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UNIVERSITY OF SOUTHAMPTON
ABSTRACT.

FACULTY OF ENGINEERING AND APPLIED SCIENCE
INSTITUTE OF SOUND AND VIBRATION RESEARCH

Doctor of Philosophy

A STUDY OF HELICOPTER ROTOR NOISE WITH PARTICULAR
REFERENCE TO TRANSIENT EFFECTS

by John William Leverton:

The noise generated by a helicopter is essentially a function of the
sound emitted by the rotors. Rotor noise is complex in nature since

it is a combination of the sound produced by several individual sources,
each of which generates acoustic energy by more than one mechanism.,

The general characteristics of helicopter noise and rotor noise have
been established with the aid of results from real helicopters, full
scale roter tests and model rotor studies. Rotational (discrete
frequency) noise is very sensitive to the inflow conditions while
broadband noise appears to be solely dependent on the rotor geometry
and operating conditions.

Transient effects, arising from the interaction between the rotor and
any flow disturbance, give rise to a marked increase in rotor rotational
noise and is subjectively annoying because of its impulsive characteris-
tic. Emphasis has been placed on studying the main sources associated
with a helicopter responsible for such effects. These are blade slap,
attributed in most cases to an interaction between the main rotor blade
and a tip vortex shed by & previous blade, blada/gust interaction and
bladq/fuselage interaction. These sources have been simulated experi-
mentally and, following a study of the mechanism involved, the corr-
esponding theory developed. For these transient noise sources, and by
implication others where the rotor is subjected to a well defined
disturbance, it has been shown that the excess noise associated with
the interaction can be predicted and that the results agree well with
those obtained experimentally.

Blade slap has been studied in depth both from the theoretical and
practical point of view. It has been shown that it is necessary to
apply a subjective correction to standard measurements to account for
its impulsive characteristics. A design criterion in the form of a
blade slap factor has been developed and general design guidelines
established,
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CHAPTER 1: SCOPE OF INVESTIGATION

1.1. INTRODUCTION

The sound of a rotorcraft is very complex in nature since it is a
combination of the sound produced by several individual sources, each of.
which in turn may generate acoustic energy by more than one mechanism,
Externally the important sources are the rotor(s) and to a lesser extent
the engine; while internally the transmission system (gearbox) is the
main additional source. Main rotor noise consists principally of two
components, rotational (or discrete frequency) noise and broadband noise,
while tail rotor noise is dominated by its rotational components.

With the exception of some light weight helicopters, the majority
are powered by gas-turbine engines and thus inlet (compressor whine) and
exhaust noise are of interest. On existing helicopters the exhaust
noise is lower in level than the broadband rotor noise and is no real
problem,'and the inlet noise, although sometimes troublesome, can be
effectively controlled by the use of ‘inlet asilencing treatments'.

It is worth noting that in a piston-engined hellcopter, the engine
itself is the main noise generator with the primary source belng the .
exhaust noise emanating from the periodic expulsion of hot gases Qf
combustion. This produces harmonics at the engine firing frequenc& and
in addition to being of relatively high amplitude is annoying beeause of
its impulsive character.

For a gas~turbined engined helicopter, however, even when engine
noise is taken into consideration the sound is characterised by the noise
produced by the rotors., The most objectionable sound generated by a
helicopter is 'blade slap', which is a banging/impulsive noise which
emanates from the main rotor. When this is not present tail rotor noise
is of major importance, particularly because of its pronounced 'whine'
characteristics. It is very noticeable during manoeuvres in hover and
low speed flight, as well as in many cases during high speed cruise.

The helicopter is also prone to generating a number of other transient
type noises and like 'blade slap' and tail rotor noisé they tend to
enhance the annoyance.

It follows, therefore, that helicopter noise is controlled, on
modern gaseturbined engine helicopters, essentially by the level of main
rotor noise and tail rotor noise and at the start of this investigation

in 1966 these were still relatively little understood.
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A preliminary study of 'blade slap', in addition to giving an
understanding of the basic mechanisms involved, had indicated that a
significant proportion of rotor noise (and hence helicopter noise)
could be attributed to non-steady or transient blade loading effects.

A long term research programme was therefore formulated with the view

of explaining these transient effects and deriving information on the
basie mechanisms involved. At this time certain blade slap aspects
needed further clarification and the influence of asymmetric flbws, gust
effects and the fuselage/tail pylon on rotor noise clearly needed to be
established. The progremme was planned to some extent as a number of
individual self-contained entities in order to make them viable research
studies, although in the wider sense they were interrelated and inter-
dependent. The main programme was linked around a 9 ft (2.74 m) diameter
model rotor at the University of Southampton, Institute of Sound and
Vibration Research (ISVR), although use was made of full scale rotor and
helicopter flight test data where appropriate, To provide a gackground
to this investigation a review type study was made of the general
characteristics of helicopter noise. In the initial phases consider-
ation was also given to defining the nature of the 'steady state' (hover)
noise, since the characteristics were not well understood end it also
seemed essential that the 'base noise' should be established as a;réference
for the study of the transient effects which give rise to additional noise.
The main results of the complete programme are reported in this thesis -
and although for clarity the studies of the various aspects are to some
extent treated as separate investigations, they were often carried out

in parallel with other investigations,

1.2, AIMS OF THE RESEARCH PROGRAMME
The principai aims of the research programme were as follows:-
(i)  to define the mechanism involved and provide a basic understanding
of the following three sources of impulsive noise:
(a) blade slap (blade/tip vortex interaction);
(b) transient blade stall - blade/gust interaction;
(e¢) blade fuselage interaction;
(i1) to high-light the general characteristics of helicopter noise and
rotor noise.
Implicit in these aims was the need to develop appropriate theoretical

models and where possible predietion methods (theoretical or empirical)

which could be used by helicopter manufacturers and others to estimate the
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noise of a particular source or the complete helicopter. This
naturally included taking into account the subjective aspects related

to impulsive noise as well as the mechanisms involved.

1.3. STUDY PERIOD

The complete study covered the period 1966-1975 (8% years); the
general study of helicopter and rotor noise and the application -of the
'blade slap' results to the real helicopter case was carried out during
the period 1966/68 (3 years) under a National Aeronautics and Space
Administration (NASA) contract (NGR 52-025-002) and then later detailed
investigations of transient effects were suppofted by Westland Helicop-
ters Ltd (WHL) and the UK Ministry of Defence (MOD) (Contracts AT/2040/
039/SRA and AT/204,0/085/SRA). A small WHL/ISVR experiment into the
influence of tip shape changes on rotor noise was also funded by the MOD
(Contract K25A/523/CB,25A-M).

1e4. THESIS FORMAT .

The complete programme, as can be gauged from the brief outline in
section 1.1, covered a relatively wide range and individual topiocs were
in some cases investigated over a number of years. To avoid confusion,
however, each of the main aspects is treated in this thesis as a sepafate
study and all the work relating to specific topics included in one -
chapter. For this reason, and in order that an overall view of:fhe
programme may be obtained, an extended summary of the complete research’
programme is given in section 1.7, This lists the complete range of
topics covered in as near as possible chronological order. Also,
largely because of the nature of the investigation, a relatively large
number of individuals assisted with the work outlined. These included
Technical Assistants, M.Sc. Students and Research Asgistants and in one
or two cases other research workers. In each case the work conducted
by these individuals was under the author's direct supervision. Thus,
except for the three years in the period between 1966/69 while the author
was in full time residence at the ISVR, many of the results of individual
investigations were reported by the individusl concerned in ISVR reports
and/or M.Sec. theses, etc. To avoid the necessity of repeatedly making
reference to the individual concerned, the involvement of those mainly

concerned is summarised in section 1.5, together with the formal status
of the author during the period of the complete investigation.
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1.5. TFORMAL STATUS OF AUTHOR AND RESEARCH STAFF

The whole study covered an 8% year period, during which the author's
affiliations were as follows: 1966 Research Assistant, ISVR, 1967/68
Research Fellow, ISVR; 1968/70 Senior Noise Engineer, WHL; 1968/73
Visiting Lecturer, ISVR; 1970/75 Head of Applied Acoustics, WHL and
1973/75 Visiting Lecturer, ISVR, During the investigation Jjoint papers
on helicopter noise geﬁeration and the instrumentation aspeots_wére
prepared with S.E. Wright, Research Fellow, ISVR, and T.R. Ives, Research
Experimental Engineer, WHL, respectively.

Measurements for the preliminary study of transient noise and rotor
configuration studies were carried out by A.R. Whatmore and A.D. Dodson
respectively as ISVR M.Sc. projects under the author's supervision.

FPhase I of the Transient Rotor Noise Study was conducted by C.B. Amor and
Phase II by S.H. Devani as Research Assistants/Junior Research Fellow at
the ISVR on MOD contracts supervised by the author.

Asgistance with the theoretical rotational noise studies conducted
during the various phases of the investigation was obtained from H.X. Tanna,
Research Fellow ISVR. ° The 'tip shape' study and the re-evaluation of the -
modeL/full scale rotor result comparison was made with the help of J.S.
Pollard, Senior Research Engineer (Acoustics), WHL. !

1.6. TRANSIENT ROTOR NOISE SOURCES .

On a helicopter, apart from the small scale 1lift fluctuations
arising from the interaction of a blade with the turbulence in the (inlet)
flow and the wake shed by the previous blades, the main sources of
impulsive noise (in order of priority) were considered to be the following
(at the outset of the research programme):

(a) blade/discrete tip vortex interaction;

(b) transient blade stall (influence of large scale flow distur-

bances).

(c) blade fuselage interaction.

The most important of these was considered to be blade/tip vortex
interaction and, although a number of other mechanisms had been proposed
for the generation of very impulsive main rotor noise (see Chapter 5,
section 5.3) it was postulated that this was the most likely source of
blade slap. This hed been investigated in general terms as a part of
an i.3c. project by the author and basic understanding established. It
was decided to extend the theoretical model which had been developed [1]
to the real helicopter case and conduct a number of flight tests (in

conjunction with WHL) to establish if the position at which blade/tip
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vortex interaction occurred could be predicted. This is discussed in
Chapter 5, together with-the corresponding studies aimed at giving an
‘insight into the probléms of measuring and (subjectively) rating
impulsive/blade slap.ﬁoise,
The ‘position regarding 'transient blade stall' was very confused.

Some authors had used it to explain blade slap, while others had_ stated
that it could not oceur in the traditional sense on a helicopter rotor
blade iﬁ flight or a hovering rotor unless the 'distance of influence'
was large. An experiment was, therefore, tailored to enable this aspect
to be examined in detail. A review of the real helicopter case
suggested that if stall ococurred it would be over a relatively small\
portion of the rotor blade. For this reason, and since there was equal
interest in the influence on rotor noise of 'discrete gusts', the
programe was formulated in a manner such that only a small portion of
the rotor blade would be subjected to 'stall'. This had numerous advantages
from the experimental and theoretical point of view and although it was
initially anticipated that the effect of 'stalling' larger portions of the
rotor blade would have been established in due course, this was not the
case. This curtailment was a combined result of the fact that the
'discrete gusts' had given information from which the influence of 'stalling!
large sections of the rotor disc could be estimated, and of the non-
availability of funding.

~ The 'blade fuselage' interaction case was of interest from both
mein rotor/main fuselage and tail rotor/tail pylon considerations., It
was known from helicopter noise recordings that the magnitude of the main
rotor noise is higher at the rear (tail on) of the helicopter where it
passes over the fuselage and it was believed that the impulsiveness of
tail rotor noise i$ dependent o%}the distortions in the flow caused by
the tail pylon or tail fin. As far as could be determined, except for
one study related to the aerodynamic interference, this aspect had never
been investigated, although it was obviously important if the noise
generated by a helicopter is to be fully understood. With use of the
ISVR model rotor facility a programme aimed at clarifying this position
was therefore developed. The fuselage/tail pylon case was simulated
by use of a cylinder which was mounted under the model rotor. A
cylinder was chosen, in preference to any other shape, to ease the
complexities of the theoretical model and it was 'sized' so that the
rotor diameter/cylinder diameter was comparable with the ratio of the
rotor-fuselage (and tail rotor-tail pylon) dimensions on a real helicopter.
The details of this programme, together with the theoretical and experi-
mental results, are discussed in Chapter 7.




1.7. SUMMARY OF PROGRAMME"
The blade slap work initiated in the author's M.Sc. investigation

[1] which had shown that bladq/tip vortex interaction was the main
mechanism for blade slap noise during the early part of the study, was
'extended to cover real helicopter aspects in greater depth, The
theoretical analysis was refined to enable the dependency of blade slap
on design factors to be assessed, a review of other possible mechanisms
was made and further flight tests (which enabled the blade/tip vortex
interaction to be determined) were conducted with the help of WHL.
Some preliminary subjective assessments of blade slap were made. The
results of all this work were subsequently published as NASA Contract
Reports [ 2,3].  An investigation into the New York Pan-im Building
operation was also conducted [ 4].

With the award of the NASA contract in 1966 the study was broadened
to cover the investigation of general helicopter and rotor noise. This
work showed, for the first time, the importance of high frequency
rotational noise and the relative levels of broadband and rotational .
noise. It soon became clear that the analysis facilities at ISVR and
WHL were inadequate for detailed rotor analysis and a survey of available
analysis systems was made. This resulted in the development of a
system based on a Spectral Dynamiocs Analyzer; funding for such & ‘system
was subsequently obtained and a unit set up within ISVR [5]. This was .
the forerunner of similar systems at WHL [6] and other groups involved |
with detailed narrowband analysis.

Detailed model rotor noise tests were conducted at ISVR and analysis
of full scale WHL/MOD rotor recordings made. This highlighted again
the importance of rotational noise and indicated that many of the then
existing concepts on the generation of rotor noise were not applicable.
Controlled hover flight tests were also performed (at WHL) ; these showed
the variable nature of the rotational noise in nominally 'steady state
hovers' and that the general characteristics of the modsl results were
representative of those on a real helicopter. Detailed theoretical
investigations were subsequently initiated at ISVR (by Wright and Tanna)
in an attempt to explain and develop appropriate rotational noise
theories, From the model rotor, full scale rotor and- helicopter tests,
generalized practical prediction methods for rotational noise, broadband

noise and overall helicopter noise were developed by the author [7].

These have been used, and are still being used, by a number of helicopter
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manufacturers including WHL for estimating helicopter noise. This
work also enabled the detailed characteristics of rotor noise to be
established [ 8].

At the time of these investigations doubt was expressed on the
applicability of model rotor noise results; a detailed comparison was
therefore made between full scale and model tests. This confirmed that
the model could be used for detailed investigations of transient effects
where the 'source' could be readily controlled and defined and, providing
‘care was taken in the interpretation of results, this could be used with
confidence for studying full scale rotor noise. This data was sub-
sequently re-evaluated at a later date and a paper published [9].

In addition to noise studies the aerodynamic aspects of rotor noise
were reviewed and a model for calculating 1lift developed. This was
checked on a full scale rotor and a good agreement obtained. More
recently 'thrust' results for the actual rig were obtained and these
confirmed the applicability of the aerodynamic model. |

Following the interest in the USA into the use of 'tip shapes' for
the control of rotor noise a small study was carried out in conjunction
with an aerodynamic investigation of the influence of changes in blade
tip planform by Noak [10]. The ISVR model rotor was fitted with several
different 'tips' and simultaneous noise and aerodynamic measurements made.
Difficulties were unfortunately experienced with the aerodynamic
evaluation and the noise aspects had to be studied.in isolation. This
analysis [11] clearly illustrated that the rotor noise was dependent on
tip shape and that a full scale experiment was warranted.

Since the 'blade slap' study and the general investigations of
roton/helicopter noise showed clearly the importance of transient effects,
a preliminary study of these aspects was undertaken in order to assess
the suitability of conducting such investigations on the ISVR model
rotor. The study [12] was essentially experimental in nature and only
limited correlations with theoretical trends were made. The importance
of 'gust effects' was, however, clearly established. A qualitative
study of blade slap type impulses was also made; this indicated that
problems existed in the measurement, analysis and rating of such signals
if conventional instrumentétion/analysis methods were used. These
aspects were investigated by the author in some depth and a number of

papers subsequently issued [ 13, 14, 15].




During the same period as that of the preliminary transient study,
an investigation into the influence of rotor configuration/layout on
'tendem rotor' noise was conducted. The main emphasis was placed on
rotational noise, and the importance of blade separation, blade overlap
and the influence of the wake of one rotor on another was established [16].

Theoretical methods for predicting main rotor noise were being
developed at ISVR and, although they could not be used for detailed pre-
diction, two specific studies were conducted. The first involved the
use of measured 858 (Wessex) blade 1lift data and a comparison with
experimental data. This showed relatively good agreement for the first
few harmonics but at the same time high-lighted the weakness of such a
method in that the aerodynamic data was inadequate. Theoretical studies
on the influence of blade chordwise lift fluctuation were also made.

The results of these studies were included in a major review paper -
outlining both the experimental and the theoretical state of the art -
presentea to the Royal Aeronautical Society and subsequently published
in the Society's Journal [17].

Following the completion of the preliminary transient and rotor
configuration studies, a detailed programme aimed at fully understanding
the two main sources of 'transient noise' was established. This
programme was dividéd into two phases: Phase 1 was aimed at the.Stﬁdy
of the influence of discrete gusts (with gust lengths up to 24 chords)
and Phase 2 at the effect of hlade/fuselage interaction (which is equalily
applicable to the tail rotor/tail pylon case) on rotcr noise.
| Phuse 1 covered both theoretical and experimental aspects, the
theory beirng based on a 'blade loading' method develcped in connection
with the previous blede slap study [1] and the rotational noise prediction
method developed bj Tanna [18]. (rood agreement between theory and
experiment was obtained [19] and a paper covering the main aspects:
published [20].

Phase 1 also included a further review of the measurement/analysis
problems involved with impulsive signals and confirmed that standard
instrumentation, even if it included INPULSE settings, could not be used
for quantifying impulsive noise. A number of other aspects, including
the effect on noise of stalling of the blade and the variation of overall
noise and broadband noise with gust length were established. A method
for simulating blade slap was developed [19]. (This approach has
recently been used by NASA, the National Physical Laboratory (NPL) and
WHL for subjective studies of blade slap.)
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Phage 2 of this programme included the development of a test rig
as well as a theoretical and experimental evaluation of the influence
of an idealized fﬁselage on the generated rotor noise. The blade/
fuselage interaction aerodynamic theory was based on the work of Bramwell
and Johnston [21]; restrictions in this theory were removed and the
output modified to enable the 'acoustic signature' as well as the noise
spectrum characteristics to be obtained. 'Up wash' and 'down wash' cases
were studied and the limitations of the theory evaluated. General trends
likely to influence the noise on & real helicopter were established, but
it was clear that further work is necessary before the method could be
applied directly to the main rotor/fuselage or tail roéon/tail Pylon
problems on & real helicopter [22] .

In parallel with the transient rotor noise study, a review was made
of the results of full scale tests conducted at WHL. A joint ISVR/WHL
paper on this has been published [ 23]. Recently additional studies
have been conducted at WHL and this work - based largely on the results
of' previous ISVR model tests ~ has shown clearly that many of the trends
classically associated with rotor noise do not apply and that rotor thrust,
which has often been assumed to be an important parameter, does not have
a marked effect on rotor noise [24, 25].
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CHAPTER 2: INSTRUMENTATION AND TEST FACILITIES

2.1. INSTRUMENTATION

Except for the development of the analyzer system described in
section 2.2, standard instrumentation was used throughout this invest-
igation. The laboratory data collection system was based on Briiel and
Kjaer (B&X) equipment and data was normally recorded on magnetic tape
for subsequent analysis. The 'standard" data collection system con-
sisted of a B&K 1" condenser microphone (type 4133), B&K cathode follower
(type 2615), a B&K microphone amplifier (type 2603) and a Nagra III
AM-Direct Tape Recorder. Where low frequency recordings were required
the tape recorder was replaced with a Leevers-Rich (Twin Track-Special
Model) FM tape recorder and (when they became available) B&K FET low
frequency units (type 4145 & 2619) were used. During the latter invest-
igations the Nagra IIIB tape recorder was replaced by a Nagra IVD.

Noémal calibration procedures were employed and followed the
pattern detailed in reference(1). Since these methods are effectively
standard there are no specific references to techniques employed in tﬁls
thesis unless the individual investigation requ1red a departure from the
norm. )

Analysis was performed in the main by using the narrowband system
discussed in section 2.2, although this was supplemented where neoessary
with 1 octave band, 1/1 octave band, dB(A) and dBLIN values obtained by
using a B&K Audio Frequency Spectrometer (Type 2113). Data playback
was made in the conventional manner, with 'tape loops' being made for
use with the narrowband analyzer,

A similar data collection system was employed for the full scale/
flight tests, but in this case a B&K 1" Microphone (type 4131), B&X
Battery Cathode Follower (Type 2630) and B&K Precision Sound Level Meter
(Type 2205) were normally used with the Nagra tape recorder. Full scale
rotor noise data was collected by WHL by means. of a similar system, but
in this case a Muirhead K-348-A amplifier was used instead of the B&K
amplifier and data was collected on an Ampex FR-1300 FM tape recorder as
well as on a Nagra III (or Nagra IV) tape recorder, this sytem is

described in reference (6),
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2.2, DEVELOPMENT OF ANALYZER SYSTEM
2.2.,1. Introduction

When the original 'blade slap' study was commenced at ISVR there
were no narrowband analyzers available and digital analysis was in the
early stages of development. After some initial analysis in terms of
¥ octave bands (29%) and 6% on a BEK Frequency Analyzer Type 2107, it
soon became clear that a much narrower bandwidth was required. At that
time Westland Aircraft Ltd (Yeovil) had a Muirhead K-101-A Automatic.Wave
Analyzer which had been used successfully for helicopter noise analysis
over a period of years. This was made available to the author for the
blade slap study and the majority of the analysis was carried out on this
analyzer. During the later stages of the blade slap study and the initial
rotor/helicopter investigations the limitations of the Muirhead K-101-A
Automatic Wave Analyzer became apparent. It was also fairly clear that
the understanding of rotor noise was being restricted and spectra often
classified as 'broadbandf in nature consisted of discrete frequenres.

Thus an improved narrowband analyzer facility was required.

The use of narrowband analyzers for acoustic analysis in 1966 was
somewhat limited and information on the various types on the market,
particularly in the USA, was not readily available. It was decided
therefore to carry out a survey to determine the most suitable for rotor/
helicopter noise studies. In this context it should be remembered that
at this time, except for the B&K 2107, there was no narrowband analyzer
available at ISVR' Thus the survey was conducted in a manner such that
other research groups could use the data obtained to evaluate suitable

systems to meet their particular requirements.
2.,2.2., Survey ,

'The survey (reported in reference(S))covered 16 analyzers, 14 of
which were considered in detail. Since the Muirhead K-101-A Analyzer
had previously been used for helicoptér noise analysis, this was used as
a reference for comparing the other systems. Many aspects were considered
and the survey was conducted on the pattern which is now often used by
the consumer magazine "Which". Particular emphasis was placed on the
filter bandwidth characteristics and hence the 'skirt characteristics' as
well as the quoted (3dB down point) bandwidth were of importance. Also
sincé it was anticipated that the analyses of a large number of conditions
would be required, it was considered essential that the analyzer was

automatic in operation. In the context of this survey it should be
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remembered that at the time of evaluation in 1966/67 digital systems were
not available and hence the study concentrated on analogue analyzers only,
This is not to imply that from the point of view of rotor noise analogue
systems are now obsolete since, although digital analyzers (and mini
computers) are now readily avallable, analogue analyzers are still used
extensively in many research establishments,

2,2,3., Analyzer Reguirements

2.2.3.1. General characteristics

With the points mentioned above taken into consideration, a
tentative specification’was drawn up. This took the form of a statement
(in addition to standard electrical requirements relating to 1nput/output
voltages, etc) that "the analyzer had to be capable of effectlvely
resolving the first 4O or so harmonics of blade passing noise of a rotor
which had a fundamental frequency between 5-40 Hz." Implicit in the
statement was a frequency range of 5 Hz to 2kHz, although at that time,
since it was not clear if the lower frequency range could be obtained,
analyzers with a 20 Hz lower limit were included in the Survey.

It is interesting to note that although 22 major manuf&cé%%ers
were contacted, 8 were immediately rejected since the minimum bandw1dth
they offered was 1/6 or 1/3 octave band. This is not surprising since
in 1965/7 this was the standard ' narrowband analyzer' for acoustic studies.
Consideration at this stage was also given to price and two units reaected
since, although they appeared to offer the desired features, they were
part of' complex integrated systems and hence very costly.

The analyzers fell into two main classes: constant percentage
(;9) bandwidth or constent bandwidth. The former has the advantage that
it provides constant resolution through its complete frequency rance and
enables a wide frequency range to be covered with ease if the data is
presented in the form of a 'log frequency plot'. This is useful in
analyzing some signals, such as from structures, where the resonant
bandwidth and spectral components tend to become broader and further
apart at high frequencies, Thus this type of énalyzer provides optimum
resolution and speed of analysis for signals of this nature.

The main problem with constant percentage bandwidth analyzers

is the relatively poor filter characteristic, particularly when the
"s<irt' or attenuation at 'off tune' frequencies is taken into account.
This basically results from the fact that the components making up the
filter have to be continually altered to provide the necessary change in
centre frequency and bandwidth as the filter is swept through its
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frequency range. It is of interest to note that at the time of the

survey - and even today ~ this aspect tends to lead to confusion and

there is a general feeling that if the bandwidth (at the quoted 3 dB down
point) is small this automatically implies good discrimination. This,

of course, is not the case and both aspects had to be taken into account,
&8s illustrated in Figure 2.1 which shows a comparison of the 'skirt
characteristics' for a 1,5% filter and a 2 Hz filter. From the data made
available from the manufacturers it soon became clear, therefore, that
there were no 'percentage analyzers' available to meet the need for
separating the individual rotor noise harmonics.

The constant bandwidth analyzers were all based on the heterodyne
principle. The input, regardless of the actual frequency, is translated
in frequency so as to fall within the fixed pass band of a fixed centre
frequency filter. Since in effect only one filter is used the filter
can be of higher quality and the filter characteristic can be better
controlled with the result that the filter 'skirts' are steeper than
those on a tunable type filter, Heterodyne constant bandwidth filters
‘are of two basic types, one which is tuned by the use of a high frequéncy
local oscillation and the other in which an external audio sine wave
source is used. The tuning of the first type is usually mechanical,”
being driven by a motor arrangement and hence it appears similar to ﬁany
of the constant percentage analyzers. The second approach is more
flexible, particularly in terms of sweep rates etc, since it uses an
electrical tuning signal from an audio ocscillator.
2.2.3,2, TFilter bandwidth

The filter bandwidth necessary to.provide adequate discrimination
of the rotational harmonics is a function of both the '3 dB down point

bandwidth' and the skirt characteristic which is defined in terms of the
'shape factor'. Also, in determining the appropriate value, consider-
ation has to be given to the dynamic range or signal-to-noise ratio of

the analyzer. This is discussed in detail in Appendix 1 and from the
study described theré it was clear that a 'maximum bandwidth' of 2 Hz with
a 'shape factor' of 4 was acceptable. In this brief review the influence
of the 'sweep rate' on the filter output was assumed to be negligible.
This was considered a viable approach since the 'sweep rate' would be
chosen to enable the filter to reach 99% of its final value and the output
suitably averaged. The maximum sweep rate for a filter of 3 dB down
bandwidth B, is Bﬁ/a, on the assumption of zero averaging. It is difficult
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to estimate the value necessary to give a 'true rms level' since this
depends on the variation of the signal under examination. Some tests
were conducted at ISVR and these showed that as a rough guide the sweep
rate had to be set at B /B (i.e. half the ideal value). The normal
procedure, however, was to set the value by inspection of the final trace
and comparison of the values obtained, respectively, from a 'swept
signel' and when the analyzer was stopped (fixed) at a particular
frequency. It followed, therefore, that the filter bandwidth/shape
factor could be selected purely on the steady state condition evaluated
as outlined in Appendix 1.

2¢243.3. Signal-to noise ratio

In addition to the points outlined above a number of other

aspects had to be taken into account in selecting an analyzer for rotor/
helicopter noise analysis. The most important of these was signal-to~
noise ratio (S/N), which is often referred to in general terms as
dynamic fange although technically this is not the case. Considerable
difficulty was experienced since practically every manufacturer quoted
the signal-to-noise ratio/dynamic range in a different form so as to
give, of course, the highest possible figure. Often the values were .
quoted at the most favourable input/output setting and thus it was .
necessary to establish the value at other settings and in particulaf at
those likely to be required for the analysis envisaged. Also on the
analyzer there is more than one 8/N ratio value which is of importance:’
for example, the 'filtered signal S/N ratio' will be higher than that
for the 'output signal' and, although it is the overall system signal-
to-noise ratio which is important, the former value was often quoted.
Thus it was vital to determine the true neture of the S/N ratio, partic-
ularly since each 6pera£ion in the system naturally tends to decrease
its value. In selecting the appropriate value, consideration was-also
given to the fact that for roton/helicopter noise the msjority of the
data would be obtained from tape recordings.  Direct (AM) recording
systems have quoted S/N values of 55/60 dB, while on typical FM tape
recorders the values are usually limited to 4LO/45 dB. These figures
are again somewhat arbitrary and cannot be used except for suggesting
that the S/N ratio of the analyzer (based on the same form of measurement)
should have a value in the order of 55/60 dB. Also the S/N ratio and
the dynamic range of the microphona/cathode/conditioning amplifier -
which for the roton/helicopter noise programme was based on Briiel and
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Kjaer equipment - had to be taken into account. At this time difficulties
were being experienced with 'equipment noise' in analysis of rotor noise
by the use of available systems, even though the Quoted signal-to~noise
values appeared adequate.,

In the rotor/helicopter noise situation the position appeared
to be further complicated by the impulsive'naxure of signals, which
unfortunately was not fully appreciated by a number of investigators,

It soon became clear that, although standard electrical terminology could
be used to some extent, the detailed requiremehts of the analyzer system
could not be finalised unless a new format was devised. This led to the
development of two terms -filtered signal-to-noise ratio (F.S/N) and
working range (WR) - which proved invaluable in clarifying the position
relating to the trué S/N ratio and the levels of 'equipment noise'
expected on any analyzers.

The definition of filtered signal-to-noise ratio is illustrated

diagrammatically in Figure 2,2 and is simply the difference between the
peak level of the signal and the level of 'equipment noise' when frequency
analyzed (i.e. filtered). As would be expected this is a function of
frequency and thus the value has to be quoted at various frequencies or,

as in the case under consideration, the least favourable result for two
frequency ranges. These were 5-150 Hz, which covered the region dominated
by low frequency rotational noise, and 160 Hz - 20 kHz which is appropriate
to high harmonic rotational noise and the broadband noise.

The 'peak level' indicated on the figure is the absolute
megnitude at the system (or analyzer) input as determined from a time
history. For this measurement an ultra-violet trace recorder énd/or
oscilloscope was usgd.A The peak dB value of the impulsive signal is
defined as follows: a signal with a peak level of, say, 123 dB is one
where the maximum impulsive amplitude (+ ve or - ve) is the same as the
peak level of a sine wave with an rms sound pressure level (SPL) of 120 dB.
In other words (see Figure 2.2) the peak level Y = (X+3)dB where X is
the rms value of the equivalent sine wave.

It follows that, providing the 'peak level' when measured in
voltage terms does not overload the system, the F.S/N can be used to
assess the relative merits of a number of analyzer Systems. This was
achieved by analyzing on the available systems a specimen tape (from a
Nagra III tape recorder) containing a sine wave and then repeating the
analysis at the same setting with a 'dead input!'. Also, where possible,
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values were obtained at a range of input settings. In many cases
analysis of this farm was not possible and the values had to be estimated
from available data supplied by the manufacturer or other users,

It was appreciated at this time, however, that it was pointless
to obtain equipment with a high signal-to~noise ratio if, when on sub-
sequent analysis, the levels of the rotor noise in the mid-frequency range
were so low that they would be influenced by internal tape recorder noise.
In this context it is worth noting that early measurements had indicated
that rotor noise often had crest factors of up to 20 dB. The term
working range (WR) was therefore devised; this is illustrated in Figure
2.3 and is defined as the difference in 4B between the maximum rms signal
level which occurs on any spectrum analysis and the meximum rms level of
the 'equipment noise + 6 dB', when both are analyzed on the same system,
Again the whole frequency spectrum and individual frequency ranges were
considered,

224344 Other requirements

Other requirements considered in the selection of the analyzer
included facilities for 'overall! (or 'Straight Through') analysis, range
of sweep ratew/frequency scanning times, frequency range and range of
filters/filter bandwidth available, In this context consideration was
given to the fact that the analyzer, in addition to meeting the require-
ments for rotational noise analysis, should if at all rossible be sultable
for broadband rotor noise analysis and more general work. Integral
with this study was a review of the best method of presenting the data
and the selection of the most suitable level recorder. In each casa,
in addition to the technical specification, consideration was given to
cost 2nd the ease of operation. '

The need for broadband noise analysis indicated that in addition
to very narrowband filters(or bandwidths in the range 1 to 2 Hz), filters
of 20 Hz to 100 Hz bandwidth would be requlred. Also, since rotor noise
is commonly measured in terms of rms values, a good quasi-rms detector
incorporating a log amplitude (aB) output with adequate signal-to-noise
ratio was required. Since optimization of ‘effective integration time!
is extremely difficult it was also considered essential that the system
should contain an output device capable of providing a wide range of time
constants (or 'pen writing speeds'), Also since the main objective was
to provide good harmonic discrimination it was clear that fairly long
trace lengths were necessary. This may seem at first glance an obvious
requirement, but many narrowband systems present data in a form such that
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much of the advantages of the small bandwidth is nullified by the
'blurring' together of -the individual peaks on the final trace. The
detailed analysis of rotational noise is shown best on a linear frequenqyt?oce,
particularly since the frequency range of interest is usually limited.
For more general work, however, and in order to cover the complete range,
use of a 'linear frequency' trace presents a number of difflculties. In
practice spectra contain far more 'peaks' in the low and mid frequency
range than at high frequency and hence the trace would either be so long
that it was unmanageable or the low frequencies would be effectively
unreadable. A more useful trace can therefore be ocbtained if a 'log
frequency' presentation is used.

A number of other factors were also taken into account{ included
in these were control layout; automatic bandwidth switching, unit or
single system layout, possibilities of extending the capability of the
system with 'add on' units and the detail control/operation seguence.
2.2.4. Analyzer System

The Spectral DynamicsSD-101A system appeared to meet best the

required characteristics discussed in the preceding sections. The system
as purchased is illustrated in block diagram form in Figure 2.4 and, as
will be noted, was extended to 1nc1ude, in addition to the facllltles for
straight forward narrowband analysis (Figure 2.4(a)), the ability for
'tracking mode' analysis (Figure 2.4(b)) and 'signature ratio mode'
enalysis (Figure 2.4(c)). The 'tracking mode' enables the level of,
say, an individual harmonic to be followed as the rotor speed is varied
and the 'signature ratio mode' allows a ‘'harmonic scale' independent of
rotor speed or rotor speed variations to be plotted. It will also be
noted from Figure 2.4 that a General Radio Type 1521 Level Recorder was
selected as the plotter. This was suitably modified at ISVR to enable
the output voltage ramp, from the sweep oscillation (or tracking
frequency multiplier) to drive and control the paper trace. A number

of options were developed which enable any linear range and 1, 2 or 3
'log decades' to be plotted on a trace 20 inchés long.

The Briiel & Kjaer Type 2305 chart level recorder had similar
characteristics to the General Radio Level Recorder and the final
selection was based solely on ease of installation of the modification.
A second Spectral Dynamics system was subsequently developed at WHL [6]
for similar roton/helicopter noise analysis and in this case a B Level
Recorder with a stepping digital servo system which operated from the

voltage output ramp was employed. This system proved, 1like the ISVR
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system, very useful and at WHL a second unit based on the Spectral
Dynamics SD-101B was subsequently added. The WHL systems, as well as
that of ISVR, were used for the analysis of roton/helicopter noise during
this investigation.
2.3, 1ISVR TEST FACILITIES
2.3.1. Single Rotor Rig ' .
The main experimental part of the overall investigation was carried
out by using the ISVR 9 ft (2.74m) diameter hover rig which in helicopter

terms is commonly referred to as a 'whirl tower'. This rig is shown

in Plate 2.1 and was driven by an electric motor, via a Ward-Leonard

set. The blades were of a rectangular plan form without twist, having

a radius of 54 inches, a chord of 4 inches and a NACA 0012 aerofoil
section. The main spar and leading edge were made of 'folded' aluminium
and the trailing edge constructed from expanded polystyrene. The tips
were made of wood and painted different colours for identification
purposes.( These blades were used up until the time of the blade/fuselage
interaction study (Chapter 7), when the trailing edge ,sectionswere
replaced with a balsa wood construction. In all six,blades were
available but one was subsequently damaged beyond repair.

A number of rotor heads were available or constructed during the
period of the investigation. These included a '4 bladed' rotor head
(which could aiso be used with 2 blades) which had 'flapping' hinges,
but no lead/lag arrangement., A similar 3 bladed rotor head and single
bladed (with balance weight) rotor head were available. A set of 'rigid!'
rotor heads were manufactured; these consisted of a 4 bladed version
(which could be used for 2 blade and 1 blade work) and a 3 bladed rotor
head.  During the original investigation the rotor heads with 'flapping
hinges' were used, but later in the studies of blade stall (blade/gust
interaction) and blade/fuselage interaction the rigid rotor version -was
employed. From tests conducted the choice of the type of rotor head
did not have any influence on the level of rotor noise and the ‘rigid!
rotor heads were simply used since they allow more control of the rotor
blade positions particularly when the rig was being 'run up' or ‘shut
down'.

The pitch of the blades could be adjusted on the rotor head prior
to running to angles between :150 in %o increments by means of a screw

arrangement at the cuff. Since the stall angle for the blades employed

is 140, the rotor was rarely used at a pitch angle above 12°.
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The maximum rpm of the rotor was in the order of 1200 rpm, although for
blade stress reasons it was normally limited to 900 rpm (corresponding
to a tip speed of 425 ft/s). Power limitations prevented the high speeds
being obtained at the higher pitch settings and the upper limit for the
3 bladed rotor at 12° pitch was 660 rpm which corresponds to a tip speed
of 312 ft/s. A
The ISVR 'hover rig' is situated in the Sir George Edwards Labor-
atory which is semi-reverberant and contains a considerable number of other
rigs and equipment. The area close to the rig was, however, clear and
although initially concern was expressed at the suitability of taking
mezsurements in such an environment, tests confirmed that provided care
was taken in selecting the microphone position, meaningful results
could be obtained and the rig was particularly well suited to studying
transient effects where the 'source' was effective only over a small
portion of the rotor disc area. For safety reasons the rig was
enclosed in a large wire mesh guard; this can be seen in Flate 2.1.
The rotor disc plane is 7.75 £t (2.36 m) above the floor and there is a
12,25 £t (3.73 m) clearance (approx 1.4 rotor dizmeters) above. To
reduce the re-circulation effects and general flow interference it was
normal procedure to operate the rotor with 'negative pitch' (downwash
upwards). Also measurements were normally curtziled if the re-
circulation efflects were noticed to have any subjoctive effect on the
rotor noise.
2.3.2. Tendem Rotor Rig

The tandem rotor rig was originally obtaineé“from NPL where it

.

had been used for aerodynamic wind experiments [26] . It was subsecuently
redesigned at the ISVR in order to reduce the gearbox noise and used by
Stainer for a preliminary study of tandem rotor rotational noise [27] .
The rig was capable of running either one or two 3 bladed 51 inch diumeter
rotors. The blades were of rectangular planform without twist having
a chord of 1.5 inches and an NACA 0012 blade section. The main spar
and leading edge were made of spheroidized steel and the trailing edge
of wood. The rotor heads had both lead/lag and 'flapping' hinges, with
the former having cork friction dampers. The collective pitch was
adjusted by a screw arrangement at the cuff.

The maximum speed of the rotor was in the order of 1800 rpm which
gave a tip speed of 400 ft/s. In the tandem configuration percentage
blade overlaps of 51%, 31.45% and zero were obtaineble. In addition the

rotor disc height separation could be set at 8 inches, 5 inches or zero.
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The phase angle between the two rotors could also be varied from O to
90 degrees. .

The 'fuselage' was originally of cylindrical shape; this was,
however, substantially modified to reduce the gearﬁox noise and final
arrangement is illustrated in diagrammatic form in Figure 2.5. As can
be seen a single drive motor is used and the rotor drive is via 'notched
belts'. TFor the investigation conducted by Stainer [27], in which the
euthor took an active part, the tandem rotor rig was mounted in the ISVR
large anechoic chamber; the same arrangement was used and the subsequent
investigation made under the supervision of the author.

2.4, OTHER TEST FACILITIES
2.4.1. Rotor Rigs/Whirl Towers

In addition to the ISVR results, data obtained by WHL was included
in this inéestigation. The WHL data was derived from a 'whirl tower'
at Yeovil fitted with a 3 bladed S55 rotor and a 'whirl tower' at Weston-
super-Mare fitted with a single (1) bladed S55 rotor. ’Later this data
was supplemented with data derived from tests at Weston-super-Mare where

the rotor was run 'upside down' with 1, 2 and 4 blades. The basic
characteristics of this rotor system are outlined in section 34
2.4.2, Helicopters

Flight test measurements were made on a variety of helicopters;
these are discussed in the appropriate sections of this thesis and their
general characteristics are defined in Table 2.1 together with an
indication of the study in which they were involved. For the flight
experiments conducted under the direct supervision of the author by WHL
in connection with the blade slap source location study (section 5.7) the
helicopters used were the Wessex (British built Sikorsky S58) and the
Sycamore. The Wessex was also used for the detailed hover tests,
designed to enable the precise nature of hovernoise to be assessed,
conducted by WHL for the author (section 4.10). In other cases the
tests were performed by the manufacturers to a programme requested by
ISVR or data already available in the form of tape recordings was supplied
to the author for analysis.
2.5, ISVR SINGLE ROTOR RIG - THRUST MEASUREMENTS
2.5.1. Introduction

There was no direct thrust measurement facility on the ISV?

rotor rig when used for the initial rotor noise, blade slap and blade
stall (blade/gust interactions) experiments. Consideration was given

to incorporating such a device at a number of stages during the
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investigation, but this was rejected on the grounds of complexity, cost
and the fact that for the mein body of experiments precise details of
the thrust were not essential. In this context it is worth noting that
e theoretical model for calculating the thrust had beén developed and
when checked against full scale measurements on a whirl tower gave good
agreement. Even so it was found that when the astudy of the influence
of 'tip shapes' on noise was completed (section 3.12) the validity of the
results was questionable due to the non-availability of precise thrust
measurements., Also when the blade/fuselage interaction study (Chapter 7)
was being formulated, it was clear that it would be advantageous if direct
thrust measurements could be made. It was decided therefore at this
stage (in 1972) to modify the rig to enable thrust measurements to be
obtained,
2¢5.2. Thrust Measuring Device

A review of the 'off-the-shelf' load cells revealed that there
was no available design which would meet the specifications required

and/or the rig dimension and other mechanical considerations. A special
unit had therefore to be designed and built. This device consisted of
four 2 inch long horizontal beams of 3" x 0.1" cross-section: the inner
ends of the beams were fixed at 90° spacing to the rotor shaft via a °
thrustvbearing and the other ends were fastened via an arrangement of
spacer blocks to the top plate of the rig. The design is illustrated

in Pigure 2.6 and, as shown, strain gauges were bonded to the beams to
provide a means of detécting the load. The gauges (one on top and one
on the bottom of each of the beams) were connected to form two Wheatstone
bridges with the connections being such that the output from all the
gauges were 'summed's The outputsdf the two bridges were then added
together electricaily by using an operational amplifier.

