 x 1077 =5~ us shown in Pigures 22 to 24.
[

ols

Zquations (21) and (22) of Chepter 2 efineld the on-axia

aero-agoustic transfer function as

¢ T
[ mBhY = ”331;_3&1‘9(]( rxc )/1 dr
v,' (mBn afct Cas & (21)

(M © ‘Fﬁq

for discrote freguencies und

12 3
R (D) = Bephf j(c )’ otr (22)
v, ({.) a’r, - Cosx

for broad Yand roice.

In Figures 22 and €3 the results predicted by these formuleae
are compered with vxperimeniul results obtained froum the experimental
end enalycis techniques of Chapters 3 and 4.

T™ose Figures contein ke main recul' of this work,

The theoreticel values are absolute depending solely upon
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‘freqnency, blade number, speed of rcviotion and blading geometry to
produce the lines shown. Ir both these figures each cxperimental
:'yaint'iépreaents the value of the transfer functior obtained in one
~Vanaiysis of one yun at a glven speed at one blade passing frequency
haraonick(diserete freguency transfer function) or one frequency

i {broad band transfer function). Blede passing frequency harmonics
 beyond the tenth hive been neglected as it is difficult to isolaete
them from the background level (Figures 13 to 15) end the broed band
frequencies were chosen to be in the same portion of the spectrunm,

| The results themselves show zgreenment between theory and experiment
| over three decades of the relevant paremeter for both discrete
fregquency and broad band data.

The esteblishment of this agreement between theory end experiment
was the prime objective of this work.

Closer examination of Pigure 22 reveals that whilst the agreement
between experiment end theory is, on the whole, very good, there is
some ‘'banding' of the experimental results., Individual runs,
especially for the two-bladed results, hLave a steeper slope than
predicted., The explanation ."or this is not known. TGhe experimental
points in Figure 23 are, with the exceplion of ons run, consistently
lower than the theory predicts. There is also much greater scatter
than was seen in Pigure 22. This scatter cen be attridbuted in part
to the difficulties associated with defining the broad band level in
spectra such as Figures 13 to 19.

Pigure 24 compures the theosetical result with o least squares
f£it drawn through discrete frequancy detz peinte at 1600 rpm both
™ fore' end 'with' recirculation, oIt is appurent that whereas,
as m2intuined above, 'with' recirsulation {ihe egreement between ihe

two is gocd in hoth magnitude and irend, 'before! recirculaticn there
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. 18 some sgrecment on magniiude but the theory does not predict the
© trend of the results. Thic is unfortunate in thet the irensfer
j fhnetion should be indeperndent of inpui - nmerely a constant relationship
f;}@tween input and output regerdless of conditions. This f'before!
w_;;gcirculation.result casts doudbis on the reasoning behind the transfer
" function theory &nd & check on its credibility is meeded.
| One check ic provicded by concideration of the cokerence
{?fﬁnction obtained between the hot wire (input) signel and the
| microphone (output) signal.
The coherence funetion can take values in the range zero to
unity depending on the cdegree of corrclation b lween the signels -
a coherence function Qf zero means the signalc are totually unrelaied,
& coherence function of unity indicates that the output signel is a
function of the input signal only and & vulue less than unity implies

that one or more of the following situetions existis,

Either a) Ixtranecus noise is precent in the measurements
or 1) The system rclating x(t) and y(t) is not lineur
or ¢) y(t) is &n cutput due to an input x(i) as well as

to other inputs.

Pigure 25 shows examples of the coherence functions obteined
with the fan in its two-bladed configuration for both 'before'! and
'with' recirculation flow. *Before' recirculalion there is strong
coherence belween tbe sipnals at all harmonics of rotational frequency,
not just blede passing freyuency and iie harmonics &s was dcduced
theoretically. Between harmonies the coherence funciion drops to
gero - thers is ihus no relationship Petween aercdynamic input and
acoustic output for the broad band portion of the 'w:fore' recireula-
tion signale.  Obviously, however, there is « tranasfer funciion

between the two at harmonics of rotational frequency. Equally
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‘obviously (from Figure 24) it is not of the form derived theoretically.
If reduced fregquency effects are discarded arwitrarily in the
theoreticel anslysis it is found that, for discrete freguencies,

the transfer function can ‘be expressed as:

7 . T %, %
B (#BW) X mBR ORIGINAL PAGE I5
%' (m3B) OF POOR QUALITY

Figure 26 shows the result of plotiing the 'before' recirculation
date against this purineter with & lire of gredient 3§B/00t&?e
fitted throuzh the points, It would appeer that this is e possidle
forz of the transfer function in this inslunce though the reasons
why this should be so are aus yet unclear. The colercence at all
hermoniss of rotetional freguency is &lso unexplained., Yo 'before!
recirculation broad band transfer functicns huave been considered us
there is zero cokerence between the signals at these freguencies.
The coherence function obdtained 'with' recirculaiion thown
in Figure 25 prompts further discussion of the agrecmcnt between
experiment and theory shown in Figures 22 and 23 for discrete
frequency and broed band trensfer funclione resgectively, 1In the
development of the theory, it wue assumed thet the umplitude of
the fluctuating velocity and the resultent phase of the flucturting
1ift force are conctent wulong the blude span, There is no
physical reason why this should occur = the velocity field may be
such that the resultent 1ift forces combine to cencel ruther than sum.
The theoreticul lines of Pigures 22 and 23 thus merk the upper linit
of the mero-ccoustic transfer function. Tigures 22 and 25 tuken

in conjuncticn suggect that the flow field causing the discrete
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frequency tones comes close %o thet ecssumed - the totcl cr-uxis
sound redleted at these freguencies is coherent with the velosity

: measured ai one radial stution end the transfer functions chteined
from these measurements zgree xith the theoreticsl line. This is
consistent witﬁ the ideza of large, wellecorreleted eddiec passing
throughjgﬁe fan; The on-axis brosd bund sound field however is

only pgrtially cohérent with the velocity at the measuring sietion,
thus inplyng trat other noise sources ure present. It is cuggested
1hat;fhe flow ficld comsists of small un-correlated eddies, cach of
vhich contributes to the noisg, but whose combined 1ift ocutput is less
than the in-phase liftAassumed in the theory. This nmechanisn
explains both Pigures23 and 25. .

The cffects of blede-to-blede correlation in the uirflow heve
been‘studied in deteil for the iwo- and seven-bladed fans runming at
1200 rpm. }

Figures 27 uand 28 show exanples of the experimental aulo- and
crogs~correlaztion functions obtained from the inecoming velociily signals,
They appear to support the 'cpeghetti' sxgument of Fenson (Ref. 48&)
with long, thin eddies taking some time (about 18 revolutions) to
pass through the fan, The auto-correletion function (Figure 27)

- appeers to consist of a series of pulses, each of the same shape.

The repetition raie of the pulses is the period of roteation of ihe
fen end they ere reduced in emplitude s the iime lag (T ) increuses.
Pigure 28 is similer with the pulse truedn displaced frcm the origin
by an amount corresponding to the bYlade separation.

These correlation functions were expressed mathematically in
Chapler 2 ast

2}(‘:) ;Z;e'cz(f - _é}i) Sz(t‘ -f- +_e\_k)
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ahere L‘e&) is the envelope of pulse peak amplitudes and 32(‘) ig the

basic pulse shzpe. If it igc assumed that the pulse amplitudes decay

ORIGIN,
exponentislly, OF POO;LQ%TL?T?

Co (=) = wpf -w'h/e]]

and the value of &' cen be found from the experimental results.

Pigure 27 shows an exponential decazy curve with
n' s 0225,

This value wes the mean from & mumber of correlutions, The values
ranged from 0.22% + 137 to 0.229 - &t

Figure 28 shows that when the blude spacing ) s greater
than zero (i.e. for & cross-crrelation function), the envelope of
ewplitudes is still centred on the oxigin despite the offset of the
pulse train.