2.5.3. Special Coupling

It was necessary to ensure that the motor drive system did not
influence the thrust measuring device. This presented a major problem
and a commercial unit which in principle allowed free axial movement of
the input/output shafts resulted in a non-linear response and a significant
loss in sensitivity. To overcome this difficulty a special coupling was
designed and built gt ISVR, This consisted of the 'cup and boss'
arrangement illustrated in Figure 2.7. The circular cup has four oblong
slots at 90o intervals which act as bearing surfaces for four small
roller bearings mounted on the edges of two 'torque-pins' which are
attached rigidly to the boss as shown in Figure 2.7. This device proved

very satisfactory and was installed as a permanent feature of the rotor rig.
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2+s5.4+ Calibration o

The thrust measuring device was calibrated by applying loads, in
situ, to the rotor shaft, A typical calibration ourve is shown in
Figure 2,8 and it was-found that the accuracy was within 1% over the
full test range of Z 100 1b. It was assumed that the static calibration
was equally applicable to the rotatlng (dynamic) load case. There was
no adequate method of checking this, although it was verlfnea by adding
a weight to the rotor head at a nown rotor speed and comparing the value
with the normal reading for that speed. This confirmed the assumption
(w1thin - 3%) for the case when the rotor was loaded, but it could not
be checked for the 'negative 1lift case'.
2.6. BLADE LOADING MODEL

The ISVR model rotor rig initially had no facilities for the
measurcment of thrust. Since it was considered vital to have an estimate
of the total, a blade element (strip momentum) theory was used to calculate
the 'ideal' spanwise load distribution and an allowance for the tip
effect was then made empirically. This approach is outlined in Appendix
2, together with a generel description of the calculation process,
Although this method had obvious limitations it was considered to be
sufficiently accurate for this particular noise investigation,

A similar approach was subsequently applied to the single blg&éd
full scale rotor where actual thrust measurements were available, .

Figue 2.9 shows a comparison of the estimated and measured thrust
value. The ‘theory' tended to over-estimate the measured value in all
cases except the high pitch (15° cuff) and high speed conditions at 11°
and 13o cuff pitch settings. The 5° and 70 cuff pitch measurements
shown on the figure are suspect and it would appear that the load cell
was incorrectly zerded at the commencement of the tests, with the result
that the indicator 'bottomed' at 500 lbs. In general, however, the
agreement is relatively good, with the biggest error being in the order
of 13%, which is the same order as would be obtained by more complex
theories, '

During the blada/fuselage interaction study (Chapter 7) a thrust
measurement device was installed and this enabled for the first time a
direct comparison between the theoqband measurements to be made., This
is illustrated in diagrammatic form in Figure 2.10 which shows thrust as
a function of blade pitch, for rotor speeds from 400 to 800 rpm. Again

it will be observed there is generally good agreement particularly at
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the higher pitch settings. The largest error occurred at high speed/
low pitch where the predicted value was 35% above that measured. Over
the majority of the test range the values were, however, within 15%
with the theoretical values normally being high. '

The blade loading model mentioned above was used to derive the
relationship between angle of attack (o{) and pitch angle (@), and
Thrust (T) and pitch angle (@ ). Results for the ISVR 9 ft diameter
fitted with 3 blades is shown in Figures 2.11 and 2.12 respectively.
Figure 2,11 shows the solution for £ at 95 but since the changes of o{
with radius over the outer portion of the blade is small (see Figure A2.2),
it is equally applicable to radial sections from 85/ to the tip if tip
effects are ignored. This relationship is independent of rotor speed
and as can be seen results in @ = 2.6 010.77[’ or = 0.385 0%

As a rough guide over the main range of interest (2o to 100) the angle
of attack &£ is simply half the pitch value; i.e. the approximate solution
is of = 0.50 . |

"The corresponding T/8 relationship is illustrated in Figure 2.12.
The 1ift/thrust term, which is independent of rotor speed, is plotted as
& function of log blade pitch. Over the range of interest it will be
noted that T varies approximately as © 3. on the figure results are
indicated for the 'total 1ift' and the value at 90%R (rotor radius
T 4.1 f8).  The lift/thrust term(r*k (O-0) =rk o , () being the
inflow angle) is presented in a generalized form and it is necessary to
use the following relationship to obtain the 1ift/thrust:-

R
L= %pca, Bmaf 12k, (0-0) dr (2.1)
where p = density, c =ob1_ade chord, Q,= lift curve slope

wr= rotor rotational speed = rpm/60 x 277 ¢ B = number
of blades and kL = 1ift function correction factor.
This solution is outlined in Appendix 2 and as can be seen from equation
2.1, the lift/thrust varies as z..r2 or in other words as blade velocity V2.
A similar approach (see Appendix 2) was used to derive the basic
torque characteristics. In this case both the profile drag (CDo) and
the induced drag are important. A typical set of results which
illustrate the general characteristics is reproduced in Figure 2.13.
This shows the generalized torque term as a function of pitch angle;
the influence of both drag terms is indicated together with the calculated

total torque (drag) and some experimental results. In a similar manner
to that discussed above for the lif‘t/thrust, the actual torque was
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obtained by use of the following expression:

Torque = 35/00 B'w'J",[kLao(O-mw'*CDo]dr (2.2)

This is outlined further gn Appendix 2. It will be noted from Figure

2.13 that there are some differences between the theoretical and
experimental results with the measured values rising at a more rapid

rate with pitch than predicted. This effect is well known and as
discussed in Appendix 2 (section A2.4,.2) it is necessary to use a modified
solution for cDo’ Some work along these lines was carried out (see
Appendix 2) and resulted in the 'dashed curve' indicated on Figure 2.13,
This shows better agreement with the experimental results but tended to
over-estimate the torque at the higher pitch setting. It was considered
that a further refinement to the theory could have been made, but this

was considered outside the scope of the rotor noise investigation.
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CHAPTER 3: ROTOR NOISE

3+1. INTRODUCTION )

Nﬁmerous investigatiohs were conducted at ISVR and a large number
of the recordings obtained by WHL and on a: joint basis by WHL/ISVR were
analyzed at ISVR. As can be imagined this yielded a vast amount of
data, much of which was used 8imply to obtain the general characteristlcs
of rotor noise. It is not proposed in this thesis to outline these
results in full but rather to concentrate on aspects which are of general
interest and which were usedito guide other investigators engaged in the
study of rotor noise. It was also necessary to know the basic character-~
istics of normal rbtor noise when formulating the main impulsive noise
studies reported in Chapters 5, 6 and 7. This work also formed the
basis far study of overall helicopter noise outlined in Chapter 4.

3.2. NOISE SOURCES

It is not possible to consigder the noise produced by a rotor as one
entity since it is a combination of the sound generated by a number of
individual mechanisms. Loosely the sound can be grouped in three
categories, namely rotational or discrete frequency noise, broadband
noise, often termed 'vortex' noise, and blade slap or blade bang.
Theoretically blade slap can be considered under the heading of rofational
noise, but since it is an isolated disturbance which occurs only over a
small’ proportlon of the rotor disc it is usually more convenient to
consider it as a separate source. This topic is discussed in depth in
Chapter 5.

Rotational noise consists of individual frequencies or tones which o
show up as harmonically related discrete frequencies or 'peaks' on a
narrowband analysis: With the exception of the fundamental and first
few harmonics which are a function of the steady (mean) parameters of the
rotor, at moderate speeds this type of noise is generated by the fluctuat-
ing forces exerted by the blade. In this context the high order force
(1ift and drag) fluctuations are very 1mnortant At high speeds
'thickness' noise, which is dependent on the physical size of the blade,
also becomes important giving rise to an impulsive type noise.

Broadband noise, which during the‘period of the early phases of this
investigation was often referred to as 'vortex noise', shows up on

analysis as a band or 'hump' of random noise spread over a relatively

wide frequency range. Unlike rotational noise which can be defined in




36

specific terms, broadband noise does not have well defined spectral
characteristics end the precise details of the frequency range associated
with it is still at the present time somewhat vague.

Several mechanisms for the generation of broadband noise are
possible and have been proposed by various investigators. - It would
appear that random lift fluctuations are the most likely generators of
this type of sound, Initially it was postulated that this resulted from
the interaction of the blade with a tip vortex of a previous blade and/or
the wake shed by the previous blade. Recently, however, pertly as an
outcome of ISVR test results)doubt has been shed on the actual mechanism,
since the measured levels appear to correlate with the blade geometric
parameters and tip speed only; this is also true when measured on an
actual helicopter as discussed in section 4.5. It would appear, therefore,
that this self generated noise is in some way associated with the boundary
layer on the blade itself but a full explanation has not yet been found.

It is difficult to distinguish between higher harmonic rotational
noise and broadband noise and the following definition was therefore
adopted by the author, Experimentally all the acoustic energy which ﬁid
not show up as a 'peak' on a very narrowband spectrum analysis (where -
the filter bandwidth was much less than the blade passing frequency)‘@as
considered to be broadband noise,

On an actual rotor the broadband noise travels with the blade and
is responsible for the characteristic 'swishing' sound heard by an '
observer when relatively close to a rotor. At the time of the commence-
ment of the ISVR study broadband noise over the complete audio frequency
range of 20 Hz - 2 kHz was simply treated as one source. An outcome of
the ISVR model tests - later confirmed by full scale tests conducted at
WHL - was that theré wers at least two distinct broadband noise regions.
which exhibit relatively well defined and repeatable characteristics.

This view is now shared by a number of other investigators and, following
the notation adopted by the author, commonly referred to as 'low frequency
broadband noise' and 'high frequency broadband noise'. The former is

the source discussed above and the latter, which ocours at a frequency
region which is in the order of 10/20 times the low frequency noise, is
considered to be associated with the shed waka/boundary layer of the
blade,

It would also appear logical that the broadband noise should be
dependent on the Reynolds number - in other words different characteristics

would be expected to occur on a low speed rotor (with laminar boundary
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layer).and a high speed rotor (turbulent boundary layer). Although
detailed studies have revealed differences, there appears to be no
dramatic change in the characteristics of broadband noise as the rotor
Speed is'increaséd such that the boundary layer would be expected to
change from laminar to turbulent and model results (low Reynolds number)
and full scale results (high Reynolds number) show the same basic general
trends. It would appear therefore that the influence of Reynolds &umber
effects (and hence the classzc boundary layer concept) is much less than
originally postulated.
3¢3. TEST ANALYSIS PROGRAMME ' -

Tests were conducted on the ISVR rotor facility (section 2.2) with
1, 2, 3 and 4 bladed rotors. It was originally anticipated that the
experimental data would have compared with, or at least correlated with
the aid of, theoretical models which were initiated at ISVR. The
development of the theoretical models, by Wright [28] and later Wright
and Tanna [29] proved more complex than originally envisaged. It also
became clear that even when this work was completed it could not be
readily used to correlate the noise characteristics of the model rotor
rig. As a natural consequence the model results were treated solely
from an experimental point of view, linked where possible with similar
full scale test results. In this context the situation has changed
little since, although theories by Ollerhead and Lowson [30], Wright [31],
etc, are available, they cannot be directly compared to experimental
results since they requiré knowledge of the appropriate blade loading
data. Once such experimental data is available, however, the theories
can be used to explain the observed trends as indicated by Wright in .
reference(31L It follows, therefore, that the data included in this
chapter is presented largely tc illustrate the change in the noise
characteristics with operating conditions and is solely of an experimental
nature. The ISVR model data was also supplemented by full scale results
supplied by WHL, analysis of recordings supplied by WHL and analyzed by
the author [32] and more recently tests conducted at WHL under the
direction of the author [ 33].

Recently correlation of full scale data within WHL by the author
has suggested a dependency of broadband and rotaticnal noise on the
projected thickness (tp) based on the angle of attack {[34]. The data

from the ISVR model has not yet been examined in this format; even so it

is worth noting that the work conducted at the ISVR was used as a basis




38

for formulating both the WHL test and analysis programme. Also the data
presented in this thesis has been essentially limited to that which
illustrates the basic characteristics of rotor noise used as a reference
for the impulsive noise studies or results directly relative to the
understanding of impulsive noise. The model and full scale analysis
did, of course, give results which wers of a wider interest and although
reported in a number of general papers (some of which were purely- working
papers) by the author, they have not been included in this thesis.

3¢4. TEST CONDITIONS

The test conditions associated with the ISVR model and the full-
scale (WHL) rotor are summsrized in Tables 3.1 and 3.2 respectively. It
will be noted that the ISVR model tests were conducted at 2 range of
rotor speeds and pitch angle (@) settings, while in the case of the full
scale tests measurements were taken at a range of rotor and thrust
conditiong. In the full scale tests reported in reference(32),the
same basic rotor was used but instead of varying thrust, measurements
were taken at cuff pitch angles ranging from 70 to 150.

In Tables 3.1 and 3.2 the corresponding CLT (and in the case of the
model rotor estimated total thrust) values are given. The main analysis
was conducted with the rotor configuration indicated, although the model
tests were also carried out with 4 bladed, 2 bladed and 1 bladed rotors
and full sceles with 4 and 1 bladed rotors. The main measurement
positions are also given in the tables.

Also given are the Reynoldsnumber range associated with the two
rotors and as can be seen these are significantly different. The value
corresponding to a éhange from laminar flow to turbulent flow is normally
taken to 1 x 106 and thus based on classical aerodynamics it seems
reasonable to assume'that while on the model rotor it is laminar it is
turbulent on the full sczle rotor. If could, however, be argued that
the high speed conditions on the model rotor (Reynolds number 0. 9 x 106)
would also be turbulent and thus if the changeover in flow conditions
had a marked effect on the noise it should be observable in the model
rotor results.

The model rotor blades had zero twist and thus at zero pitch the
blades were travelling in their own shed wake., 4t 2° pitch there is a
small 1ift and the wake is 'pushed down' thus giving a ‘cleaner inflow'
over the blade. As the pitch is further increased these effects are
increased and the magnitude of the tip vortex, which is directly propor-

tional to blade loading 4 and hence pitch, is increased. On the real
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rotor with twist, used for the full scale tests, the case corresponding
to zero pitch on the model never occurs since at zero thrust part of the
blade is generating positive thrust and part is generating negative
thrust. It is estimated for the rotor tested that the magnitude of this
1ift at the higher tip speeds is in the order of X 70 1b. It follows
that except for a smell region on the blade where the angle of attack (not
blade pitch) is zero there is always a flow away from the blade path and
hence the next blade should be passing into relatively ‘clean air'. As
pitch and/or thrust is initially increased the negative component of

1lift is decreased, the positive lift'component increased and the !zero
angle of attack' position moves towards the tip. :Again as further 1lift
is applied all the thrust becomes positive and the tip vortex strength
increased. _

The above ié a relatively simple visualization since three dimens-
ional effect near the tip has a mejor influence on the local flow field
and it is difficult to estimate the precise position of the ‘zero of
angle of attack point'. Also as the pitch or thrust is increased it
would be intuitively expected that since the mean flow is increased, the
tip vortex would move further away from the blade. Flow visualization
studies® have shown this is not the case and that the tip vortex remains
in, or close to, the rotor tip path plane until the next blade passes
when it moves rapidly down with the general downwash. This is equally
applicable to the model and full-scale rotor and muét, of course, be
taken into account when studying the influence of rotor operé%ing parameter
on the noise.

3.5. TEST RESULTS

Test results for the rotational noise components, broadband noise
levels, overall (dB LIN) noise as well as blade 1lift and torque (HP)
values were obtained for the ISVR 9 ft diameter rotor fitted with 1, 2,

3 and 4 blades with the main emphasis being placed on 3 bladed results.

In addition similar data was cbtzined for the tandem rotor rig and the

two sets of full scale WHL S55 rotor tests. Some of this data has been
reproduced in ISVR technical and contract reports, although the majority

is stored in the author's files. It is not proposed to reproduce any

of these tables (which as can be imagined are numerous) in detail but
rather to limit the results to the points of general interest and graphical
representation. jReports in which fairly extensive coverage of the data

in tabular form is reproduced are reference(}Z)(full scale single bladed

*A general discussion of tip vortices, and their trajectories, is
presented in section 5.8.




40

tests), reference(35) (4 bladed ISVR rotor tests), reference(36) (3, 4 blade
ISVR rotor tests) end reference(37) (full scale - 1, 2, 4 blades).

The data presented in this thesis was obtained in the case of the
ISVR model mainly from a microphone positioned at an angle 9° below the
rotor disc and 25 ft from the rotor centre which corresponds to a distance

of 2.8 rotor diameters. The full scale single rotor whirl tower’ results

[32] were obtained at a similar position,-So below the ideal rotor disc
plane at 3.2 rotor diemeters (177 £t ~ rotor diameter 48 ft) and the other
full-scale rotor data [37] at ~11.5° and 250 £t (4.46 rotor diameters).
3.6. ROTOR NOISE - GENERAL CHARACTERISTICS

Typical narrowband analysis traces are presented in Figures 3.1 and
3.2 for the ISVR and S55 full scale rotors respectively; also indicated
on these figures are the three sources of interest. These traces are
from a 'quick look' analysis and although the filter bandwidth is changed
at 200 Hz and 1.5 kHz this does not imply that the three sources are
defined within these frequency limits since, as can be seen from the
traces, the sources blend from one to another. )

It will also be noted from these figures that,except for the differ-
ences in freguency range of each noise source for each rotor, the spectrum
shapes are very similar in character. .

As explained previously the low frequency region for both rotors
is dominated by rotational noise, while the mid-frequency region consists
of a combination of rotational noise and low frequency broadband noise
with the relative levels depending on the blade operating conditions,

It will be observed from Figures 3.1 and 3.2 that although the full scale
results exhibit, particularly at the low speed conditions, a well defined
high fregquency broadband noise (at 3.5 kHz) the corresponding character-
istics associated with the model results are less clear.

3.7+ ROTATIONAL NOISE

3.7.1. Spectrum Characteristics

Typical narrowband analysis results for the model rotor and the
full scale rotor are reproduced in Figures 3.3, 3.4 and 3.5. Figure 3.3
is for the model rotor fitted with 3 blades and at the higher speeds well
over 20 harmonics can be detected. Figures 3.4* and 3.5 show results
derived from the initial full scale rotor tests [32] and the more recent
WHL full scale tests [37] respectively. Again it will be observed that
many blade passing harmonics can be detected. In cases where very

narrovband analysis (1 Hz) was performed and extra care taken, up to

*The vertical lines, 'kicks', on Figure 3.4 were due to an instrumentation
problem associated with the ISVR analyzer system - these should be ignored.
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50 harmonicscouQ;be detected: Figure 3.5 shows such an example for the
full scale measﬁrements. It was found from an examination of the traces
that the full scele results tended to give 'cleaner' more well-defined
peaks (discrete frequencies) then the model and when real helicopter
recordings were examined it was found that these gave a further improvement
in the quality/appearance of the tiaces (see Figures 4.3 and k), It
appears that, as would be expected, the highef the tip speed and blade
loading the more well defined the diserete frequencies,

3¢7+2. Variation with Tip Speed

The general trend with speed is illustrated in Figure 3.6 which
shows results for three different rotors. These are the ISVR model rig
(fitted with & blades), the WHL full scale rotor fitted with 1 S55 blade
and a 19 't diameter hovercraft propeller. 1In the case of the latter
two, both rotors were operating at their designed load. It will be
observed that to a first order the noise levels follow a‘V10 relationahip.

If model results are examined in greater detail it can be seen
that in fact different results occur at different pitch settings. Figure
3.7 shows results for 8° pitchi here again the majority of the harmoniés '
approximate V10 although there is an indicatlon of a more rapid 1ncrease
in level with velocity (approaching V ) between 700 and 800 rpm. -At 2°
pitch (which for all practical purposes gives results identical to -the
zero pitch/zero thrust case) the higher harmonics tend to be independent
of tip speed as shown in Figure 3.8.

On the full scale rotor, however, all harmonics appear to follow
similar characteristics as indicated for the '1 Whirlwind Blade' in
Figure 3.6 although the power law dependency appears to decrease at the
low tip speeds. This is illustrated in Figure 3.9 which shows 'full scale'
results for the 1st' Sth 10th, 20th and 30th harmonics. In this case,
hovever, the results are quoted for constant thrust settings of the rotor,
4s the rotor speed is increased the effective pitch will be decreased
(to mzintain constent thrust) and this has to be taken into account when
comparing this figure with the results shown in Figures 3.6 to 3.8. The
datz in Figure 3.9 supports the earlier finding that &1l harmonics follow
very similar trends, although as will be observed the fundamental (1st
hzrionic) departs from this general trend varying as V6 to V8 (depending
on the thrust settinz, over the ccmplete test range. It can also be seen
wneress the 1:‘r'mon‘Lcs follow o f19 dependency at high tip speeds (758 ft/s)
it iz nearer V‘ at low tip speed (466 f£t/s). Over the normal operating
range - 650/700 ft/s - however ihe results follow closely V10 mentioned

previously.
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The fundamentals(1st harmonic) associated with the full scale
results in Figure 3.6 (1 Whirlwind Blade) were examined and compared
with the Gutin solution [38] as indicated in Figure 3.10. It will be
noted that except for an overestimation, typically by 6 dB, the measure-
ments and predictions correlate reasonably well. Part of this discrepancy
could be due to choice of the effective radius for the Gutin calculation
(0.8 x tip radius) since if a smaller value had been used a lower noise
level would have been predicted.
3¢7+3. Variation with Pitch/Thrust

Model and full scale results showing SPL as a function of blade
pitch are shown in Figures 3.11 to 3.14. At low tip speeds the model
results show little increase in SPL with pitch (Figure 311, 500 rpm;
236 £t/s), while at higher tip speeds (Figure 3.12, 900 and 1000 rpm;
424 and 471 ft/s) it will be observed that although the first harmonic
is effectively independent of pitch (and hence thrust) the higher harmonics
show a marked increase as the pitch is applied. The trends associated
with the fundamental (1st harmonic - '1' on the figures), and the 2nd
‘harmonic, is understandable since at angles close to the rotor disc (as

used for these tests) the steady forces which control these harmonics are
dependent on the torque or drag term which will not vary to any great
extent for pitch angles up to 6°.

The full scale results show very different characteristics as
indicated in Figure 3.13 which shows results for the '4 Whirlwind S55
blade' and the first harmonic for 3 °1m11ar (Wedsex - S58) blades obtained
from reference(39) It will be noted that, with the exception of the
first harmonic associated with the 1 blade rotor, the harmonics are
relatively insensitive to pitch, and hence to thrust, although there is
an increase at the higher pitch settings. These variations have been
studied in greater depth from the 2 blade S55 data and a typical set of
results is reproduced in Figure 3.14. In this case, however, the data

is plotted as a function of rotor thrust and influence of pitch changes
discussed in section 3.7.1 must be taken into account. At the higher
tip speeds (230 rpm, 670 ft/s which is the same as used for the data
given in Figure 3.10) the levels are independent of thrust (T), although
in the case of the 5th to 15th harmonics there is an indication of T2

dependency at the higher thrust settings. This agrees well with the
data presented in Figure 3.13. At low speed (160 rpm, 466 ft/s),

however, there is a marked difference and with the exception of the
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fundamental (1st harmonic) the levels inersase over most of the range
according to a Tz'relationship. It will be noted, however, that initially
there is a decrease in level at low tip speéd for all harmonics except

the first (fundamental) which appears insensitive to thrust. This is
very similar to the model results reproduced in Figure 3,12 which corres-
pond to tip speeds of 424 ft/s (900 rpm) and 471 ft/s (1000 rpm).- It
appears, therefore, that the resulting trend is a function of the absolute
tip speed. It could be argued that it is a Reynolds number effect, but
the model results appear to 'blend' into the full scale and there is no
sudden or dramatic change in the character of the noise as would be
expected if it were associlated with a change in the boundary layer from
laminar to turbulent,

The trends shown on Figure 3,14 have (since completion of this
work) been shown to correlate well with a tp4 term where tp is the proj-
ected blade thickness based on the angle of atteck [25]. It is not clear
if this could also be applied to the model results.

The main emphasis of this work has been in determining the varlatlon
with thrust and/or pitch and there has been no attempt to correlate the
data on an absolute level basis, It is of interest to note in the case
of the 'three-bladed' results indicated on Figure 3.13 that the fundamental
Tollows the same trends as the 2nd/3rd harmonics of the single blade tests
and that there is no correlation with the 'Gutin value' except at the hlgh
pitch setting. This is unlike the behaviour of the fundamental in the
case of single blade tests which agrees relatively well with the Gutin
solution as shown in Figure 3,10,
248+ LOJ FREQUENCY BROADBAND NOISE

3.8.1. Spectrum Characteristics

As indicated previously the low frequency broadband noise region
is often & combination of broadband noise and rotational (discrete
frequency) noise and it is necessary tc select a filter bandwidth which
gives a fairly scourate measure of the broadband energy, while at the
same tire alloving the spectrum characteristics to be determined. It
wag found that 2 20 Hz filter was most suitable for both the analysis of
model and full scale results.

Typical 20 Hz bandwidth analysis results are presented in
Figures 3.15 and 3.16 for the model and full scale rotors respectively.
A study of these results, and the 5 Hz bandwidth analysis shown in

Figure 3.1 and 3.2, showed that although there was some indication of a
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‘hump' in the broadband region the 'peak' was not well defined. This
was in direct conflict with some earlier analysis carried out by the
author (for a three blade rotor) which is summarized in Figure 3.17.

The more recent broadband noise analysis suggested an 'analysis model'
for the low frequency broadband noise of the form illustrated in Figure
3418, This is based on a log frequency scele and the SPL variations
have a 'FLAT level' and a constant dB/octave 'fall-off' portion. with the
latter extending over a range of two octaves. Due to difficulties of
defining the low frequency this was ignored and since a centre frequency
could not be readily located, the 'break point' frequency (see Figure
5.18) waz used as a reference.

4t first glance the spectrum shape illustrated in Figure 3,17
seems completely different from the analysis model reproduced in Figure
| 3418,  This is, however, not the case. The early analysis was based
on % octave band analysis and the discrepancy largely arose from use of
such an anslyszer. This can be best explained with reference to Figure
3019 which shows the 4 octave band spectra corresponding to the ‘analyol
model’ for three different 'breakpoint frequencies' set at the lower
limit, the centre frecuency and upper limit of a é octave band rosnect-
ively. It will be noted that the 'flat topped' analysis model from a
conctunt handwidth ana1y51s is transformed to the traditional "hump*
snectrum by use of % octave bands and that an apparent 'pezk frequency’
is created at a value corresponding closely to the 'break point frequenéy'.
The influence of the use of a low frequency rejection filter is also
illustrated on Figure 3.19,

On figure 3,17 the ‘dashed line' illustrates the results obtained
originally from & octave band analysis, the continuous line is an estimate
of the results likely from a narrowband percentage bandw1dth analysis
and the 'dotted line' an estimate of the spectral shape as would be
obtained from a narrowband constant bandwidth analyzer. It is clear now
that the width of the peak (a ¥ octave band) was solely a function of the
anzlyzer.  The high frequency 'fall-off' rate indicated of 7/10 dB
acrees, however, well with the more recent results. The low frequency
characteristics are, however, difficult to quantify and although there
is a clear indication of a 'fall-off' in level of the order indicated in
Figure 3.17 it is difficult to determine any precise figures, It follows,
therefore, that the difference between the original analysis and the more

recent results is essentially due to the fact that % octave band analysis
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was used. At the time this was, of course, the standard method and
this problem is not only applicable to the work by the author but also
to that of many other investigators who also used similar analysis
techniques to define the characteristics of (low frequency) broadband
noise.

The 'analysis model' (Figure 3.18) is shown superimposed on both
the model and full scale results in Figures 3.15 and 3.16 respectively.
As can be seen there is very good agreement, although in the case of the
model results it is more difficult to locate the 'FLAT SPL' because of
the influence of the higher harmonic (rotational) noise. If, however,
a wider bandwidth analyzer had been used, the spectral details would
have been lost. It could be argued that the original spectrum shape
illustrated in Figure 3.17 could be equally applied to the full secale
results, but this is not the case since the signal below 150 Hz has
been in effect 'cut off' by filtering prior to recording.

3.8.2. 'Variation with Tip Speed
Figures 3,20 and 3,21 show the low frequency broadbzand noise

variations with blade tip speed (V) at constant pitch from the model’
(Figure 3.20) and at constant thrust for the full scale rotor (Figure
3¢21).  The model results suggest that, except at very low speeds,.the
noise follows a VA law at zero pitch and a V6 law at high pitch. - fhrust
(at constant pitch) is proportional to V2: it could be argued therefore
that the relationship at high pitch is also a VLF law at constant thrust.
It will also be noted that there is a drametic drop in the level at the
very low speed of 236 ft/s (500 rpm) - this was observed on all the
tests. The full scsle results show typically a V6 to V8 variation at
constant thrust while at angles nearer the rotor axis the dependency is
less than v6, particularly at the high thrust condition. Since this
analysis it has been shown that this noise is proportional to the fourth
power of the projected blade thickness (tp based on the angle of attack
at 0,9R) and if this is taken into account then the brosdband ncise
correleotes well with V6 *!;pl'L [25].

Even with this latter finding taken into account there is still
some slight difference between the model and full scale results. ir
the full scale results are studied in detail (Figure 3.21) it will be
observed that the velocity law at the lower rotor speeds is lower than
that ot hizh tip speed. In other words, rather than a single velocity

law, the dependency varies with the absolute tip speed. In this ccntext




46

it is of interest to note that the velocity law associated with the
meximum test speed of the model (900 rpm, 424 ft/s) is for all practical
purposes identical to that associated with the full scale rotor operating
at the minimum test speed (140 rpm, 408 ft/s). Thus it would appear

that as the speed is increased the dependency on tip speed also increases.
Even so these values are considerably different from those found by other
investigators who have suggested that when thrust is held constant the
broadband noise varies as V2 [ 40, 41] or v2*7 [39].

3.8.3. Variation with Pitch/Thrust

Figures 3.22 and 3.23 show the variations in SPL with pitch for

the model rotor and thrust for the full scale rotor respectively, It
will be noted that both the piteh (@) and the thrust (T) scales are
precented on a log base and that the zero pitch/thrust values have also
been added for completeness. The model result (Figure 3.22) varies as
98’/3 at high pitch settings, which corresponds to Tz,and shows a 'minimum’
level at a pitch angle of 2 to 30. The measurements of the power
absorbed by the rotor also show similar characteristics. This is
considered to be due to the fact that at zero pitch the blades are trav-

elling in their own wake, while at 2° pitch the wake is 'pushed down',:

riving a cleaner inflow over the blades and hence lower noise levels.,

The results for the full scale rotor (Figure 3423) show that the
noise exhibits two trends, one which decreases slightly with thrust and
the other which increases at a rate of approximately T2. The 'change
over point' corresponds to a zero angle of attack of near the tip. Since
o is dependent on the tip speed, different trends occur at high and low
tip speeds and as shown at high tip speed (260 rpm, 758 ft/s) the level
is for all practical purposes independent of thrust. The T2 variation
ocecurs over the norhal_rotor operating range for such a rotor and agrees
with that usually associated with broadband noise [39, 40] . It is
also of interest to note that the variation with thrust shows very
similar trends to the results compiled by Widnagll [#2], but in this case
& curve was used instead of the 'two law! approach of Figure 3,23, AS
mentioned previously it has been shown that data of the form shown in
Figure 3.23 can be collapsed according to a V6 tph'relationship, where
tp is the projected blade thickness based on the angle of attack at
0.9k, such that the standard devietion is 1.5 dB [25]. To date it has
not been possible to link this with a physical mechanism and no attempt

has been made to see if the model rotor data could be reduced according
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tc the same relationship. It is likely, nowever, that due to differ-
ences in the velocity dependency discussed in section 3.7.1 that & formula
of the form thph, where x is a function of the absoclute velocity would
nave to be used.

3.8.L. ZFrequency Characteristics

Although the low frequency broadband noise ‘'peak' is normally
associated with a Strouhal number relationship, it was not really possible
to detect a 'peak' frequency on either the full scale or model results.
There was, however, an indication of a 'hump' shape as illustrated in
figures 3.15 and 3.16. In an attempt to overcome this problem the
'break-point' frequency (defined in Figure 3%.,18) was determined and
nlotted as a function of rotor for both the model and full scale rotors
as shown in Figures3.24 and 3.25 respectively.

It is clear from the model rotor results that the break-point
frequency, and by implication the 'peak' centre frequency, is a function
of tip speed. On the model results (Figure 3.24) the continuous line
represents the best straight line through the data pcints and the dotted

line corresponds to a Strouhal type relationship of

fp= 018V /tp (3.1)
where Vn = the tip speed (ft/s) and tp = projected thickness (ft)

On the full scale rotor, however, the 'break-point frequency'
near the rotor disc plane is for all practical purposes independent of
the rotor speed (upper set of results in Figure 3.25). A plot of data
measured at 750 to the rotor disc gives similar results, exceot at high
thrust where the frequency appears vaguely to be a function of tip
velocity as indicated by the lower set of results on Pigure 3.25.

This variation from the expected Strouhal number relationship
could be associated with errors in determining the break-point frequency
and/or a significant change in the broadband spectrum with tip speed.
Even if these aspects were taken into account, however, it appears that
the full-scale rotor results would still not follow a Strouhal number
relationship. ¥ilkes [h}] also found that the broadband noise peak
was insensitive to tip speed on a full scale rotor.

The conventional Strouhal relationship for the centre frequency,
ig,used for helicopters is

fo= St.V07/tp (3.2)

where St = Strouhal number - normally taken as C.23, VO.? = velocity at

0.7 radius, tp = projected blade thickness = t Cos & + ¢ Sin o(, t = blade
thickness, oX = angle of attack and ¢ = blade chord.
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Alternatively this can be written as (approximately)
fg= 0.2 VT/tp where VT is the tip speed. (3.3)

The value for o is taken at 0.7 (where R is the rotor radius) by
some investigators and at 0.9%R by others. In this context it is of
interest to note that if such solutions were used for the full scale
rotor, the predicted value for 'qé would lie in the majority of ‘cases
even above the measured 'break-point' frequency. When compared with
% octave band analysis of the full scale results, however, a relatively
good agreement is obtained for the lower tip speed conditions, partly
because of the upward shift in frequency associated with this type of
analysis as discussed in section 3.8.1.

Goddard and Stuckey in their full scule rotor work [39] showed

that the 'peak frequency' was given by:-

fg= 0.18 V/O.ho = 0.45 V. /c, (3e4)
where ¢ = blade chord. This gives a value for the 'peak’ frequency
considerably lower than the conventional Strouhal relationship (ecuation
G.2))with the difference being of the order of a factor of 2 to 3. Even
so the predicted value appears to agree relatively well with full scale
data (correct order for frequency range), while underestimating the value
f‘'or the model rotor.,

When 'hovering helicopter' data was examined, however, it was
found that equation (3.3) gave relatively good agreement with the (apparent)
centre frequency. This can be seen by reference to Figures 4.2 and 4.3
on which the freouency '3 is marked (520 Hz). Also indicated on
Fizure 4.2 is the predicted value (750 Hz) for the model. This apparent
difference between a full scale rotor (on a whirl tower/hover rig) and
the same rotor on a 'hovering helicopter' cannot be explained and
obviously requires further investigation when one bears in mind the
results of Goddard and Stuckey [39] and Vviilkes [h}]. At the presént
time, however, it would appear that as a general rule for real helicopters
ecuation (3.3) can be used.

Details on the spectrum shape are even more limited and since the
'anglysis model' (Figure 3.18) did not give any low frequency dependency,
it is necessary to make some approximation if the complete spectrum is
to be considered.  Goddard and Stuckey [39] suggested a 74 dB/octave
'fall-off' either side of a peak of a § octave bandwidth. This is in
general agreement With the high freguency 'fall-off' rates of 7/10 dB
diccussed in section 3.8.1. With this and the results from real helic-

opters taken into account it would appear at the present time that a
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spectrum with a 'fall-off' of 8 dB/octave either side of 'peak' is a
reasonable assumption. It is suggested that this could be applied from
qﬁb to 4fg(where fgis the peak frequency) and that the accuracy would be
sufficient for most prediction purposes. A check with a number of
helicopter ‘hovering records' confirmed this approach although it is, as
mentioned previously, difficult to determine the true spectral shape.
5.9. HIGH FREQUENCY BROADBAND NOISE '

For the high frequency broadband noise study 20 Hz bandwidth analysis
was used for the model rotor (Figure 3.15) and 100 Hz for the full scale
rotor (Figure 3.16). In this context it is worth noting that when
analyzing high frequency noise these filters are essentially narrowband
filters.

From the traces illustrated in Figure 3.16 it is clear that there
is a 'hump' of high frequency noise at 4 to 5 kHz on the full scale rotor.
The prominence of this noise source is very dependent on tip speed and
the angle relative to the rotor disc. This can be seen by comparing
the results in Figure 3.2 and 3.16, Near the rotor disc plane (Figure

3.2) the 'hump' is practically non~existent at high speed, while at

angles near the rotor axis (Figure 3.16) it can be detected at all test

conditions.

On the model rotor results illustrated in Figures 3.1 andAi.TB the
'hump' or peak is not so well defined and only really exists at low
speeds and small pitch angles. At other measurement angles to the
rotor disc the 'hump' is, however, more predominant but again becomes
insignificant as the pitch and/or tip speed is increased. On the model
it has only been possible, therefore, to study the noise source in detail
at low tip speeds. It is not clear from the results available if the
'hump' diseppears ‘or if other broadband energy in the region rises to a
level above the 'hump' when the rotor conditions are changed.

It has not been possible to determine a velocity law on the model
rotor, but as the pitch (§ ) was increased the SPL increased according
to 972 which corresponds approximately to a T%élaw. This is illustrated
in Figure 3.26. 1In the case of the full scale rotor it follows a Vl‘L law
at constant thrust and T‘1/6 law at constant velocity as shown in Figures
3.27 and 3.28 respectively. Thus on both rotors the level of the high
frequency broadband noise is for all practical purposes independent of

thrust.
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The full scale rotor shows that the frequency of the 'hump' is a
function of tip speed (i.e. a Strouhal type relationship) as illustrated
in Figure 3.29, This could not be studied in detail on the model but
there was some indication of a similar trend. An attempt was made to
scale the noige source between the two rotors but this failed. This is
not surprising since, if the high frequency broadband noise source is due
to some cheracteristic 'wake shedding' process, then it will be greatly
influenced by the boundary layer/wake thickness and whether the flow is
laminar or turbulent. From the model tests with blade tip shapes
(see section 3.12) it was also clear that other high frequency broadband
noise 'humps' can be present in the spectrum when the thickness of the
blade trailing edge is increased. Lowson et al [44] also showed similar
results on a model with 'cropped' tip shapes.

3.10 OVERALL NOISE

3410.1. General Characteristics

As stated previously the overall noise (OASPL) generated by a
rotor is a function of the three individual noise sources. On both
model rotors and full scale rotors the high frequency broadband noise is
generally relatively unimportent in terms of the overall noise level.
This does not imply thet it is also subjectively insignificant, but the
overall noise is effectively controlled by the levels of rotational and
low frequency broadband noise.

As can be seen from Figures 3.1 and 3.2 the rotational noise is

higher in level relative to the broadband noise on & model rotor than
on a full scale rotor. At angles near the rotor disc plane the broadband
noise is significantly reduced (relative to the rotational noise) such
that, even on a full scale rotor, the overall noise is essentially
dependent on the level of the rotational noise. To obtain the desired
tip speeds on a model rotor, the rotational frequencies are significantly
higher (typically by a factor of 3 to 5) than on a full scale rotor.
Thus the model rotor has a greater part of the spectrum dependent on the
rotationael noise then has the full scale rotor. The rotetional noise
2lso beccmes more predominant as the number of blades and the physical
size of the rotor are decreased and on some small model rotors the noise
is effectively all rotationzl in character.

It follows, therefore, that on the full scale rotor the OASPL
follows (for all practical purposes) the same trends as the low frequency

broedband noise, except at angles very near to the rotor disc plane where
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the rotational noise dominates. On the other hand the overall noise
for a model rotor is linked essentially to the rotational noise charact-
eristics or a combination of rotational and low frequency broadband noise.
3.10.2. Effect of Number of Blades

The effect of changing the number of blades was not studied to

any great extent., A brief review was, however, made of the model rotor
data and a typical set of results which illustrates the general trends

is reproduced as Figures 3,30 and 3.31. These results show the OASFL
values plotted as a function of tip speed (at 6° pitch) and pitch (at

600 rpm) respectively. As mentioned previously the OASPL is essentially
a function of the rotational noise components except at very lov speed
when it is controlled by a combination of rotational and low frequency
broadband noise. In a similar manner to that discussed previously in
sections 3.7.2 and 3.8.2, it will be noted that the 'rate of increase'
for all the rotor increases with the absolute speed, varying from approx-
imately"é’3 to V1O. As expected there was an increase in level with the
number of blades, although the difference between 1 and 2 blades is
relatively small. This can be seen in the cross plot against number of
blades given in Figure 3.32.

In Figure 3,31 with the OASPL as a function of pitch it can Be
seen whereas on the 3 and 4 bladed rotors the noise decreased as the
pitch was initially applied, in the case of the 1 blade rotor it increased.
This is considered to be due to the fact that on the 4 bladed rotor the
contribution from the broadband noise is higher than the rotational
., noise - and as mentioned previously this shows a decrease as pitch is
varied from 0° to 2° - while in the case of the 1 blade rotor the reverse
is true.

No attempﬁ was made to correlate data on a thrust basis, but the
4 bladed rotor operating at 475 rpm/Go would produce the same order of
lift as the 1 blade rotor running &t 800 rpm/6°. These 'values' are
indicated on Figure 3.30 and this suggests that the 4 bladed rotor would
be 2.6 dB quieter than the 1 bladed rotor giving the same 1lift. The
practical case would, however, be more complex since it is necessary to
change other parameters as well as tip speeg. It does, however, agree
with the general concept that it is advantageous from the noise control

point of view to use as many rotor blades as practical.
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3.11. DIRECTIVITY

Very little direct measurements of the directivity characteristics
have been made, largely because of the complications of making such
measurements.  Stainer [27] using the 51 inch (130 cm) diameter model
rotor in an anechoic room obtained some rotational noise data for the
author and a typical plot is reproduced in Figure 3.33. This shows a
general 'figure of 8' appearance for the higher harmonic rotational
noise and a reduction of sound in the rotor disc plans as predicted in
reference (30), Similar analysis of the broadband noise was not possible
due to the fact the noise generated on this rotor was dominated by
rotational noise.

Some full scale results derived from the WHL full scale investig-
ation are reproduced as Figures 3.34 and 3,35 for broadband noise and
rotational noise respectively. For the high 1ift/high tip speed
condition shown in Figure 3.24, the broadband noise is a minimum in the
rotor di;c and shows a 'dip' directly below the rotor. This dip of

5 dB, which checks confirm is not a function of any cancellation effects,

is for all practical purposes independent of blade tip speed and occurs
only at high blade loading 'thrust'. The dB(A) and OASPL levels follow
the same general shape as the broadband noise except near the plane of

the rotor disc, where the low frequency rotational noise dominates the
sound (see Figure 3.35).

| The rotational noise showed considerable variation in harmonic
ocontent with operating conditions and angle and the scatter about a mean
was large., Thus directivity plots of individual harmonics failed to
reveal any clear trend. To overcome this difficulty the measurements
were averaged over successive bands of harmonics to give the results
shown in Figure 3.35. The 'shape' of the harmonics gradually departs,
with increasing frequency, from the directivity of the low frequency
noise until the high harmonics (15th to 20th) take on a distribution very
similar to the broadband noise. Again there is a 'dip' under the rotor
&t high thrust, but as with the broadband noise it disappears at lower
thrust.
3.12, TIP SHAPE STUDY
341241, Scope of Investigation

The use of special tip shapes to control the noise generated by
rotors had been suggested by many investigators and Bell Hélicopters [#5],
Sikorsky Aircraft [46] and the Boeing-Vertol Company [47] had all made
claims of significant noise reductions by modification of the tip shape.
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It was extremely difficult, however, from the available data to evaluate
in detail the effectiveness of such methods since the tests conducted
were usually of a comparative nature and the prevailing aerodynamic
conditions before and after meking tip modifications were not known. It
was decided, therefore, to conduct a smsll pilot study to establish the
magnitude of the ohanges associated with different 'tip shapes'.. It
was originally intended that this would be a joint aerodynamic/acoustic
study with aerodynamic aspects being carried out by an investigator in
the University of Southampton Department of Aeronautics and Astronautics.
Unfortunately the aerodynamic study was never completed and thus the
acoustic aspects had to be considered in isolation. As a consequence
there was no thrust measurement information which meant that it was only
possible to correlate the data on a blade pitch, tip speed end power
basis,
3.12.2. Test Rotor

'The basic 9 ft diemeter model was fitted with the range of tip
shapes illustrated in Figure 3.36. In order to ensure that the available

- rotor blades were not damaged the tips were simply fitted to the exisfing

rotor blades after removal of the standard tip cap. Each tip was 6 inches
in length and hence the overall diameter of the rotor was increased to
10 f't. 4

The 'Sikorsky tip' was based on information given in reference
(41)and in addition to being trapezoidal in shape it was later learnt
that a '2° twist down' was associated with this tip. In these tests,
however, only planform changes were considered.
3.12.3. Test/Analysis Progremme

Noise levels were measured at a distance of 25 £t (2.5 rotor
diameters) and at an angle of approximately 10° below the rotor disc plane.

Measurements were made over a range of rotor speeds 500 to 800
rpm, carresponding to tip speeds of 262 to 418 f£t/s and of blade pitch
angles from 0° to 10°, Informetion on the power absorbed by the various
rotor was noted for each condition., '

Analysis was made in terms of OASPL, dB(A) and § octave bands
supplemented by 1.5% bandwidth narrowband analysis ~ full details are
given in reference(hB).

st
o il
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3.12.44 Results

A selection of results are shown in the following figures:
¥igure 3.37 : dB(A) vs rotor speed ~- pitch 6°;
Figure 3.38 : dB(A) vs blade pitch ~ rotor speed 700 rpm (366 £t/s);
Figure 3.39 : Power absorbed vs rotor speed ~» pitch 6°; and
Figure 3.40 : Power absorbed vs blade ~ rotor speed 700 rpm.

From these results, and other analyses, the general noise and

povier characteristics of each tip were determined and compared. From

this it was possible to rank in order of descending 'noisiness' and

'power absorbed' the various tips tested as indicated in the lists given

below. - These lists and the corresponding comments must, of course, only
be tzken as & general guide to characteristics associated with each tip.
Hoise

(1)  60° blunt trailing edge tip: noisy at all speed/pitch conditions,

large rotational and broadband contributions; very dominant noise
hump at high speed/pitch conditions in 2,5k-3.5k Hz frequency region,
(ii) 45° blunt trailing edge tip: noisy at all conditions; large

rotational and broadband contributions.

(iii) Sikorsky tip: noisy at low pitch but quiet at high pitch; large
rotational noise contribution at low pitch. '

(iv) Stondard tip: falls in middle of noise range at all conditions;

low rotational noise content. ’
(v)  45° faired trailing edge tip/60° faired leading edge tip: both tips
give similar noise levels; generally quiet at low pitch but noisy
at high pitch,
(vi) 450 faired leading edge tip: fairly "quiet at all conditions; low

rotational noise contribution.

(vii) Square tip: 'noisy at zero pitch, but at 2° and above it was consist-
ently the quietest tip, small broadband noise contribution over
100 Hz - 400 Hz frequency region.

Power (Data for 60° faired edge tip not available)

(1) 60O blunt trailing edgze tip: absorbed the most power at a2ll cond-

itions.

(ii) 45° blunt trailing edge tip: absorbed less power than (i), but more

power than all other tips at all conditions.

(iii) Sikorsky tip/45° faired trailing edge tip: both tips ebsorbed
approximately the same power, the ASO tip with the faired trailing
edge fell in the middle power range at most conditions, while the

Sikorsky tip absorbed less power at low pitch.
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(iv) Standard tip: lower end of power range for all conditions.

(v) Sguare tip/h5° faired leading edge tip: at 2° pitch and above the
square tip ahsorbed the least power of all tested, the 45° faired
leading edge tip absorbed the least power at 0° and slightly more

power than the square tip at high pitch.

It will be observed that to a first order there was a direct
correlation between the noise generated and power absorbed. This is in
agreement with the suggestion that in many cases the 'tip shape’
development within the USA was aimed at improving the aerodynamics and
that noise was simply an indirect benefit. The blunt trailing edge tips
(as intuitively expected) consistently generated the highest noise and
absorbed the most power, while both the square tip and the 450 faired
leading edge tip were the quietest absorbing minimum power.

The square tip, as indicated above, was better both from the
noise and power absorbed point of view than the standard tip. Similar
trends héve been found by Spirey and Morehouse [49] at low tip speeds,
but at higher tip speeds corresponding to those on a real helicopter they

found the reverse was true., Thus it is,most likely,unwise to read across

the model noise results to a full scale rotor. Even so this study illus-

trated clearly that noise was dependent on the tip shape and that
significant noise reductions should be possible. With regard to-reﬁl
helicopters it may not be possible to lower the noise level below a
certain winimum, but at least it should be possible to ensure that un-
necessary high levels are not produced. In this context it is of
interest to note that the standard tip, which is fitted to & wide range
of helicopters including the majority menufactured by WHL, was well down
the 1list both as regards noise and power absorbed. An interesting
exception to the géneral trend was the Sikorsky tip which was relatively
noisy at low pitch, even though it absorbed less power than expected
under these conditions.

3.13. Tandem Rotor Investigation

%413.1. Test programme

& general investigation of the noise characteristios associated
with a tandem rotor configuration Was conducted using the rig described
in section 2.3%.2. The rig was located in the large anechoic chamber
at ISVR which was designed to give free-field conditions down to &
frequency of 70 Hz, Some preliminary calibration checks using the rotor
rig and a loudspesker as a 'source' confirmed this figure. Tests were
conducted with 3 height (rotor) separations (0, 5" and 8"), 3 rotor overlap
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settings (0, 31.5% and 51% based on rotor radius) and 3 rotor phase
relationships (normal 60°, 45° and 30°). Recordings were taken for
three rotational speeds, (23.33 rps, 26,66 rps and 30 rps corresponding
to tip speeds of 311 ft/s, 356 ft/s and 400 ft/s) and four pitch
settings (0, 4°, 8° and 12°),

In addition to the tests conducted with the tandem rotor con-
figuration, measurements were made with only one rotor fitted (i.e.
single rotor case). Noise measurements were taken with the aid of a
rotating boom and thus, in addition to data at fixed positions, polar
(directivity) plots were obtdined. All measurements wére taken at
8.5 £t (2 rotor diameters) from the centre of the lower rotor.

3.13.2, Noise Characteristics

The noise characteristics of the tandem rotor were, as expected,
very similar to that of the single rotor and because of the small size
of the rotor (51 inch diameter) mainly rotational in character. A
typical narrowband spectrum is presented in Figure 3.41 end is similar
to the single rotor results presented in reference(Z?). The mein diff-
erence on the tandem rotor was that rotor rotational harmonics (designated
1R, 2R etc.) were detected as well as the more usual blade passing
harmonics 1B, 2B etc. where for the 3 blade rotor nB = 3nR, or in other
words 1B = 3R, 2B = 6R etec, The levels of these rotor rotational
harmonics were, however, well below the level of the blade passing
harmonics (see Figure 3.41).
3.13.3. Results .
3413.3.1. Effect of rotor (height) separation

Figure 3.42 shows the effect of varying the rotor separation

on the harmonic content and as can be seen the 'fall-off' is in the order
of 4 dB/octave with the 'scatier' about the mean being : 5 dB. This
general decay rate was observed in all tests, irrespective of the rotor
speed or blade pitch.

It will be observed from Figure 3.42 that with 5 inches (2.5
chords) separation the noise levels ﬁere on average 6 dB above the 'zero
separation' case. This was as expected since the lower rotor Was running in
the dowvnwash produced by the upper rotor and this would be more pronounced
as the separation distance was increased from zero. Intuitively a
further increase was expected as the separation was increased to 8 inches
(4 chords) but as can be seen from Figure 3.42 the levels were 4 dB below

the 'zero separation' results. Thus it would appear that the 'flow

distortion' experienced by the lover rotor decreased. This is under-
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standable since as the distance from the upper rotor is increased the
flow will become more uniform and the area of interference decreased due
to vena-contracta created by the flow through the upper disc. it
follows, providing the overlap is not too great, that if the separation
distance was increased even further the situation would be approached
where the two rotors would act as two separate rotors and hence the noise
would be akin to that associated to a single rotor.
3.13.%.2, Effect of blade overlap

The effect of varying the overlep ia illustrated in Figure 3.43

which shows the generaligzed 'fall-off' curves obteined from the narrowband
analyses for the three conditions evaluated. The 'fall-off' rate is
again 4 dB/octave and the results apply to a '5 inch rotor separation'.
It will ve noted that, as expected, the rotational noise increased in
level as the overlap, and hence area of flow interference, was increased.
3+e13.343. Effect of the 'phase' between rotors

, 'Phase' in this context is defined as the azimuthal displacement

between one rotor and another when viewed from above as illustrated in
Figure 3.44. Tests were conducted at three settings; these showed that a
reduction in angle from the normel 60° to 450 resulted in 3 dB increase

in a1l harmonics and a further 2/3 dB as it was decreased to 30°.  This
increase was oconsidered to be due to a strengthening of the interécfion
between the flow from the upper rotor and the lower blades.

30134344 Comparison of single and tandem rotor configurations

A typical set of results are reproduced in Figure 3.45 which
shows results for the '8 inches sepearation' tandem rotor case (30 rps,
8° pitch, 31.4% overlap) and the corresponding single rotor result. It
will be noted that.the levels for the tandem rotor are typically 7/8 4B
higher than those for the single rotor, even though the '8 inch separation'
gives the lowest level of interaction noise as mentioned in section
5¢13.3.1.  The thrust of the tandem rotor would, however, be in the order
of 1.5 times that of the single rotor. The reason for a factor of 1.5
rather than 2 is that the thrust is lost in the tandem rotor configuration
when the lover rotor interacts with the downwash created by the upper
rotor., It is difficult to take this into account, but a crude approxim-~
ation suggests that the single rotor would generate a noise level as
indicated by the 'dotted' line on Figure 3.45. Thus it follows that the
tandem configuration would be in the order of 3/4 dB noisier than the
corresponding single rotor.
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The measured levels of the tandem rotor with gero separation
and zero overlap are slightly above the corresponding single rotor levels.
Making an allowance for the thrust difference, however, it is suggested
that for all practical purpose; the levels were identical. As the
overlap was increased the level associated with the tandem rotor also
indicated an increase and, taking into account the thrust difference, it
'was concluded that the tandem configuraticn was 2 dB noisier. .It
follows, therefore, that a tandem configuration is always louder than the
corresponding single rotor when operating under identical thrust condit-
ions. The differences were, however, extremely small particularly when
the overlap was small and rotor seéparation large. It seems reasonable
to assume therefore that on a real helicopter, when an allowance is made
for the fact that on a single rotor helicopter a tail rotor has to be used
to counteract the main rotor torque, the tandem configuration has obvious
advantages from the noise point of view..
3+13.3.5. Directivity - polar elevation plots

Directivity plots of the type illustrated in Figure 3.33 for
the single rotor were obtained for the tandem rotor; two typical seté
of results are reproduced in Figure 3.46. These show that, like the-
single rotor results, the fundamental blade passing frequency exhibited
& different shape from the higher harmonics. This was assumed to arise
from the fact that the fundamental is controlled over certain angles by
the éteady forces on the blade, while the higher harmonics are dependenf
on the fluctuating forces. 1In the case of the single rotor results the
fundamental agreed well with the Gutin prediction [38] over an angle of
- 45 while in the case of the tandem rotor it is more like ¥ 25°,
Outside these ranges the fundamental is also controlled by the fluctuating
forces and the difference between the two rotors is éssociated with the
fact that on the tandem rotor the fluctuating forces, relative to the
steady forces, are higher. On the single rotor (Figure 3.33) there
was a clear indication of 'dip' in the rotor disc plane but in the case
of the tandem rotor these local 'dips' were either missing or greatly
reduced. The main difference, however, was in the overall shape; on
the single rotor they tended for all conditions to be symmetricel within
Z 2 dB about the rotor exis (shaft) while in the tandem rotor the direct-
ivity petterns showed large differences (up to 10 dB) from side to side
(see Figure 3.46). These effects varied considerably with conditions
and are most likely due to cencellation effects between the two rotors.
These effects could not, however, be explained since the directivity
patterns appear to display a random preference for direction.




59

3+14. INFLUENCE OF INFLOW DISTORTIONS

The initial blade slap study [1) had shown that a sharp gust had
a major effect on the higher harmonic rotational noise and it vas consid-
ered of interest to determine the influence of a general flow disturbance.
At the same time there was from the study of helicopter noise a need to
determine the impact of wind and re-circulation effects on rotor noise.
A simple experiment was conducted in which air from a 15 inch diameter
fan was blown across the ISVR 9 £t diameter model. No attempt was made
to quantify the megnitude of the 'wind' which covered approximately ¥ of
the rotor disc area, but its direction was chosen such that it appeared
to have the maximum influence on the noise generated. Measurements
were made at a relatively close distance of 9 ft (1 rotor diameter) at
45 to the rotor disc, with the rotor pitch at 10° to give as high as
possible 'steady forces'. The results are summariged in Figure 3.41 which
shows the influence on the first 10 harmonics for two rotor speeds. As
cen be seen there was a marked increase in the level of the higher harm-
onics, and,of more interest in this study, in the level of the 2nd a.nd t
3rd ha.rmonics. In the mid-frequency range the increase was up to 25 dB
and overall the results agreed well with the findings of Hicks and
Hubbard [50] which showed that measurements taken on propellers in a 20 mph
wind were up to 15 dB higher than those obtained on 'low wind' days.
There did not appear to be any significant increase in the level of the
broadband noise, but this could not be studied in detail because of the
'wind noise' from the fan. These results confirmed the importance of
wind when studying helicopter noise and in particular the sensitivity
of rotational noise to changes of inflow conditions. This aspect was
later investlgated, to some extent, in comnection with the blade/gust
interaction study reported in Chapter 7.
3+15. THEORETICAL CONSIDERATIONS
3415.1. Rotational Noise

It was clear from the initisl 'blade slap' investigation [1]

that 1lift fluctuastions were important from the point of view of the
generation of noise and that small disturbances could result in a marked
increase in rotational noise. A theoretical study was, therefore,
commenced by Tanna and Wright in parallel with author' 8 experimental
study. Prior to these studies, and similar studies in the States by
Ollerhead and Lowson [30] , Schlegel et a1 [41], Loewy and Sutton [ 51]
etc., rotational theories were essentially limited to those based on the
work of Gutin [38] which took into account only the steady 1ift and drag

-




60

(torque) forcés. Thickness noise components had, however, been
included by a number of investigators including Noad [ 52] who had
developed a programme for calculating helicopter rotor noise based on
the steady thrust, drag and thicknmess farces: this was based on work
conducted at the RAE on propeller noise [53, 54]. With the development
of the theories based on fluctuating forces (1ift and drag) the thickness
effect was ignored. Recently there has been a renewed interest in
thickness effects [ 55, 56] and it is of interest to note that these
theories are esgentially the same as the thickness component used by
Noad in the early 1960's. It is also worth noting that although the
theories developed by Wright [31], Ollerhead and Lowson [30], etc.,
consider both spanwise and chordwise loading effect, the fundamental
fluctuating 1ift relationship is the same as that outlined in connection
with the prediction of noise from blade slap and blade/gust interaction
detailed in Chapters 5 and 6 of this thesis.

Although the significance of fluctuating forces on rotors has
been established it is not possible to compare precise theoretical
predictions for a real rotor (or helicopter) with experimental results
or use the theories in the design stage because the detailed aerodyngmic
information required cannot be predicted. There is also still some dis-
agreement on the relative importance of spanwise and chordwise preéssure
fluctuations. Schlegel et al [41} have'stated that chord and span
variations in 1lift are important while other investigators [28, BOT have
implied that this is of secondary importance. Tanna [57] suggested
that both aspects must be considered and Wright [31] has now also taken
up this view. Intuitively it would be expected that both spanwise and
chordwise fluctuat;ons are significant. It also seems reasonable to
assume the latter is more important since rapid chordwise pressure fluct-
uations are easy to visualize, while 1lift (pressure) changes along.the
span of the blade would most likely be of a magnitude slower.

The theories are complex and are, therefore, difficult to summ-
arize in terms of a real rotor or helicopter. Wright in reference( 31)
has attempted this but it is not clear if the trends he has suggested
occur in practice. A number of points are, however, of particular
interest. To predict m noise harmonics on a B bladed rotor operating
at tip Mach number M, it is necessary to know at least (1 + M) mB blade
loading harmonics. Thus to predict 30 rotational noise components on
& four bladed rotor operating with a tip speed of 650 £t/s (200 m/s)
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190 blade loading harmonics are required. This is impossible and will
be for many years - if not for alwsys. It also raises the important
question of the physical measin'ing of such very high harmonic 1lift fluc-
tuations.

The relationship , between the sound and blade loading is also
complicated but the ‘point loading' solution can be used as a general
guide, that is, .

SPL(mB) o< (1~£) 20 log mB, (3.4)
where R is the inverse power law associated with the blade loading.

Thus if k is zero (flat blade load spectrum) the noise Wwill increase
with frequency at a rate corresponding to 6 dB/octave. Ollerhead

and Lowson [30] steted that this type of solution is applicable to the

- real helicopter, while Wright [31] indicated that span and chord distrib-
ution of loading on & large rotor is of considerable assistance in
reducing the high frequency sound radiation particularly at engles away
from the rotor axis. Wright suggested originally that this additional
attenuation was, far typical helicopter rotors, equivalent to 6 dB/octave
in the mB range 10 to 100. Thus a flat blade loading spectrum, on a
four blade rotor would give a flat noise spectrum, above the second
blade passing harmonic. Recently Wright [ 31] has re-assessed these
aspects and concludes that up to 9 dB/octave is accounted for by the
distributive loading effects across the blade chord.

3415.2. Broadband Noise .

The generation of broadband noise is normally taken to be due
to the unsteady random fluctuating forces exerted by the blades on the
air during vortex shedding from the trailing edges. From fundamental
consideration in reference(58)it has been shown that the intensity I
was dependent upon the following:-

I = k.(Re)=0e4,8.V, €, (3.2)

where Re = Reynoldsnumber (based on tip speed), VT = tip speed and
S = blade area. Yudin [59) stated that » providing the Reynoldsnumber
was high enough to ensure that the flow had a fixed 'breakaway' (fixed
rear separation point), the sound power (W) was given by an expression
which took the form:- :

W = k.Cp2.8.V6, (3.3)

where Cp = blade profile drag coefficient, S = blade area, V = typical
blade velocity and k = constant. This work of Yudin was subsequently
used by Hubbard [60] for the derivation of a formula for the prediction
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of 'vortex noise' on a propeller. From test data [61] Hubbard obtained
the constant of proportionality and derived the following relationship:-

I =10 log,, [k A.B(ve.7)6/10’16] “ (3.4)
where V_ - = blade velocity at 70% radius, k = constant (3.8 x 10727 for

propellers tested) and Ap = effoctive blade area, @é’h_e effective blade
being defined as:-
2 ,

Ay = 2T/p Cp(V, 4)° (3.5)
where T = total rotor thrust and Cp = blade 1lift coefficient.
Schlegel et al [41] later used Hubbard's solutiom as the base for devel-
oping a formula for helicopter rotors. To account for differences they
added a 20 log CI/Q.,L since 0.4 was the coefficient of 1lift used by
Hubbard in deriving his basic equation (equation 3.4), Schlegel also

replaced Ay by the actual blade area S and derived a new value for the
constant k from test data. This resulted in a formula of the form:-

SPL = 10 log [k1 s(v°.7)6/1o‘16] + 20 log [cI/o.z.] (3.6)
which was re~written in more general terms as '
SPL = 10 log [k”(v o..,)g.T?'/s], . (3:7)

where k" = constant, ’ :

Davidson and Hargest [40] also used the work of Yudin as the
basis for developing a formula for predicting broadband noise. They
argued that use of the CDZ term (in equation 3.3) was doubtful and replaced
it with CL s partly as a result of work by Goddard andZStuckey [39] which
had indicated that the BPL varied very oclosely with C;, + Their solution
therefore took the form:

2

6
where VT = tip aspeed, CLT = a tip speed referred lift coefficient =
T/4pV,°S and 8 = total blade plan area.
This formula can be re-written as

SPL' = 10 log [k.TzVTZ/s] ' (3.9)

Goddard and 8tuckey [39] stated that they based the analysis on
the work of Yudin and private eommunications from Professor Lilley
(University of Southampton). Prom these considerations they assumed
that the para.}peters appropriate to broadband noise were blade velocity
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(VT) and a blade tip referred 1lift coefficient (GLT)' They then showed
(contrary to the statement given in reference(40)) that the broadband
(vortex) noise was given by an expression of the form

SPL = 10 log[k. e L"“J (3.10)
and this was reduced to SPL = 10 log[%.231'66.vr2‘68] ) (3.11)

where :B = thrust per blade. The full derivation of the formula
developed by Hubbard, Schlegel et al, Davidson and Hargest, and Goddard
and Stuckey is discussed in section 4.8.3 and outlined in more detail
in Appendix 3.

3¢15.3. Comparison with Experimental Resgults

As can be seen from the selection of results presented in this
chapter the position relating to rotational neise is still far from clear
and even if it is accepted that the noise is a direct result of the fluct-
uating forces it is difficult to understand the difference between the
full scale and model results. This is likely to be due to the sensitivity
of rotational noise, partiocularly the higher harmcnics, to the input flow
conditions/test environment. Intuitively it was expected that the ‘
fluctuating loads, under controlled test conditions, would have been to
some extent (at least on one rotor) dependent on the steady thrust and
torque conditions of the rotor. This is obviously not the case and thus
it would seem prudent to ask if there is another mechanism at the lower
tip speeds in addition to 'fluctuating 1lift' involved in the generation
of discrete rotor noise. To date it is impossible to answer this question
although the theoretical developments of Ollerhead and Lowson [30], Wright
[31] and Wright and Tanna [29] can all be used to explain, by applying
various arbitrary plade loading spectra, the general trends observed.

It is, however, difficult to use these theories to explain the velocity
dependencies observed. It seems fair to conclude, therefore, that
although there is now a good understanding of fluctuating force rotational
noise, there is still a number of points which need olarification before
the development reaches a satisfactory stage from the designer/user point
of view., Also the importance, or otherwise, of thickness effects on low
and moderate tip speed rotors needs to be positively established.

The position relating to broadband noise is also far from oclear
and there is still considerable doubt on the controlling parameters,
although it does appear that a VT5 dependency is realistic. It is
interesting to note, however, that whereas the original solutions
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(equations 3.2 and 3.3) contain blade area and velocity terms the Cp,
and/or Thrust (T) dependencies have been introduced by investigators
largely on en intuitive basis. Yudin's formula (equatien 3.3) centains
a CDZ term while the solution derived from referonoo(sa) has only a
Reynolds number dependency. It would appear that these original solut-
ions are more in keeping with the experimental data, since ag explained
in section 3.8.3 the low frequency broadband noise appears to correlate
well with a thickness term which by impliecation could equally be inter-
preted in the form of profile drag. Over the normal operating ranges
of most rotors the noise would, however, still be expected to be
dependent on the thrust even if the basic term was considered to be drag
dependent. This is because the total drag at such conditions is
dominated by the 'lift drag' or induced drag term which is a function
of the absolute 1ift (thrust) generated by the rotor. It does appear,
however, that as in the case of rotational noise, further understanding
is requ.:i.:;ed before a satisfactory solution is obtained.

3.16. CONCLUSIONS

1. Rotor noise can be considered to consist of three sources - rotational
(discrete frequency) noise, low frequency broadband noise and high
frequency broadband noise. i

2. On a model rotor 20 rotational noise harmonics can normally be
detected, while on a full scale rotor up to 50 harmenics can often
be seen on narrowband analysis. ' '

3. Scale effects result in the level of rotational noise on a model
rotor being higher, relative to the low frequency broadband noise,
than on a full scale rotor.

4. The high frequency broadband ‘hump' can be clearly observed on full
soale results - on model results the 'hump' is far less clear and
often not detectable. :

5. The rotational noise content increases rapidly with tip speed and
at the high speeds the 'discrete frequencies' are more well defined
than at low speed.

6. Rotational noise for a wide range of rotors operating with lift appears

to follow a V10 law, although there is normally an indication of a
. more rapid increase at the higher test speeds and a lower value at
low tip speed. Variations from V3 to V18 gere observed.

7. On a lightly loaded model rotor the higher harmonics appear independent
of tip speed.
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On a full scale rotor all harmonics follow similar trends with
increases in tip speed and thrust.

The fundamental for the full scale single (1) bladed rotor followed
closely the Gutin value, while in the case of a similar three bladed
rotor there was not real agreement except at high lift/high spaeed.

The model and full scale rotors show very different trends as blade
pitch and/or thrust is varied. On the model the higher harmoniecs
show a marked inorease with pitch, while in the case of the full

scale rotor they are independent of thrust except at low speed when
they vary epproximately as Tz.

The rotational noise trends observed appear to be a function of
absolute tip speed, since the high speed model rotor results (470 £t/s)
show similar characteristics to the low speed full scale tests which
were conducted at similar speeds.

Recent analysis of the full scale rotational noise results suggest
that the noise is a function of tpk where tp is the projected blade
thickness (based onol, angle of attack, at 0.9R). The model results
have not been examined in this manner. '

The ‘hump' characteristics (and its frequency) traditionally associated
with the low frequency broadband noise appears to be a direct reﬁult
of the § octave band analysis used originally.

An 'analysis model' has been developed for the broadband noise -

this has & 'Flat SPL' and high frequency ‘'fall-off'. The low freqﬁency
characteristics could not be established.

On the model rotor the low frequency broadbaniiﬁZ;ies typically as

VA to V6 and on a full scale rotor as V6 to V8. Detailed studies
suggest that the dependency varies with the absolute tip speed varying
from V° at low (model rotor) tip speed to V2 at the high (full scale
rotor) tip speeds. ‘
Values for low frequency broadband noise (approximately proportional
to V6) are considerably different ﬁﬂsﬁzt%t‘vzproPthono& ty proposed by other
investigators.

Broadband noise varies as Tz on the model rotor and on the full scale

rotor at the lower tip speeds while at high tip speed the full scale
rotor results show a slight decrease in level with increasing thrust.
Further analysis of the full secale results indicates that the broadband
noise varies as Vetpk where tp is the projected blade thickness (based
on £, angle of attack at 0.9R). Similar carrelation has not been
attempted on the model rotor results.
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19. On the model rotor the frequency associated with broadband noise
correlates with a 8trouhal type relationship - there is no such
agreement on the full scale rotor.

20. The Strouhsal formula traditionally applied to calculate the centre
frequency of the broadband noise 'over predicts’' for a full scale
rotor - it glves, however, relatively good correlation with the
(falee) ¥ octave band spectrum, ,

21. High frequency broadband noise is practically independent of thrust
and from the full scale tests appears to vary as VA} The 'frequency'
on the full scale rotor is a function of rotor tip speed (a Strouhal
type relationship) - it could not be studied on the model rotor.

22. Overall noise on the model rotor follows the rotational noise charact-
eristics and on the full scale rotor is essentially a function of the
broadband noise. Rotational noise becomes more predominant at high
speed.

23. Broadband and high harmonic rotational noise exhibits typically a
'figure of 8' directivity with a minimum in the rotor disc plane.

The fundamentel, and in the case of the full scale rotor the lower
harmoniecs, show a maximum in the rotor disc plane. .

24, Tip shapes have dramatic effect on the noise generated by a rotor -
the 'standard tip' is relatively quiet. The 'square tip' was the
quietest tested and absorbed the lowest power. The maximum test tip
speed was 418 ft/s and available evidence suggested the observed
trends may be different at high tip speeds.

25. On a tandem rotor configuration noise is inoreased by the blade over-
lap, reduction in the 'phase' between the rotors and by the initial
increase in rotor separation. At large separations (if the overlap
is small) the two rotors act as 'separate' rotors and the noise
approaches that for two single rotors.

26. The tandem rotor configuration is generally noisier (by a few dB) than
the single rotor for equivalent thrust rating.

27. 1If the rotor blade overlap is small and the rotor (height) separation
large then a tandem rotor configuration acts as two single rotors.
Taking into acocount the noise contribution from a tail rotor on a
single (main) roter helicopter it is concluded that a tandem config-
uration would be quieter than the equivalent single rotor helicopter.

28. Wind effects can cause a dramatic increase in rotational noise,
affecting even the low rotational noise harmonics (3rd).

.
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29. Rotational noise and broadband noise thearies currently available
do not correlate particularly well with the observed noise results.
Although tip speed is obviously an important parameter, blade thrust
does not appear to have as marked an effect on the level of the
noise generated as theorles would suggest.
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TABLE 3.1: ISVR MODEL ROTCR
(a) Blade parameters
Number of blades (8): 3
Radius (R): 45 ft
Chord (c): 4in
Area (BcR): 45 ft?
Section: NACA 0012
Twist: 0
(b) Test conditions
Rotor Tip Pitch angle (0) (degrees)
speed speed (Vy) 0 | 2 4 6 8 | 10
(rev/min) (ft/s) Estimated total thrust (Ib)
500 236 0 4-76 11-7 20-22 29-43 39-15
600 283 0 684 16:3 29-22 4245 56-43
700 330 0 94 229 395 — —_—
800 377 0 12-15 29-79 516 —_— —
900 424 0 15-42 37-8 65-4 — —
Cyoy value 0 0-016 0-039 0-068 0-098 0-131
Reynolds number range: 0-503 t6 0-904 x 108,
(c) Measurement position
Microphone at 9° below the disc and 25 ft radius
TABLE 3.2: S55 FULL SCALE ROTOR
(§) Blade parameters
Number of blades (B): 2
Radius (R): 27-85 ft
Chord (c): 164 in
Area BcR): 762 ft?
Section: NACA 0012
Twist: 8°
(b) Test conditions
Rotor Tip
speed |speed (V) Total thrust (7)) (Ib)
(rev/min) (ft/s) 0| 700 | 875 ] 1125 | 1450 | 1850 {2375 3050 [3900 | 5000
140 408 0 |0:046 0-075(0-096 | 0-123
160 466 0 ]0-036 | 0-045{ 0-057 { 0-074 | 0-094 {0-121 {0-155 |0-20
180 525 0 10-028 © 1 0-047 0-077 {0-095|0-126 Cur
205 598 0 10-022 | 0-:027| 0-035 | 0-045 | 0-057 | 0:074 | 0-094 |0-121| 0-154| [ values
230 670 0 |0-017 0-028 0:046 0-075 |0-096| 0-123
260 758 0 {0014 0-017J 0-022 | 0-028 | 0-036 | 0:046 | 0-059 [0-075| 0-096
4
Reynolds number range: 3-57 to 6:62 x 108,
() Measurement position
Microphone at F7 (11-5° below disc) at 250 ft radius
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CHAPTER 4: HELICOPTER NOISRE

4.1, INTRODUCTION

Considerable data on the noise produced by real helicopters was
collected and analyzed during the initial phases of the investigation.
This varied from the results of ad hoc measurements taken of a single flight
to a series of controlled tests on specific helicopters. In some cases
the data was used for the study of a particular aspect, while in other
instances it was used solely as back up material. It is not possible,
or desirable, to present this data in full in this thesis, but the conclus-
ions drawn from such analyses are obviously of interest and relevant.

Thus in this chapter the aspects of main importance are outlined together
with appropriate examples of the test data. The one exception to this
is in the case of the helicopter noise tests conducted in connection with
the blade slap study vhich are discussed and reported in Chapter 5 (Blade
Slap). Also where the deta was used in the study of rotor noise, as
distinct from helicopter noise, this has been included in Chapter 3
(Rotor Noise) and emphasis in this chapter is limited solely to studies
directly related to the noise generated by the complete helicopter. A
general review of basic helicopter noise characteristicsis also given and,
although the majority of the investigation was related to external noise,
internal (cabin) noise is briefly outlined.

In the context of this chapter it is worth noting that when the
initial studies were carried out in 1966/7, there had been very few
detailed investlgations of helicopter noise although two general reviews
had been completed by Bell Helicopters [45] and Davidson and Hargest {40]
and a number of theoretical papers published [30, 51]. Thus to a large
extent the data examined was aimed at giving guidance to the general
programme being formulated at ISVR. A number of general results were
obtained and these are presented in this chapter; similar results were
obtained in many cases by the helicopter manufactufers and, although they
were discussed with the author, they have in the majority of cases not
been published. Thus reference to other work of a nature similar to that

conducted by the author is not included in this chapter.
4.2, TEST DATA |

Noise analysis waé carried out on the following hélicOpters, the
general parameters of which are outlined in Table 2.1:
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WHL (UK) : Wessex Mk,1, Wessex Mk.2, Wessex Mk.3 (2 series),
Wessex Mk.5, Whirlwind, Widgeon, Wasp, Scout

Boeing Vertol (USA) : V107 (CH-46)
Bell Helicopters (USA) : UH-1B
Milhail (USSR) : MIL 10

In addition measurements were made of the noise of the SRN 4 hovercraft
19 ft diameter propeller.
In the evaluation of the data account has to be taken, of course, of the
cancellation/reinforcement effects which are superimposed on the signal.
This is much more critical in the case of external noise measurements on
real helicopters where the microphone is usually mounted 4 ft (1.2m) above
the ground (reflecting surface), than in laboratory experiments where
the microphone positions are usually chosen to minimise the reflection
effects. These acoustic interference effects can be readily detected
on a narrowband analysis trace by a series of 'dips' which occur at £, 3%,
52, etc.,'where feis the fundamental cancellation frequency. If the
helicopter is assumed to be a point source then the cancellation frequency
'f! can be readily calculated from the geometry of the layout. This is
discussed further in section 4.10.4. Theoretically the reinforcement - can
increase the sound pressure level by 6 AB (doubling of the intensity)fand
perfect cancellation would give a zero sound pressure. In practice;
however, since the ground is not an ideal reflector and the signals arise
from a finite rather than a point source, the typical difference between
the maximum (reinforcement) and minimum (cancellation) rarely exceeds
10 to 15 dB and often it is as low as 6 to 8 dB.

Analyzer bandwidth and the analysis time or ‘sweep time' employed
can also influence the apparent spectrum and hence care had to be taken
in the selection of.the most appropriate parameters. In the case of the
latter it was found by the author that the minimum acceptable analysis
time was equivalent to 10 blade passing intervals (typically 1s) and
that ideally it should be double this value. .These aspects were partioc-
ularly important in the case of evaluating data prepared by other
investigators/manufacturers, since many did not at the time of the
initial investigations in 1967 appreciate the influence on the result
of the analyzer and analyzer settings used. It is also fair to say that
even today the importance of this aspect is often overlooked.
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4.3. GENERAL CHARACTERISTICS

As mentiecned in seotion 1.1 the important sources externally are
rotor noise and engine noise and internally there is transmission (gear)
noise as an additional sourge. The frequency ranges associated with the
various sources are illustrated on Figure 4.1 whieh shows in disgrammatic
form a composite narrowband spectrum.

On a piston engine helicopter the noise is dominated by the engine
exhaust noise (at engine firing harmonics) vhich extends over a frequency
range 100 Hs to 1000 Ha (see Figure 4.1). Such engines are only used on
small 1ight-ﬁeight helicopters and the main interest is therefore in gas
turbine engined helicopters.

On gas-turbine engined helicopters inlet (compressor whine) and
exhaust noise are of significance. The high frequency compressor noise
is centred around 8 to 10 kHz, while the exhaust noise (not indicated on
Figure L.1) produces considerable energy in the 250 to 500 Hs region. On
all the helicopters examined this noise was lower in level than the
broadband rotor noise and hence no real problem and the inlet noise,
although troublesome,can, according to available information, be effectively
reduced by using existing methods. -

Even vhen engine noise is taken into account, the sound is ohargéter-
ized by the noise produced by the rotors. On a tandem helicopter: this
is obviously solely main rotor noise, while on a 'Sikorsky type' heli-
copter both main and tail rotor noise are important. As will be noted
from Figure k.1, main rotor noise is treated as two separate entities,
rotational (or diserete frequency) noise and broadband noise, while tail
rotor nolse is dominated by its rotational components. As explained
previously rotational noise shows up on a narrowband analysis as a series
of peaks or discrete‘frequencies at the blade passing frequency and its
harmonics. The fundamental frequency associated with the main rotor and
tail rotor typically lies within the frequency ranges 10 to 20 Hz and 80 to
120 Hz respectively. 10 to 20 harmonios are usually detectable as
indicated on the figure and by detailed analysis 30 to 4O or more can
sometimes be detected. The 'harmonic fall-off' for both rotors vary
considarably although initially for the first 10 or so harmonics the rate
for the main rotor is in the order of 1 dB/harmonic. Since the funda-
mental frequency of the main rotor is lew it cannot be heard and
subjectively only the higher harmonics are of interest. This results
(if blade slap is notApreaent) in a periodic 'throbbing' or 'thudding'

N
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sound. The tail rotor on the other hand produces subjectively the
characteristic rotor whine which is similar to those associated with
.aircraft propellers. When blade slap is present this 'banging' produces
a dramatic increase in the rotational (discrete frequency) components by
10 to 20 dB in the 150 to 400 Hz range. Theoretically, therefore,
blade slap could be treated simply as a severe form of rotational noise.
Subjectively, however, it is easily detectable and can be readily dis-
tinguished from impulsive main rotor rotational noise. The ‘'source' is
usually well defined in space and for all practical purposes can be
considered as to be generated at a 'point'; rotational noise on the
other hand is the result of the 'noise' gencrated by the complete rotor.
For these reasons it is usual to consider 'blade slap' as a separate
entity (see Chapter 5).

Broadband noise, commonly termed 'vortex' noise, shows on analysis,
a3 outlined in Chapter 3, as a band or 'hump' of random 'broadbandish'
noise spread over a relatively wide frequency range (see Pigure 4.1) with
the maximum level typical in the region 250 to 500 Hz. The source of
this noise travels with the blade and is responsible for the character-
istic 'swishing' heard by an observer when relatively close to a helicopter.
There is still some confusion about the precise nature of the broadband
noise and, as discussed in section 4.5, what is often termed broadband
noise contains both broadband and rotational noise components., Also
when examined in detail the low frequency broadband noise (150 Hz to
1.5 kHz) and the high frequency broadband noise (2 to 5 kHz) exhibit
different trends and hence these two regions have to be considered separ-
ately. The 'high frequency' broadband noise may also have a ‘hump', but
it is narrower in bandwidth than the low frequency broadband noise and
subjectively sounds like a high frequeney 'broadish' whistle. It is
detected on many helicopters during ground running or Just prior to the
application of 1lift. When the rotor is fully loaded or in flight it is
either non-existent or below the level of the other sources.

. The above aspects relating to the general topic of rotor noise are
discussed in greater depth in Chapter 3,

The above comments apply to the external noise field and are to
some extent relevant internally. In this case, however, the main noise
source is from the transmission system. It is not uncommon for the
gearbox meshing frequencies to be 20 to 30 4B above the broadband spectrum
level in the cabin and since these ocour at frequencies around 1 kHz
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gearbox noise is subjeotively very loud. This noise is subJectively
described as a high pitch whine or screech and on some helicopters,
particularly on the smaller designs with an open gearbox arrangement,
it can be heard externally. Drive shaft noise associated with the tail
rotor drive, or in the case of a tandem rotor helicopter the 'synchron-
isation shaft', is also often a signifiecant problem. A brief review of
internal noise is presented in section 4.14 and some trends with flight
speed in section 4.11.2.
4ok. NOISE SOURCES - ORDER OF IMPORTANCE

A brief outline of the main noise sources has been given in section
4.3. From a study of the available data these have been ranked in order
of importance from the subjective point of view and typically are as

follows:
A. Helicopters with 2 bladed B. Helicopters with 3 or more bladed
main and tail rotors: main and/or tail rotors (including:
, tandem configurations):
1. blade slap, 1, blade slap (if it occurs),

2. tail rotor rotation noise, 2. main rotor broadband noise,
3. main rotor rotation noise, 3. tail rotor rotational noise (if

applicable),
k. main rotor broadband noise, 4. main rotor rotational noise,
5. engine noise, 5. engine noise.