Pigure 29 shows an 'expanded' view of the aulo-correletion
function covering one rsvolution of tle fan. Alsc shoan ie w

mathematicel reprezentztion of the pulse shupe fuctor of the form
z -b T z sqg7hT ,
Sele) = e<pf -bhiT|cosy

Vulues of b = 2,5 andz = 4.16 were obteined to give
the best fi{ with the evailadle data,
The formuls=tion of the Ylede-to-blule velocity eross-correlation

function iu thue

2"@:) =Z gq,{-,('l‘/fl -é)_;_‘l - 61\/r - 2y /}“S({VA(Z-‘/E'*'B_)Z)) ,

pive Ao Bh
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which hat been programmed and the results are shomn in Figuras ;0

nd 31 for A = 0 (the suto-correlation function) end X =4, These

!mié%;édcorrelation functions can be compared with those obteined

perinental]y shown in Pigures 27 and ée, when it is seen that they
: perform a8 expected. -

o ‘ One effect of the expressions chosen for the envelope and
pulse shepe functions is that a small d.c. value is found to exist.

This takes the form for the auto-correlation .

R(z) = 2bhsid (<)
(cost (') ~i X o't - zz-r‘l\‘)

~ which for the values of b, h, z end «' used here = O, C14.
This is smull enough to be neglected for these correlation plots.
Some interpretation of these correlations is required in ordex
0 understend whal is heppening in the flow fields This is best
achieved by attempting to visualise first, what the prode 'sces! as
it rotates and second, what the correlation functicn actuzally means.
Figure 32 shows the triangle of velocities that exists for
the rotor. The resultant velocity is the sum of axial and circum-
ferential ccmponents. Now, for an suto-correlation, the flow is
sempled at discrete time intervals (vhich, as the probe is rotating,
~ correspond to discrete points in gpece) end compared with the tnitiel
value obteined at time deley Tso . after a deleyTs1/h sec.,
(vhere h Hz is the rciational frequency) the probe © in its originel
position. Therefore, pointc on the auto-correlation starting ut
Tso and separated by & delayCs 1/h sec., describe the exiusl auio-
correlation of the incoming velocity. These points are described by
CZ('C) y the envelope of peak amplitudes. |

Definition of the 'pulse shape function'%(t)requircs furiher
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thought as it involves both &xizl and circuaferentizl eomponents of
velocity, However, it cun be visualised &s being composed of &
series of pointc obtuined from the ciosv-correlations betweern a static
reference probe and one which cen be plsaced in & numher of positions
arourd the duct. TFor each position of this moveadble prohe the value
of the crosg-correlation et & iime dclay corresponding tc the angular
sepuration of the probes end the relevant speed of rotetion rives

one point on the 'pulse shape functicnt.

In practice, of course, it is imposcible to cbtain meeningful
results immediately upstream of & rotor using stationery hot wire
enenometers - this ic why a rotating system wes devised for the
experiments deseridbed herein.  However, if & series of tests were
performed as as described by Eunson (Ref. 46) in which the rotor was
removed ard the intuke under conzideration 'sucked!' it chould ke
possible to obteain information or both uxizl decey rate Ce(c) and
pulse shape Sz(t) in the form réguired for the theoretical prediclion
of the noise that woulld be generated by & given rotor in & sgpecifice
intake.

The full equation for the eero-accustic trenzfer function
obtained vhen the cnvelope of peek amplitudes is an exponential

decay is given as cquation (27) of Chupter 2 and reproduced here.

i |

1
t f(‘hn

[ cr’ )Vz Jr )z Sink (/)

cosx cosh (x'IBY -cos (§ /8)

a, f,

B lt) =
W (p) sk ()
Cosl(er-Ccﬂi(Si)

Only the axiel scele of the turdulence ic involved in this trancfer

function - the pulce shape function cccurs in both the numeratior &nd
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@éggﬁiﬁatorkihd hence‘cancels. Results 6btained from this equution
~ ‘uaing the value of &' fourd previously are compared with experimental
”}'déta in Pigures 33 and:34'£or the seven- gnd two-bdluded fans running
| at 1200 rpm,
o VVM A point to note here is that the transfer function consisfs
?&E&k broad pesks at hurmonics of blade passing frequency with (3-2)
’il?;aks‘in petweén~(where B is the blade numher). In fact, the troughs
> fi£ich oceur are a natural result of the division of a function
ijcontaining pesks at ﬁlade passing frequency harmonics’iy a function
7%fiith peaks &t all rotational frequency harmonics, The troughs are at
these harmonice. This effect can be seen in the experimental
 results shown in Pigures 35 and 3€ (both 'with! recirculation).
: Qn 8 logarithmic frequency scale the peake rise at 7dB per octuave
and are below tba level obtained with the 'full correlation'! model.
The broad band agreement between the theoretical and experimental
yiasults is closer than wes obtained with the 'zero correlation!
model -~ this is &8s would Ve expected since un attempt has been mude
to model the actuel flow condilions e&s opposed to un ideal state.
More than ore representution of the pulse chepe function
wae possidle.s It is thus necessary to check the velocitly spectrum
obtained from this foraulation against the experimentzl reasultis befcre
attenmpting to predict the wcoustic spccirum.
Bquation (28) of Chaptoer 2 gives the meusuresdle, single-sided

auto-power spectrum of the turbulence inpinging on one blade as:

G [t) = 4Thsinkix) ( b4 e ds¥’s o i
cosh (x') -er(S) (bh'eart(f ,1_5‘) N84t var(f Z_A_))
: 2 2
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1qgare v&lu& v* ‘was ebtyined at tbe time of the experiments

nd -annh?to be‘v.Bl(w/s) at a rctatisnal speed of 1200 rpm.

obteined previocusly is shown in Figure 37.

aneit

lThergualitative points to ncte from thie figure are that it
toass at &rmanics of rot«t; anal f;e,uency su,erimp05nd
ea,an“qveralllbackgzound ahapn - this ia 1n agreement with the

Eowever, it Pan be scen that these tones sre

fvenper~1e\clution (i.e. axial) correletion, and

fﬁer>*9a5 band backfroand is the effect ¢f the particuler pulose shape

rche§en. & 'huap' in the brosd band spectrua ocours at 41.6Hz,
which is equal‘toiﬂi y the frequency of the cosine wave spenified
»;ti;_the puloe shape‘fur.ction S,(x) . Ixanination of Figure lv
vwhick shows the experimental velocicy spectrum obiained at this
 speed revals a similar {rend in the troad band spectrum elthoust
z-thé higher huraonics of rotationul frequency tené to becone swamped

;"'ty'ihe broad bend level, This effect hat not been simulated in the

Jg‘theoretical epecirum where the haxmorics aere <11 &t ihe same distance
E ffom the dackground,

Consideration of equetion (2€) of Thupter 2 (reproduced chove)
reveals thal the pulse shepe function (or relative velocity correlation)
governe the broad band spectrum whilst the envelope function (axiel
coryelutiion) soverns the harmonic levels,

The form chosen for the pulse shape function cun thus influence
the result obtained to a large extent. If, for evemple, & Yur -~limited
rendon noiée <ype of autow-correlation had teen used (which was equally
feusible) the rewultant broud-berd spectrum vould heve been flat over
the bandwidik epecified with all the hurmenics superimposed to give

the same vaiue whatever the harmonic number,  Cere must be exercised
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n the. choite of shape function becuuse the net result is a power

' syskiruw « the amplitude is alwsys positive and the phase zero.

Batn the exunmple used (the exponentially decaying cocine wave) an.
tbi‘xan&width-limited random noise shape discusced ebove satisfy this
gri rion.

Quantitatively, 4t cer te seen ithat vhile the overa’l spectrun
_5 gé is very good, the values predicted appear to be elmnsi consiantly

443 low for the diserete frequency points. This would suggest that

iﬁ%aValue of ;3 uged to corvert the auto-correletion function was
too low. The value used was 0.81 (m/s)2 which leads to a .ardulence
1nt§nsity of 2.8%. The rms velocity was obtwined from r--surements
naée‘at an early stage of the experiments - before the technigue
vgs»fully refined,

‘ Byuation (29) of Chepter 2 gives the general formula for the
siagﬁe-sided acoustic power spectrum. If the sinplifying effects
of*;lacing the observer on the fa. .xis are utilised, the following

-

rgsult is obtained.