It will be noted that it has been necessary to sub-divide the heli-
copters into two main groups - those with 2 bladed rotors and those with
multi-bladed rotors ('3 or more blades). The above classifications are,
of course, only a generael guide since they are based on taking the complete
helicopter flight profile into account, In other words the relative
order may change in a partioular manoesuvre; for example even on a multi-
blade helicopter tail rotor rotational noigse could dominate during slow
speed turns. Also engine noise is more important on some helicopters
than others. In this context it is worth noting that the rotational
components become more pronounced at high speed and thus tail rotor noise
is often the main source during high speed oruise flight. It also
follows that on & multi-blade main rotor helicopter, main rotor rotational
noise (B, item 4) will on a very high speed military design become signif-
icantly more important than the main rotor broadband noise (B, item 2).
Also in this case if both the main and tail rotors are of a multi-bladed

configuration it is likely that the contributions from the main rotor and
tail rotor will be of a similar order.
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4.5, THE BROADBAND ‘'HUMP'

While reviewing other investigators' work and analyzing some ISVR
model rotor and real helicopter recordings it was observed that under
oertain conditions the 'broadband' noise (or vortex noise) appeared to
depart significantly from the expected V6 type relationship and spectrum
characteristios. At this time the standard form of spectrum analysis
(considered to be narrowband) was % octave band or in some cases 6%
bandwidth. A detailed investigation was, therefore, conducted in which
the Spectral Dynamics System (section 2.2) fitted with a 2 Hz filter was
used. Initially analysis was performed on data available for the ISVR
9 ft diameter model rig and a hovering Wessex. A4 typical result is re-
produced in Figure 4.2 and it will be noted that the 'broadband' region
consisted of a large number of discrete frequencies which are rotational
noise harmonic orders.

These resylts were produced at ISVR in 1966 and were the first to
show thatla large number of discrete components could occur in the region
traditionally considered to be broadband. This discovery had a signif-
icant effect on the approach subsequently adopted in the analysis of
rotor noise and helped to stimulate many of the subsequent theoretical
studies. .

It was known from the tests on the ISVR single rotor rig that
broadband noise free from discrete components could be obtained provided ,
the turbulence and/or the recirculation around the rotor was small.

Since it was also desirable to know if these 'peaks' also occurred in

the broadband-vortex region on a real helicopter operating under design
loading conditions, a carefully eontrolled test was carried out with e
Wessex helicopter. First a survey was made of the noise around the heli-
copter and it was fbhnd that the minimum influence from rotational noise
components occurs directly in front of the helicopter (nose on).
Recordings of the Wessex, hovering at 40 £t altitude and 200 ft from the
microphone, were made in normal wind conditions.(wind speed about 8 knots)
and again with a very low wind environment (less than 2 knots). The
narrowband enalysis results are shown in Figure 4.3; trace (a) shows a
typical 1,5% narrowband analysis while (b) and (c) are % Hz bandwidth
analysis of the 'less than 2 knot' and '8 knot' wind oondit;ons respect-
ively. The upper trace (2) was obtained from a Muirhead K-400-A analyzer
at WHL and traces (b) and (c¢) on the ISVR Spectral Dynamic Analyzer System
with the effective § Hz bandwidth being obtained by using a 2 Hz filter
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and lowering the playback tape speed by a factor of 4. It will be noted
there are many discrete components in the light wind case, trace (c), and
that the broadband noise is practically the same for both conditions.

Further tests were carried out and these showed that similar differ-
ences could be produced with the use of different helicopters and/or
pilots. The two results illustrated in Figure 4.3 do, however, tend to
show the minimum and maximum discrete frequency noise content in the
broadband region for this particular helicopter under controlled hover
tests. It was postulated from this type of data that the high frequency
rotational noise was sensitive to changes in any parameter likely to
influence the transient blade loading; these could include seither wind or
minor inputs by a pilot to control the helicopter. This data (and that
from the model rotor) also strongly suggested that to a first order
broadband noise was independent of the inflow conditions (turbulence,
wind, re-circulation effects etc.). This was in opposition to the
generally held view that both broadband and rotational noise were a direct
function of the input and operating environment. Credibility was,
however, later given to the view that broadband helicopter noise was
normally independent of the rotor environment following the deve10pment
of generalized broadband noise formula by the author (section L.B) and
others [ 39, 40, 41] based solely on rotor geometry and tip speed parameters.
More recently Wright [31] has come to the same conclusion and developed
formulaewhich cover a significantly wider range than attempted by the
other investigators (and the author) who were interested only in helicopter
noise. This is not to imply that the level of inflow turbulence always
has no effect on the level of broadband noise, since there is experi-
mental evidence which suggests that relative to a 'clean rotor' » levels
up to 6 dB higher oan be generated if the recirculation/turbulent effects
are very large. Wright [31] also supports this view.

When the occurrence of rotational (discrete frequency) noise in the
broadband region was first appreciated, many investigators changed their
views on the importance of the relative contributions of the two sources
and implied that broadband noise was no longer a significant factor.

This is not so on the majority of helicopters, except in the case of those
with 2 bladed main rotors, since if the energy is summed over a wide band

the centribution to it will be greater from the broadband noise than from |
the rotational components when the subjective weighting is taken into
account.  On the other hand if a semi-narrowbend analyzer (6 to 23%) is
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used to measure the broadband noise the maximum level detected may be due
to the discrete components. This can explain many of the apparent
anomalies in the broadband velocity laws which have been found in certain
helicopters. This aspect is discussed further in section 3.6 in cannec-
tion with the analysis of rotor noise.
L.6. ROTATIONAL vs BROADBAND NOISE

The relative levels of rotational and broadband noise generated by
& helicopter rotor, if no dblade slap is present, characterise the sound.
It is, of course, not simply the relative magnitude of the two classes of
noise since the subjective response of the ear must also.-be takex; into
account. It is generally recognised that the lower the rotational noise
relative to the broadband noise (within limits) the lower the annoyance
value of the sound. In addition, as the rotational content is increased
the impulsive nature of the sound increases and the loudness and annoyance
rise rapidly.

Prom the wide range of helicopter recordings obtained by the author
it was possible to assess the relative impact of the blading design para-
meters on both the main rotor rotational and broadband noise and determine
the relative importance of the two sources. Analysis of the helicopter
recordings shows that the rotational is higher relative to the broadband
noise on a 2 bladed rotor helicopter than on a multi-bladed design.

The influence of the number of blades on the relative levels of the
two sources can be best appreciated by considering a simplifi‘ed model.

If the thrust and other operating comht:.ons are fixed then to a first
order as the number of blades are increased the rotational noise will
decrease by 4 to 5 dB for each blade added. This is on the assumption
that the hermonic 'fall-off' profile is fixed, that the level of the funda-
mental is given by the Gutin steady force relationship [38] and that the
tip speed is typical of that used on helicopters (600 to 700 £t/s). The
broadband noise on the other hand would be expected to increase with the
number of blades (according to 10 log B,/B, where B, and B, are the number
of blades 'before’ and 'after, respectively). In practice, however, the
blade radius or chord would be decreased to offset the increase in number
of blades and thus to a first order the total blade area would remain
constant. The broadband noise appears essentially to be dependent on

the total blade area and hence would remain constant. It follows that

in changing from a 2 bladed to, say, a five bladed rotor there is a 12 to
15 dB change in the relative level of the rotational and broadband noise.
This effect cen be clearly seen in Figure 4.4 which compares the spectra
for a 2 bladed Bell helicopter and a 5 bladed Sea King helicopter.
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. There is, as explained in Chapter 3, large variation in the rotat-
ional noise characteristics as a function of speed. If the pitch is held
constant then on a real rotor it would appear thet typically the levels
vary as v'9. A similar review of broadband noise suggests V . Thus
rotational noise becomes more pronounced as the speed of the rotor is
increased.

From the test data it would appear that, as a rough guide, rotational
and broadband noise are of equal importance on a four bladed rotor operat-
ing at a tip speed of about 680 £t/s. The sound of & two bladed rotor is
always dominated by its rotational noise at tip speeds above 450 £t/s,
while & six bladed rotor can operate up to about 800 ft/s before rotational
noise is really noticeable.

The above are general guidelines and not specific rules and must be
treated as such. They do, however, provide a useful method of quickly
assessing the general noise characteristics of a particular rotorcraft
design. '

4.7. ROTATIONAL NOISE
L.7.1. Main Rotor )

As already mentioned up to 40 (or more) blade passing harmonics
could be detected by detailed analysis. An attempt was made to correlate
the harmonic fall-off with various rotor parameters, but without success.
A large number of helicopter and full scale whirl tower results were,
however, available and it was found that in general the first 20 harmonics
lay within the range illustrated on Figure 4.5, According to theoretical
considerations the results should have been studied as a function of mB
(where m = 1, 2, 3, etc, and B is the number of blades), rather than in
terms of blade passing harmonic number m as indicated on Figure 4.5.

This was attempted but gave far inferior results to that shown.

The envelope of the results (Pigure 4.5) is limited to the first 20
harmonics, since above this frequency there was a large scatter and in
nany cases on the real helicopter well defined rotational noise components
could not be detected. In the main the data used was from multi-bladed
helicopters (single and tandem roter) although results from the Bell
UH-1B and UH-1D (2 bladed main rotor),a full scele single rotor [ 32] and
the 19 £t diameter hovercraft propeller were included [62]. The envelope
up to the 10th harmonic is 'flat' for the upper limit and drops off at
1 dB/harmonic as shown on the figure.
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Measurements for this study were in general made at angles corr-
esponding to 10° to 20° below the rotor disc. Directivity effects could
not be evaluated but it seemed reasonable to a first order to consider
that the trends applied around the complete rotor, at least to the accuracy
required for project studies.

4o7.2. Tail Rotor

Tail rotor harmonics appeared to fall off more rapidly than the
corresponding main rotor harmonics. In this there was insufficient data
to enable a general trend to be derived, but it did appear that the typical
'fall off' was of the order of 3/l dB per harmonic although in some cases
the fundamental and second harmonic were of a similar level.

4.8. BROADBAND NOISE - EMPTRICAL FORMULA
4.8.1. ISVR Relationships

From the analysis of a wide range of 'hover data' available at ISVR
an empirical broadband prediction formula was developed. The approach
adopted was somewhat different than used by other investigators in that, .
rather than assuming the noise was of broadband origin depending on the
type of relationship developed by Yudin [59] and subsequently proposed
for propellers by Hubbard [60], correlation of the data was made on the
basis that the noise was dependent on the physical blade parameters, the
total thrust and the tip speed only. In other words it took the form of

SPLy  o¢ Vo P cC.td,8%0f, | (4.1)

where V& = tip speed, R = rotor radius, ¢ = blade chord, t = blade thickness,
B = number of blades and T = Total thrust.

The data was to some extent inadequate for the study envisaged;
also the range of parameters was limited. Even so a somewhat surprising
result was obtained in that the dependency on thrust vanished and 'R.c.B'
was replaced.by the total blade area S. The final relation obtained was:
SPI‘(soo)" = 60 log Vp + 10 log S - 100 dB (4.2)

The SPL(500) refers to the level at a distance of 500 £t from the
rotor at angles, relative to the vertical rotor axis, of 70° to 80°.
This VT§S dependency agrees well with the equation 3.2, derived from
reference(58), and the original work of Yudin [59], (see section 3.15.2).
It was not possible to determine any directivity term since the majority

of the data had been derived from measurements made at positions typically
10° to 20° below the rotor disc plane. Even so it did appear that the
influence of directivity was small, although there was some evidence to

suggest that the noise level decreased in the plane of the rotor.
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Results obtained by using equation (4.2) are compared with
measurements for a number of helicopters in Table 4.1. It will be
observed that relatively good agreement is obtained; this is hewever not
surprising sinee all the data except for the Lynx and Sea King was used
in the derivation of the rélationahip. Boeing-Vertol has also used
agquation (4.2) to predict the noise level associated with a large-3 bladed
rotor and found it agreed within 2 dB with the measured results [63].

In the coutext of the formula (equation (4.2)) it is worth noting
that since the blade loading of the maaority of helicopters is to a first
order similar (typically 60 to 90 1b/ﬁ; ) differences in total thrust are
essentially taken into account by the blade area term S.

Subsequent to the development of equation (4+2), a second review
was made of the helicopter data in the 1light of the Pormulaedeveloped by
other investigators: namely Goddard and Stuckey [39], Davidson and
Hargest [40] and Sohlegel et al [41], all of whom suggested that thrust
(T) was an importent parameter. By this time additional helicopter and
whirl tower data was available and this led, with a 7? relationship
assumed in the data reduction, to

SPL500) = 20 log Vi + 20 log T ~ 49 dB (4.3)

This at first glance may seem radically different from equation (4.2),
but if it is remember that
T=4p0 Vyo8.0p ~ (hols)
and that for a typical helicopter operating in the hover CLp = 0.18%,
then it can be shown that for all practical purposes the two solutions
are identical at realistic tip speeds/thrust values for Sikorsky type
hellcopters, the main difference being that instead of a '10 log S' term
as in equation (4.2), it is effectively a 20 log S term in equation (4.3).
A comparison between equation (4.2), equation (4.3) and test data
is given in Table 4.1. It will be observed that although the difference
between the two solutions is typically only 3 to 4 dB, in the case of the
Bell UH-1B and Gazelle there are 5 dB and 9 8B discrepancies respectively.
A comparison by the author on a complete range of helicopters has indicated

that differences up to 12 dB can result and that when the differences are
large the test data tends to be above the value given by equation (4.3).

*_
L

= 3Cp 0.5 to 0.6 for a typical helicopter
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The scatter between either equation and the test data is typically
15 dB and thus it is diffioult to determine which is more appropriate.
The author, however, favours the former (equationm (4.2)), since there is
some theoretical justifiocation for it and although a number of investig-
ators have implied a thrust (T) relationship, this does not appear to be
supported by the test data. 1In this context it is of interest to note
that the formulae recently proposed by Wright [31] although more complex
in that a larger number of parameters are taken into account, supports
the case that the broadband noise does not contain a direct thrust (1)
term. Recent work by the author at WHL has suggested that the blade
thickness and/or angle of attack are more important than the absolute
thrust value [34]. Thus the author would propose use of equation (4.2)
for prediction of helicopter noise (within :5 dB) although the final
value would normally tend to be slightly on the high sids.
4,8.2, Other Formulae

The hover noise generated by a multi-blade helicopter is, as

mentioned in section 4.4, controlled essentially by the level of the
broadband noise. This is particularly true when the subjective respoﬁse
is taken into account since even if the level associated with the main -
rotor blade passing frequenocy and its first few harmonics is relatively
high, it will effectively be ignored in the calculation since it occurs
at low frequency. Also the influence of the tail rotor, even if the
noise is pronounced, on the overall noise level is extremely small (see
section 4.12.4). It follows, therefore, that in practicel terms the
totael noise or overall noise will be equal to the total broadband noise.
This was particularly true at the time that the semi-empirical predictions
were being developeq since the tip speed of the typical main rotor was
only 650 to 670 £t/a.  Over the years there has been a tendency to
increase the main rotor tip speed and now values of 700 ft/s and above
are common. Thus the rotational noise has tended to increase, relative
to the broadband noise, and the original assumption is not now so valid
a8 it was originally., It follows that although in various papers the
predictions were stated as being applicable to overall noise, they are
now normally teken to refer to the broadband noise content only. In
this context it is also worth noting that in the main studies of interest
the empirical formulae were based on either Sikorsky type helicopters or
Sikorsky designed rotor blades on test stands [39, 40, 41].
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4.8.3. Comparison of Prediction Hethods

The four broadband (overall) noise formulae examined by the author
were those developed by Davidson and Hargest [ 40], Goddard and Stuckey [39],
Hubbard [60] and Schlegel et al (Sikorsky Airoraft) [41]. The general
characteristics of these are outlined in Appendix 3 and where appropriate
the formulae are quoted for values at 500 ft (152m) distance at (a) an
angle of 15° below the rotor disc and (b) directly under the rotor disc.

The Hubbard formula [ 60, and equation (4.2) devised by the author,
take a similar form in that the SPL is assumed to be proportional to VTGS
and independent of angle to the rotor. The author's formula (equation
(4.2)), however, gives a solution which is 15.8 dB higher in absolute terms
than that obtained by using Hubbard's relationship.

The Davidson and Hargest relation [ao], which is generally consid~
ered to be the most appropriate of all those available, gives a VTZ.T2.8-1
relationship. In the Sikorsky solution | 41] the noise is assumed to have
the same dependency as the Davidson and Hargest relationship but the
result is given for one angle (75° to rotor axis) only at 300 ft. If an
appropriate allowance is given for distance according to the inverse
square law then it can be shown that at this angle the Sikorsky result
is 6 aB below that given by the Davidson and Hargest formulse. In this
context it is worth noting that whereas Sikorsky obtained their results
from a relatively high whirl tower, the Davidson and Hargest data was
obtained from real helicopter meassurements supplemented with data from a |
low level whirl tower [ 39). Intuitively the Davidson and Hargest data
would be expected to be higher and, although every effort was obviously
taken by the authors to remove the influence of other sources in the
helicopter case and recirculation effects from the tower tests, this is
extremely difficult tsnd complex and could account for the difference.

The Goddard and Stuckey solution [39) suggests that the noise
followed a VT2'60'T;'66 law; in their paper, however, Ty is defined as
the thrust per blade (and not total rotor thrust). There appeared,
however, to be some general confusion on the precise details of their
formula and for this reason it was not examined by the author in any
depth. They did, however, propose a sec2§ relationship in a manner
similar to that of Davidson and Hargest, A comparison was made between
the various metheds for a wide range of helicopters by the author and a
summary of some of the results is presented in Table 4.1. Values for
the Davidson and Hargest formula are quoted at I = 0° (direotly under the
rotor) and & = 75° which corresponds to the angle at which the test data

has been typically obtained.
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It is not proposed to discuss these comparisons in depth, but a
number of points are of general interest., Firstly the Hubbard solution
gives a value which is extremely low and would appear inappropriate for
the prediction of helicopter noise. The author's formula (equation
(4+2)) agrees well with those of Davidson and Hargest at the 3 = 0°
position (directly under the rotor). At 9 = 75° there is, however, a
10 to 15 4B difference with the Davidson and Hargest solution being lowest
and below the test data. It would appear, therefore, that the error lies
in the directivity term. It may, however, equally be in the test data
since there is a tendency for the decay of the rotor noise in the rotor
disc plane to be 'filled in' by other sources. Overall the accuracy of
these methods, particularly that proposed by the author which can only
be described as 'crude', is :5 dB. They can, however, be used to give
an estimate of the likely ‘'hover' noise levels and general trend character-
istics to be obtained. It will also be observed from the test data that
the noise level is essentially independent of size of the helicopter.
4.9. EMPIRICAL PREDICTION METHOD

An empirical prediction method based on the rotational noise
(discrete frequency) characteristics outlined in section 4.7.1, the (low
frequency) broadband noise spectrum discussed in section 3.8.4 and the
broadband (ISVR) formula (equation (4.2)) reviewed in section 4.8 was
devised. This excluded engine noise and tail rotor noise. This was
considered acceptable since on a helicopter the engine noise in the low
and mid frequency regions (below 1 kHz) was generally below the level of
main rotor noise and if engine noise was to be 'added' into the spectrum
it usually took the form of simple addition of a measured octave spectrum.
In the case of tail rotor noise ignoring its contribution was not really
Justified, but since it had been established that the level of the tail
rotor noise had little effect on the overall spectrum it was considered
acceptable to base the calculations solely on the main rotor parameters.
At a later stage at WHL [64] tail rotor rotational noise was added by
using a modification of the method devised by Ollerhead and Lowson [ 30
but this procedure did not significantly affect the accuracy when studied
in terms of broadband, octave band or dB(A) noise levels.

Using the broadband formula given by equation (4.2) and the general
spectrum shape discussed in section 3.8.4, use was made of the relationship
SPL (bend) = (Spectral level) + 10 log A £,, where A f,is the bandwidth
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in Hz, to convert the broadband levels into the corresponding spectral
values. From knowledge of this and the corresponding rotational noise
content (based on the Gutin value and the harmenic content envelope) the
complete spectrum was compiled. An example for the Wessex is shown in
Figure 4.6. Once such a complete spectrum had been obtained it could be
simply 'weighted' as required and an estimate of the dB(A) or PNAB level
obtained, This method was later applied at WHL to a wide range of ‘
helicopters and an SRNA4 (hovercraft) propeller and it was found that the
results were typically within ¢ 3 dB(A) of the 'hover' values. It is
fair to point out, however, that in some cases differences up to 10 dB
were found between the predicted and measured results. This usually
occurred in the gase of helicopters with vastly different parameters than
used in derivation of the original formula: a helicopter with a high tip
speed rotor or an exceptionallj large chord, for example. This is not
surprising when it is remembered that all the prediction methods contained
a constant term derived from measurements. Even Wright's latest refine-
ment [31] - which gives good agreement for a wider range of rotor -
- 8till suffers from the limitation of an empirical comstant.
4.10, FLIGHT TESTS - EFFECT OF HOVER HEIGHT .

A number of flight tests were carried out in conjunction with WHL
in order to enable the various differences in noise levels with hover
height, distance, etc, to be determined. The test work was funded by
the MOD and carried out with & Wessex Mk.3 (XT 255) helicopter operating
over a grass airfield. Measurements were made'with standard instrument-
ation and in the case of the ground measurements the microphone mounted
at a height of 3 £t (0.9 m).

4.10.1. Variation of Noise with Distance under Helicopter

With the he.licopter hover at 1000 £t (305m) altitude (to reduce
any ground effects) measurements were made with a microphone suspended
at 7 £t (2.10), 17 £t (5.2m), 27 £t (8.2m), 37 £t (11.3n) and 77 £t
(23.5m) below the wheel level. The wheel-to~rotor distance on the Wessex
is 14 £t (4.1m) and hence the corresponding distance rotor clearance is
the 'quoted value + 14 £t (4.1m)'. The general characteristics for the
main rotor and tail rotor harmonies are indicated on Pigure 4.7. It can
be observed, except for 8R (2nd main rotor blade passing harmonic), that |
above a clearance of 17 ft (5.2m) the fall-off rate follows closely the |
inverse square law, ‘
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The equivalent octave band spectra are shown in Figure 4.8; here
only when the clearance is sbout 37 £t (11.3m) is there any real indication
of the inverse square law. It can also be noted that the spectrum shape
is independent of helicopter/microphone clearance.

4.10.2, Variation of Noise with Altitude

In the second series of tests the helicopter was hovered over a
microphone (mounted at a height of 3 ft ~0.9m) and with wheel clearance
altitude 10 £t (3m), 20 £t (6m), 30 £t (9m), 40 £t (12m), 80 £t (24.4m),
160 £t (49m), 320 £t (97.5m) and 640 £t (195m). The variations of the
main rotor and tail rotor harmonics with height are indicated in Figure
4.9; the 640 £t (195m) values ére not quoted because of the difficulties
in reading the results from the narrowband traces. It will be noted
that above a height of 40 £t (12m), which is approximately a rotor diameter
(56 £t, 17m) gromd-rotor head clearance, the noise levels decrease approx-
imately according to the inverse square law. The corresponding octave
band results are presented in Figure 4.10 and it can be noted that in
this case the inverse square is not epplicable until the altitude is 160
f't (h9m),approximately 3 rotor diameters. There is a larger influence
on the high frequency components; this is considered to be due to changes
to the directional characteristics of the engine, rather than the impact
of atmospheric absorption. ' |
4.10.3. Comparison of ‘'Free Field' and Ground Microphone Results

' There are some differences between the two sets of results, as
can be seen by comparing Figures 4.7 and 4.9 and Figures 4.8 and 4.10.
The 'free field' results are considerably lower; this can be best seen
on the octave band plots where it will be observed that the '77 £t
(23.5m) value on Pigure 4.8, which in theory corresponds to the '80 £t'
(24.4m) result on Figure 4.10, is nearer the levels associated with a
distance somewhere between 160 £t (49m) and 320 £t (97.5m). Even when
taking into account possible ground reflection and the possible enhance-

<

ment of the levels due to thrust reinforcement due to 'ground effect’,
this large difference cannot be explained. It would appear, however,
that ground effect is significantly larger than anticipated. It can
also be observed that the low frequency part of the spectrum - the main
rotor rotational noise and to‘some extent tail rotor noise - is absent on
the measurements made at height (free field case) while being clearly
detectable on the straight forward hover tests. This can also be seen
from the main rotor and tail rotor rotational results Figure 4.7 and 4.9.




119

This could be the influence of nearfield effects, unlikely since inverse
square law is followed at the larger distances, or fuselage shielding
effects. This is again unlikely since the main rotor is 56 £t (17m)
diameter compared to 8 to 10 £t (2.4/3m) of the sirframe and there is no
‘ahielding between the tail rotor and the micopphone, It is, however,
more likely to be associated with the fact that in the high altitude tests
the microphone was directly under the rotor axis, while in the case of the
hover tests the helisopter was possibly to ome side of the ‘true datum'.
This aspect was, unfortunately, not investigated in detail.
4.10.4. Microphone Canoellatiqn Effects

During these tests the opportunity was also taken to quantify
microphone cancellation effects, since there appeared to be general con-
fusion on this topis. Corresponding measurements were made with the
microphone at 3 £t (0.9m) and 5 £t (1.5m) ground clearance. Analysis was
performed on the 1.5% Muirhead analyzer at WHL and the results are shown
in Figure 4.11 for the frequency range 100-2000 Hz. The results are
shown as & function of helicopter hover height and, as can be seen, can-
cellation effects are not clearly detectable until the altitude reached‘
is 40 £t (12m) and also as the height is increased and the helicopter -
becomes more of a point source, the cancellation effects become more .'
pronounced. The cancellation 'troughs', denoted as 1£, 2f, etc, are
caused by phase cancellation due to the microphone height above the ground,
with the height being i of the cancellation frequency. In other words
(2n + 1) = ¢/kn (4.5)
where n = 0, 1, 2, 3 ete, fi.=cancellation frequency Hz, h = microphone
height and ¢ = velocity of sound = 1120 ft/a.
It follows that for 3 £t (0.9m) end 5 £t (1.5m), the corresponding cancell-
ation frequencies aré 93 Hz and 56 Hz respectively. The figures show the
cancellation frequencies at (2n+1)97 Hz (h=2.89 £t) and (2n+1)58.5 Hz
(h=4.,78 £t) which is either due to inaccuracies in setting up of the
microphone height or more likely 'ground effects'; it is possible that
the weight of the microphone/tripod caused it to sink into the ground
after initial set-up,
4.11. FLIGHT TESTS - INFLUENCE OF FLIGHT SPEED
4.11.1. Main Rotor/Tail Rotor Rotational Noise

The variations of the main and tail rotor rotational (discrete

frequency) harmonics over an I.A.S. from 20 to 100 knots are illustrated

in Figure 4.12. These measurements were taken in the mid-cabin area on
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a Wessex Mk.3 helicopter. It will be observed that although there is a
slight indication of an increase in level with forward speed, the scatter
is such as to prohibit any definite conclusions. 8R and 12R (where R

is the rotational freguency on this 4 bladed rotor) both show a gignificant
decrease in level as the speed is increased from 20 to 40 knots. 16R
also exhibits a sudden decrease in level between 60 and 80 knots: - these
trends cannot be explained. In the context of these results it -should
be remembered that the microphone was directly under the main rotor axis
inside the cabin and only 7 ft (2.1m, approximately 0.15 rotor diameters)
below the rotor centre. There is, therefore, extreme difficulty in
interpretation of these near field results. Also if it is argued that
the noise is generated at the tip region, then the changes in speed over
the test ranges are léss than would appear at first glance. Considering
the Wessex Mk.3 with a main rotor tip speed of 670 ft/s, then at 100 knots
the combined speed is only 840 ft/s.  Assuming, say, a V10 relationship
for the rotational noise would in this case suggest a 7.6 dB increase

over the speed range 20 to 100 knots. On average it would appear thaﬁ
the results show this order of difference, although as can be seen on
Pigure 4.12 there are significant departures from the general trend.
4.11.2. Cabin Noise Levels _

The corresponding cabin noise, measured in terms of 1/1 octave
bands on a Wessex Mk.5 helicopter, for the range of speeds examined, is
shown in Figure 4.13. It will be noted that to & first order (within
T 2dB) the levels are identical for all flight speeds tested (hover to
100 knots). There is, however, some increase in main rotor rotational
noise which controls the 31.5 Hs octave band. Data recorded on other
helicopters was exam}ned in a simpler manner and although in general the
results were less precise, it is generally clear that the levels are
independent of flight speed. The main exception to these general trends
éppears to be in the case of helicopters where the 'engine noise' propa-
gates into the cockpit area and dominates the speoctrum - typically, in
the 8 kHz octave band. This is particularly true in the case of Sikorsky
S61 and Sea King designs where the engine inlets are directly above the
Perspex canopy of the cockpit. 1In this case the directivity character-
istics of the compressor note appear to be very dependent on inflow
conditions. The levels in the cockpit associated with the engine show
large variation between hover and 20 knots, after which they remain
constant with inecreases in speed.

.
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Rotor speed variations normally have little effect on the cabin
noise level as illustrated for the Wessex Mk.3 in Figure 4.14. This is
not surprising since both the gearbox respomnse and the cabin structure
response would not be expected to vary significantly for the small changes
in rotor speed possible,

4.12, RATING HELICOPTER NOISE
4.12.1. Rating Methods ' ‘ :

Helicopter noise has been traditionally rated in terms of either
the Perceived Noise Level - originally designated as PNAB but now more
commonly abbreviated as FPNL - or the dB(A) value. The former is based
on the method developed for aircraft noise and is used extensively within
the aircraft industry. When comparing helicopter noise with traffic and
/or community noise levels it is more usual to adopt the dB(A) unit.
There is a fairly well established relationship between the two units for
a wide range of 'noises' including helicopter noise and thus there is
little to choose between the PNL (FNdB) and dB(A) methods for general
use. The FNL is, however, more sensitive to changes in spectrum shape
and the recent Effective Perceived Noise Level (EPNL) methods allow 'téne'
and 'duration' corrections to be applied. Also if temperature, humidity
and distance corrections have to be applied, the § octave band spectra
levels have to be used and hence there is an obvious advantage in using
the PNL method which is based on such analysis. In this context it is
worth noting that during the early phases of this helicopter study octave
band (often written as 1/1 octave band) results were the norm covering
the range from 63 Hz to 8 kHz (centre frequency values); emphasis was
subsequently placed on % octave band analysis over the range 50 Hz to
10 kHz, This covers the same effective frequency range but instead of

8 octave bands, 24 § octave bands are used.
In this seotion the applicability of use of the PNL and dB(A)
methods for rating helicopter noise is discussed. No mention is made of
the severe impulsive noise/blade slap case, however, since this is m ‘
disocussed in general in Chapter 5 and in particular in section 5.10.7.
It should also be noted that since FNL and dB(A) give for all practical
purposes identical results, the conclusions and general observations are
equally applicable to both forms of analysis.
4.12.2, Non-Impulsive and Minimum Tail Rotor Noise Case
The time history of a non-impulsive helicopter noise is essent-
ially rendom in character, taking the form indicated in Figure 4.15 which
shows a result for a Wessex (S.58) helicopter. If the tail rotor noise
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is low then on % octave band analysis the spectrum is fairly 'uniferm' in
the mid-frequency region and shows a 'fall-off' in level at the higher
ffequencies as indicated in Pigure 4.16. In the low frequency bands,
the spectrum tenda to be 'peaky' due to the influence of the main rotor
(and to a lesser extent tail rotor) rotational noise oomponents and at
high frequency (8 to 10 kHz) the engine compressor whine gives rise to

a 'peak' as indicated on Figure 4.,16. When the 'engine peak' is ignored
it is fairly clear that the FNL value is a fair representation of the
complete spectrum, particularly when it is remembered that the FNL (or
PNdB) unit was originally based on broadband jet engine noise. In this
context it is worth noting that the 'peaky' low frequency region has
little or no effect on the computed PNL valus.

The engine compressor 'whine' is idenmtical to that associated with
conventional aircraft engines and thus the FNL concept, particularly if
the 'tone correction' of the EPNL method is taken into account, can be
expected to give an accuratse rating of its annoyance. It seems fair to
conclude, therefore, that providing the helicopter noise is of the typg
described above the PNL method - and by implication the dB(A) - is a
good estimation of the overall annoyance/loudness.

4.12.3. Blade Slap ~ Impulsive Noise Case

This is discussed in section 5.10.7.
4,12,4, Tail Rotor Noise

During the various analyses it was clear that even if the heli-
copter noise exhibited a high content of tail rotor noise which showed up
on narrowband analysis, it did not appear to influence to any great
extent the overall or dB(A) level. The situation appeared to be somewhat
similar to that connected with 'blade slap' which had little influence on
the dB(4) or FNL value (section 5.10.7). A small study was, therefore,
undertaken to evaluate this aspect. ‘

Tail rotor noise, as explained previously, shows up on narrowband
analysis as a series of discrete frequencies at the blade passing frequency
and its hermonics. It is usual to be able to detect 10 harmoniecs and
often in forward flight - and to a lesser extent during low speed 'on the
spot' turns - it is often this noise which dominates. This is particul-
arly true on small helicopters where two blade rotors are normelly used.
The tail produced, as discussed earlier, & characteristic whine which is

alkin to that generatéd by a propeller and hence is subjectively very
noticeable.
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A dB(A) time history for a Scout helicopter which exhibits a
high level of tail rotor noise is reproduced in Figure 4.17. Also
shown on this figure is the corresponding trace for a Wessex (S.58)
helicopter which generates 1little tail rotor noise. For comparison
purposes the two recordings were adjusted so that in each case the maximum
level reached was 90 dB(4). 'Real time' narrowband analyses were per-
formed on both recordings at the positions ('times') indicated on Figure
L.17: these are reproduced in Figure 4.18. It will be observed that
on approach the tail rotor harmonics dominate the Scout recording while
in the case of the Wessex the spectrum consists of main rotor and tail
rotor rotational and broadband noise arising from the main rotor, engine
exhaust etc, Although subjective studies were not mede, es can be
imagined the two helicopters sound very different; tail rotor noise on
the Scout gives rise to complaints and is readily noticeable on approach,
while the Wessex (which in practice generates higher levels than the
Scout at a similar distance) does not give rise to any adverse comment.

The % octave band spectra corresponding to the results presented
in Figure 4.18 are reproduced in Figure 4.19. The corresponding PNL
values are also indicated on the figures as are the § octave bands con-
trolled by the tail rotor noise. When compared in terms of EPNL, in
which the noise level within the 'maximum -10 dB band' is considered,
the Scout gives a value which is 2 PNAB higher than that for the Wessex E
and part of this (approximately 1 PNdB) is due to the difference in the
duration correction arising from the slightly different flight speeds of
the two helicopters. This, in the opinion of the author, is an under-
estimate of the relative differences.

This was further examined by taking the § octave band for a
condition with the maximum contribution of tail rotor noige; this is
illustrated in Figure 4.20. The corresponding spectrum was then estimated
for the case if the tail rotor noise was removed: in this case only two
5 octave bands are affected to any extent as indicated on the figures.
The PNL values for the two cases were then caloulated and the difference
is only 1.3 PNdB, When the tone correction procedure of the EPNL method
was applied the difference was increased by 1.7 PNdB to give a 3 PNAB
difference between the 'tail rotor' and 'non-tail rotor' conditions.
These differences are extremely small when compared to the subjective

difference. It must also be remembered that in many cases tail rotor
noise, even when it can be clearly detected, has little or no effect on




124

the ¥ octave band spectrum, There is no real evidence available on the
subjective effect of the rotor noise but it is worth noting that in the
recommendations in the Wilson Report [65]; later incerporated in BS.4142
[66], a correction of 5 dB(A) is added to the measured valus to take
account of the tonal character of a noise which has a definite distinguish-
able continuous note such-as a whine. It weuld appear thersfore that a
similar oorrection is required in this case if the noise is dominated by
that from the tail rotor. '
L.13. MAGNITUDE OF FLUCTUATING PORCES

The importance of fluctuating force on the generation of rotational
noise has already been outlined im section 3,15,1. A review was, there-
fore, made to determine the levels likely to occur in practice, but the
study had to be of a limited nature because of the lack of data, Even
80 there were a number of clear trends as summarized in Figure 4.21. As
can be seen, results from the UH-1 and the H-34 (S.58) helicopters [ 67,
68] show the same general oharacteristics with the 1st blade loading
harmonic being of the order of 1/10th of the steady state loading. '
Thereafter the hﬁigo?isefontext decays with what is for all practical
purposes an 1nverseAlaw. It should be emphasized, however, that the}’
experimental asrodynamic data shows considerable scatter, with the amplit-
ude of individuel harmonics having variations from the 'mean’ well in
oxcess of * 50%. The NH-3A (S61-F) data [69) gave similar decay rates
in the hover, and at measurement positions near the tip for most forward
flight regimes, to those on the UH~1 and H-34. At high forward speed
(190 kts) and the 'inboard stations' for other flight cases the mean
'fall-off' was nearer an inverse square law. This first harmonic for
this helicopter as indicated on Figure 4.21 often exceeded the steady
state. This could not be explained but a review of the data suggested
that the steady state values were in error.

power
If the inverse law is taken as a fair representation of the aero-

dynamic harmonic blade loading, then the predicted noise spectrum will be
essentially 'flat' if a point loading concept is considered. Applying
Wright's attenuation factor [70] suggests a 6 dB/octave fall-off rate above
an mB of 10 and thus for a four-bladed rotor, the rotational noise would
decay at this rate above the 2nd blade rassing harmonic. Measurements
(section 4.7) indicate the noise fall-off rate on many helicopters lies
between these two values.




4.14. ROTATIONAL NOISE STUDIES

Even though the aerodynamic information was limited, some studies
were carried out in an attempt to highlight some of the important points
connected with the prediction of rotational noise.
b.1k.1. Wessex/S.58 Helicopte

Calculations were made using the H-34 (S.58) flight data {68]
for the hover condition with the aid of a Sikorsky Program [41] modified
to run on the Atlas computer by Tanna and the results ocompared with
Wessex (S.58) measurements. The aerodynamic data was restricted to 10
harmonics which implied that for a four bladed helicopter such as the
S.58 the levels would not be expected to be correct above the 2nd rotat-
ional noise harmonic; even so it was expected that the genéral trends
would apply.

Figure 4.22 compares results for 'Starboard (St'bd) On' and
predicted levels for hover (steady load only), hover (steady + fluctuating
loads) and an 11 knot flight condition. Also shown for reference is the
Gutin (steady force) prediction. As expected the levels are vastly
under-estimated at the higher harmonics and even the predicted 2nd harmonic
is 10 dB or so low. It will also be noted that the predicted levels for
the slow forward speed condition are slightly lower than the hover
results. The dramatic impact of using the fluctuating forces in prefer-
ence to just the steady values is also illustrated.

A more detailed comparison was made and this is shown in Figure
4.23. There is again a similar difference between the measured and
predicted values and although the 15 dB variation in the level of the
rotational noise components measured around the helicopter is predicted,
the measured and calculated values are 90° displaced. Main rotor discrete
frequency noise is usually a maximum in line with the tail (Tail ON), while
calculations suggest it occurs on the port side. This was examined but
a satisfactory explanation could not be found. The directivity associated
with this investigation is shown in Figure 4.24 together with some measured
values. It is of interest to note the dip in the first harmonic at 10°
to 15° above the disc and the general circular nature.

4.14.2. Trailing Edge Lift Fluctuations
Measurements made in the hover and slow forward speed flight con-

ditions give similar results and to a first order they are similar to
rotor noise measurements made on a whirl tower in 'dirty flow' conditions.
In the hover the span loading variations would be expected to be at a




_—===—=_s——$——ﬁ
126 :

minimum and it was postulated that the trailing edge (chord) fluctuat-
ions might be significant. This aspect was evaluated by considering
the three conditions illustrated in Figure 4.25 which shows an ideal
hover profile and the two ranges of 1ift fluctuations considered.
Figure 4.26 shows the form of the assumed pressure variations at the two
chord stations considered (70% and 90%). Since it is not possible to
calculate the effects of small non-uniform flow in the hover, this was
extracted from forward flight data prepared by WHL in connection with a
particular project study. The corresponding rotational noise predictions
obtained by using a point span program are given in Figure 4.27, The
effect of the small amplitude trailing edge 1ift fluctuations is clearly
shown. The minimum blade 1lift calculation increment of 5o prevented
estimations above the 9th noise harmonic for the four blade rotor consid-
ered. It will be observed that the noise levels at the 8th harmonic are
40 dB above the steady loading (ideal hover) value. The levels of the
two fluctuating cases are approximately the same and this is due to the
common phase relationship inherent in the values used. The importance
of trailing edge lift fluctuations is clearly illustrated.
Le1h.3. Lynx Study i

A similar study to that desoribed sbove was made with the 1ift
variations predicted for the 0.93R (93%R) station on the main rotor of
the Lynx at 160 kts being used. In the estimations the helicoptér was .
assumed to be fixed relstive to the observer and hence the additional |
acoustic 'distortions' due to the forward speed were ignored. The
spectrum at 15° below the rotor at a distance of 200 £t (61m) is given
by the 'dashed line' on Figure 4.27 and the direotivity around the rotor
at 200 ft (61m) distance is shown in Figure 4.28. The calculations were
again based on a point span model and take no account of the possible
'attenuation' (ocancellation) of the higher harmenics proposed by Wright
[28]. The aerodynamic data included the effect of shock wave formation
on the advancing blade, and the 'rising' spectrum indicsted that, as con-

firmed on the real helicopter, the main rotor noise would be fairly
impulsive gt 160 kts flight speed. The directivity plots show a large
number of lobes dus to the phase relationship in the input data: if a
random phasing had been assumed betwsen the various loading harmonics
then the patterns would have been smoother and more like those presented
in reference(}O).
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Lellodye AzimthZElevation.Vgg;ations

In an attempt to shed light on the difference between the Wessex
(8.58) measured and predicted results mentioned in section Lok, a
series of calculations based on the WHL Lynx (WG-13) aerodynamic loads
were made for azimuth angle of 0° (Tail ON), 90°, 180° (Nose ON) and |
270° for 0° (in rotor disc plane) and -15° elevation. The results are
reproduced in Figures 4.29 and 4.30. It will be noted that in the case
of the 0° (in rotor disc) results the minimum value corresponds to the
'Tail ON' (Oo) position and the highest levels at 90°. This is more
akin to the Wessex 'hover' measurements (Figure 4.23). —At -15° elevation,
however, the results exhibit considerable variation with the minimum and
maximum value at azimuth angles of 90° and 180° respectively. These
results do not in themselves indicate any clear trends; they do, however,

show the sensitivity and variation both with azimuth and elevation angles.,
Similar calculations were made for 180° azimuth position (Nose ON) at
elevation angles of 0° (in rotor disc plane), -15° and -90° (along rotor
axis ; under rotor) and the results are illustrated in Figure 4.31.

These suggest that highest levels occur under the rotor: this is not
substantiated in practice, but the increase at -15° (relative to 0°) is
supported by test results.

These results are presented to illustrate the general trends and
although no particular emphaszs can be placed on the actual levels, the
importance of lift fluctuation on the harmonic content and the sensitiv-
ity to azimuth and elevation angles is clearly illustrated.

4.15. INTERNAL NOISE

Although the topic of internal noise was outside the main scope of
the research programme a general review was made during the various
Wessex noise tests conducted in conjunction with WHL. The results of
these exercises are discussed below. notse

A narrowband analysis which illustrates the internal,content of a
helicopter is reproduced in Figure 4.32. Although this is based on
measurements made in the Wessex (S.58) it is representative of all heli-
copters with a separate cabin area. In small helicopters where the
cockpit and cabin are effectively one, then higher levels of main rotor
noise, engine noise (particuiarly if the inlets are situated above and
aft of the cockpit) and sometimes tail rotor noise are detected. As

can be seen the spectrum is dominated by gearbox noise and often the
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2nd and 3rd harmonic:ihe 'gear meshing' noise is predominant. This is
not surprising sinee in most helicopters the transmission system is
mounted on the oabin roof and hence in close proximity to the area
occupied by the passengers. - Also to allow ‘control runs' etec, there is
nearly always a number of large 'holes' in the roof arsa. Even so in
addition to the airborme noise, it is clear that a considerable amount of
the noise is structure-borme. Thus the selution is basically one of
engineering where vibration isolation, structural damping and 'sound
proofing' must be incorporated in the original design. Except for the
latter of these techniques this is, however, not a simple matter, since
on many helicopters a 'soft mounting' between the gearbox and airframe
is not acceptable because of control and airframe response and damping
materials, although effective, introduce a severe weight penalty. An
alternative spproach which has been adopted by some msnufacturers is to
use a sealed isolated 'inner cabin' when low noise levels are required

[ 71, 72]. Considerable effort inte the reduction of gear noise and air-
frame response has taken place over the years and although it is outside
the scope of this report, it is fair to conclude that it has to date n&t
been very successful, Thus 'quiet helicopters' have usually only been’
obtained when bulk sound proofing or separate isolated 'inner cabin'
schemes have been installed. :

4.16. CONCLUSIONS

1. Helicopter noise is complex in naturs since it is a combination of
several sources which generate sound by more than one mechanism.

2. The dominant source on a 'piston engined' helicopter is the engine
exhaust: on a helicopter with a gas turbine engine the engine noise
is of secondary importance although the compressor whine can be
clearly detected.

5. Blade slap is the most dominant source on any helicopter - on aT
helicopter with a 2 bladed main rotor it can occur during all regions
of flight. (This is discussed in detail in Chapter 5.)

4. On small helicopters which traditionally have 2 bladed tail rotors,
the tail rotor is the second most annoying source - on larger
helicopters which traditionally have tail rotors with 3/4 blades,

main rotar noise is the loudest noise.

5. On a two bladed main rotor,rotational noise is the most important
mechanism, while on a multi-bladed rotor operating at conventional tip

speeds (in the order of 650 ft/8) broadband noise mainly controls the
total acoustic output.
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The higher the rotor blade tip speed (and the lower the number of
blades) the more impulsive and annoying the overall helicopter noise.
Broa&band_noise is 8 méjor source, although a significant portion of
- the enefgy.previously described ag broadband noise or 'vortex noise'
is higher rotatiecnal harmonic noise.

Discovery of thé high rotational harmonics in the broadband noise
region had a significant impact on the understanding and theoretical
development of rotor noise.

Broadband noise is for all practiocal purposes independent of the
inflow environment and controlled solely by the blade physical dimen-
sions and tip speed.

Rotational noise appears to be influenced to a large degree by the
input flow field: on real helicopters, however, the decay rate for
the first 20 main rotor rotational harmonics is fairly well defined
and a 'fall-off' characteristic has been established.

The 'harmonic decay rate' for tail rotor rotational noise is higher
than that for the main rotor: tail rotor noise is solely rotatlonal
(discrete frequency) in character.

A simple 'broadband' noise model based on blade tip speed and blade
area was developed from the data available at ISVR. Further . -
refinements based on the assumption that the noise should vary as
(thrust) did not give any better correlation with test data.

An empirical prediction method based on simple parameters available
in the design stage has been developed. This gives in general good
agreement (-3 dB), but large errors can result if used for non-
conventional design.

In '"free fieldi (at high altitude) the rotor noise falls off in

accordence with inverse square law at distances greater than 1 rotor
dlameter. '

When hovering above the ground a miorophone/helicopter separation of

1 rotor diameter is required before the 'fall-off rate' approaches

the inverse square law.

'Free field' noises are considerably lower (by up to 10 dB) than those
derived from ground measurements even when taking into account rotor
ground effect and acoustie reinforcement/cancellation effects.
Microphone cancellation effects can be clearly detected when making

measurements of a hovering helicopter on the ground; thus correction
of test data is possible.
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Rotational noise (mein rotor and tail rotor) only shows a slight
increase in level with flight speed when measured in the cabin.
(Tests were, however, only conducted over a limited flight speed
range.)

Cabin noise levels are to a first order independent of flight speed
and remsin within X 2 dB the same as those measured in the hover,
except in the low frequency band (31.5 octave band) which shows a
slight increase.

Standard PNL and dB(A) rating methods do not appear applicable if
high levels of tail rotor noise are present on the H;licopter.
(Similar results oceur in the case of blade slap: this is discussed
in Chapter 5.)

Fluctuating forces, which are important from the point of view of
generation of rotational noise, decay at a rate which approximates
the inverse square law. This gives (from Wright's theory [28] )
acoustic fall-off rates consistent with measurements.

Calculations of the rofational noise show good agreement for the first
two harmonics (as expected), but the trends for higher harmonics do
not follow those observed on a real helicopter.

Blade chord trailing edge fluctuations can have a significant influence
on the generated rotational noise levels. |
Available data indicates that rotational noise is very sensitive to
minor changes in input condition and large variation with azimuth and
elevation can be expected.

High speed helicopters (Lynx) would be expected to generate very
impulsive main rotor noise.

Internal noise is controlled essentially by the meshing frequencies
(components) of the main input gears in the gearbox and high level
discrete frequencies are obtained. )

Cabin noise levels are essentially independent of minor changes in
rotor rotational speed.




TABLE 4.1 : NOISE LEVELS @ 500 FT (150 M)

Author's Davidson & Hargest [40]
Helicopter Equation -0° ) Test Data

4.2) g =0 $ =75 =70/80°
daB dB dB dB

Mil 10 (USSR) 97 86
Bell UH-1B 91 80
Wessex Mk.3 91 80
Wessex Mk.5 80
Wasp/Scout 87 76
Whirlwind ¥k.10 87 76
Belvedere 92
Sea King 82
Gazelle 72
Lynx

NOTE: Sikorsky [41] 'Davidson & Hargest @ 75° _ ¢ . ap
Hubbard [ 60) Equation(4.3)- 15.8 . dB
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CHAPTER 5: BLADE SLAP

5.1, INTRODUCTION

'Blade slap' is a colloquialism which has been applied to the
sharp cracking or banginé sound associated with helicopter rotors. It
varies considerably in intensity and quality with the type of heli-
copter and flight condition. When blade slap occurs not only is it
the predominant noise source on the helicopter but because of its
impulsive characteristics it is the most objectionable. Blade slap
can occur on any helicopter, but particular attention was focussed on
this noise source in 1963/64 with the introduction into wide use of the
Bell UH-1 range of helicopters, with its highly loaded two bladed main
rotor, and the Boeing-Vertol V107 and Chinook range of tandem rotor
helicopters. There had been little work on this topic in 1964 and
only one paper [73] treated the subject in any detail. Thus the prog-
ramme initiated at the ISVR as a part of M.Sc. studies by F.W. Taylor
(U.S.Army) and the author was the first investigation to give serious
attention to this topic. F.W. Taylor concentrated on the operational
aspects, including a questionnaire to establish the magnitude of the
problem, while the author was responsible for theoretical development
and the planning of an experimental programme which was carried out on
a joint basis. This investigation showed that blade/%ip vortex
interaction was most likely the main source responsible for blade slap
and that based on this hypothesis the acoustic characteristics observed
on real helicopters could be explained. The programme included the
simulation of blade slap oh a model rig by use of an air jet arrangement
and it was shown that in this case the measured noise levels could be
predicted, by using a simple model, from knowledge of blade and air-jet
velocity characteristics. This work was reported in Taylor's and the
author's M.Sc. Project Reports (74, 1] and subsequently the main con-
clusions were issued as joint papers [75, 76]. It was clear, however,
that the work could be extended to the case of a real helicopter and
that there were a number of aspects which could be resolved with the aid
of further flight tests. A programme embodying these main points was
therefore formulafed; also; since during the M.Sc. projects only a
brief review had been made of other possible mechanisms for the gener-
ation of blade slap, a more detailed examination was made. It soon

became clear that in addition to the need for a further understanding
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of the details of the mechanism involved, the subjective rating was an
area which warranted further consideration. This aspect was subsequently
investigated and eventually formed a major part of the overall programme.

The details of the various studies conducted in connection with
the blade slap investigation are outlined in the following sections. A
summary of the main results from the author's M.Sec. programme is also
included in order to provide a background to the main programme.

5.2. SUMMARY OF M.SC. FROJECT STUDY [1] |

From a review of the available data in 1964 it appeared that bladq/ :
tip vortex interaction was one of the most likely mechanisms for the
generation of blade slap. This was simulated on a model by using an
air jet arrangement as illustrated diagrammatically in Figure 5.1.

The results obtained were compared, on a frequency spectrum and time
history basis as shown in Figures 5.2 and 5.3 respectively, with data
obtained from flight tests with a Belvedere (tandem rotor helicopter).

As can be seen the simulated blade slap gave the same acoustic signature
as that associated with the real helicopter. It was concluded therefore
that blade/tip vortex interaction was the main mechanism responsible for
the generation of blade slap.

A theory based on a point dipole acoustic concept and a blade
loading model of the form suggested by Kussner's function [77] showed
good agreement with the results obtained from the test rig, both in
amplitude and characteristic as illustrated in Figure 5.4. _This study
showed that the noise produced by a blade passing through a fixed gust
(tip vortex) varied like Vh, where V was the velocity of the blade, and
was a function ofr'z where [ represents the vortex strength or size.
This was a most important result since it implied that helicopters with
highly loaded blades are more likely to produce loud blade slap than
those with low blade loading.

Experimentally it was shown that the 'blade slap' signal was
independent of the pitch of the blade; thus blade pitch on a real heli-
copter is only important in that it affects the blade loading and,
therefore, vortex size.

5.3. REVIEW OF POSSIBLE MEGCHANISMS

Originally three main'mechanisms were postulated for blade slap;

these were as follows:

(1) fluctuating forces caused by blade/tip vortex interaction;

(2) fluctuating forces resulting from stalling and un-stalling of the
blade;
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(3) shock wave formation due to local supersonic flow; it was suggested
that this was either (a) a direct result of operating a blade at
high tip speed or (b) caused by blade/vortex interaction.

It was subsequently proposed, particularly by research workers at Bell

Helocopters, that 'blade slap' was linked to compressibility effects

and/or drag divergence, but the precise details of the impulsive noise

generation were not defined. Later a view was expressed that the
impulsive noise was a result of shock waves which became detached from
the blades and radiated into the far field. Again the precise details
of the proposed basic mechanism involved were far from ¢lear. More
recently a 'thickness noise' model has been developed and this would
appear to account for the generation of impulsive noise of the blade

slap type on a rotor operating with a high blade velocity.

The above mechanisms are discussed in further detail in the follow-
ing section and the latest position relating to blade slap is summarized
in Section 5.4.

5.3.1. Blade(!ortex Interaction

Blade/vortex interaction is represented in idealized form in

Figure 5.5; this shows possible interactions when the core is parallel

to the spar of the blade. If an interaction as given by path 'A'

occurs, fluctuating forces will clearly be produced. In this case the

blade is subjected first to a 'down velocity' change and then to an ‘'up
velocity' change, which produces a rapid change in angle of attack and
subsequent impulsive loading. If path 'B' is followed a similar loading
fluctuation occurs, but, of course, at a much smaller magnitude. In
addition to this, however, it is possible that the velocity of the blade
is such that when combined with the tangential velocity of the tip
vortex, it exceeds the sonic velocity and produces a local shock wave.

Path 'C' would produce a similar fluctuating force variation to that

experienced by a blade travelling along path 'B', but in this case there

is very little chance of sonic flow being produced. Thus the fluctuating
force noise could result from interactions of the form indicated by baths

'A'y 'B' and 'C', and local supersonic flow from a blade/vortex inter-

action of the type indicated by path 'B' only.

In the type of interaction described above, large changes in the
~angles of attack occur and it is suggested that the blade would stall.

This fluctuation takes place, however, very quickly and it is unlikely

that stall would occur in this instance (see the discussion in section
5.3.2 on stall).
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5¢3.2. Blade Stall _

The 'stall' hypothesis is much more difficult to visualise. It
is well known from fan and propellor studies that there is an increase
in the broadband type of noise when a blade section is stalled. Even
if the blade could be stalled and unstalled to produce a burst of
broadband noise, this would not have the impulsive nature of blade slap.
The impulse is of a short duration and must therefore be a direct result
of a rapid load (1ift) or force fluctuation. Since typical impulses
on a single rotor helicopter are of durations of the order of 1-5 ms,
the stall sequence or change in lift must therefore océur in an azimuthal
blade movement of a few degrees. A study of papers concerned with stall
[78 - 81) illustrates the complexity of the problem and suggests that
it is impossible at the present time to obtain the necessary details
required on stall to make even an elementary estimate of the impulsive
type of noise (if any) associated with occurrence of stall. There is,

however, a general feeling that the occurrence of stall is & relatively
vslow process. Ham [78] for example, showsd that when a blade is taken
rapidly above the 'stall angle' the high values of 1lift are sustained
for a time equivalent to something of the order of that for 1/8th of a
blade revolution. The delay in occurrence of stall is thought to be a
function of the rate of change of angle of attack and the sustained
upper surface suction associated with the chordwise passage of vorticity
shed during the stall process. It is, of course, a well known fact
that the onset of dynamic stall occurs at much higher anglés of attack
than those associated with the static stall. Thus there is very little
chance of a blade stalling as it passes through, or close to, a tip
vortex. Work at Southampton [ 1] showed that induced angles of % 25°
could be tolerated without any apparent stall, provided the time scale
was small.

‘On an actual helicopter it is, however, true that blade slap is
often associated with flight conditions in which stall can easily occur:
i.e., high speed and large all up weight (A.U.W.) cases. It appears
that this is the main reason for associating blade slap with the onset
of stall. A closer study shows that stall can occur without blade
slap being detected, and offen the blade slap occurs when stall is
unlikely. It was shown by using a Wessex [82] that 45/50° bank turns
to port and starboard respectively produced identical blade slap, both
in amplitude and characteristic. It is difficult to explain this in
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terms of the 'stall theory' since a steady bank turn would not be
expected to affect the stall characteristics to any great extent. It
also appears that the 'stall' conditions of the majority of single rotor
helicopter configurations are approximately the same, yet their blade
slap characteristics are completely different, varying from no slap to
extremely loud slap. Also during the Wessex tests it was found that

in level flight blade slap could be induced by &ecreasing as well as
increasing collective pitch: it is difficult to see how this can be
explained in terms of the stall phenomenon.

A typical angle-of-attack contour for a single rotor helicopter
is shown in Figure 5.6. If stall produces a 'bang', then as the blade
rotates it would be expected that a continuous series of impulses would
be produced as more of the blade became stalled. Experimental results,
however, indicated that the main 'bang' on a single rotor helicopter is
a single impulse of short duration. A typical bang duration in terms
of blade azimuth movement is also shown on this figure. It will be
noted that there is very little correlation between this and the stall
duration. .

- A further point against the stall idea is the observation of the
effect of very low wind on & hovering helicopter [82] and a whirl tower
[83]; although stall is very unlikely in these cases, blade slap was
produced in both. Distortion of the vortex filament path and blade/
vortex interaction is, of course, much more likely in these circumstances.

The above discussion has been based on the traditional and
classical concepts of stall. Studies, however, suggest that this form
of stall does not occur on rotor blades.

To summarize, it would appear that although the 'stall blade
slap' hypothesis cannot be completely disproved, the above points
indicate the unlikelihood of blade slap being the result of such a
mechanism.

5.3.3. Shock Wave Formation

The formation of shock waves on any aerofoil is very complex.
It is suggested that on a single rotor helicopter a shock is formed when
the local flow becomes supersonic, while on a tandem helicopter it is
postulated that shock formation is a result of blade/vortex interaction
as already outlined. Information of the details of shock wave formation

is very sparse and there is practically no work on rotating systems such

as the helicopter rotor.
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Before considering the possible production of a shock wave on
a rotor, it is worth noting that a blade travelling at an overall sub-
sonic speed with a small local shock wave on it due to local supersonic
flow, will itself not produce any noise. There is no comparison
between this case and the sonic boom produced on supersonic aircraft. '
The noise source would, if it occurred, be a result of the fluctuation, ,
or change, in lift caused by the formation of a discrete shock wave
unless the shock became detached (see section 5.3.4).
Although shock wave formation is discussed in detail in references
(84-86), there still appears to be a general lack of understanding of
the topic.
The present position appears to be that the actual Mach number
at which shock waves occur can be found accurately only by experiment;
but this is complicated by the fact that weak shock waves which form
owing to localised sonic flow are extremely difficult to detect. In
fact on many aerofoils local regions can become supersonic without the
formation of extensive shock waves.
Since the local flow is dependent on the conditions of the flow
across the aerofoil section, the formation of the shock wave would be
expected to be more random than indicated by the measurements, which
suggest that it occurs (within the measuring accuracy) at blade passing
frequency. .
5.3.4. Shock Wave'/Thickness Noise .
It followed from the sbove review that although local shock for-
mation may be indicative of a ‘'high noise' condition, it was not considered

a predominant mechanism from the blade slap point of view. The situation
was, however, further confused in 1968/69 when research workers from the
Bell Helicopter Company presented at a number of specialist meetings some
unpublished Schlieren photographs taken of a model rotor blade which
appeared to show a detached shock wave propagating into the far field.

Reported theoretical efforts seemed, however, to discount this possibility

because the advancing blade tip Mach number was less than unity. Also
it appeared from asrodynamicists' point of view that although local shock
waves could be present on the airfoil they should be locally fixed and
hence should not radiate into the acoustic far field. Recently it
eppeared that this source could be explained in terms of 'blade thickness'
[55, 56]. These theories showed that at a high blade speed (advancing
blade Mach number of the order of 0.8 and above) the acoustic field is
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dominated by the blade thickness noise. Good correlation between
theory and experiment both in terms of the absolute 'peak' pressure

level and pressure-time history characteristics was obtained for the
Lynx and the UH-1H (US Army data from reference (87)) by Hawkings [ 55 and
88] . It appeared, therefore, that a satisfactory explanation for the
high speed impulsive (blade slap) noise had been obtained. In the
experiments conducted by the US Army on the UH-1H[ 87] and the subsequent
wind tunnel experiments [89] it was shown that in addition to 'blade
thickness noise' and blade/vortex interaction noise, there was a third
pressure 'peak'. These three separate sources are illiistrated in Eigure
5.7 reproduced from reference (87). The positive pressure pulses '1'
are associated by the authors to blade/vortex interaction, the negative
pressure pulse '2' with the 'blade thickness' and positive pressure

spike '3' to 'shock wave' effects. It will be observed that pulse '3'
is larger in magnitude than pulse '1' although the 'blade thickness'

peak pulse '2' clearly dominates the signals. From the model studies
[89] it was concluded that at a blade azimuth angle between 85° and 110°
a continuous shock develops off the tip of the blade and that as the
azimuth angle increased the 'shock' moves forward ahead of the leading
edge of the blade and propagates in the direction of forward flight.

It could, of course, be argued that this is not a shock in the classic
sense with a large pressure discontinuity but rather simply a strong
compression wave with a high pressure gradient. In this context it

is worth noting that as far as can be determined this would give the same
appearance on & Schlieren photograph and such an approach would not be
capable of separating the individual components of the pressure pulse.
Also according to Hawkings any compression wave will tend to 'steepen

up' as it is propagated from the advancing blade. It is obvious that
there are still differences of opinion on the details of this source.

The practical situation is further complicated by the fact that all the
sources considered would radiate predominantly in the plane of the rotor.
It is also worth noting that as far as can be determined the 'shock wave'
source (peak '3' on Figure 5.7) has only been clearly identified on
recordings of the UH-1H. '

Another reason for the general confusion en this topic is that

if parameters relating to a particular rotor are examined it can be
shown that 'blade thickness' becomes important (relative to fluetuation




157

force noise) at aﬁ_advancing blade tip speed which corresponds very
closely to that associated with drag divergence and the onset of
compressibility effects. This is in the region of an 0.7/0.8 Mach

. number and is also the blade tip speed where the local flow can become
supersoni¢ and local shock waves thus can form. It is not difficult
to see therefore why each of these mechanisms have been associated with
the generation of high speed blade slap, since it only becomes a
significant source which can be easily identified at such advancing
blade speeds.

5e4. BLADE SLAP GENERATION . .

From the review of the possible mechanisms, it appeared at the
commencement of the study that blade/vortex interaction was one of the
most important mechanisms from the point of view of the generation of
blade slap noise on a real helicopter. This conclusion was given
further credibility by the results of a full scale investigation conducted
by the Boeing Vertol Company [90]. This confirmed that the 'blade slap'
on their tandem helicopters was a direct result of blade/vortex inter-
action; this result was of particular interest since, according to
available information, the programme was to some extent conducted to
disprove the blade/vortex interaction concept. Thus, in the main, from
the blade slap investigation reported in this document it was assumed
that the 'impulse' was a direct result of the fluctuation in 1ift caused
by the interaction of a blade and a tip vortex filament. On a real
helicopter this can be either an actual interaction where a blade cuts
right through & vortex filament or a 'near-interaction' where a blade
passes very close tﬁ a vortex filament,

~.Such an assumption was not intended to imply that other mechanisms
did not exist and in fact a‘brief study of recordings of the Bell UH-1D
in 1965 suggested another mechanism at high speed. This could not,
however, be correlated with the appearance of shock waves on the blade
or compressibility effects. Thus at the time of commencement of the
study none of these aspects could be pursued. This situation is still
confused at present, as discussed in section 5.3.4, but even if 'blade
thickness' noise is taken into account blade/vortex interaction is still
undoubtedly an important noise source since it is responsible for the
predominant 'blade slap' noise generation on all helicopters.  The main
exception is on the Bell UH range of helicopters during high speed flight,
but even on these helicopters blade/vortex interaction is important at
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moderate flight speeds and during landings and msnoeuvres. Even so0,
if the significance of 'blade thickness' had been appreciated earlier,
it would have been studied in parallel to blade/vortex interaction.
From the subjective point of view, however, it is of interest to note
that the results obtained in the author's studies are applicable to all
forms of impulsive/blade slap type noise since the acoustic signatures
of the pulses are very similar in all cases.
5.5. HELICOPTER TESTS _ A
Flight tests were carried out at WHL; in addition tape recordings
were supplied to ISVR by Bell Helicopter Company, the Boeing Vertol
Company and the Sikorsky Airecraft Company. Narrowband analysis and time
history traces were produced from these tapes and used, together with
overall levels and dBA levels, to determine the general characteristics
associated with blade slap. A representative selection of these results
is reproduced in Figures 5.8 to 5.15 inclusive. The typical narrowband
analysis results shown’are a8 follows:
Figure 5.8, Belvedere (internal); V107 (external) and Wessex (internal);
Figures 5.9(a), 5.9(b), CH-46A (external);
Figure 5,10 UH-1B (external).
The Belvedere analyses are also shown in a slightly differeﬂt‘format
in Figure 5.2.
b Time histories (UV traces) are reproduced as follows:
Figure 5.11(a) and (b), Wessex Mk.5 (internal);
Figure 5.12(a) and (b), Sycamore (internal);
Figure 5.13(a) and (b), UH-1B (internal);
Figures 5.14 and 5.15, CH-46A (external).

Traces for other helicopters have not been included since they are re-.

.

produced in the general literature and/or readily available in company
reports.,

The tepe recordings made for hovering helicopters (tandem) and
those obtained in the cabins are fairly constant in level and frequency
content, and this produces a 'clean' trace on analysis. The external
forward flight results show, as expected, considerable variation with
time and hence are more difficult to analyse and interpret. When making
the comparison discussed below, as near as possible identical non-
slapping and blade slap conditions were examined.




5.5.1. Accuracx of Recordings.

An examination was made of all the data available at ISVR to
determine if the recordings contained a true representation of the blade
slap impulse. The results of this study indicated that in the ma jority
of cases some 'overload' or 'peak clipping'had most likely occurred.

In many of the cases, however, it appeared to be only the intermittent
'peak' which was affected and that the recordings were & fair represent-
ation of the true levels.

The difficulty which occurs during recording is a direct result
of the very impulsive signals produced when blade slap occurs. Typically
the peak level of the impulse is 15 to 20 dB above the rms level. - Thus
when recording, an 'rms meter' will look effectively 'dead' when the
attenuator controls are set at the correct level for recording blade
slap. The conventional semi-impulse or 'peak' meter improves the sit-
uation; but even so, it is very difficult without the aid of an
oscilloscope, or special peak level detector, to obtain a true recording
of blade slap noise.

It is also possible that the 'peaks' may have been limited to
some extent in rise-time by the transient response of the microphone and/
or tape recorder. Even when allowing for these possible limitations,
it was thought that the data was sufficiently acceptable for the partic-
ular investigations described in this report. The rise time of the
impulse can also be modified by the recording equipment technique used.
5.5.2. Narrowband Analysis Results

Narrowband analysis was performed with a constant bandwidth

analyzer system; the appropriate bandwidths and frequency ranges used
are shown on the figures. As will be seen, typically a 2 Hz filter was
used up to a frequency of 150 Hz, and a 5 Hz filter beyond this frequency.
Although analysis was usually made over the frequency range 10 Hz to

10 kHz, blade slap analysis was usually curtailed at 3 to 5 kHz depending
on the helicopter being studied. The amplitude scales are either in SPL
re 0.0002 dyne;/cmz, or dB relative to an arbitrary datum.

In general, when blade slap occurs, the corresponding narrowband
analysis shows an increase, relative to the non blade slap conditions, in
the region equivalent to the 10th to 20th blade passing harmonic.
Typically, this is in the range 150 to 400 Hz. Analysis shows that the
maximum level of the peak envelope corresponds to the main frequency

component of the impulse.
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In addition to the increase of the 'impulse harmonics', the
tandem helicopter recordings show an increase in the lower (4th to 10th)
blade passing harmonics. This is considered to be an increase in the
rotational rotor noise caused by the blade operating in a generally
rougher flow environment. This is discussed in section 3.13 in
connection with the results obtained on the ISVR 9 ft diameter single
rotor hover model. This effect is further illustrated in the work
described in section 5.10. There is also some indication of this effect
during the 'high speed' blade slap on the UH-1B (Figure 5.10). In this
case it is, however, very much more difficult to correlate the results
because of the high levels of low frequency rotational noise present on
this helicopter. '
5¢5.3. Time Histories - Oscillograms

It is clear from the traces that the blade slap 'bang' occurs at
blade passing frequency; this applied to all the helicopters studied.

On the Wessex, Sycamore and Belvedere helicopters the 'bang' approximates
very closely to a single impulse (Figures 5.11 and 5.12). On the UH-1B
(Figure 5.13) and the CH-46 (Figures 5.14 and 5.15) however the 'bang"*
consisted of two ar three main 'impulses'. This could be the result

of blade/vortex interaction occurring over a considerable portion of the
blade span at slightly different instants or separate interactions
occurring at practically the same time. A study of the traces shows
that although the ‘bang' sometimes contains several discrete impulses,
there is, in general, one impulse which is larger than the others.

To obtain the filtered traces, the recordings were passed through
a band pass filter and the signal studied on a CRO and/or UV recorder.
The filter pass band limits were adjusted so that the blade slap impulses
were not significantly affected while the other noise was reduced to a

minimum. The signals were also evaluated subjectively and in each

case the characteristic of the 'bang' was found to be unaffected by the
filter settings chosen. It is worth noting in this context, however,
that the subjective evaluation was made by the helicopter team and a
Jury was not used. Usihg the filter reduced the low frequency rotor
rotational noise and the high frequency noise which was mainly from the
gearbox and/or engines. This, of course, had the effect of making the
'bang' more readily detected both on anaiysis and subjectively.

The filtered frequency range associated with the helicopters
examined was 50 Hz tp 1 kHaz, It is these frequency limits that were
used to obtain the 'filtered' time histories shown in Figures 5.11 to




161

5.13. 'Non-filtered' refers to unweighted recordings which typically
cover the frequency range 20 Hz to 15 kHz,.

The filter ranges were further reduced to isolate, as nearly as’
possible, the blade slap 'bang'. Although this reduced the amplitude
of the impulse, it allowed the main frequency content of the *bang' to
be determined. These frequency ranges are given in Table 5.1, together
with the envelope peak obtained from the narrowband spectra (Figures
5.8 - 5.10). It seems fair to assume that the centre of this frequency
band corresponds very closely with the main frequency component of the
'bang'. A review of the results shows that in general this is the case.

The envelope peak frequencies quoted in Table 5.1 were obtained from
the average of several narrowband spectra, and not just those reproduced
in this report. 1In the case of the Bell UH-1B, CH-46 and V107, it is
a little difficult to locate the peak frequency because of the general
increase in the rotational rotor noise.

~ A study of the time history traces also reveals that on both
single and tandem rotor helicopters the maximum peak-to-peak levels are
increased by approximately 10 dB when blade slap occurs. _

In the case of the UH-1B, however, the blade slap impulse is not
so clearly defined and appears to be superimposed on top of the already
impulsive rotor noise (Figure 5.13). For this helicopter the peak-to-
peek difference between the banging and non-banging modes varied between
10 dB and gero for the verious flight conditions studied. .

The amplitude scale used on the oscillograms is SPL-dB relative
to the standard reference level of 0.0002 dynea/cmz. The scale is so
chosen that & sine wave having an SPL of X dB would produce a sine wave
on analysis having an amplitude of I X aB.

5.5.4. QOverall and dB(A) Levels

A review of available data was also made to determine the overall
noise level difference between a banging and non-banging helicopter
operating as far as possible under similar conditions. The results were
rather interesting in that, in general, the addition of blade slap
increased the OASPL (dB Lin) and dB(A) levels by only 2 to 3 dB. In
one particular case for a tandem helicopter the difference was as large
as 6 dB, but for other cases examined it was as little as 1 dB. However,
in the most significant octave band, 250 Hz for most helicopters, larger

differences were measured, with the average being of the order of 6 dB.
On a narrowband analysis, the level difference at the envelope peak
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frequency is tyﬁibélly 10 to 15 dB, although in the case of the Sycamore
it was only 2 to 3 dB. These diffeerences can be seen on Figures 5.8 -
5.10.

These general studies have clearly shown that it is not possible
to determine the severity of blade slap by considering overall noise
levels or octave plots. Even narrowband analysis can give a misleading
impression if the general level of rotational noise is high. If results
are correlated on a PNAB basis, then it is unlikely that the addition
of blade slap will even affect the results, = These aspects are discussed
further in section 5.10. -

5.5.5. Discussion of Results '
5.5.5.1. Tandem helicopters (Belvedere, V107 and CH-46A)

On the V107 and CH-46A blade slap occurs in all flight regimes
including hover, while on the Belvedere it is limited to férward flight
conditions., On the Belvedere, blade slap is usually intermittent and
of low level, except in banked turns and mild 'pull-outs' when continuous
loud slap occurs. The blade overlap on this helicopter is extremely
small and, in general, it displeys blade slap of very similar character-
istics to that of a four bladed single rotor helicopter. For all
practical purposes it would appear, therefore, that the Belvedere can

be considered as a four bladed single rotor helicopter with two isolated
rotors. Although it is not documented, the author has been given to
understand that at high forward speed the V107 acts in a simjilar manner.
This is equally understandeble since the wake at the 'front' of the rear
rotor will either go above, or be at an acute angle to, the rotor disc
at high speed, and thus not interact with the lower forward rotor.

The V107/CH-46A has a relatively large area of overlap and
produces very loud blade slap. The V167 studied at ISVR was equipped
with a longitudinal trim device that allowed the 'longitudinal cyclic'
of the rear rotor, end in effect the blade separation, to be varied.

In a steady state flight condition, including hover, the actuation of

this trim device substantially strengthened or reduced the severity.

of " blade slap. At moderate forward speeds trimming the V107 helicopter
to its most nose down condition increased blade separation and practically
eliminated blade slap. In this configuration it is suggested that the
rotors are both acting like single rotors and the interaction between

the wake of the rear and forward rotor is non-existent. This is very

similar to the high speed conditions discussed previously. Figure 5.14
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clearly illustrates the above effect on the CH-4L6A where the 'trim
settings' have been adjusted for maximum and minimum blade slap noise.
On the CH-46A, the gains which can be obtained from adjusting the trim
settings are dependent on the forward speed and at higher speeds the
reduction in blade slap is somewhat smaller. This is shown in Figure
5.9(a), which shows the 100 knot flight conditions.

A similar situation to that outlined above for the V107/CH-46A
also exists on the U.S. Army Chinook Helicopter (CH-47).

5.5.5.2. 8ingle rotor helicopters (UH-1B, UH-1D, Sycamore, Scout,
' Wessex and S.61 -

ASingle rotor helicopters can be grouped into the two categories
of 'two-bladed rotor helicopters' and 'multi-bladed' (3 or more) rotor
helicopters. These are discussed separately below.
5.5.5.2.1. Multi-bladed rotor helicopters

A Wessex helicopter was flown in its standard configuration
and blade siap was found to occur during the following flight conditions.
(a) 1low power descent » V '

(b) port and starboard banked turns of 40° or more, at 60-80 knots.

The blade slap was identical for both the port and starboard banked turns.
Intermittent blade slap was also found to occur when any sudden manoeuvre
was made and when positive or negative collective pitch was applied. As
far as could be determined, when blade slap occurred it could always be
heard simultaneously in the cabin and externally. Similar character-
istics are also associated with all the other helicopters studied, except
on the Sycamore where a more severelymbankeaéfurn was oftten necessary to
produce continuous blade slap.

5.5.5.2.2, Two bladed rotor helicopters

A flight test programme carried out for ISVR by the Bell
Helicopter Company using the UH-1B gave some interesting results.

Firstly, at low speeds (up to 100 knots) blade slap of the type associated
with the multi-bladed single rotor helicopter occurred. Thus banked
turns and low power descent produced blade slap. A test in London with

a Jet Ranger also gave similar results and very loud blade slap was
produced during descent. |

Very loud blade slap is also produced during straight and
level flight at forward speeds around 120 knots. At 90 knots there is
no indication of blade slap either internally or externally, while at
120 knots very loud blade slap is detectable externally. At this higher

speed condition, however, blade slap could not be heard in the cabin. An
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examination of recordings revealed practically identical characteristics
in the cabin at 90 (no blade slap) and 120 knots (external blade slap),
although overall noise levels were a few dB higher. Externally, the
noise showed a considerable change both in level and characteristics.
Bell researchers [91] associate this 'high speed blade slap' with the _
onset of compressibility effects on the advancing blade and the occurrence N
of local supersonic flow. The details of the noise generating mechanisms
are not known, but the Bell researchers do not think it is the blade/
vortex interaction type of noise which occurs at low speeds and during
. low power descents. A detailed examination of recordings of both blade
slap conditions has not shown any characteristic difference, but this

is not surprising since any impulsive mechanism would produce a similar
acoustic signature.

5.6. BLADE/VORTEX INTERACTION ON HELICOPTERS

Although it is easy to imagine a blade and a tip vortex interacting
it is extremely difficult to visualise the details of such an encounter
and practically impossible to describe it mathematically.

Consider in the first instance the single rotor case. It was
initially thought that the tip vortex took a considerable time after it
was shed to form into a discrete filament, and that it moved away rapidly
from the rotor plane after it had been shed. Experimental evidence has
shown that the converse is often true. The photograph (Plate 5.1) of
the Westland Westminster taken in high humidity condition shows the tip
vortex filaments as condensation trails. The vortex trailed behind the
blade in the port quarter is shown very clearly. Also shown, but much

more faintly, is the vortex trailed by the previous blade (at approxim-
ately the 300o position) which can be traced to the forward position;

it will be noted that this appears to go above the following blade.
Although the blades are not cutting any vortex filament in this particular
case, they are obviously passing very close to the vortex filament. Some
equally interesting photographs were obtained on a Séa King (British-built
Sikorsky SH-3D). Two of these photographs are reproduced in Plates 5.2
and 5.3. The helicopter was hovering in a light wind, estimated to be

10 to 15 knots, and the photographs were taken from above and to the

" side. In each case the trailing filaments pass above the following

blade before descending below the rotor disc. In the flight mode shown
the Sea King does not produce any blade slap, but the general rotor noise

is more impulsive in nature than that produced by the other Westland
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helicopters. Although other helicopters, including a Wessex 60 (partly
shown in the photographs), were flying at the same time as the Sea King,
condensation trails were not seen. To date it has not been possible to
explain this phenomenon. It was initially thought that it might be
correlated with blade ioading or ideal vortex strength but this proved
negative. The only parameter having a significant difference was the
loading per blade which was greatest for the Sea King but it is difficult
to see how this can offer an explanation. It is tentatively suggested
that the spanwise loading distribution, and hence the 'true vortex
strength' may be different on the Sea King and account for the appearance
of the vortex filament.

Smoke tests on a model two bladed rotor rig situated in the wind
tunnel at Southampton [92] showed that at the front of the disc there is
a strong upwash with the result that the tip vortex after formation rises
above the rotor disc. A typical trajectory of the cross-section of a
vortex at the 180° position (i.e. at the front of the rotor) is reproduced
in Figure 5.16. This is in general agreement with calculations and blade
pressure measurements made by Ham [93]. In addition to this upwash at
the front of the rotor considerable distortion in the flow pattern occurs
around the disc, particularly in the A5° and 315° regions. This is shown
clearly in Taréine's study [9#] of the local flow around a rotor disc and
was observed during the Southampton tests. Computations by Crimi [ 95]
and White [96] for a two bladed rotor, and by Scully [97] have all demon-
strated this trend. : j

- The investigations mentioned above also confirmed that the basic
tip vortex forms very rapidly. This is substantiated in the propeller
research by Adams [98] and the study of the flow behind an aircraft
wing by McCormick and Tangler [99].  Simons et a1 [100] concluded that
the rolling-up is completed in about the time taken to travel a distance
equivalent to one blade radius, which is in general agreement with that
foun&ﬁ}or the vortex rolling-up process on wings. Thus the tip vortex
would be practically in its final form by the time any blade vortex
interaction could occur.

Flight tests are limited, although differential blade pressure
measurements at the Bell Helicopter Company [73] have shown clearly that
rapid changes of pressure of fhe type expected if a blade/vortex inter-

action occurs are indeed present when blade slap is being produced. If

it is accepted that vortices can pass above or near the rotor disc, then




166

it is clear fhaf blade vortex interaction can occur and it is very
likely that a blade can actually cut a vortex filament. For the
practical case the situation will be more complicated than the model
tests indicate since turbulence, the helicopter fuselage and the general
non-gymmetrical nature of blade loading will cause even further distor-
tion of the flow patterns.

On & tandem rotor helicopter, particularly if the blade overlap
is large, it is easy to imagine a blade cutting a vortex filament since
one rotor will be passing through the downwash of the other. This
obviously accounts for the fact that blade slap is much more severe on
tandem rotor helicopters. The Boeing Vertol Company [83] carried out a
detailed experimental programme in which smoke was generated at the blade
tips of a tandem helicopter. This showed clearly blade vortex inter-
action and that the position at which it occurred could be computed by
using a relatively simple analytical model. It is worth noting that
although on a tandem the rear rotor is above the front rotor in hover,
the position can be reversed in farward flight due to the tilting of the
rotor dises. Thus, as shown by the Boeing Vertol report [83], the rear

rotor blades can cut the tip vortex filament shed by the front rotor
system.

The flow visualisation technique reported in reference (92) was
applied by Simons to a preliminary study of the 'tandem rotor' flow
patterns, To date this work has not been published, but a gelection of
the photographs taken are reproduced in Plate 5.4. The photographs show
clearly how the isolated tip vortex passes through the lower rotor and,
since the vortices are in the form of a continuous filament, it is obvious
that an interaction can occur under certein eonditions. The bottom
photograph illustrates the 'unwinding' of the vortex filament which

appears to take place after the interaction.

The details of any interaction are extremely complicated and estim-
ation of the actual fluctuation in load is not possible at the present
time. An insight into the problem can, however, be obtained by consider-
ing the types of idealised interactions likely on helicopters. Figure
5.17 shows some typical cases where the vortex filament is represented
by a rotating cylinder. Even an elementary study of this simplified
situation will reveal the complex nature of determining the appropriate

velocity profiles 'seen' by the blade. In practice the position will
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be further complicated since the circulation of the blade and the vortex
will affect one another and cause severe distortion of the filament when
the blade and vortex are close together. On a single rotor helicopter
the blade wiil most likely either pass close to the vortex filament,
Figure 5.17(a), or cut through the filament, Figure 5.17(b). 0On a
tandem helicopter it is more likely that one rotor will cut the vortex
filament from the other rotor as illustrated in Figure 5.17(c). Although
the details are not known it is clear that the velocity profile in the
direction of motion will be similar in each caée, and takes the form
given by the interaction of a blade and an isolated vortex with its axis
parallel to the span. The fact that large fluctuations in 1ift occur
when a blade passes close to a vortex filament are obvious, as illustrated
by Simons [101].