K6 - (] (=)

(6“/. h’n’(/ L X&« t+47 {/ z__))
35‘/4‘(1('/3) .
cosh (i [8) -¢es (5 /8)

This equation has deen progremmed und the result is shown ir Tigure 38,
L8 Yefore, the effect of the blude-to-blude corirelation Is exhibited
in the peeks at hermonics of blade passing frequency, while the orosd
band noice churaucterisctics sre ¢ result of the pulse shape choscn.

It can be seoan that whereas the harmonic Yovels nroduced theoreticall,
are in good agreement with their exporimentsl cou p rta, the broad

hund level predicted is too lov. This agrees with {he ccherence
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funcliors =f Figure 25 ihich suggested that the broad band noise was
e ;‘v.ncticn o derodyranic irput end other tcurces (e.g. Mucde
?ib#ﬁéﬁ); The ™mp ut 41.6 Rz ocours ss velore a8 & resuli .f
the julse shape choser.

It shculd be emphasised that trece teeustic and werodyr wnmie
specira heve lean ouflt up from a simple nodel of the incoming turbu-
ience awts-correlation. YNo ettempt hes Yuen mude tc model the
turd “ence as sueh- However, it hes been shown that Vesriations in the
&xial decy “ate of the incoming turbulemce will affect tha harmonice
flewfl»salely, whilgt the gercdyrumis contriution to Ly Brosd bang
specirum Is & function of the distribtution of the turdulence in the

relative velocity.
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The objectives of this study of the noise generated by a
turbulent airflow entering an open rotor were: first, to demonstrate
by experimental results that a definite relationship exists between
turbulence in the airflow and the noise generated; second, to show
how a simple theoretical model can predict this relationship with
reasonable accuracy; and third, to use ithe experimental results in
the development of a more realistic theory. The following
conclusions can be drawn from this work.

1) The theoretical model developed is based on the fluctuating
force (dipole) mechanism of sound generation. The fluctuating lift
force on the blades is related to turbulence in the inflow to the
fan by unsteady aerofoil theory and an ‘'aero-acoustic transfer
function! is defined as the ratio of the magnitudes of the acoustic
and velocity power spectra at the same frequency. This
formulation is simplified by placing the observer on the axis of
the fan. The on-axis aero-acoustic transfer function is quantified
for both discrete frequency and broad band noise by coasideration of
the effects of blade-to-blade correlation in the airflow. The two
extremes of perfect and zero blade-to-blade correlation are
considered for comparison with experimental resuts - perfect corre-
lation giving the discrete frequency aero-acoustic transfer function,
and zero correlation tkz broad band aero-acoustic transfer function.
With these assumptions, the value of the theoretical on-axis aero-
acoustic transfer function is dependent solely upon frequency,
speed of rotation, blade number and a constant fuuction of the
bladinge The - are no e jpirical factors involved.

2) To establish experimentally the existence of a definite

relationship between the velocity entering a fan and its on-axis
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acoustic spectrum requires simltaneous and independent measurement
of both the acoustic and velocity data, Obtaining the required
acoustic information merely involves positioning the microphone
as rejuired in a suitable free-field environment (anechoic chamber)
but if hot wire anemometry is to be used in the measurement of the
turbulent flow entering the fan, the effects of the fan itself on
a stationary wire must be considered. This work establishes the use
of rotating hot wire anemometry as a viable experimental technique
which requires no particular sophistication of instrumentation at
speeds up to 1600 rpm (a wire speed of 43 m/s). The restriction
on higher speeds is a result of problems in probe retention, not of
wire strength. Given a more sophisticated mounting system, it is
anticipated that the limiting factor found when increasing speed
would be the rubbing speed of the slip ring brushes on the rings
themselves.

3) The experimental results show that there is a definite
connection between the velocity input te and the acoustic output
from an open rotor. Comparisons bteiween the experimental and
theoretical on-axis aero-accustic transfer functions show
agreement to within 10 dB over three decades of the relevant
parameters for both discrete frequency and broad band noise.

This agreement holds when the incoming turbulence intensity is

of the order of 3%. VWhen the turbulence intensity is less than

3% it is found that an experimental aero-acoustic transfer function
exists at discrete frequencies only but it is not of the form
suggesied by the theory. It is felt that some of the restrictive
assumptions made in the development of the theory are not applicable

here.
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L) fThe idealised conditions of full and zero blade-to-blade
correlation do not exiet in real life. Experimental auto~ and
cross-correlation functions obtained from rotating hot wire
anemometers show that the inflow appears to consist of long thinp
eddies which require approximately 18 revolutions to pass through
the fan. The form of these correlation functions can be modelled
mathematically and inserted into the theory. By this method,
velocity and acoustic spectra are predicted 2s well as the aero-
acoustic transfer function. It is found that the aero-acoustic
transfer function is a function of the axial decay of the eddies,
while the acoustic and velocity spectra depend upon both the axial
decay and also the correlation of the turbulence in the direction

of the relative velocity.

5) The theoretical model used takes no account of any span-
wise variation in the turbulence field, and hence assumes that the
lift generated on a blade is the wmaximum possible. In practice,
however, there is a correlatica pattern along the span in addition
to those in the axial and V.4 directions. It is felt that the
investigation of this span-wise effect, first experimentally and
then theoretically, would be a profitable line for future work.
The extension of the rotating hot wire technique to higher speeds
is also to be recommended. This would involve the development of
an improved mounting system for the hot wires ~ using the blades
themselves as supports, for example ~ and some other system for
transmitting the data. A system like this could be used to
investigate the duct boundary layer in a ducted rotor.

One other line of enquiry is the apparent dependence of the
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form of the aero-acoustic tfansfer function on the turbulence
ihtensity in the inflow. This is of importance since aircraft,
in general, ‘do not operateAin recirculating flow situations.

6) In practice, this work is ons rurther step along the
roa& to the prediction of the sound generated by a rotor. It
has confirmed, by experiimental means, that the fluctuating force
(dipole) source mechaﬁism describes the sound field of a low-speed
open rotor with reasonable accuracy for both discrete frequency and
broad band noise. It has demonstrated that, given some knowledge of
the blade-to-blade correlation in the inflow it is possible to
predict the acoustic spectrum of the rotor. Thus, data from
model inlet tests can be used in the prediction of fan noise.
These results shculd apply in all instances where low-speed fans
are used - air conditioning plants for example.

The development of rotating hot wire anemometry provides a
useful experimental tool for the investigation of: velocity
impinging on fan blades, duct boundaryrlayers,‘tip flow behind a
rotating fan and other simi} r situations.

The work as a whole shows that a small-scale, low-speed fan
can be used to provide information which may lead to larger, more
expensive, test rigs, and also demonétrates the development of

theory io fit experimental data.
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TABLE 1 - TEHEE EXPILIMENTS
DILCRIPTION OF KTy Tall SPSITD BLADZ IO, 50T L NALTSED
Siationary hot wire 1000 7 Spectre.
in front of fan 1200
1500
Investigation of 1200 7 Spectra. (Found to
slip ring noits “e satisfactory).
Check on frequency 1000 Q Trensfer Function
response of hot wire 1200 Analycis, {(Fonund to
systen 1500 be satisfoctory).
Rotating hot wire at 1000 Ty 2 Spectra,nero-acoustic
«256m radius, Micro- 1200 transfer functions.
phone on &axis. 1400
1600
Kotating hot wire at 1000 7 Spectyra;aero-acoustic
Plade tip. licrophone 1200 trensfer functiions.
on axis. 1400 (kesults egreed wits
1600 previous experiments).
™o wires on chord line 1(00 7 Aulo~ and eross-cerrelationg
+255» radius, 12€0 &lso weve=form cductions
1400 to everage out steady
1600 effects. (Found to Ye
negligidle).
Two wirzs ,025m 1020 7 Luto- and cross-correlations,
upatream of edjacent 1200
blades (A:l), 14C0
1600

centinue?. e
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DECCRIPTICN OF 85T PAN SDEE AL MO, HOW ANALYSED

Two wiras .02%5nm 1200 7 Auto~ ard cross-correlutionc'
upstrean of 1200

separate %lades. 120C

(A« -6}

™o wires on one hlude 1200 7 ross-correlations,

one at tip, one at 1000 (Resulis incornclucive).

«256m radius,
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Thrust - Newtons

0 1000 2000

rpm

Thrust Produced by Fan ( 7 Blades )

Figure 5
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Figure 6
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Figure 25
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