The 'peak' velocity amplitude encountered by the blade will be
practically independent of the type of interaction and thus noise from
any interaction, to a first approximation, will be dependent only on the
vortex size and blade parameter. The theoretical development (see '
section 5.9) is based on this assumption and thus will predict the less
favourable result, since any of the type of interaction illustrated in
Figure 5.17 will tend to reduce slightly the peak amplitude and, more
importent, the rate of change of loading.

5.7. BLADE SLAP SOURCE LOCATION - FLIGHT TESTS

_ In an attempt to locate the rotor azimuth positions when the blade
slap 'bang' occurred, a series of flightmtgsts were carried out by WHL.
The single rotor helicopters used were a.Sycamore (3 bladed rotor) and
a Wessex (4 bladed rotor).

A forward flight speed of 65 knots (approximately 110 £t/s) was
selected for fhese tests since, with the helicopters used, blade slap
could be conveniently generated at this speed. On the Wessex it was
necessary to fly in a AQ/ASO banked turn before continuous blade slap of
a relatively loud level was produced, while on the Sycamore an even
larger bank angle was required.

Simultaneous recordings of the noise in the cabin, at a known
position, and a signal from a blade azimuth merker on the rotor head
were mede on a twin track tape recorder. The recordings were subsequent-
ly played back through a UV recorder and traces of blade slap and azimuth
position obtained. Since blade slap occurs at blade passing frequency,
four and three blade slap impulses were obtained per rotor revolution for
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the Wessex and Sycamore, respectively. The rotor head orientation at

the instant the 'bang' was measured acoustically could be fixed from
these traces. To determine the blade position at the moment of blade
slap it was necessary to take into account (2) the time taken for the
impulse to reach the microphone, and (b) the blade lag relative to the
rotor hub. '

It seemed reasonable to assume that the 'bang' occurred near the
tip. Initially this was assumed to be at 0.95R (where R is the blade
tip radius) in which case the blades would have moved on the Wessex a
further 340 before the signal reached the microphone. -The blade lag
of 5° was obtained from standard flight data for the condition flown.
These angles are illustrated for the case of the Wessex in Figure 5.18,
together with the estimated position of the blades when the 'bang'
occurred. The }30 increment, equivalent to the interval between the
azimuth marker 'blip' and the recorded blade slap signal, was the average
of 10 rotor revolutions. The results were, as expected, very consistent,
and within the measuring accuracy (better than = 1%) the blade slap
impulse occurred at blade passing frequency. As obtained by the approach

~outlined above, the blade positions when the 'bang' occurred for the
Wessex and Sycamore are those shown diagrammatically in Figures 5.19(a)
and 5.20(a), respectively. Although the rotor rotation on a Sycamore is
clockwise (as viewed from above), the result has been converted to an
anti-clockwise convention for comparison with the Wessex.

The theoretical blade bang azimuth position was calculated by using
a simple rigid wake model, even though work on the wake patterns
associated with single rotors has shown that the wake shapes are likely
to be much more complex [95, 102].

The experimentally measured results were correlated with the
predicted 'bang' positions obtained by using the following approach.

When the trailing wake leaves the rotor tip it combines into a strong

'tip vortex' which moves inboard. Hover results show that the tip

vortex can quickly move into a position which is equivalent to the 0.9 R
station. In forward flight the contraction is considered to be less,

and the tip vortex is more likely to take up a position just after leaving
the blade which corresponds to 0.95 R, Limited experimental evidence to
date does, however, suggest that the contraction of the wake is greater

at the sides (90o and 2700 regions) than at the front and rear of the

rotor. Because of the lack of precise knowledge on this point, for this
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particular study predictions were made for a range of values between
0.9 R and 0.95 R.

The results for the Wessex and Sycamore are shown on Figures
5.19(b) and 5.20(b) respectively. As can be seen, the 'bang' is assumed
to occur at the position where the tip of a blade intersects the trailing
vortex wake left by the precedng blade. A comparison of the measure-
ments and predictions shown on Figures 5.19 and 5.20 show that there is
good correlation, particularly in the case of the Wessex. Even in the
case of the Sycamore the difference between the 0.9 R predicted position
and the measured position is only 120, which is surprisingly good when
all the variables in estimating the rotor blade position and the limit-
ations of the simple rigid wake model are tazken into consideration. In
this context it should be remembered that it is not possible to take
into account the fact that the helicopters were banked to obtain blade
slap. On the other hand it is well known that the vortex filament
stays in or near the rotor disc until the next blade approaches (see
section 5.6), when vortex distortion effects become significant. Thus
a simple weke approach can be expected to give at least an indication
of the blade position when the 'bang' occurs, if this is produced by the
first blade/vortex interaction.

After the above tests were performed, the Boeing Vertol Company
[83] reported an extensive blade slap flight programme carried out on a
tandem rotor helicopter. They showed clearly that the 'bang' occurs
when a blade intersects a tip vortex and that a simple rigid wake could
be used for estimating the magnitude of the bang and the blade azimuth
position at which it occurs. It is also of interest to note that these
experimental results did not in any way agree with Sikorsky findings
[105] that the 'bang' occurs on the retreating blade at the 270o position,

On the Wessex, identical results were obtained for both starboard
and port bank turns, but this aspect was not examined on the Sycamore.
5.8. TIP VORTICES '

5.8.1. Generation of Tip Vortices

Any serofoil or lifting surface produces a system of trailing
vortices as a result of the 1ift or circulation variation across the
span. This trailing sheet of free vortices, which represents a surface
of discontinuity, is unstable and cannot persist in this form. Instead
the sheet tends to roll up rapidly behind the wing to form a pair of

discrete vortex filaments. Thus the trailing wake some distance behind
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the wing or rotor blade will consist only of a root and tip vortex, in
opposite sense to each other. Since the tip vortex is very concentrated
and the root vortex very diffuse, it is usual to consider only the tip
vortex.
5.8.2. Theoretical Model

Theoretically it is very difficult to estimate the tangential

velocity of a vortex. For two-dimensional potential flow the circumfer-
ential velocity varies inversely with the radius according to the
relationship:

v, =/ 2, (5.1)
where Vt is the tangential component of induced velocity, r, is the
radius from the vortex centre and [ is the circulation.

This results in a distribution as illustrated by the 'dotted'
line in Figure 5.21, with the velocity at the centre being infinite.
In a real fluid this could not occur a.nd‘Vt would take the form shown
by the 'solid' line. In this case the velocity departs from the
potential theory value as the vortex is traversed, and reaches a maximum
before decreasing to zero at the vortex centre. This centre region is
known as the core, within which the fluid motion approaches that of a
solid body in rotation. If in fact the core is simplified to a rigid
body, then the velocity distribution in the core would take the form
indicated by the 'dashed' line in Figure 5.21, i.e.

v, = [r/2md]s, . (5.2)
wherg rp is the radius at which the motion is considered to change from
that of rigid body to potential flow (see Figure 5.21).

As already mentioned, a real fluid has a somewhat different
profile, a good approximation to which is given by Lamb's solution for
a viscous fluid [104].

v, = /2705, (1- eWeT) (5.3)
where v is the kinematic viscosity and 2 is the time (decay interval).
‘This illustrates another property of a vortex, namely that the core
diffuses with time due to viscous effects. It also follows that the
- maximum tangential velocity, Vi is dependent on the lift produced by the
blade since [ is directly related to the bound circulation on the
aerofoil and the vortex structure.

In addition to the maximum tangential velocity, another important
parameter is the core diameter. This is not a well defined dimension

since the actual velocity distribution approaches asymptotically the
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‘ potential distribution. For convenience of this work, the core
diameter has been taken as the diameter of a circle bounded by the
maximum tangential vellocity.

Since [ , the circulation can be calculated for a helicopter
blade, it is only necessary to know the core size to obtain VM and an
estimation of the velocity distribution.

Equation (5.3), Lamb's solution, defines the radial distribution
of the velocity through the vortex as a function of time. From this
it follows that the maximum velocity is at a radius given by:

r = /126Uy T) - (5.4)

Thus the maximum velocity Vy is

Vy = 0-638r/27r,/1/4vT (5.5)

These1equations suggest that the core diameter increases as a;£Unction
of 2°2, while the maximum velocity decays as a function of 2 ~2,

Simons et al [ 93] suggested a modified relaetionship for the core
radius where the time '?7'' was replaced by ( 77+ 'Zo). This implies
that at T = 0, when the vortex is assumed to leave the blade, the vortex
core is of finite size. This illustrates clearly the problem encount-
ered, namely what to consider as zero time (i.e., ZZ = 0). Since there
are indications of a well formed vortex core soon after the vortex leaves
the blade, it would appear that the time must be assumed to start from
a datum in advance of this time. Alternately a solution of the form
outlined by Simon et al [93] must be used. Thus to generalise, it
would appear that although Lamb's solution can be used to predict the
shape of the velocity distribution through an isolated vortex core and
the indications of changes in vortex structure likely with time, it cannot
be used to predict absolute values since 'zero time' cannot be defined.
Equations (5.4) and 5.5) are, therefore, not general working solutions.
For the particular case under consideration, however, the time between
the vortex leaving the blade and a likely blade vortex interaction is
fairly smell and thus, if it is assumed that change of dimensions is of
the form indicated by Lamb's solution, the change in vortex core size
and peak velocity would not be expected to be large.

5.8.3. Measurements

At the commencement of the blade slap study in 1966 a review was
made of the available data and as far as could be determined there had

been no measurements of the characteristics of tip vortices shed from
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real helicopter blades. A number of investigators had, however, made
estimations for the tip vortices shed by wings. Piercy's [105] results,
for example, indicate that the core radius is approximately 1/12 of tHe
span while Spreiter and Sacks [106] gave a core radius equivalent to0.155
times the semi-span for an elliptically loaded wing. If a helicopter

- rotor is considered to be a wing with an aspect ratio of 20, then these
results suggest a core diameter of about 3 chords (i.e. 3c)-

Although only a few investigators have actually attempted to
measure the profile of a tip vortex, their results indicate a much smaller
core. An early study by Piercy (5.42) suggested a core diameter of 0.2c,
with the maximum tangential velocity, being equivalent to an induced angle
of * 174°.  1In a study on the V107 helicopter rotor [ 107} McCormick
approximated the outer portion of the rotor blade by a wing and measured
some velocity profiles about 6 chords behind it. This gave core
diameters of the order of 0.25¢ and maximum induced angles of T 48°,

Simons, Pacifico and Jones [100] carried out some experiments
in a wind tunnel using a model helicopter rotor and measured the vortex
profile with a 'hot wire anemometer'. This gave a core diameter of the
order of O.1c (where ¢ is the blade chord) with a 4 inch chord blade.
McCormick and Tangler [99] studied the vortex sheet behind a wing of an
actual eircraft (U.S. Army Cessna L-19) and compared the results with a
one-twelfth scale semi-wing in the wind tunnel., These wind tunnel
results also suggested a core diameter of O.1c, while the fl@ght results
indicated a value of half this value. Maximum induced angle in both
cases was of the order of - 22°,

Although the 'core diameter' has a major effect on the noise
produced by any vortex/blade interaction the remainder of the vortex
cannot be neglected when estimating the noise. The information on
overall size of a tip vortex is even more limited than the details on
the vortex core dimensions given above. An examination of the available
informetion tends to suggest that the complete profile takes the form
shown in Figures 5.22 with an 'overall width' of 0.75c. Although the
'peak' amplitude, Vh, is a function of blade speed and the blade chord,

the experimental results already discussed indicate that the maximum

induced angles are of the order of & 20° as presented in the figure.
More recently Rorke and Moffitt [108] simulated full scale

vortices in a wind tunnel with the aid of wing. They showed that the tip

vortex size was a function of the (wing) lift coefficient and elapse time
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(age of vortex) and that the core dismeter at an elapse time corresponding
to a typical blade passing interval was in the order of 3/4% (0.035c) of
the blade chord. The ‘peak' velocities varied from 0.40 to 0.76 of the
free stream velocity which in terms of the induced angle notation is 22°
to 570. Thus the 'core diameter' was less than, and the 'peak velocity'
greater than, found by the other investigators mentioned above.

The only full scale helicopter rotor tests to have been carried
out appear to be those conducted at WHL and reported by Cook [109]. In
these tests a 'hot wire' anemometer was used to obtain the details of the
- vortex and flow visualization (smoke) to study the general tip vortex
paths. The tests were carried out during a noise investigation directed
b&?ﬁuthor [110] in which a single (one) bladed rotor was run in an
inverted (upside down) mode. At the rotor design thrust a 'peak’
velocity equivalent to an induced angle of 2 18° was obtained, which is
for all practical purposes identical to the data illustrated in Figure
5.22, The diameter of the.vortex core was, however, found by Cook to be
only 0.01¢c (1%) which is almost a factor of 10 times smallerﬁgﬁgﬁ;giﬁ;g
investigators. The vortex core size was independent of the 'age' of the
vortex over an azimuthal test range from 700 to 200°. When the thrust
was increased to a value where the tip was considered to be stalled, a
core radius of the order of 0.12¢ (12%) was detected. It was also
observed from this study that the rolling up process could be considered
to be complete at the first measurement position (70° of rotor rotation)
and that the total circulation in the tip vortex remained sdbstantially
constant over the age range considered. A §omparison was also made by
Cook with theory but due to the small viscous core size, and the 'fuller'
overall velocity profile which was observed, it was not possible to
correlate the experimental results with any theoretical model.

' The ‘'peak' velocity results of Cook are in keeping with those of
Simon et al [100] and McCormick and Tangler [ 99] but the 'core' is con-
siderably smaller, and even smaller than reported in reference (108).
From the available evidénce it is difficult to generalise on the size
of the tip vortex and it would appear from a general review of the
literature that the consensus is that a core diameter of the order of 10%
of the blade chord is considered reasonable. Thus it would appear that
without further evidence the characteristics indicated in Figure 5.22

can still be considered representative of a real tip vortex. In an
attempt to clarify the position relating to the size of the vortex core,
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a study of the flow visualization photographs available was made by the
author. This showed that the 'hole' of the vortex - which can be

clearly seen in Plate 5.4 for the ISVR tandem rotor rig - correlates

well with the blade chord. This is true in the case of the tandem rotor
rig with a 1.5" blade chord, the rotor used by Simons et al [100] with a
4" blade chord and the full scale rotor of Cook with a 16" blade chord.
If it is assumed that the 'hole' is a direct function of the vortex

size, then it would be expected that the 'hot wire' results of Simons et
al and Cook should have given better agreement. It could, however, be
argued that the 'hole' size is controlled by the absolute swirl velocity,
which would be higher (relatively) on a full scale rotor, or the velocity
gradient within the vortex. 1In this case no correlation between the
visual 'hole' and the core size would be expected. This type of study
and review does, however, suggest that the position relating to the size
of tip vortices is still far from clear and that further aerodynamic
studies are warranted.

5.8.4. Real Helicopter Case

As can be gauged from the discussion presented in section 5.8.3

it is not possible to define precisely the tip vortex, and it is necessary
therefore to make a number of assumptions before the real helicopter
case can be defined. From the theoretical consideration outlined in
section 5.8.2 and a general review of the aerodynamic aspects it seems
reasonable to assume that the 'peak' or meximum velocity, VM’ is directly
proportional to the vortex strength[" , i.e.

Vye<[  (the circulation strength of the vortex).

The circulation strength of a vortex, [, is equal to the
maximum bound circulation on the rotor blades. Consider the case of a
helicopter in ideal hovering conditions with constant circulation.

The‘iift on aﬁ element dr at radius r is 4L = Ypr“dr and V =wr;
thus 4L =‘pr}ordr, and hence the total 1lift for 1 blade is

R
L = | &ear =plor® (5.6)

)

Now the total 1ift is equal to the gross weight of the helicopter and
hence the total thrust: ‘ :

B.L =(AUW) = T,

where B is the number of blades. Thus the ideal vortex strength is
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given by
M = 21/7 R (5.7)
Hence from equation (5.6) (5.8)
Vyy o< TV ER

It should be remembered that the above is based on a two dimensional .
analysis for a perfect fluid containing isolated vortices.

When the blade cuts a vortex filament the blade can be considered
to pass through a cylinder of vorticity as illustrated in Figure 5.17.

In estimating the noise from any interaction it is necéssary to know the
span width affected by the vortex and the details of the 'gust length'
in the direction of blade motion. These, as shown in Figure 5.17, are
obviously functions of the width of the vortex filament, D.

The experimental work on the vortex size, already discussed,
appears to suggest that the vortex width, or more precisely the vortex
core, is a function of the blade chord. Correlation between various
experimental results is poor and it is likely that measurements of the
vortex size are given in terms of the blade chord simply because this
is a convenient method of quoting the results. The theory on the other
hand suggests that the vortex size is independent of all parameters
except viscosity and time.

It is far more likely, however, that the core size is directly
related to the span loading of the blade and in particular to the loading
near the tip [111]. If this is assumed to be correct then, since the
blade loading characteristics of the majority of helicopters are similar,
it would appear reasonable to assume (at least until further information
is available) that the span width effected by the vortex is a constant.
Since the overall vortex filament is considered to be of the same order
- a8 the blade chord, the 'gust' or vortex filament width in the direction
of blade motion can also be assumed constant for any of the isolated‘
interactions illustrated in Figure 5.17.

The difficulties of predicting vortex paths have already been
outlined. If, however, the tip vortex path just after leaving the
blade is determined by simply assuming it to follow the blade tip path
an estimation of where the interaction is likely to occur can be obtained.
There is some justification in this since relative to the skew-helical
wake configuration, the wake distortion appears to occur in the vertical
plane [94, 95, 97]. Also since any interaction is likely to be caused
by the preceding blade the distortion in the rotor disc plane can be
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expected to be minimum since the time involved is small. The author
used this approdch for predicting the blade slap in location on the
Wessex and Sycamore as discussed in section 5.7 and, as already mentioned,
the Boeing Vertol Company [83] used this approach successfully on their
tandem rotor helicopter. From this type of study it is clear that for
the majority of helicopters the interaction is likely to occur over the
outer portion of the blade. In estimating the noise the velocity of
the blade at the intersection point is required. Unless a particular
rotor configuration and flight condition is being investigated it would
appear reasonable to take the less favourable case and assume the inter-
section velocity to be the same as the blade tip velocity, VT.
5.9. THECRETICAL STUDY :
5.9.1. Blade/Vortex Interaction Model

In the theoretical development initiated as part of the M.Sc.
project [1] it was assumed that the blade passed directly through the
centre of é discrete tip vortex. The axis of the tip vortex could be

either parallel to the blade span or in the direction of rotation. It
was further assumed that as the blade passed through the tip vortex it
was subjected to a rapid change in 1lift, which in turn applied a fluct-
uating force on the surrounding air and thus generated noise. From the
aerodynamic point of view the tip vortex was simply treated as a 'gust’
with a velocity profile corresponding to that of an idealised tip vortex.
The acoustic generation was considered to be dipole in nature with the
dipole axis being in the same direction as the line of action of the
fluctuating force. Since the rotor operates at zero or very low blade
pitch angles the dipole axis was taken to be parallel to the main rotor
axis (i.e., vertical).

5.9.1.1. Blade loading

The blade loading was calculated by using an approach incorpor-
ating Kussner's function [77] which is based on the two-dimension lifting
line aerofoil theory. This is outlined in Appendix 4 and results in two
expressions, one for the lift while the blade is inside the tip vortex
(gust) and the other when the loading decays as the blade passes out of
its zone of influence.

5.9.1.2. Acoustic theories -

A simple point dipole theory was developed to compute the
acoustic spectrum of the noise generated during the passage of the blade

through the tip vortex. Use of a point source model was considered
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adequate since the blade/tip vortex interaction occurs over a relatively
small area and is effectively fixed in space.

The theory was developed for convenience in two different forms;
the first allowed the total sound energy radiated (per unit time) into
the far field to be calculated and the second enabled the 'nth harmonic'
of the sound pressure level to be derived. These were based on the
same Lighthill relationship [112] and are summarised in Appendices 5 and
6, respectively.
5.9.1.3. Accuracy of theoretical model ‘

The two extreme profile distributions for an isolated blade/tip
vortex interaction are illustrated in Figure 5.23. Figure 5.23.1(a) and
(b) shows the velocity profiles along the span and in the direction of
motion, respectively, for a blade passing through a vortex with the core
axis parallel to the span.

| Figure 5.23.2 shows similar results when the axis of the vortex
core is parallel to the direction of motion. The theory has been
developed for the case shown in Figure 5.23.1. The vortex is treated
as a gust with a velocity profile equivalent to the velocity distribution
~ that would be experienced by a blade if it passed through the centre of’
the vortex. The blade is assumed to be moving as a wing at a velocity
equal to that of the blade section at the centre of the gust.

Since it is the blade loading fluctuation in the direction of
bladevmotion which is important, the theory can also be modified to the
case illustrated in Figure 5.23.2. For this the gust is treated as two
separate gusts, one acting upwards and one downwards as shown in Figure
5.23.3, The 'power' from each of these is numerically equal and it is,
therefore, only necessary to calculate it for one of these and modify
the solution to give the total power. If it is assumed that the two
parts of the gust act as separate and isolated dipole sources then there
is no cancellation effect and the total power is just double that for
one part of the gust. It has been shown by Morfey [113] by considering
two point dipoles that the ratio of the total power, Wz, to the power
in the far field for the single dipole, W1 » takes the following form:

Wy/Wy =2 [1 435 Cos kn/(kn)2-3 sin ky/(xn)3 | (5.9)
where h is the separation of the point dipoles, k = 2¥f/c, and f is
the frequency (c, is the speed of sound).

WZ/W1 versus 'kh' is shown in Figure 5.24 and it follows that
as kh 0 W/, = (kh)%/5; (5.10)
as kh-» oo,Wz/W1-> 2 (isolated dipole case) (5.11)
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It also follows that if details of the interaction are known,
the total powér can be easily found. It would also be necessary to
modify the equations developed for the case shown in Figure 5.23.1, to
take account of the different spanwise loading: this effect is, however,
small and can for all practical purposes be neglected. As discussed
in section 5.6 the 'peak amplitude' and the rate of change of the
‘velocity' profile will be approximately the same for both the cases
illustrated. Thus power and energy predictions will be equally applic-
able to.either type of interaction, within the accuracy limits already
outlined. B

Although the treatment of the source as two separate dipoles
is not exact, the theory based on two point dipoles can be used to give
an estimate of the accuracy of the approach. If it is assumed that
(1) the extremes of the vortex core diameter are the dipole centres
(i.e., h = core diameter); (2) the core diameter is in the order of 0.2
of the blade chord, c, (see section 5.6 on experimental resul%s) and
(3) the typical frequency of the sound is given by f = V where V/ = flow
speed relative to blade, then

= 27 fh/c, = 2WMh/c (M = V/c,, Mach number of blade)
and taking a typical Mach number of 0.75 at the blade tip gives kh = 1.2 |
in which case Wz/W1 is approximately 0.3 as shown in Figure 5.24. Thus
the final solution obtained by using the acoustic theories outlined in
section 5.9.1.2 could be up to the order of 8 dB above the exact solution.
5.9.2. Calculation of Blade Slap 'Power' and 'Energy'
5.9.2.1. Rating blade slap

Although the loudness of:single impulsive sound such agfsonic
boom’ has’ been evaluated [114, 115] there is practically no information

available on estimating the loudness of repeating impulses, except in

connection with recommendations for damage risk criteria [116, 117].

For the single impulse, the loudness is determined by considering the
sound energy in the impulse and applying appropriate weighting functions.
" For continuous sounds it is more usual to work in terms of the source
power since this is directly related to the loudness and sound pressure
level measwrements. At the present time it is not clear which method

of evaluation is best suited in estimating the loudness of repetitive type
of noises like blade slap. Before new material becomes available,
however, it would appear that the evaluation of the power of the impulse

is the most applicable [118] but since it is not definite both forms are

given in the followihg theoretical development.
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5.9.2.2. Acoustic model
It has been shown that when a blade is subjected to a fluct-
uating load Ls per unit span, the total sound energy per unit time

radiated into the far fieldzis given by
2
W, = 1/12%’/0 cd [bl.%t} (5_ ﬁ) (5.12)

where (ro - r1) is the span width subjected to the disturbance. This
derivation (which is reproduced in Appendix 5) assumes that both the
blade chord and the region affected by the fluctuating load are small
compared with the acoustic wavelength. .

It was also assumed in developing equation (5:12) that the blade
loading is constant over the span width (r° -rq). A more representative
spanwise loading for the type of blade/gust interaction under consider-

ation is illustrated below: ]

g

Y ’
~ |

Y !
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A good approximation to this is a half sine wave. If this is used then

equation (5.12) is modified to

¥, =1/37% c3 [ (1~ ) (5.13)

In the original blade slap study'[1] a frequency analysis of. the measured
sound was made in terms of the blade passing frequency as fundamental,

and for this reason the subsequent theory was developed in terms of
harmonics of this frequency. This form does not, however, lend itself
readily to working relationships for use with real helicopters. The
following theory therefore treats the blade loading impulse as an isoiated
event; the total radiated energy from each impulse or 'bang' will be
given, rather than the average power over a complete blade passing cycle.
Work on impulsive noise and the subjective assessment of blade slap on
actual helicopters also seems to suggest that this anproach is more
appropriate for loudness prediction.

Equation (5.13) can be used to calculate the acoustic powver or
energy radiated from the blade following é'single gust or impulse. This
simply involves an integration over the duration of the impulse, and
leads to the following expressions for 'bang power', WB, and 'bang

energy’, EB’ respectively.
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2
2
Wy = (ro-r1) . (I . 3I's dt (5.14)
3 7,3/,003 bang duration ot
ang

E (r ~r1)2 ' 3L 2 . .

B = o3 s - _3% dt since E; = (bang duration) x Wy (5.15)
37,‘/"‘:0 bang

5.9.2.3.. Blade loading

To calculate WB and EB accurately it would, of course, be

necessary to know the variation of blade loading as it passes through or
over the tip vortex filament. Thus an exact gust velocity profile in
the direction of blade motion would be required. The time history of
the blade loading is very important, since WB and EB are dependent on
the rate of change of loading and not just the amplitude. The spanwise
distribution normal to the direction of motion is not so important,
although for an absolute estimate of noise it would be needed.

A study of the tip vortex paths associated with even & simple
rotor system shows that it is practically impossible to estimate the
gust profile experienced by the blade: this is discussed in section 5.6.
It is therefore impossible at the present time to develop the theory in
terms of absolute values for an actual helicopter.:

It is possible, however, by considering an ideal blade/vortex
interaction and making various simplifications, to obtain a relationship
which shows both the important parameters for an actual helicopter, and
indicates the severity of blade slap likely on any helicopter.

When blade/vortex interaction occurs, the blade effectively
passes through a gust of known dimensions. The resulting lift can be
calculated using the method outlined in Appendix 4. It is convenient
to represent the gust as a series of harmonics based on the gust width
as the fundamental length.

When this approach is used, the loading is obtained in the form
of two separate expressions, one when the blade is experiencing the gust
(equation 5.16) and the other when the loading decays as the blade passes
out of its effect (equation 5.17):

L = %ﬁVcaOWm [ : 0.065.2 ( sin(kmsqﬁf)+e-0°13ﬁ ¥n )
V¥ +(0.13) V' 12 4(0.13)2
m
+ _ 0.5 ( sin (km&-7)+e-i _'km ,) . (5.16)
K21 N K° 41

m m
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‘ -0.13s
Lm = %},Vcaowm 0.065e <e0.13x. sin (kmx -ﬂ‘) + X )

Vi _+(0.1 3)2

\ /k2m+(01 3)2

+ 0.59's (ex sin(kmx—y)-r km ) . (5.17)

/. 2 2
k m+1 k m+1

In the above relationships, m = harmonic order of gust,Akm =
27b m/Y, s = non-dimensional distance measured from beginning of gust
given by s = d/b where d is actual distance, b = half chord = ¢/2, Y =
total length of gust, x = non-dimension length of gust = Y/b, V= tan-1km
and # = tan"'k_f0.13.

These expressions could be evaluated numerically for each case.
The effort involved is not, however, justified unless the details of the
gust profiles are accurately known. As already discussed this is not
the case, and it is more useful to obtain a simplified solution which
gives an estimate of WB in terms of overall features of the gust.

Since the harmonics of a typical tip vortex profile as shown
in Figure 5.25.1 fall off rapidly (Figure 5.25.2) itvis not necessary to
consider more than, say, the first three harmonics. The total loading
(based on the first three gust harmonics) is shown by the continuous line
in Figure 5.26, If the calculation is limited to the first harmonic
alone, then the blade loading shown by the broken line on Figure 5.26
is obtained. The two curves are very similar in shape, suggésting that
it is the first harmonic that largely determines the shape of the
loading curve. It should be noted that the blade loading equations
depend on the rate of change of loading (3L/3t) and the shape is important
as well as the amplitude.

Thus a good estimate of Wy and Ep can be expected if the calcul-
ation is based on the first harmonic (i.e., m = 1). It will be noted
that the blade loading equation is made up of two terms, with an amplitude
ratio of approximately 1:8. These two terms are shown on Figure 5.27.
The smaller term is of a similar shape to‘the larger, with the result
that although it affects the amplitude it has very little effect on the
shape. Since this term is small compared with the other it seems
reasonable to neglect it, in which case the loading is given by a much
simplified equation.

It is still theoretically necessary to harmonically analyze the

velocity profile of the gust. If, however, the calculation is made by
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using the peek amplitude W instead of W1, then the resulting loading is
increased in amplitude and now approximates closely the overall amplitude,
as well as the shape, originally obtained by using the first three
harmonics, This is, of course, due to the fact that the idealised tip
vortex or gust profile approximates a sine wave and that the ratio of

its width to the blade chord approaches unity. The agreement is shown
in Figure 5.28, which compares the loading based on the first three
harmonics (continuous line) with that obtained for only the first harmonic
(m = 1) when W1 is taken as the peak amplitude W and the first term is
omitted as described above (broken line). -

Since it is the rate of change of loading which is important,
the mein contribution to the 'bang' power and energy is expected to come
while the blade leading edge is within the tip vortex (equation (5.16))
rather than from the exponential decay of loading after the leading edge
emerges from the tip vortex (equation (5.17)). Part of equation (5.16)
has been discarded already; the remaining terms of the sine term and an
exponential term are compared in Figure 5.29.

if the exponential decay term can be neglected, the loading is
given by the following simplified relationship:

I’s = iPVcWao".. 10 k12+1 +8in (k1s-y) . 0<s<¢x (5.18)

This is valid, within the limits already outlined, provided the width

of the tip vortex is of the same order as the blade chord. It may

appear that the simplifications made to obtain this equatioﬁ are extremely
severe. To obtain an indication of the difference between the exact
solution (based on the first three harmonics of the gust) and equation
(5.18), the time variation of (dL/3t) has been computed by using both
methods. The results are compared in Figure 5.30, and from this it can
be seen that the 'peak levels' are under-estimated by a factor of 2.
5.9.2.4. WB and EB - general relationships

Wy and Ep depend on the time integrals of the 'squares of the
curves' given in Figure 5.30; this has been computed and shows that the
value calculated by using the exact solutions is 1.7 times as great as
that given by the simplified solution. The comparison is illustrated
in Figure 5.31.

Differentiation of equation (5.18) with respect to t = cs/2V,

and squaring, gives

> .
[_3_1‘_5_] :;‘;-»aozfzv"wz N . cosz(k1s -”) . (5.19)

3t
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This expression is to be integrated over the duration of the impulse,
which in the present approximation is from k,s = O to 2.  Approximating
k12/(k12+1) by 1 (on the grounds that Y2c¢, so k,= 7 ) leads to the
result ) ,
, oLl at= %ao‘?/ozYV}wz (5.20)
ot
bang

Substitution in equations (5.14) and (5.15) give the bang power and
energy as

Wy = 8, /2 W VA (x, - 7)° S (5.21)
Ep = a°2/247f3c°;DYV3W2 (ro - r‘l)2 (5.22)

5.9.,2,5. 'Bang' power and energy in terms of helicopter parameters.
(r, - r1) is the span length subjected to the idealised tip
vortex, or in the case of a real helicopter the blade length affected by

the tip vortex filament. This is discussed in section 5.8.4 and it
would appear reasonable to assume that (ro - r1) is a constant,
The study of possible tip vortex paths has already shown that
blade/vortex interaction is most likely to occur near the blade tip.
Thus V can be replaced in the above equations by the blade tip velocity V.
It has also been shown in section 5.8 that although an exact
solution for the maximum tangential velocity of a tip vortex is not
possible VM is connected to the parameters of a helicopter By the follow-

ing proportionality

Vy o Q/VTBR (equation 5.8)

In this particular application W g VM and hence
Wy o< V,°1°/B%R%, (5.23)
Ey o YV 1°/8R°. (5.24)

Since it was assumed in the derivation of the blade loading
that the 'gust length' is of the same order as the blade chord and since
any blade/vortex interaction is likely to be & function of a blade chord

(section 5.6), Y in equation (5.24) can be replaced by ¢, whence

Eg °<VTT20/B2R2. (5.25)
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5.9.2.6. Blade slap factor .
Equations (5.23) and (5.25) which give the 'bang power' and
'bang energy', respectively, can be used to compare the relative levels

of blade slap likely from any helicopter. For convenience these
equations have been termed the Blade Slap Factors and are referred to
as BSF(P) and BSF(E) for the estimation based on power and energy

respectively
BSF(P) = (VTT/RB)Z; BSF(E) = (T/BR).ZcVT (5.26)
or in terms of the disc loading, w,

BSF(P) = (vaR/B)z; BSF(E) = (wR/B)?ch (5.27)

The above equation can be used to illustrate the most important
parameter on an actual helicopter. Consider in the first instance one
particular helicopter; then c, R and B will be fixed, in which case

2,2 2

BSF(P)o(VT T° ; BSF(E) o vTT . (5.28)

If now the 'pitch' is assumed constant, it follows that the vortex size
or strength is directly proportional to the velocity of the blade, hence

Te(VTz and

BSF(P) o< Vp® ;  BSF(E) o< Vg | (5.29)

This is on the assumption, of course, that all other conditions and para-
meters are constant and is the typical law for the dipole type of radiation.
Consider next the case when the tip velocity is fixed; the
thrust is to a first order proportional to the pitch angle,@, and thus
BSF(P) and BSF(E) =02 (5.30)
5.10 BLADE SLAP ASSESSMENT.
5.10.1. Programme
Blade slap is characterised by its sharp impulse, which repeats
typically at a blade passing frequency which varies between 10 Hz and
25 Hz depending on the helicopter design. It is heard as a series of
'bangs' at a fixed repetition rate and in the extreme case sounds very
similar to rapid gun fire. Blade slap readily draws attention to the
helicopter and it was fairly clear even in the initial studies that the
subjective impression was underrated by conventional rating methods
which were normally made in terms of either dB(4A) or PNAB measurements.
As a part of the blade slap investigation a number of individual studies
into aspects related to the subjective assessment were made. These

ranged from a theoretical determination of the effect of impulse shape
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and duration on loudness to an .examination of the problems of measuring
impulsive signals with conventional instrumentation. These experiments
are reported in this section and although they are treated as separate
entities they were carried out in order that the overall impact of blade
slap could be assessed. A vital part of this study included the
(electrical) simulation of blade slap without which many of the more
detailed studies would not have been possible.

5.10.2. Loudness/Annoyance of a 'Banging' and 'Non Banging' Helicopter

In order to gain information on the subjective effects of blade
slap a limited series of tests were carried out at ISVR. For this study
it was assumed that the data supplied by some helicopter manufacturers
was a true representation of the blade slap *bang’.

The main object of this study was to determine the increase in
loudness and annoyance associated with the occurrence of blade slap on a
helicopter.

A small jury of trained listeners was asked to compare the
loudness of a 'banging' and 'non-banging' helicopter (as recorded out of
doors) in the following environments: (a) in the open, well away from
walls, (b) in a semi-reverberant room, equivalent to a large well-
furnished lounge, and (c) in a small reverberant office (size 12 ft x
9 £t x 10 ft high). The measured difference between the 'banging' and
'non-banging' helicopter was 5 to 6 dB(A).

In the above tests the 'banging' helicopter sounded louder than
the 'non-banging' one by 6 dB(A), 7 dB(A) and 8 aB(A) in locations (a), (b)
and (c) respectively.

In the second part of the experiment to determine the annoyance,
light music was played simultaneously with the helicopter recordings.

The tests were carried out in a semi-reverberant room (location (b)) with
the music at a level of 77 dB(A) and the helicopter recordings set init-
ially at a level of 63 dB(A): i.e., 14 dB(A) below that of the music. In
the light of a previous survey the levels chosen far these tests were
considered to be representative of the noise levels experienced in a

house near, or under, helicopter flight paths. A jury and individuals
were asked to adjust the 'non-banging' helicopter to a level where it

was, relative to the music, equally as annoying as the ‘'banging' recording.

On average, the 'non-banging' case was adjusted to a level 6 dB(A) above

that of the 'banging' case for equal annoyance. There was a large

variation in results with one person stating that the 'banging' case
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was not at all distracting, while another rated the difference at 14 dB(A).
60% were, however, in the range 4-8 dB(A). It is of interest to note that
this type of variation in results is usual when judgements depend on
‘individual interpretation of annoyance.

The results indicated that the 'banging' helicopter would have
to be four times as far away as the 'non-banging' helicopter, in order
to sound equally annoying. This corresponds to a 12 dB reduction in
level, 5-6 @B to equaliﬁe the dB(A) ratings and a further 6 dB as indicated
by the annoyance experiment. '
5.10.3. Effect of Impulse Shape and Duration on Loudness

In developing the BSF's in section 5.9.2.5, a generalised form

of the blade loading curve was used and it was shown that (1) in terms

of the ‘power' and ‘energy' of the impulse sound only the first harmonic
of the gust (a single sine wave) was important; and (2) the amplitude W,
of the first harmonic could be taken as equivalent to the pesk amplitude W
of the gust velocity. This approach resulted in the approximate solution
for the BSF being of the order of 1.7 less than that which would be
obtained by using the exact solution (see Figure 5.31). The form of the
exact (curve B) and the approximate (curve A) impulses is shown in Figure
5.32. 'The points used in the computation, described in the following
sections, are indicated on the figure by an 'x'.

At the time of this particular investigation, and to the author's
knowledge even at the present time, it is not possible to calculate the
loudness of a series of impulses. Thus the study was limited to estim~
ating the loudness associated with a single blade slap impulse. It was
considered, however, that the general trends of the single impulse are
equally applicable to the repetitive impulse case and thus worth invest-
igating.

- The time scale for the impulse was chosen such that it was
typical of blade slap, with the total pulse duration (3 time units of
the time scale shown on Figure 5.32) being equal to 2.4 ms. The loud-
ness in terms of Phons was computed for the case when (a) amplitude scale
of curve B E~amplitude scale of curve A and (b) amplitude scale of curve
B = 2 x amplitude scale of curve A.

In the prediction process, described in reference (115), it is
necessary to fix the amplitude of the impulse in absolute units. A
100 4B level (phon curve) was used: this level was chosen as being

representative of the levels experienced by personnel in the vicinity
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of heiicopters producing blade slap. The results were as follows:

Loudness (Aﬁﬁfox. Impulse; curve A) Loudness (Exact Impulse; curve B)
Condition (a) 108 Phon 104 Phon
Condition (b) 108 Phon 109 Phon

The results for condition (b) correspond very closely to the
results of the method used in the derivation of the BSF. From this it
can be seen that the simplified approach gives a solution very close to
the exact value. It is also of interest to note that this agrees well
with the simple energy correlation discussed in section_5.9.2.3.

The second part of this study involved using the exact solution
and determining the effect of pulse duration on the loudness. A range
of pulse durations from 0.9 ms to 6 ms were used and the results are
summarised on Figure 5.33. It will be observed that as the pulse
duration is initially increased there is an increase in loudness. When
‘the pulse duration exceeds the order of 3 ms, however, the loudness
becomes practically independent of pulse duration.

A study of the time histories associated with blade slap revealed
that'typical bang durations vary from 3 to 6 ms. It would be reasonable
to assume, therefore, that for all practical purposes the loudness is
independent of the type (pulse duration) of the impulse.

If, however, the slap duration is dependent on the blade chord,
as suggested by the BSF(E)—impulse energy approach, there may be some
advantages in having small chord rotor blades. ‘

5.10.4. Electrical Simulation .

It was difficult to conduct detailed investigations by using the

available helicopters and model rig recordings and it was decided there-
fore to simulate 'blade slap' electrically. It had already been shown
that for a wide range of helicopters the main energy of the blade slap
pulse lay in the frequency range 200 to 300 Hz. (see section 5.5.3, Table
5.1). A number of the available 'blade slap' recordings were exemined
in detail, with particular reference being given to the recordings
obtained when using a Wessex since these contained both 'blade slap' and
'non-blade slap' conditions. From this study of the data it was evident
that the 'blade slap impulse' for the Wessex could be represented by a
single sine wave of 200 Hz (0.005 s.duration) pulsed at a repetitive rate
of 15 per second (0.065 s.duration) which corresponds to the 'blade
passing frequency'. The review of the other recordings indicated that
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this approach could be applied to any helicopter, although in some cases
a slightly moré,complex 'impulse' would be required. Even so, the
difference betﬁ%en use of a single sine wave and the 'true impulse' would
be expected to be small.

The electrical signal of the form indicated was obtained by use
of a specially designed ‘'gating device' which enabled sine waves of any
frequency from 100 to 500 Hz to be generated at repetition rates from 10
to 30 Hz.

The simulated 'blade slap' impulse was superimposed on to a cabin
noise recording of a Wessex helicopter operating without blade slap.
Standard instrumentation was used for this and the system was set up so
that the relative level of the 'blade slap' impulse and the reference
helicopter (Wessex) recording could be varied at will. The Wessex
recordiné selected for use as the 'reference' was 'broadbandish' in
character and contained no noticeable levels of impulsive main rotor
noise, tail rotor noise, gear noise or engine noise. Consideration was
given to the use of a 'white noise' and a 'weighted white noise' but when
combined with the simulated blade impulse the final signal did not have
the physical or subjective characteristics of a real helicopter.

For analysis purposes the combined signals were recorded on tape
and one point of interest which emerged during this investigation was
that it is impossible to record a single 200 Hz sine wave repeated at a
typical blade passing interval on to a Nagra (direct record) tape recorder
without obtaining severe distortion. The distortion was, in fact, so bad
that on an oscilloscope the signal was unrecognizable. This is a signif-
icant factor since Nagra tape recorders are commonly used to record blade
slap. The situation in practice is, however, unlikely to be quite as
serious since the 'bang' impulse is added to an already existing noise
signal which contains similar frequencies. This problem was overcome
during this experiment by use of an FM (Lockheed) Tape Recorder.

The validity of the approach was checked by comparing the 'simul-
ated blade slap' signal with recordings made of the Wessex during a ‘'bank

turn' manoeuvre when it generates continuous blade slap. A subjective

evaluation by a small jury indicated good agreement and as can be seen
from Figure 5.34 the 'simulated blade slap' gave a narrowband spectrum
very similer to that for the real blade slap case. Also shown on the
figure for reference is the analysis of the basic cabin noise and the

impulse.
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At a later stage during the study the simulated signal was
adjusted to give the'characteristics-associated with the Boeing Vertol
Chinook. For this a single sine wave of 250 Hz and repetition frequency
of 14 Hz was used and since it is impossible to obtain a ‘'non banging'
recording, a 'nose on' Wessex external noise recording was used as the
reference. This recording was selected since it had the same general
characteristics as the 'cabin noise condition', but the gear (transmission)
noise was non-existent. Subjectively this recording sounded more rep-
resentative of a real helicopter since the 'swishing'/blade passing effect
of the helicopter could be detected. Subjective evaluation at ISVR which
was later repeated at WHL, and more recently at NPL, confirmed that blade
slap on the Chinook could be successfully simulated by using this method.

The approach outlined above was subsequently used for a number
of investigations,and although initially the cabin noise Wessex record-
ing was ‘used as the 'reference signal' this was subsequently replaced by
the external Wessex 'nose on' noise condition recorded 200 £t directly in
front of the helicopter when hovering at 40 ft ground/rotor clearance.

If the traces presented in Figure 5.34 are examined in detail it
will be observed that, although as mentioned previously they show general
agreement, there are some differences. The simulated blade analysis
(trace C) contains more high level hsrmonics in the region 120 to 160 Hz
than the real blade slap analysis (trace B). This cannot be accounted
for in detail, but it is considered that the dip in the spectrum of the
real helicopter recording is most likely due to signal cancellation at
the microphone.

5.10.5. Subjective/Analysis Detection

Since it was fairly clear from the initial subjective evaluations

that the impact of 'blade slap' was underrated by conventional analysis
methods, it was considered essential to determine if 'blade slap' could
be detected on narrowband analysis when it was audible. A simple exper-
iment was, therefore, performed using the simulated blade slap signal
based on the Wessex cabin noise recording.

A-small jury of six individuals (4 familiar with helicopter
noise) listened to the recordings via a high quality headset and adjusted
the level of the simulated 'impulse' (which could be varied relative to
the fixed level of the reference signal) so that it was Just audible above
the Wessex cabin noise. The variation between the individuals was

surprisingly small (3 @B in terms of the 'peak' levels) and thus there
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was general agreement on the level of the impulses when it could be just
heard. Time history analysis (using an Ultra Violet Recorder) and
narrowband analysis were performed on the signal at this setting and
similar analysis was made for the setting when the impulse could not be
heard and when it subjectively dominated the signal. The results are
reproduced in Figure 5.35 (time history traces) and Figure 5.36 (narrow-
band results). As will be observed when 'just audible' the blade slap
could be detected on the narrowband analysis and seen on the time history.
If a recording of a helicopter with basically more impulsive character-
isticé had been used and the mid frequghqy region had been composed of
discrete frequency components, it is possible that detection of the 'just
audible' condition may have been more difficult. Even so this small
study reconfirmed that 'blade slap' could be simulated with relative ease
and when it ogcurred it was capable of being detected by narrowband
analysis, '
5.10.6. Bvaluation of the Relative Merits of Digital and Analogue Analysis
The simulated blade slap signals were also used to evaluate the
relative merits of digital and analogue analysis. This study was consid-
ered necessary since doubt was expressed on the appropriateness of the
analysis performed on the Spectral Dynamics Analogue Analyzer System des-
cribed in section 2.2, although this type of analysis was being used by
the majority of the helicopter manufacturers and investigators at that

time.

The isolated impulse and simulated blade slap (helicopter noise
+ impulse) were analyzed on the Spectral Dynamics System and the ISVR Data
Analysis Centre 'digital' analyzer which was based on a Myriad Computer.
The frequency components of the impulse were also calculated by using
basic Fourier analysis. Since the latter is of interest from the point
of view of deriving the level of the 'maximum harmonic' relative to the
peak level of the impulsive and the frequency of the ‘'maximum harmonic'
this derivation is reproduced in Appendix 7.

The analogue analysis is shown in.Figure 5.34 (bottom trace) and the
digital result in Figure 5.37. With regard to this latter figure it will
be noted that the 'base' noise on the taps recorder (as illustrated in
the upper part of Figure 5.37) had a significant effect on the higher
frequency components. The input was subsequently 'cleaned up' by making
the digital input zero except in the region of the impulse and this

resulted in, of course, a true representation of the mathematical solution
being obtained.
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From a comparison of the mathematical solution (dashed line on
bottom trace of Figure 5.34) with the analogue analysis, it was evident
that inherent errors are associated with the analogue approach. The
accuracy decreased above 200 Hz although significant errors (greater than
1/2 dB) only occur above 400 Hz. These findings agree well with those
of Quinn and Thomas [119] who discuss in detail the various parameters
most likely to produce such errors. Even so from a general practical
point of view analogue analysis can be considered adequate since errors
in the main range of interest (100 to 300 Hz) are less than 2 dB and '
above 300 Hz the signal on a real helicopter and/or rotér is dominated
by noise from other sources.

Ag indicated in figure 5.34 (bottom trace) the difference between
the 'peak' of the impulse and the rms SPL of the maximum harmonic is 22
dB. This is representative of real blade slap and must be taken into
account when recording/analyzing blade slap signals. Also as indicated
in Appendix 7, although as & rough guide the maximum harmonic can be con-
sidered to occur at the same frequency as that of the 'impulse sine wave'
(200 Hz which in this case corresponds with the 13th harmonic since the
blade passing interval is equivalent to 15 Hz) this is not the case since
it occurs at a slightly lower frequency (165 Hz, 11th harmonic).

5.10.7. Rating of Blade Slap ,

Rotor noise, and hence helicopter noise, is essentially impulsive
in nature and measurements indicate that the crest factor (peak-to-overall
rms) level is typically 10 to 15 dB. On a helicopter.subjected'to severe
blade slap, however, this value can exceed 25 dB. Helicopter noise is
normally rated in terms of either the perceived noise level (PNL) or
the dB(A) value. The former is based on the method developed for air-

craft and is used extensively within the aircraft industry. When
comparing helicopter noise with traffic and/or community noise levels it

is more usual to adopt the dB(A) unit. There is a fairly well established
relationship between these two units for helicopters, as for many other
noise sources, and hence there appears little to choose between the PNL

and dB(A) methods for general use. The FPNL is, however, slightly more
sensitive to changes in spectrum shape and the recently introduced

effective perceived noise levels (EPNL) method allows 'tone' and 'duration'
correction to be applied. The general trends obtained from PNL (PNdB)
analysis would, however, be similar to those from the EPNL concept.
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The problem of rating helicopter noise can be best illustratéd
by reference to Figure 5.38 which shows oscillograms of two noise signais
adjusted such that when measured in terms of dB(A)-rms SLOW - they give
the same value. On a PNL (PNdB) analysis the 'banging' noise is about
1.8 FNdB higher than the non-banging Wessex noise and a study of the %
octave band spectra suggests that this is largely a result of the higher
frequency components associated with the engine. It is obvious from
these time histories that they will sound very different.

In order to assess in greater depth the rating problem a small
programme was formulated in which 'simulated blade slap” signals were
used. The aim was to establish the influence of the magnitude of the
impulse and relative merits of using rms SLOW, rms FAST and IMPULSE.

The possibility of using the 'peak' % octave band level was also evaluated.
For this study the simulated blade slap recordings described in section
5.10.4 were used. The range of test conditions is illustrated in Figure
5.39 for the impulse plus the Wessex external hover noise recording. The
'peak’ levels were used as a reference and as indicated the 'impulse level'
covered the range (relative to the typical peek of the real helicopter
noise) from -5 4B to +20 dB. A similar set of recordings were developed
by using a Wessex internal noise recording as a reference.

The narrowband analysis results for the conditions illustrated
in Figure 5.39 are shown in Figure 5.40. It will be observed that for
the impulse of 45 dB and above all the analyses exhibit the ¢lassic blade
slap appearance with well defined blade passing harmonics in the 100 to
300 Hz frequency range.

Standard analysis was performed on the complete range of record-
ings using rms SLOW, rms FAST and IMPULSE detectors. The % octave band
spectra for the 'Wessex (external noise) + impulse' derived using rms
SLOW are illustrated in Figure 5.41. The PNL values were calculated from
§ octave band data and the results are illustrated for the complete range
of signals in Figure 5.42. Similer analysis was performed in terms of
dB(A) and the results are illustrated in Figure 5.43.

The result shows that although use of rms SLOW, rms FAST and
IMPULSE give different absolute levels the trends are for all practical
purposés identical. It follows that there is no advantage in using
IMPULSE in place of rms SLOW. This is understandable if meter character-
istics are taken into consideration since, although IMPULSE has a rise
time constant of 35 ms compared to 500 ms for rms SLOW, the time constant
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of the detector circuit is relatively long when compared to the 5 ms
duration of the impulse. These aspects have been studied further at
WHL [120, 121] « It also followed that all the methods were inadequate
for rating blade slap since the subjective difference was considered to
be more in the order of 10 to 12 dB over the range of test conditions.

In an attempt to see if any better agreement with the expected
trend could be obtained if the 'peak' which occurs in the § octave band
was used in place of the rms value, a simple experimental study was
performed. The ¥ octave band 'peak' values were only used if, after
inspection on an oscilloscope, they showed clear evidenge of the repetitive
impulsive signal. When this was not the case the standard rms SLOW ¥
octave band value was used. It was also considered that rather than the
absolute 'peak', the rms of the peak should be used; this was obtained
by simply subtracting 3 dB from the 'peak' value determined from an oscill-
oscope trace. The results obtained by using this approach are illustrated
in terms of the PNL values, together with the standard results obtained
from rms SLOW levels, in Figure 5.44. It will be noted that, relative
to the standard rms slow analysis, this gave a higher value for the higher
impulsive signals. Foar the 'impulse +20 dB' the increase was 5 @B which
was only just below the value expected if it was to give a good measure
of impulsive noise. This meéthod is, however, so complex since it
requires knowledge of the basic non-impulsive noise before a decision can
be made on whether to use the 'pesk value - 3 dB' or the straightforward
rms SLOW value. Also there is no scientific justification in using this
approach since the PNL concept applies to 5 octave band rms type analysis.
It was, however, the view of the author that the 'crest factor' correlated
falrly well with the subjective impression of such signals.

This work also highlighted another problem area since the very
impulsive signals tended to 'ring' the filter and instead of the sine
wave which was applied at the input, a multiple impulse (of 4 to 6 sine
waves) was obtained at the output. This investigation also suggested
that rather than attempt a correction based on such detailed analysis, a
better approach to consider would be the use of a 'crest factor' based
on a 'wide pass band' or dB(A) filter. Such an approach was subsequently
eveluated at WHL for rating 'blade slap' [122].

Another problem, which came to light during the initial part of
these studies, was that if the 'AC output' of a B & K Microphone Amplifier
and B & K Level Recorder combination is used for the measurement of
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impulsive signals then significant errors (up to 5 to 6 dB) will result
in the measured value of the equipment as set up according to the ISO

recommended value for rms SLOW [123]. This is due to the poor and non-

linear response of the Level Recorder and has been confirmed by a number
of other bodies including NPL. During the course of the time of this
investigation this has, however, given rise to problems, since before it
was recognised, a '12 dB correction' was considered necessary for a signal
with a high level of blade slap. This value was a result of a '6 dB
subjective correction' and another 6 4B arising from the fact that
measured results were analyzed on a B & K Level Recorde#. This diffic-
ulty can be overcome by taking meter readings (as was adopted for the
investigations at ISVR reported in section 5.10.2) or by using a B & K
Amplifier with a 'DC output' and fitting the level recorder with a DC
potentiometer.,

5.11. BLADE SLAP CRITERIA

5.11.1. Blade Slap Factors

The blade slap theory was developed on the assumption that the
blade chord and spanwidth effect of the vortex were small, The BSF
(outlined in section 5.9.2.6) is therefore more likely to be applicable
to helicopters with relatively small chord blades. For large chord
blades it would be necessary to treat the source as an array of dipoles
and obtain the overall effect by a summation process. Although this
would be relatively simple, it does not appear justified since the details
of blade/vortex intersection likely on any helicopter are so vague.

A comparison between the subjective assessments and the values
of BSF(P) and BSF(E) calculated for a range of helicopter is given in
Table 5.2 and shown in Figures 5.45 and 5.46 respectively. The BSF has
been plotted on a log scale, which is, of course, equivalent to using a
dB scale. In addition to the helicopters referred to in section 5.5 the
values for the Sikorsky S65 and Milhail (USSR) ‘Mil 10 are shown. It
will be observed that there is fairly good correlation between the BSPF's
and the subjective observation, particularl& for the power solution
(BSF(P), Figure 5.45).

The values for the Mil 10 are extremely large, while observations
of the helicopter suggest it is very quiet and without blade slap [12&3.
At the time of this assessment of the Mil 10 the gross weight was only
85000 1bs in which case the BSF(P) and BSF(E) are reduced to 4540 x 107
and 20.8 x 10’ respectively. These are, however, still well above those
of the other helicopters considered.
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Information on the 865 is sparse, but there are indications that
blade slap is not a significant problem on this helicopter, even although
the value of the BSP is relatively large.

As already mentioned the theory is not really suited to helicop-
ters with large chord blades. The chord width of the Mil 10 is very
large (39 inches) which could account for the fact that the BSF does not
appear to agree with the subjective assessment in this case. The chord
of the 365 blade is also relatively large (26 inches), but this is only
slightly greater than the chord width of the UH~1D blade (21 inches).

The UH-1D result, as shown in the figure, appears to agree well with the
subjective assessments of the blade slap noise.

An examination of the limited number of results suggests that
although the blade slap factor is appropriate for single rotor helicopters
with a low number of blades (2 or 3) and tandem rotor helicopters it is
not applicable to multi-bladed (5 or more) single rotor helicopters. It
should be remembered that the factor assumes not only that blade/vortex
interaction occurs, but that it occurs in the less favourable form. It
could be that the wake distartion on single rotor helicopters with a
large number of blades is considerably less than on those with, say, two
blades, with the results that blade/vortex interaction is less likely to
oceur.

5.11.2. Blade Slap Factor Criterion

From the study of BSF in terms of power and energy, there
appeared to be little to choose between the two approaches, although the
power relationship, BSF(P), appeared to give a slightly better correlation.
It was decided, therefare, to use this solution in the development of a
blade slap factor criterion which could be used by a designer to evaluate
the possible magnitude of ‘'blade slap' on a particular design.

The BSF(P) is given by the following formula:

BSF(P) = (V,1/kB)> (equation 5.26)
where V,, = blade tip speed (ft/sec), T = total thrust = AUW (1bs),

R = rotor radius (ft) and B = number of blades. This can be re-arranged
as follows:

2 2
where Lpo = blade span loading (1vs/ft)

By using data for a wide range of helicopters and the above
relationship for BSF(P), an 'acceptability criterion' was established.
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This is illustrated in Pigure 5.47, but because of the scatter and fange
of results a 'band of valuss' has been chosen in preference to one
specific value. As shown on the figure, this criterion implies that
'blade slap’' would become very loud and unacceptable if the BSF(P) value
exceeded the range 700-900 x 107. When using this approach it must, of
course, be remembered that the BSF(P) predicts the less favourable cond-
ition (i.e. the maximum blade slap noise possible) and does not imply
that blade slap will necessarily occur. The comments in section 5.11.1
relating to the Mil 10 and CH-53D (S65), which both have large BSF(P) -
values but do not produce significant blade slap, are eiually applicable
in this case. A study of possible blade vortex interaction patterns
shows also that as the number of blades on a rotor is increased there is
less likelihood of the theoretical case, considered in developing the
BSF(P), being realised. From a simple study of possible blade/vortex
interactions for a single rotor helicopter, it can also be secen that the
magnitude of the 1ift fluctuation, and hence the noise, increases with
increasing flight speed. Thus medium-high speed manosuvres on conven-
tional single rotor helicopters tend to produce louder blade slap than
those associated with near hover conditions. This also explains why the
level of blade slap associated with a whirl tower is lower than indicated
by the BSF. In this case, the blade/vortex interaction is associated
with the non-uniform flow induced by re-circulation and wind effects.
Thus the BSF criterion can be expected to be over-restrictive for single
rotor interactions which could occur in hover or slow forward flight.
5.11.3. Comparison of the BSF(P) and Boeing Vertol Criteria

The Boeing Vertol Company have established 'slap' and ‘rotational
noise' criteria for a single three bladed CH-47 rotor in hover [125, 126].

The blade slap criterion is reproduced, from these references in Figure
5.47. Although the original 'Boeing Vertol' data was presented on a
linear scale graph, a 'log-log' format has been chosen for the figure since
the criterion is then a straight line;

The Boeing Vertol criteria were established from the results of
e listening jury who were presented with the noise of the rotor for a wide
range of span loadings and tip speeds, and asked to rate the acceptability

of the sounds. Very few details of the tests are available but it is
stated that 80% of the subjects rated the noise unacceptable above the
range shown on Figure 5.46. )
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The frequency range of the data was 200 Hz to 20 kHz, and hence
the low frequency rotational noise was not included in the subjective
evaluation. It is not possible to verify if this is a significant
factar, but intuitively, it would be expected to affect, at least, the
lower tip speed results. Analysis at ISVR, with specific reference to
a Wessex, has shown that considerable energy occurs in the 200 Hz region
and that the 'cut off! frequency should not be set above 120 Hz. . Some
analysis performed on the Chinook (2 x 3 blades) also revealed similar
results, but since there is no further information available, on the CH-47
whirl tower test, it is not possible to investigate this aspect in any
detail.

The 'slap criterion' obtained by Boeing Vertol takes the form
V’T2.LBS (LBS=blade span loading) and it is stated that this result is
obtained from a simplified derivetion for constant ‘SPL from a blade vortex
interactlén. The BSF(P) discussed previously, however, results in a
VT LBS law for a particular rotor. Details of the derivation of the
relationship are not presented by Boeing Vertol and thus it is not possible
to establish the reason for the difference.

The BSF(P) has been converted into the format used by Boeing
Vertol. A direct comparison of the two criteria is given in Figure 5.47.
It will be observed that, over the helicopter operating tip speed range
shown, the difference in the slopes of the two curves is not a significant
factor but the Boeing Vertol values are 2 to 3 times larger than the BSF(P)
criteria,

It would be expected that any results obtained by using a whirl
. tower would suggest & higher criterion than the BSF factor given here,
since the severe form of blade slap associated with the tandem rotor
helicopters, and forward flight of 'single rotor helicopters, is unlikely to
occur on a whirl tower. It is not known how Boeing-Vertol carried out their
tests, but it is thought that natural wake distortions, due to the
presence of the whirl tower, and wind effects, were used to induce blade/
vortex interaction. If this was the case, then the Boeing Vertol results
would apply to low forward speed interaction effects, while the BSPF
criteria would be more appropriate to moderate and high speed flight con-
ditions.

Values relating to a number of helicopters are included on

Figure 5.47. The unrealistic nature of the Boeing Vertol criterion, for
general application, is clearly illustrated in the case of the Bell
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helicopters (UH-1B; UH-1D) and the Boeing Vertol Chinook (CH-47B) which
all produce very loud blade slap. It should be noted, however, that the
Boeing Vertol criterion is stated to apply only to a single rotor.
5.11.4. Use of the BS Criterion

The BSF criterion since its original development has been abbrev-
iated for simplicity to 'blade slap criterion' or 'BS criterion'. This
can be used in the design stage to give a 'feel' for the likely magnitude’
oé blade slap. If the suggested limits are exceeded, then a detailed
study should be made to determine the possibility of blade/vortex inter-
action. It should be remembered that the BSF will predict the least
favourable case, and except in the case of tandem helicopters, the actual
noise would most likely be lower than indicated. It may be extremely
difficult to determine if blade/vortex interaction would occur since this
is dependent on a large number of variables including cross-wind and
blade/fuselage interference and, of course, the changes in rotor
operating parameter necessary for control. In this latter context it is
worth noting that on a conventional large multi-bladed single rotor
helicopter, blade slap is usually induced only in ‘'low power descents'
and manoeuvres. Theoretical methods are not yet available to allow the
actual vortex paths to be predicted in detail and it is suggested, there-
fore, that the best approach would be to carry out flow visualization
studies with & model rotor in a wind tunnel.

With the limitations of the BSF method taken into account, it
agrees reascnably well with practical results, except possibly in the case
of large multi-bladed single rotor helicopters. Even for this latter
type of helicopter there does appear to be general agreement between the
blade slap noise and the criterion if severe blade slap is induced.

5.12. CONIROL OF BLADE SLAP
5.12.1. Scope of Application

A detailed investigation (on a consultancy basis) was carried
out on behalf of New York Airways and Pan Am Airways into the problems
arising from the operation of helicopters, which generated high levels
of blade slap, in New York City. From this study, and the 'back-up' ad
hoc experiments and design reviews, a number of important guide lines for
the control of 'blade slap noise' were established. Also, at other
times during the course of the blade slap investigations reported in this
thesis, the results were applied wherever possible to the real helicopter
case. In some instances it was not possible to use the actual 'model
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results', but the general trends and implications of the work were used
in the development of design and operational rules. The most important
of these noiée control procedures are outlined in this section together
with their effectiveness.
5.12.2, New York Airways Study

New York Airways operated Boeing Vertol V4107 helicopters on to
the,Pan-Am building in downtown New .York. This helicopter generates
high levels of blade slap which, in addition to being subjectively un-
pleasant, tended to rattle windows and excite room resonances. This

enhanced even further the subjective annoyance. The impulsive signals
also reflected off the skyscrapers with the result that the position of
the helicopter could not be located and socme rooms,which at first glance
were shielded from the helicopter,were subjected to high levels of blade
slap. By careful flight path control it was found, however, that the
impact of the noise could be minimiged: f£lights were therefore scheduled
so that they took plabe as far as possible over water (rivers) and avoided
noise sensitive areas. In this latter context park areas appear to be
less of a problem than residential areas and people appear content to
'look up' at helicopters flying over an otherwise quiet park. The
subjective impression also appeared more favourable since reflection was
a minimum and the helicopter position could be located from the noise.

It is possible that the fear element, which is often present in the case
of helicopters flying low over built up areas, was lower relative to that
experienc;d in a high rise apartment.

5.12,.3, Design Considerations

5.12.3.1. Tandem rotor helicopters

Tandem rotor helicopters can generate blade slap in all regimes
of flight. A detailed comparison was made between the Boeing Vertol V107
and Bristol (later Westland) Belvedere helicopter, since unlike the V107
the Belvedere produced very little blade slap during normal operations,
This review was supplemented by flow visualization studies using a model
tandem rotor rig. It soon became clear that the most important para-
meters were blade separation and blade overlap. On the V107 the overlap
was 68% (defined in terms of rotor radius) while on the Belvedere it was
30%. It followed that if the sepération should be increased and the
overlap reduced so that both in the hover and in forward flight the tandem
configuration would effectively act as two individual main rotors then

blade slap could largely be avoided. It was also considered that this
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would reduce the level of the normal rotational noise which is also
dependent on the interaction of one rotor with the wake shed by the other.
This concept was eventually taken up by Boeing Vertol in their experi-
mental Chinook designated the 'Boeing 347' [127]. on this helicopter
blade slap was effectively non-existent and the general level of main
rotor noise was very low. The parent Chinook 'C model' on the other

hand generates high levels of blade slap. S

It also follows from considerations of the interactidns between
one rotor and another,that the relative 'trim' (position) of the two
rotors can be used to offset the effects of blade slap.”~ In this context
it is worth noting that although statically the rear rotor is normally
situated above the front rotor, the disc plane tilt is such that in flight
the 'front of the rear rotor' can be below the 'rear of the front retor'.
Use of 'trim' was exploited by Boeing Vertol on their V107 since on this
helicopter the tilt of two rotor axes could be controlled (within'limits)
by the pilot. The results of tests analyzed by the author indicated
that reductions in the level of blade slap by 5 to 7 4B we:efposéible.;
5.12.3.2., Single rotor helicopters _

Helicopters with two bladed rotors are more prone to blade
slap than those with a higher number of blades. This is fundamentally
true from the point of view of blade/vortex interaction and appears to
be equally true if 'blade thickness' is taken into account. = The latter
~ which appears to be the main source in high speed flight - is, however,
mainly & function of the high blade tip speed/large blade chord (and
hence'thickness) necessary on such a design to obtain the desired 1ift/
perfarmance characteristies. Blade tip speed and blade thickness can be
used to control 'blade thickness' noise and blade tip speed is an
important parameter in the case of blade/vortex interaction noise. The
tip vortex strenéth is, however, essentially a function of the blade span
loading and hence very high on such designs. It can also be shown that
the interaction paths on & two bladed helicopter are such that the blade/
vortex interaction (if it occurs) will be in a form which will result in
a high level of blade slap noise. It would appear, therefore, that with
such a design it is extremely difficult to reduce 'blade slap' to accept-
able levels while at the same time obtaining a satisfactory performance.
On a multi-bladed design (3 or more blades) the interaction (if it occurs)
between a blade and a tip vortex will be less severe than on an equivalent
2 bladed rotor. The tip vortex strength will also tend to be lower and
traditionally slightIy lower rotor tip speeds are employed. Thus a
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multi-bladed single rotor has obvious advantages from the blade slap
point of view over both the 2 bladed and tandem rotor helicopters. It
could also be argued that it is not possible to obtain a satisfactory
design with a 2 bladed rotor if high speed and performance is also
required.

5.12.3.3. 0Operational aspects

On helicopters which do not generate blade slap in the hover
or steady forward flight (i.e., in general all helicopters excluding those
with a two bladed main rotor or tandem rotors) blade élap can be generated
during manceuvres. Conditions associated with blade slap are bank turns
(typically 400 or more for severe blade slap), shallow descents (500 to
900 ft/min appear to produce the worst conditions) and the 'flare'
approaching a hover.

On the majority of helicopters blade slap can be detectéd by
the pilots in the cockpit. This, however, is not the case on all heli-
copters and thus some pilots can fly in a blade slap regime such as low
power descent without it being noticed on the helicopter. Blade slap is
also often associated with changes in collective pitch (both positive and
negative charges), high altitude, high temperature and high gross weight.

It follows from the above general comments that rapid manoeuvres
should be avoided if possible. In this context 'bank turns' are the main
problem and it is of interest to note that the current arrangements in
London where helicopters have to turn (prior to landing) over the river,
leads to blade slap and high noise which would not arise if such tight
turns did not have to be employed. Flight path angle/descent rate during
approach is also a critical factor and again with wise choice these para-
meters can be selected to ensure 'blade slap' is kept to a minimum. This
concept has been exploited by Bell Helicopters and a 'fly neighbourly
flight profile is published for their civil helicopters [128, 129].

Ad hoc experiments carried out on the author's advice at WHL,
and by the RAF using service helicopters, have indicated that 'blade slap'
which normally occurs during a typical flight into a heliport/landing'pad
can easily be avoided and an effective reduction of 10 dB achieved in
flight noise.

It is also important that if blade slap occurs, but is not
detected in the cockpit, some form of 'blade slap' indicator, either
direct or from knowledge of flight parameters such as velocity/descent rate
etc., should be supplied to the pilot.

Helicopter vibrations often increase with the occurrence of

blade slap, but there does not appear to be amy direct correlation between
blade slap and airframe vibrations.
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CONCLUSIONS _
Bladq/tlp vortex interaction is the most important mechanlsm for
the generation of blade slap.
An additional blade slap mechanism appears to be associated with
high tip speed rotors: this. is likely to be due to shock wave
formation and/or blade thickness effects.
The acoustic signature of 'high speed slap' is the same as that
associated with blade/vortex interaction.
Blade stall, including periodic stall, will not generate 1mpu151ve
blade slap type noise. -
Helicopters with 2 bladed main rotors and tandem main rotors are
most prone to blade slap.
Blade slap is generated on all helicopters during bank turns and on
most helicopters during low power descent.
Blade slap is an impulsive signal repeating at the blade passing
frequency which on narrowband analysis exhibits 'peaks' at blade
passing harmonics which dominate the spéctrum in the frequency range
150 to 400 Hz (10th to 20th harmonic).
The 'bang' approximates very closely to a single sine wave type
impulse on the majority of helicopters; a multiple impulse of 2 or
3 impulses occurs on the Bell UH-1B and CH-46 helicopters.
The blade slap 'bang' energy occurs typically in the range around
250 Hz. .
When 'blade slap' occurs on a helicopter the 'peak-to-peak' levels
and SPL in the frequency range 200 to 400 Hz are increased by 10 dB.
The OASPL and dB(A) are, however, only increased by 2 to 3 4B.
The severity of blade slap cannot be determined from OASPL, dB(4),
PNL or 3 octave band type of analysis - hence the subjective impress-
ion is underrated by conventional rating methods. This applies even
if equipment with IMPULSE detectors is used.
Use of 'peak' 3 octave band values in the PNL calculation improves
the correlation with the subjective impression - the method is
however impracticable. A crest factor approach is suggested.

Impulsive signals 'ring' % octave band filters normally used for PNL

'type analysis; this needs further examination.

14.

Information on the characteristics of the tip vortex is vague and
confused and requires further study. Based on the limited data

available it seems reasonable to assume that the vortex viscous core
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is 10% of the blade chord and the 'peak' (tangential) velocity
correSponds epproximately to an induced angle (based on tip speed)
of T 20°,

Blade/tip vortex interaction is difficult to define in precise
detail. The blade slap 'source' can however be estimated by the
use of a simple potential flow (rigid) wake model.

On a real helicopter the blade slap is considered to be dependent
on:

(Vo/RB)? = (Vylyo)?,

where V,, = blade tip speed, T = total thrust (AUWj; R = rotor radius,
B = number of blades and LBS = blade span loading. Thus the level
of blade slap will increase with tip speed and blade loading as well
as with all-up weight (AUW).

Blade slap is subjectively under-estimated on conventional analys;s
by 6 dB(4).

A helicopter which generates blade slap is 12 dB more annoying than
one without blade slap (6 aB subjective correction + 6 dB increase
in measured level).

The loudness of blade slap is independent (over the range considered)
of pulse durationj thus on a real helicopter the influence of blade
chord is expected to be small.

Blade slap can be simulated electrically by a sine signal wave (of
frequency in the range 200 to 250 Hz) repeated at the required blade
passing frequency (which is typically in the range 15 to 20 Hz).
Blade slap can be detected on narrowband analysis when it is just
audible.

Analogue analyzers can be used for narrowband analysis of blade slap,
but the accuracy decreases above 200 Hz.

A blade slap criterion (BS criterion) defined in terms of blade
loading vs tip speed has been developed.

Flight path selection can be used to control blade slap. The layout
of a tandem rotor can be chosen to minimize blade slap, but on a two

“bladed single rotor helicopter the reduction of blade slap does not

appear possible without a loss in performance since tip speed is the
most important parameter.
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TABLE 5.1 - BLADE SLAP ENERGY LIMITS

FILTER FREQUENCY LIMITS Envelope -
Helicopter 'peak’ freq
Frequency Range Hz. | Centre Freq. Hz. | from N/B
Traces, Hz.
Wessex 120 - 270 195 200
CH-46A 190 - 380 285 275
V107 120 - 480 300 230
Bell UH-1B 90 - 320 205 250
Belvedere 80 -~ 320 200 170
Sycamore 120 - L50 285 220
S61 120 - 480 300 -
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FIGURE 5.17. IDEALISED BLADE/VORTEX INTERSECTIONS
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CHAPTER 6: DBLADZ STALL - BLADE/GUST INTERACTION

6.1, IKTRODUCTION
The importance of transient gust loadings had been clearly illus-

trated by the 'blade slap' study (Chapter 5) and by ad hoc tests where
the ISVR model was subjected to a distorted inflow induced by a fan or
by 'blockiné off' a part of the rotor disc area. In the cacse of a
'sharp gust' with gust length of the same order as the blade chord, it
was expected that a similar effect to that arising from blade/tip vortex
(blade slap) interaction would result., It was anticipzted that the
theoretical mocdel developed for the 'blade slap' could be applied

irectly to this case. As the 'gust length' was increésed, however,
the point source acoustic model was expected to break down and hence a
more refined approach taking into account the distribution of the source
vas required. For this the rotational (discrete frecuency) noise model
developed by Tanna [ 18 ] was used; a number of modifications were,
however, necessary to make it compatible with the specific reqguirements
of this study. In selecting the maximum 'gust length' tc be employed
consideration was given to the need to ensure that the blade would
'stell'. Based on aerodynamic data it appeared that providing the
induced angle was sufficiently high (well above that zssociated with
classic blade stell), then a sust length equivalent to 2 or 3 blade
chords would be sufficient. Taking this into account znd the fact thut
any gust disturbance on a real helicopter will in general be over a
relatively small area, a maximum 'gust length of 7 chords' was selected
- this being equivalent to approximately 18° of the rotor disc when
mounted under the rotor at a position corresponding te C.9 R vhere R is
the rotor radius.
6.2, TEST PACILITIES
6.2.1. Rotor Rig

The ISVR rotor rig was fitted with a three blzaded rigid rotor
head; the standard 9 ft diameter rotor with blades of rectangular planform
without twist having an NACA 0012 aerofoil section and a 4 inch chord was
used,

In order to eliminate downwash and re-circulation effects and
enable the influence of the 'gust' to be studied under as near as possible
ideal conditions, the rotor rig was run with the blades set at zero pitch.
The blades tips were tracked in the normal menner, with the aid of o

stroboscopic light and mirror arrangement, so that the maximum 'cpread’
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between all three blades over the test range of 300 rpm to 900 rpm was
no greater than 1.5 the individual blade thickness. To obtain this
track it was found necessary, however, to apply 1° of positive pitch at
the cuff of one of the blades. During this work it was noticed that,
as in some of the blade slap studies, the blades were not equally spaced:
one of the blades was displaced by 3 chord which is equivalent to a 2°
azimuthal displacement. Attempts to correct this minor error proved
unsuccessful and hence testing was carried out with this setting. The
final results suggested that this had some effect on the data obtained,
whereby the cancellations of the high blade passing frequency rotor
harmonics were slightly displaced (section 6.6.2).

The rotor speed measurement system was also calibrated since some
previous tests had indicated that there was a slight error in the elect-
ronic monitoring system employed. Again a stroboscopic light source was
used and the final results were double checked by examining the narrowband
analysis results of the rotor noise. it was found an error of 3% over
full range of speeds could result if the rotation speed (rpm value) was
simply adjusted up to a certain value. This was partly a result of the
electronic trigger device used and partly the sluggishness of the
detection circuit. This was overcome by incorporating a more sensitive
detector and following a procedure where the rotor speed was taken up to
a speed just above the desired value and then adjusted down.

6.2.2. Air-jet Apparatus

Following the approach used in the original blade slap investig-
ation [1] it was decided to use a simple air-jet arrangement to produce
the controlled 'gusts'. 4 suitable air supply was available in the
laboratory and it appeared to be siumply a matter of feeding air into a
‘master cylinder' and piping off a number of airlines to supply a number
of air-jets. A study of the air-jets used during the blade slap invest-
igation indicated that to keep the variations in velocity ('ripple')
within acceptable limits along the full length of the gust (7 chords,

28 inches) a total of 24 air-jets would be required. A simple device
based on this concept was duly constructed but this proved unsatisfactory
because the velocity profile was far from uniform along the length of the

gust., A second unit was built which took the form of a large cylinder
with 24 outlets (accurately located on a fixed radius) at one end. After
changing the 'air jets' and incorporating 'clamps' on the individual air-

Jjet supply lines so the flow to each air-jet could be adjusted, an
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acceptable velocity characteristic was obtained. Each nozzle was 6
inches long and had an internal diameter of % inch; these were mounted
in a curved support stand. The next stage involved selecting the
appropriate rotor disc/nozzle separation distance. The air-jets were
set in line (at 1 inch intervals). The complete test set up is illus-

trated diagrammatically in Figure 6.1.

The resulting velocity profile was measured by tracking a pitot
tube (later replaced by a hot wire anemometer probe) over the nozzles.
Some typical results are illustrated in Figure 6.2 and as will be noted
the measurements were made over a range of distances and supply pressures.
From these extensive tests it was found that an 8 inch separation gave an
acceptable compromise Between the need for a uniform velocity profile, a
well defined gust and as high as possible gust velocity. With this
setling the 'ripple' was typically in the order of 5%.

At this time an attempt was made to see if the final air-jet
velocity profile could be predicted from knowledge of the velocity profile
from a single air-jet, by simple vector addition. This did not give very
good correlation and indicated a 20% 'ripple' about the mean whereas as
mentioned previously a 5% value was obtained in practice. It was hoped
that this method could have been used to 'tailor' any particular velocity
profile, but since it proved unsatisfactory experimental techniques had
to be used.

The influence of the number of nozzles is shown in Figure-6.3.
This shows that there was a difference of 20 ft/s between the maximum air
velocity from one nozzle and three nozzles, while the addition of more
nozzles merely increased the length of the gust profile without increasing
the amplitude. This applied at all supply pressures used and since it
was desirable to have a constant 'maximum' velocity irrespective of gust
length the shortest gust considered was that associated with 3 air-jets
which corresponded to 1.25 chord/5 inch length. Also the supply pressure
was restricted to a value which gave a maximum gust velocity of 125 ft/s,
since at higher velocities there ‘was a marked increase in air-jet noise
and this tended to mask the rotor noise.

In addition to the air-jets used to obtain the 'linear profile’
with gust lengths varying from 1.25 chords (5 inches) to 7 chords (28
inches), a second set of air-jets of 24 inches in length were manufactured.
These were similar in all other respects to the six inch nozzles., Their

length was such, however, that the rotor‘plane/air-jet separation between
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the first and last nozzle could be increased sufficiently to enable a
velocity profile with an amplitude which increased linearly with distance
to be obtained. The nozzle arrangement is illustrated in diagrammatic
form in Figure 6.4 and some typical results, which show the mean velocity,
in Figure 6.5. As in the case with the constant velocity gust the
'ripple' was within 5%. The aim of this study was to determine the

point at which the blade stalled, since as it entered the gust the induced
angle would be increasing on a linear basis to a value well above the
stall angle. Due to apparent non-stalling, in the classic sense, of the
blade during the initial series of tests and time limitations, this aspect
was not however pursued.

6.3. TEST PROGRAMME _

6.3.1. Variation of Gust Length and Amplitude

The gust 'length' was varied between 1.25 and 7 chords and the
gust amplitudes ranged from 45 ft/s to'125 ft/s as illustrated diagramm-
atically in Figure 6.3. The test conditions are detailed in Table 6.4
and corresponding blade tip speeds, blade velocity at centre of gust and
induced angles for 300 rpm, 600 rpm and 900 rpm are detailed in Table 6.2.
6.3.2. Constant Induced Angle Tests

In addition to this main programme, a test format was formulated
to evaluate the changes in noise with gust length at constant induced
angle. It was hoped that it would be possible to choose induced angles
below, as well as above, the classic stall value of approximately 14°,
Small induced angles could not be generated in a well defined form with
the air-jet arrangement used and tests could therefore only be made over
the range from 15° to 30°. It was thought that at least at the higher
induced anglea/long gust lengths, the blade would stall.and this would
result in a dramatic increase in broadband noise. The complete test
series for test study is detailed in Table 6.3 and the required angles
were obtained by simply setting up the required supply pressure and rotor
rpm.  These tests proved, however, unsuccessful as discussed in section
6.6.7.

6.3.3. Noise Measurements

Noise measurements were taken initially at a number of positions
illustrated in Figure 6.6. The recordings made directly above the rotor
(position 7) sounded subjectively best and the impulsive 'vang' could be
clearly heard above the basic rotor noise. When narrowband analysis
results of these conditions were examined, the high order discrete
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frequencies associated with the 'bang' were masked by the rotor (and
possibly jet) broadband noise. Since the main object was to study the
discrete frequency (rotational) noise components, it was desirable to
obtain narrowband traces with 'clean clear peaks'. The analysis for
position 6 (9 ft; 1 diameter) from the source region and at 450 to the
horizontal (see Figure 6.6) showed clearly the individual discrete
frequencies and thus this position was deemed the optimum location.
The main programme was, therefore, subsequently carried out with the
microphone at only this position as illustrated in Figure 6.1.

Recordings of the noise were teken for the complete range of
conditions listed in Tables 6.2 and 6.3. In addition to the ‘'air on'
(impulsive noise condition) measurements, 'air off' (normal rotor noise)
measurements were also taken so that the level of 'impulse noise' could
be determined. Ambient background and 'air-jet only' recordings were
also made in order that the fact that the results examined were not
influenced by these effects could be verified.
6.4. THEORETICAL STUDY
6o4.1. Aims

The main aims of this investigation were to predict the discrete
frequency acoustic spectra of a rotor subjected to transient/impulsive
gust loading and verify these results with measured values obtained from
the expefimental tests. As the blade passes through the gust it is
subjected toarapid change in lift,which in turn applies a fluctuating
force on the surrounding air and thus generates noise. The actual
noise generation was taken to be dipole in nature with the dipole axis
being in the same direction as the line of action of the fluctuating
force. Since the rotor was run in this case with the blades at zero
pitchvthe dipole axis was vertical. It follows that, in addition to
development of the acoustic theory, a method for calculating the blade
loading as the blade passed through the gust had to be derived.
6.4.2. Theory: Blade Loading

The approach adopted followed that developed in connection with

the blade slap investigation which is reproduced in Appendix 4. This
approach makes use of Kussner's function [77] which is based on the
lifting line theory as applied to a two-dimensional aerofoil. In the
blade slap study emphasis was placed on short 'sine wave' type gusts and
a simple manual solution was used to calculate the blade loading. This

did not give the required accuracy for the 'longer gusts' and since an
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. extensive range of gust profile was involved a computer program was
developed. ,

The discontinuity in the blade loading prediction (as described
in Appendix 4) presented some maejor problems. It was originally planned
to compute the complete time history of the loading, but this proved
impracticable and the program was limited initially to calculating the
blade 1ift inside the gust only. There is an exponential decay of
loading as the blade passes out of the gust and the program was subsequ-
ently modified to 'add' this decay to the loading values calculated for
'inside gust' to give a complete time history of the 1lift fluctuation.

4 brief outline of this program is given in Appendix 8,

To check the program a 'sine wave' gust of the type used in the
earlier blade slap investigation was employed. This is illustrated in
Figure 6.7 and a comparison between the previous manual calculation and
program results. is illustrated in Figure 6.8. Computations for the
complete range of profiles used in the studyumrégmade and some typical
blade loading results for 1, 6 and 24 air-jets are reproduced in Figure 6.9,
6.4.3. Acoustic Theory

Initially the simple dipole theory which had been used in the
'blade slap' study was used to compute, from knowledge of the blade
loading, the acoustic spectra of the noise during the passage of the blade

through the gust. This theory is summarized in Appendix 6,

It was appreciated that this simple point.dipole theory wbulda not
be applicable to the 'long gust' case. Hence & version of vhat at that
tine was an advanced computer program for the prediction of rotational
noise due to fluctuating loadings on rotor blades, developed by Tanna
[ 18] wes modified for use in this study. A brief sumnary of this theory
and the computer program is given in Appendices 9 and 10 respectively.
6.4.3.1, Use of 'effective blade chord' concept

In order to provide & cross check between the two methods, a
sine wave (short gust) was used. It was found that large differences
existed between the two sets of results, with the values given by the
detailed rotational noise program being much lower than those given by
the point dipole theory. It was also clear from examination of the
results and the measured acoustic data that it was the more complex
program which was in error. Since there was no apparent reason for this

discrepancy, a somewhat detailed investigation had to be conducted in

order to explain why they occurred since there were no program errors and
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the method outlined by Wright and Tanna [ 29] had been followed to the
letter. The details of this study, from which it was found that an
teffective chord' rather than the actual blade chord had to be used in

the prediction, are discussed in Appendix 11. This overcomes the problem
associated with this study, but it is not known what effect this approach
has on the calculations of noise for blade loadings which contain both
'slow time varying components'’ ahd high frequency impulsive components,
since according to Wright [28] the former requires use of the real chord
in the program. Further investigationsof these aspects were, however,
outside the scope of this investigation.

6.4.3.2. Comparison of point dipole and rotational noise models

In addition to evaluation of the two methods carried out in
determining the combination of the integration interval and effective
. chord values to be used (Appendix 11), the acoustic spectra given by the
point dipole and the rotational noise theories were compared for a range
of 'gust lengths'. The results for the two extreme cases, corresponding
to 0.75 chord (1 air-jet) and 7 chords (24 air-jets) are shown in Figure
6.10. It was found that for the short gust (upper spectra on figure)
the difference was less than 3 dB over the majority of the harmonic
range. In the case of the long gust (lower spectra) there is & differ-
ence of at least 5 dB between the 'peaks' and a 'phase shift', although
the 'fall-off rate' of the 'peak' levels show the same trend. These
differences are due to the fact that whereas in the 'simple point dipole’
method it is assumed that the 1ift fluctuations take place at a fixed
point and a simple correction term is applied for the spanwise effect,
in the full rotational noise theory the effect of the gust is integrated
in both the azimuth and spanwise directions. Thus as expected the point
dipole method becomes increasingly inaccurate as the length of the gust
profile is increased and it departs further from the point source
assumptions. The results also confirmed that the simple model could be
used to a fair degree of accuracy for short disturbances and supports
its use in the blade slap study, where precise details on the 'tip
vortex' are often lacking.
6.5. RESULTS

Narrowband analysis results (using the Spectral Dynamic system

described in section 2.2.1..) were obtained for the conditions detailed in

Table 6.2. Typical results are shown in Figures 6.11 to 6.14 inclusive.

Figure 6.11 shows for one specific condition the acoustic spectra for the

'air-on' (impulsive) condition, 'air-off' (normal rotor noise) condition,
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the corresponding 'air-jet' noise, ambient background noise and internal
instrumentation (equipment) noise. From these traces it can be seen
the influence of the 'gust' raises the level of the discrete frequencies
to well above that associated with normal operation of the rotor rig.
Figure 6.12 shows the effect of rotor speed (for a fixed gust length of
7 chords), Figure 6.13 the changes in noise associated with increasing
the gﬁst length from 1.25 chords (3 air-jets) to 7 chords (24 air-jets)
at a fixed rotor speed and Figure 6.1, similar results for 900 rpm cond-
ition as the magnitude of the gust amplitude is increased from 45 ft/s
(induced angle 6.7°) to 125 ft/s (induced angle 18°), Prom these and
similar analyses the harmonic levels were extracted and plotted in a
convenient form for comparison with the theoretical results which were
derived from the rotational noise program.
6.6. DISCUSSION OF RESULTS
6.6.1. Components in Rotor Noise Recordings

Figure 6.11 shows spectra related to 600 rpm (282 ft/s tip speed).

The 'air-jet noise' and rotor noise (rig on-air jets off) results show

that these two generated the same order of broadband noise at a frequency
above 2 kilz, When compared to the level generated by the rotor when
subjected to the gust (rig on-air jets on) there is a good 10 dB differ-
ence and hence the results of interest were not in any way affected by
the 'air-jet noise'.

The laboratory background (ambient) noise was in general 15 dB or
more below the normal rotor noise and 30 dB below the rotor noise 'peak!
produced by the passage of the blade through the gust. It will also be
observed that except for mains frequency 'pick-up' at 50 Hz, 100 Hz and
150 Hz, the level of internal instrumentation noise was typically 20 dB
and 50 dB below the background noise and 'rotor noise with gust' record-
ings respectively.

6.6.2, Comparison of Measured and Computed Spectra

. The SPL's of the acoustic spectrum for harmonic orders, based on
the blade passing frequency, up t6 the 30th were computed for a wide
range of conditions and compared with the experimental results. A
representative selection of these are produced as Figures 6.15 to 6.18
inclusive.

It can be seen that for the short gusts (3 air-jets, 1.25 chords
- Figures 6.15 and 6.16) that, apart from experimental scatter (typical
-3 about the mean) the measured values agree well with the theoretical




255

curves. It will also be observed, however, that some of the 'harmonics',
particularly those in the harmonic range 18 to 26, differ by up to 8 dB
from the theoretical value. This is considered to be due to cancell-

ation and reinforcement of some of the harmonics arising from the fact

that one of the blades was displaced by 2° from its ideal position and
that the individual blades most likely responded in a slightly different
manner to the gust impulse. The need to apply 1° of positive pitch at

the cuff to one blade (section 6.2.1) also most likely influenced-the
response of the blades since although two blades were at zero pitch and
hence zero 1ift, the third blade had small equal positive and negative
Tforces on it.

The experimental results for the long gust (24 air-jets, 7 chords
- Figures 6.17 and 6.18) show the same general characteristic as the
theoretical predictions both in terms of the amplitude and the 'shape'
of the spectrun. As will be noted, however, the experimental 'dips'
and 'peaks' are displaced in frequency from the theoretical curves.
These differences are again considered to be due to the non-uniformities
and irregularities in the blade loading 'impulses'.

There was a discrepancy in all cases between the predicted and
measured level of the fundamental. For the short gust the SPL value
was in general under predicted and it was considered the measured value
was that associated with the normal rotor noise. For long gusts,
however, the predicted levels were higher by up to 16 dB (see Figure 6.18)
than those measured. This tends to imply an 'error' in the mean or low
harmonic component of the blade 1ift used in the calculations. Alter-
natively the measured value could have been influenced by room effects
or the basic rotor noise. None of these could however account for the
differences observed and although various 2d hoc modifications were made
to the 'blade loading data', the observed effects could not be simulated.
In this cantext it is also of interest to note that although the level
of the fundamental was independent of gust amplitude it was nevertheless
dependent on the length of the gust. It appears, therefore, that the
level of the fundamental is to some extent associated with the 'drag' of
the rotor blades since this is expected to be a function of gust length.
Even with the above discrepancy taken into account it seemed fair to
conclude that the measured and predicted values showed good agreement
over the full range of gust profiles investigated, particularly in the

higher order harmonic range of interest, and that the theory was adequate.
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6.6.3. Variation of SPL with Rotor Speed

The variation of SPL with rotor speed can be seen in Figure 6,12,

which shows the narrowband analysis results, and in generalized form in
Figures 6.15 to 6,18 inclusive. There is an increase in amplitude of
each harmonic and an appearance of higher order harmonics with each
increase in speed. Harmonic orders of up‘to 30 and above are clearly
detectable and the discrete frequencies appear more distinctive at the
higher rotor speeds.

As the speed of the rotor is increased a broadband 'hump' appears
around 1 kHz to 1.5 kHz. At 300 rpm there is no 'hump' and the spectrum
is 'flattish' in appearance, but at 600 rpm & 'hump' shape can be seen
together with discrete frequencies. As the speed is increased to 900
rpm the 'hump' broadens and more discrete frequencies appear.

Theoretical and experimental results for a number of blade
passing harmonics for a short gust (1.25 chords, 3 air-jets) are shown
in Figure 6.19. Theoretically the predicted SPL of the low and high
harmonic orders tend to be dependent on V4 and'V6, respectively, where
V is the blade tip speed for the short gust'case shown, while for a long
gust the variation of all harmonics is typically Vk. The experimental
results show similar trends in terms of variation with velocity, but the
absolute values tend to differ slightly from the theoretical predictions
and appear to be all on the higher side at 300 rpm.

The variation in OASPL (dB Lin) with rotor speed is shown in
Figure 6.20. There is as can be seen an increase in level with both
rotor speed and gust amplitude. At 300 rpm there is a rise of 18 dB as
the gust velocity is increased from 45 f£t/s to 125 ft/s. For high
speeds for the same increase in gust velocity the OASPL rises by 15 4B,
The curves follow a V2 law at the lower rotor speeds (300 to 500 rpm)
and a V° lew at higher speeds (700 to 900 rpm) as indicated on Figure
6.20,
6.6+4. Variation with Gust Amplitude (Gust Velocity)

The variation of SPL with gust amplitude for a short gust (1.25
chords, 3 air-jets) at a rotar speed of 900 rpm is shown in Figure 6,14,
The fundamental or first harmonic (45 Hz) is clearly shown and as can be
seen is essentially independent of the amplitude of the gust velocity.
The second blade passing harmonic (at 90 Hz) and the higher order harmon-
ics on the other hand increase dramatically with gust amplitude.

Figure 6.21 shows & comparison of a selection of the predicted
and experimental harmonic levels; to avoid overlapping of the experimental
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values they have been 'separated' and plotted to an arbitrary datum.
The agreement between the two sets of data when plotted in this format

is relatively poor. It will also be observed that whereas the theory
| suggests a steady increase in harmonic level with gust amplitude, the
experimental results show a marked increase in level above a gust
amplitude of 105 ft/s. It was fairly obvious that there was an addit-
ional factor which was not being accounted for in the theory, but the
experimental results did not give any indication of its nature. The
OASFL values showed a similar trend as illustrated in Figure 6.22,
The results all lie within a 10/12 aB band and again a dramatic increase
in level occurs as the gust velocity is varied from 105 ft/s to 125 ft/s.
6.6.5. Variation with Gust Length

The general effect of gust amplitude can be seen on Figure 6.13

and as will be noted the fundamental or first harmonic (frequency 30 Hz)

increases dramatically as the gust is lengthened, Each increase in gust

length also resulted in a slight increase in the number of high harmonics
which could be detected. It can also be seen that there is an increase
in the broadband noise 'hump' at 1 kHz with gust length.

It is extremely difficult to compare the theoretical prediction
and experimental results as a function of gust length, because of
significant changes which occur in the acoustic spectrum. This can be

vappreciated by reference to Figures 6.15 and 6.18. If, however, the
low frequencies are ignored then it can be shown that the levels obtained
in the mid-frequency region (15th harmogic) are for all practical purposes
independent of the gust length. In other words the level associated with
the 'envelope' of the 'peaks' on Figures 6.17 and 6.18 is similar in
magnitude to the values shown respectively on Figures 6.15 and 6.16 in
~ the mid frequency range of interest. These theoretical trends agreed
well with the experimental results. Thig is not surprising since in
general terms it is the initial change in 1ift as the blade enters the
gust which is respoﬂsible for the majority of the noise and increasing
the gust length simply increases the 'source size' and lowers the initial
'cancellation frequency'.

A plot of the OASPL level against gust length, for the various
gust amplitudes, is reproduced as Figure 6.23, For the gust amplitude
of 45 ft/s, the OASPL is for all practical purposes 'flat' (constant in
amplitude) over the full gust range (1.25 to 7 chords) considered. At

higher gust amplitudes, however, initially there was a slight increase
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in level with gust length with the OASPL reaching a maximum at 5% chords
(18 air-jets), after which it decreased to a minimum at 6% chords (24
air-jets). This effect occurred at all rotor speeds as can be seen
from Figure 6,24 and the value for 7 chords (24 air-jets) tended to be
of a similar order to that at 6% chords.
6.6.5.1. Blade stall study

It was thought that the trend described above may have been
linked to blade stall and hence it was decided to study these results

in more detail. An examination of their narrowband spectra did not
reveal any clear trends and in the context of this evaluatiogAééiéhEEff-
icult to interpret. ¥ octave band analysis was, therefore, performed
to enable the general characteristics to be established.

A representative set of % octave band spectra are shown in Figure
6.25 for gust lengths corresponding to 3, 18 and 21 air-jets. Inter-
mediate values follow the same general pattern, but have been omitted
for clarity. The SPL above 2 kHz reached a maximum value at a gust
length of 5% chords (18 air-jets), decreased as the gust was lengthened to
6% chords (21 air-jets) and then increased again as the gust was extended
to 7 chords (24 air-jets). It was confirmed by studying the 'air-off'
results that the effect was genuine and not influenced by 'air-jet' noise.
Similar variations occurred below 150 Hz, but between 150 Hz and 2 kHz,
particularly around 500 Hz, the 1.25 chord (3 air-jet) condition had the
highest level. The narrowband results showed this to be due to the
fact that with the short gusts some very high 'pesks' - up to 10 aB
above the general mean - were obtained and that the $ octave band results
were controlled by just a few high level discrete frequencies, This
effect can be seen on Figures 6.15 and 6.16 and if this aspect is taken
into account and the 'mean harmonic' value in the 3 octave band cosidered,
then these results tend to follow the same trends as the low and high
frequency regions. In the case of the results for the longer gusts the
variation in level between the individual discrete frequencies is small
and hence the § octave band values obtained by analysis are more repres-
entative of the 'average' level of the discrete frequencies.

The 10 kHz § octave band values obtained from this analysis are
illustrated as a function of gust length in Figure 6.26. This again
showed a reduction in level at the 6% chord (21 air-jet) position, after
which it increased again.
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It was not possible to calculate accurately the % octave band
trends to be expected, but from & simple summation of the predicted
harmonic speotrum it was estimated that the § octave bands in the region
of 1000 to 1250 Hz (and 100 to 125 Hz) would exhibit a 6 to 10 dB
increase in level és the gust length was initially increased to 5 chords,
followed by a further 1 to 2 4B increase as the gust was further extended
to 7 chords. The results are in general agreement with this trend
except for the reduction at 6% chords which was not predicted. Also
the increase of broadband noise at high frequency (5 to 10 kHz) was not
expected. It is considered that the reduction at 6% chords is most
likely associated with some form of blade,K stall but this could not be
verified. It was also surprising to find an increase in broadband
noise at high frequency since when rotor blades stall they are expected
to exhibit an increase in broadband noise over a wide frequency renge
and particularly in a region which on this rotor would correspond to a
frequency of 1000 to 1250 Hz. An examination of the narrowband traces
tended to suggest, however, that in this region (which is essentially
controlled by discrete frequency noise) the broadband noise increased
uniformly with gust length.

6.6.6, Subjective Study
During the tests, and afterwards upon playback on a hi-fi system,

the subjective impression of the rotor noise was assessed. As the blade
passed through the gust an impulsive blade slap type noise was generated.
The 'sharpness' increased with rotor speed and gust amplitude, but there
was little effect with changes in gust length although the character of
the basic rotor rotational noise sounded slightly different at the long
gust settings. This is not surprising since the sharpness, and hence
subjective impression, would be controlled by the initial gust rise rate.
Blade stall was expected to give rise to an increase in broadband noise,
but there was no noticeable change in the characteristics of the noise.

6.6.7. Constant Induced Angle Tests

The recordings were subjectively assessed and analyzed in terms
of é octave bands and 1/1 octave bands. There was no significant change

in noise characteristics with gust length and/or amplitude except of the

type previously discussed. Since also there was no real indication of
blade stall, it was decided that the results would not furnish any
. further information and this study was curtailed.
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6.7. CONCLUSIONLS

1,

2,

3

6'

A well defined blade slap type impulse was generated by the rapid
lift fluctuations of the blade as it passed through the gust.
Theoretical and experimental results showed good agreement both in
amplitude and characteristics over the full range of gust profile
used in the investigation. This implies that the simple blade
loading (1ift) model and the rotational noise program can be used

to predict blade/gust interaction'effects.

In the rotational noise theory it was necessary to replace the blade
chord teru with an 'effective chord', which had to be chosen so that
the blade loading profile was fully represented. It is not known
what effect this approach would have on the czlculation of ncise for
blade loadings which contain both ‘'slow time varying components' and
high frequéncy impulsive components since, according to aveilable
information, the former requires use of the real chord.

The 'cancellation dips' and 'reinforcement peaks' in the expsrimental
results were slightly displaced in frequency from the theoretical
values. This is thought to be due to non-uniform blade spacing ard
the fact that positive pitch had to be applied to the cuff of one
blade to obtain the desired 'track'. The results are very sensitive
to such effects,

Discrete gusts with induced angles of A5° and lengths of up to 7
chords, did not appear to give rise to any significent stall. In
other words a r:pid change of 'angle of attack' did not induce stall
~ this is in agreement with the results obtained by Ham [78].

The broadband noise increased slightly with rotor speed, gust ampli-
tude and gust length. Although there was no well defined stall
region, a change in noise characteristics (possibly linked with a
form of stall) occurred at a gust length of 6% chords.

Theoretically the SPL of the lower harmonics for a short gust foll-
owed a Vh law while the higher harmonics tended to be dependent on
V6. At greater gust lengths (above 3 chords) all the harmonics
followed VL} Thus on a real rotor where the broadband noise
increases approximately with Vb and rotationsl noise can exhibit
characteristics of“V10 (or higher) dependence, blade/gust interaction
noise would be less significant as the rotor speed was increased.

Subjectively, however, the impulse would still be important.
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The OASPL followed a V° law at low rotor speeds (300 to 500 rpm)
and V6 at higher speeds (700 to 900 rpm). t increased with gust
length and amplitude: at a gust length of 64 chords it exhibited

a decrease in level.

At a gust velocity of 105 ft/s there was a dramatic increase in
OASPL and it appeared if there was a source not accounted for by
the theory or the blade loading model was inadequate -~ this needs
further evaluation.

The level of the fundamental or first harmonic was dependent on
gust length, but unaffected by changes in gust amplitude at & fixed
gust length. Thus it appeared to correlate with 'drag'.

The predicted level of the fundamental was over predicted {or all
but 'short gusts' (where level is a. function of normal rotor noise).
At present there appears to be no reasonable explanation for the

difference in level between the measured and predicted values.
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TABLE 6.1: TEST CONDITIONS
No. of GUST LXGTH GUST AMPLITUDE ft/s .
Air Jets inches |chords 0 47 77 105 125
R 3 0.75 X X X X X
3 5 1.25 0 0 0 0 0
6 10 2,50 X X X X X
9 13 3.25 0 0 0 0 0
12 16 4.00 X X X X X
15 19 4.75 0 0 0 0 0
18 22 5.50 X X X X X
24 25 6.25 X X X X X
2 28 7.00 0 0 0 0 0
EACH CONDITION WAS EXAMINED AT THE POLLOWING ROTOR SPEEDS
RPM 300 100 500 600 700 800 500
Tip Speed
£t/s 143 | 188.4 | 235.5 | 282.6| 329.7| 376.8| 423.9
REC/ANAL, 0 X X 0 X X )

X = CONDITION RECORDED ONLY:

O = CONDITIONS ANALYZED

TABLE 6.2: INDUCED ANGLE OF INCIDENCE
Rotor Speed Blade Velocity Gust Velocity Induced Angle
RPM at centre of gusat
(£t/8) £t/s £t/s degrees
300 127.2 45 19.5
(141.3) 7 3.4
105 39.5
125 L5
600 255.4 45 10.0
(282.6) 77 16.8
105 22,4
125 26.1
900 381.6 45 6.7
(423.9) ” 1.4
105 15.4
125 18.0

TABLE 6.3: LIST OF CONDITIONS FOR FRODUCING INDUCED ANGLES

Induced Angle| Gust Velocity Supply Pressure Tip Speed
degrees ft/s PeSed. RRPY gt see
30 77 10 310 145

"~ 105 15 430 200

125 20 513 240

25 77 10 390 182
105 15 530 248

125 20 635 298

20 45 5 290 136
7 10 500 235

105 15 680 324

125 20 805 378

15 45 5 395 185
7 10 675 317

105 15 925 435
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7.1. INTRODUCTION

Main rotor noise is more impulsive at the 'rear' (tail on) of a
hovering helicopter than in the front (nose on) and this has been
associated with the passage of the blade over the fuselage. The
impulsiveness and high level of tail rotor noise is also believed to be
to some extent dependent on the tail rotor/tail pylon interaction.
These aspects had not been studied in detail, although they obviously
had a significant effect on the level and subjective impression of
helicopter noise. A programme was therefore formulated to enable these
interaction effects to be investigated in detail on a model scale.

The fuselage/tail pylon was represented by a cylinder; this
shape was chosen in preference to any other to ease the theoretical
calculations. The cylinder (circular fuselage) was mounted under the
ISVR 9 ft diameter rotor. The theoretical blade 1lift fluctuations
resulting from the interactions were evaluated by using Bramwell and
Johnston's theory [21] and the acoustic spectra was calculated using a
rotational noise prograem developed from that derived by Tanna [.18, 130].
The predicted values were compered with results obtained from narrowband
analysis of noise measurements. Cylinder (fuselage) transient surface
pressure measurements were obtained and compared with valuesderived from
the aerodynamic theory. ”
7.2, TEST FACILITIES
7.2.1. Rotor Rig/Blade Pressure Transducers

The ISVR 9 ft diameter rotor rig was fitted with the three bladed

rigid rotor head and the standard untwisted blades. A pair of Kulite

LGL-125-5 miniature pressure transducerswas fitted by WHL in a fourth-
blade, and it was intended to measure the blade pressure response.
After calibration at WHL, and checks at ISVR, this blade was fitted to
the rotor rig. At this stage it was discovered that the upper trans-
ducer had failed and that the lower gauge only responded to static
pressures. The faults appeared to be associated with the detail
installation and since WHL could.not offer any assistance in this matter
and expertise was not available at ISVR, it was decided to delete the
measurement of blade pressure from the program.

The rotor thrust measurement device discussed in section 2.5 was

281
CHAPTER 7: BLADE/FUSELAGE INTERACTION
incorporated into the rotor rig during the initial stages of this study.
\
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7.2.2. Rotor/Fuselage Interaction Simulation

The 'fuselage' was a cylinder of 12 inches diameter and 30
inches long. It had three pressure tapping points on the surface
9 inches from one end plate at 300 separation - these were fitted with
B & X type UA 0015 mountings to enable flush fitting of B & K % inch
pressure microphones (type 4134). The cylinder was supported on a
stand by using a simple 'V support' as illustrated in Figure 7.1. The
cylinder was mounted under the rotor as shown in Plates 2.1 and 7.1 and
the range of rotor/cylinder positions are shown in diagrammatic form in
Figure 7.2. With this arrangement the pressure tapping could be
positioned at any angle simply by rotating the cylinder and hence a
circumferential distribution of pressure could be obtained. Similarly
the radiasl position, within the limits indicated on Figure 7.2, could
be set to any desired value.
7.3. TEST PROGRAMME

7.3.1. Scope
In the programme as originally envisaged it was intended to study

the blade pressure, cylinder pressure and the noise output as a function
of the variation of rotor speed, blade/cylinder separation distance,
blade pitch and radial position, both theoretically and experimentally.
The theory used was independent of the sign of the pitch, but in the case
of the experimental results differences between positive pitch and

negative pitch setting was eXpgected. Blade pressure measurements were

subsequently abandoned (see section 7.2.1) and due to time limitations

the full §f6éramme was not completed. The items relating to the
cylinder pressures selected for study and reported on in this report

are indicated in Table 7.1. At first glance it may appear that the
conditions studied could have been better selected; at the time however
the aim was to give as wide a cover of the complete programme as possible
and place the main emphasis on the noise results. Similar analysis as

- planned for the cylinder pressure was planned for the noise results. A
major problem was, however, experienced with the rig 'thrust measurement'’
device which took considerable time to rectify. In addition a number

of minor problems were encountered with the computer programs which set
back the analysis/prediction scheéule. It was decided therefore to
place emphasis on the data collection with a view to completing the full
analysis at a later stage. It was also anticipated that an extension

would be granted to the contract supporting this programme to complete the

»
»
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work as originally envisaged. Additional funding could not, however,
be obtained and as a result a number of aspects of interest could not

be examined in the full depth desired. Also as a result of curtailment
of the programme the number of conditions analyzed were far less than
ideally required. The result was that instead of being able to study
the 'noise implication' as a function of a number of variables, it was
only possible to conduct a comparison between theory and experiment at
selected conditions. The cases chosen for this comparison do, however,
indicate the general characteristics and the main areas of interest.

7.3.2. Noise Measurements

Tests were conducted for both downwash (positive blade pitch)
and upwash (negative blade pitch) cases over a speed range varying from
400 rpm (188.5 ft/s tip speed) to the maximum possible for the particular
pitch chosen. A list of the conditions, fogether with the rotor/
fuselage separation distance tested, is given in Table 7.2. In order
that the influence of the rotor/fuselage interaction could be assessed
measurements at all the test conditions were repeated with the fuselage
removed (normal rotor noise).

Noise measurements were made at the position illustrated in
Figure 7.3 and as can be seen microphones 1 and 2 are approximately 1 and
2 rotor diameters from the 'tip region'. ‘

7.3.3. Fuselage Pressure Measurements

Pressure measurements“were obtained foor a range of conditions
with the blade set with both.positive and negative pitch (downwash and
upwash)i. The rotor blade to fuselage separation distance H, defined in
Figure 7.4, was varied from 8 to 16 inches in the case of positive pitch
and from 10 to 16 inches for the negative pitch case. These distances
refer to the ideal 'stationary rotor' and take no account of 'coning
effects' which result in an effective increase in rotor blade separation
at the blade tip for positive pitch and a decrease for negative pitch.
Coning results in a tip movement of 1 to 2 inches - this effect is
discussed in section 7.6.1.

The separation notation (H) used refers to the distance from the
cylinder (fuselage) centre as illustrated in Figure 7.4 and should not
be confused with the rotor/cylinder clearance (S on Figure 7.4). Since
the cylinder radius was 6 inches, the 8 inch and 16 inch separation
distances imply (excluding coning effects) true separations of 2 inches
and 10 inches respectively. It also follows that, since the coning in
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the tip region was in the order of 2 inches, an '8 inch condition' was |
not possible when testing with negative pitch. 7
7.3.4. Steady Thrust Measurements '
. - Rotor thrust measurements were made over the full range of test
speéds and for pitch setting ranging from 0° to ¥ 10° (in increments of |
2°) with the cylinder removed. The positive and negative pitch setting
gave, within the measurement accuracy, identical results. Tests were
repeated with the fuselage in position, but unfortunately the thrust
measurement system developed a fault which was not detected until after
the programme had been completed. Accurate measurements are, therefore,
not available of the steady (or mean) thrust with the cylinder in posit-
ion; calculations suggest, however, that to a first order the mean thrust
would not be changed from those obtained without the cylinder under the
rotor.,
7.4, THEORETICAL INVESTIGATION
T4e1. Alms
The mein aim was to predict the acoustic spectra of the rotor
when subjected to transient loadings arising from rotor/fuselage, or more
precisely rotor wake/fuselage, interaction. Since acoustic theories had
already been relatively well established emphasis was placed on determin-
ation of the blade loading since a successful prediction obviously
depended on being able to calculate.the blade 1ift/time dependency
accurately. A secondary aim waéw% e &eterminaticn of the pressure dis-
tribution over the surface of the cylinder.
Tke2, Aerbgjgdﬁic Model o
The mathematicael model developed by Bramwell and Johnston [ 21)
was used as the basis for calculating the transient blade loading and
cylinder (fuselage) pressure field. In this theory the flow field
around the blade was substituted by a two-dimensional vortex flow field
in a plane normal to the fuselage, the strength of the vortex K being
taken as 4 T of the circulation [' around the aerofoil (blade), i.e.
K= ["/27. The treatment of the problem as a two-dimensicnal case
enabled conformal transformation techniques to be used and the result
was then approximated to the three-dimensional flow case by applying an
'end effect' correction term. This approach was developed as a part
of this study by Devani[ 22] into a form which allowed the influence of
the roton/fuselage interference to be assessed. A summary of this
theoretical development is given for the transient blade loading and
cylinder surface pressure in Appendix 12 - since in both cases “this is
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based on estimations of the change in blade circulation due to the
presence of the cylinder (fuselage) this development is also outlined
in Appendix 12.
7+.4.2.,1, Transient blade lift

The theory is outlined in Appendix 12 and the blade 1lift is

given by 2aq?U
R [- - . At ]
LT:/l.vGa . e 201VSID(\)¢> \)) + (Cl‘l Oi } (7.1)

R, [ 1- 2a . 2Q, ]
R A &
where AP = density of air, V = blade velocity, ao = 1lift curve slope,
\% = collective blade pitch, \) = induced angle at blade section,
a = radius of fuselage, ay = radius of cylinder which trensforms into flat
plate of chord 4 Q4 under transformation
Z= ;/+ 0'1/}/ =Y, (Re indicates real part of equation -
2 see Appendix 12 for further
5’: —2Ce-4Yo; 3 ”=5’.— C'/3‘/ explanation of terms)

The general concept is illustrated in diagrammatic form in
Figure 7.4 and if YW is taken as negative when the blade is approaching
the fuselage and positive when receding from it, then xo = r Sin f’,
yo = H, the height = a + S where S and a is the rotor fuselaze separation
distance and radius of the fuselage respectively.

Prom Bramwell and Johnston [21] it appeared thuat an 'end
correction' should be applied (in a similar wanner to that described in
section 7.4.2.2 in connection with the cylinder surface measurements)
but in addition to being cowplex, it was not clear if the formula devei-
oped for calculating the lift could be modified. Correction factors
of' the type devised for the steady thrust calculations discussed in
section 2.6 were therefore applied in this case.

A computer program was developed to enable the fluctuuating
blade 1lift as the blade passed over the cylinder to be calculeted - this
program is defined in Appendix.1}. Calculations were made for & rudial
position of 0.95 R over un azimuth range (see Figure 7.4) of I 10° for
a series of blade tip speeds and rotor/cylinder separations. 4 typical
result is reproduced in Teble 7.3.

T.4.2.2. Cylinder surface pressure

It was shown (see Appendix 12) that the pressure a2t o point )
(x“’YF) on the cylinder was given by

- = - .2\‘
p-DPo =P +P Py (7.2,
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where P, = p KV (1-k2_)Sin S o0 - 2k Cos § o sin (S-S_o)} ,
Ao 1-2k Cos (§- 80) +k2

%ﬂuza 2
2/o{UCosS-_1g_[k-Cos(S-§o) H .

Ao | 122k Cos (8§ -So) +k°
The symbols Ao, 8o and & are illustrated on Figure 7.4,

= a'/Ao’ PR = density of the air, P, = atmospheric pressure and
U = induced velocity.

K = "' /27 where M is the blade circulation. In the study
carried out by Devani [22 ] the impact of taking account of slight
variations in K and the inclusion of the resulting second order ( 3K/ dt)
terms was assessed. It was shown that this was negligible, being less
than 2% of the predicted pressure, and thus for the main calculations
K was taken as being equal to VCCL/A. as recommended in referencel21 1

The ‘end correction' formula devised by Bramwell and Johnston
[21] was used in this study. |

To enable the pressure/time characteristics to be calculated
as the blade passed over the cylinder the computer program outlined in
Appendix 14 was developed. Pressure measurements were calculated at a
position corresponding to an 'overheéd' blade radial position of 95% R.
Calculations were made for blade movements of 2° over an azimuth range
of £ 4,0°. Results were obtained for a range of rotor speed and blade/
cylinder separations and a set of typical results, with 'end corrections'
applied, is reproduced in Table 7.4.

7.4.5: Acoustic Theory

The rotational noise program developed by Tanna [18] and summ-
arized in Appendix 9 was modified to enable the SPL of a range of noise
harmonics to be calculated. This program was subsequently combined
with the transient blade loading program summarized in Appendix 13 to
give a complete program which allowed the SPL to be calculated directly
from the input parameters required by the blade loading prog:'cam: this
is described in general terms in Appendix 15.

7.44. Limitations of Aerodynamic Theory

The Bramwell and Johnston theory [ 21] used as a basis of the
theoretical study had been developed on the assumption that ideal flow
conditions existed. If such conditions could be achieved in practice

then it follows that the theory would be equally applicable to the

 *Jownwash' (positive blade pitch) and the 'up wash' (negative blade
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pitch) cases. In practice the conditions are far from ideal because

the viscous forces affect the flow - this is illustrated in diagrammatic
form in Figure 7.5. As can be seen the flow suffers from separation

on the 'downstream' part of the fuselage (cylinder) whereas the 'upstream'
is very nearly laminar. It follows that the theory is valid, streamline
flow being assumed, on the 'upstream' side of the flow. On the 'down-
stream' side separation makes the flow turbulent and the velocity potential
concept is no longer valid. It follows that in the 'downwash case'
(positive pitch) the blades pass through the laminar 'upstream' part of
the flow as indicated in Figure 7.5(a) and hence the theory of Bramwell
and Johnston [21] would be expected to apply. In the 'upwash' flow
(negative pitch) case the rotor passes through the turbulent part of

the 'downstream' flow, Figure 7.5(b), and hence the theory is no

longer applicable. This is, of course, a rather elementary simplific-
ation of the flow field; even so it does illustrate the general

difference between the two conditions studied.

In the theoretcial study the Bramwell and Johnston approach [21]
was, however, used for both the 'downwash' and 'upwash' cases since as
far as could be determined there is no theory available for taking fully
into account the 'upwash' (negative pitch case). Also it seems from a
fundamental point of view sensible to establish the differences between
the 'ideal theory' and the practical case. In the above simplification
the 'pulsation effect' of the flow as the blade passes over the cylinder
and any Reynoldsnumber effects are ignored.

7.5. RESULTS
7.5.1. Transient Blade Lift

Since the blade pressure transducer work was not pursued due to
difficulties with the pressure gauges, this aspect could only be
studied frow the theoretical point of view. A graphical representation
of the results detailed iﬁ Table 7.3 is reproduced as Figure 7.6 which
shows the transient 1ift per unit span (ALy) as a function of azimuth
angle Y.

mn

The 'maximum' transient 1lift component ALvnywhich occurs as the

blade passes directly over the cylinder at Y’: 0 (see Figure 7.6) was
computed for a range of rotor speeds, blada/fuselage separations and
blade pitch and typical results are given in Figures 775 7.8 and 7.9.
In addition to the absolute amplitude of AL, the term Almy/Ls,which is
the ratio of the calculated transient 1ift to the calculated steady 1ift

-
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(Ls)is shown - a 'log-log' plot has been used since this leads to
'straight lines' on the figures.

As can be seen from Figure 7.7, ALmw/Lsis independent of rotor
speed and hence the transient component is directly related to the
steady 1ift value. As the separation distance is increased the
'transient 1ift' component decreases as expected in amplitude. It
will be noted that (for the case shown) the transient component is 57
of the steady value for the 8 inch results which corresponds to a 2 inch
or 3 chord rotor/cylinder separation. This reduces to 19% when the
separation is increased to 2 chords (8 inches which is equivalent to a
height H of 14 inches).

A rather interesting result is that as the blade pitch is
increased (Figure 7.9), A Lwy/Lsdecreases from 805 at 2° pitch angle to
265 at 10° of pitch. This is due to the fact that the steady 1lift
component (Ls) increases more rapidly with pitch than the transient lift
component (Lm) - this can be seen on Figure 7.9. These results are,
of course,theoretically independent of pitch direction, although in
practice the comments made in section 7.4.4 will apply.

7.5.2. Cylinder (Fuselage) Surface Pressures

UV time-history traces of the measured cylinder surface pressure
were obtained and two traces which illustrate the general character-
istics are reproduced in Figure 7.10. It will be noted that the
pressure pulses are essentiallyidifferent in the two cases. For the
'positive pitch' condition (downwash case) the pulse is largely 'one
sided';~while in the case of 'negative pitch' (upwash condition) the
pulse approaches a sine wave in character. The corresponding theor-
etical result is shown in Figure 7.11 (reproduced from the data given
in Table 7.4) and it will be noted that it exhibits the character assoc-
iated with the experimental ‘'positive pitch' results, Figure 7.10(b),
although the negative portion (values below the datum) is more pronounced
on the experimental results.

7.5.%. Acoustic Measurements

Liarrowband analysis waslperformed on the majority of the cond-
itions by using the Spectral Dynamicsanalyzer system (section 2.4) and
a selection of the results for wicrophone position 1 and 2 are reproduced
in Figure 7.12. The normal rotor noise spectrum (no cylinder) recorded
at microphone 1 for +6° pitch is shown in trace ‘'a' and the result when

the cylinder is positioned under the rotor is given in trace 'b'. Traces

»
N
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'c' and 'd' illustrate the corresponding data for microphone 2 and
truces-'e' and 'f' show results for ~6° pitch. It is difficult to
assess from such traces the impact of the rotor/cylinder interaction
and thus it was necessary to obtain the level of the 'interaction
noise', by subtracting the normal rotor noise from the spectra obtained
with' the cylinder under the rotor rig. In this it was considered that
if the 'interaction effects' were 10 @B above the normzl rotor noise
then the level was that due to the interactionj if however the differ-
ence was between 2 and 10 dB the appropriate corrections were applied
to obtain the actual interaction levels. For differences of 2 dB and
below the result was ignored. Such spectra are reproduced in Figures
7.13 to 7.16.

Theoretical predictions were made for the full range of cond-
itions and results for the test conditions are indiceted on Figures 7.13
to 7.16. It will be noted that the theory gives a maximum at the
2nd/3rd blade passing harmonic and then there is a general decay in the
level with increasing harmonic order. It will also be observed that
in all cases the experimental results suggest a cancellation, which
shows on the figures as a 'dip' around the 11/12th blade passing
harmonic. Also as can be seen the theoretical levels (except for the
first few harmonics) are in general below the experimental results.
7.6, DISCUSSION OF RESULTS
7.6.1. Influence of Coning “Angle

~.~When pitch, and hence lift, is applied to a rotor blade it takes
up & position such that when the lift, drag and centrifugal forces are
balanced, the 'tip path' plane is above the plane‘through the rotor
hub normal to the rotor axis. In other words the blade 'cones up' and
the tip is displaced relative to the static or zero pitch tip path
plane. This applies both on a hinged (articulated) rotor and a rigid
rotor, as used for the tests. In the case of a rigid rotor which is
fixed at the root, the blade stiffness is such that under load it bends
and on the model the blade tip took up a position at the tip which to
a first order was similar to that on a 'hinged rotor'.

The theory is essentially a blade element (strip) theory and the
calculations were made for specific rotor/cylinder separation distances.
Over the spanwise element considered the influence of 'coning angle'
is small and hence can be ignored. The theoretical results were,

however, simply made in terms of a specified separation distance

»
B
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referenced for convenience to the value at the tip. For the positive
pitch case (+ve pitch) then the actual blade/cylinder separation distance
H! is the defined value H (see Figure 7.4) plus the coning effect. For
negative pitch (-ve pitch) results the opposite is true and the actusal
separation is less than the defined value H. Calculations were made
for a series of separation (H) values from 8 inch to 16 inch (in 2 inch
increments) and the experimental separation distances 'S' were defined
in terms of the 'static separstion'. It follows therefore that the '10
inch theoretical result' does not correspond directly to the '10 inch
experimental result'. In this context it 1s worth noting that although
statically the blade droops under gravity the height of the rotor hub
centre (and hence ideal or true static blade position) was known and this
was used for setting up the experimental conditions.

It follows, therefore, that difficulties occur when attempting
to make a direct comparison between the calculated and experimental
results. During the initial phase of the investigation a quick check
suggested that the 'oconing effect' was for all praétical purposes 2 inches
at the tip and hence it should have been possible to simply compare, say,
the results by making the necessary adjustment. When, on comparison of
the theoretical data, differences between the two sets of results were
found, a more detailed investigation was carried out (by using a strobo-
scopic light and a mirror arfangggent). This revealed that the tip
displacement (relative to thé;sfgfic value) varied between 1 and 2 inches
depending on the speed/pitch setting. It followed therefore that at the
main radial position of interest (95% R), for a condition when the 'coning
effeoct' was 1 inch, the actual separation distances S for the experimental
'10 inch conditions' were in the order of 5 inch and 3 inch for the +ve
pitch and -ve pitch cases, respectively, compared to the static valus of 4
inch®. The corresponding H values to be used in the theory would be 1
inch and 9 inch - unfortunately this aspect was not fully appreciated at
the time that the theoretical calculations were made and the values were
* simply calculated at a range of values nominally the same as the experi-
mental reference value (i.e., 8 inch, 10 inch, 12 inch, etc). It was
planned to re-run the programs, byt this was not possible within the time
constraints of the programme. Thus it has been necessary in the theoret-
ical/experimental review to compare the test data with the nearsest, or a
range of, theoretical values.

L)
Note: Nominal value of S = H-radius of cylinder: i.e., S=H - 6 (inch)
(see Pigure 7.4) :
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7.6.2. Cylinder (Puselage) Pressure

7.6.2.1. General characteristics

On comparing the experimental time history (Figure 7.10(b))
and the theoretical (Figure 7.11),general agreement in the character
between the two was obtained. This was not, however, the case for
negative pitch results as can be seen by comparing Figure 7.11 with
Pigure 7.10(a). This is considered to be due to the fact that the ideal
flow conditions assumed in the derivation of Bramwell and Johnston's
theory [21] do. not exist and as discussed in section 7e4.4 £flow separ-
ation takes place in the downstream part of the flow (see Figure 7.5).
7.6.2.2. Variation with speed
7.6.2.2.1, Positive pitch

Theoretical and experimental 'peak' pressure results are
compared for +6° pitch in Figure 7.17 as a function of rotor speed

(plotted to a log scale). Four ourves are illustrated on this figure:

(a) experimental results for 10 inch static separation (H=10, S=4),

(b) the 'theoretical uncorrected 10 inch separation' results which take
no account of coning angle or end effects,

(e) 'theoretical end-sorrected' results for 10 inch separation, and

(d) theoretical curves for 12 inch separation - this corresponds approx-
imately to the experimental result, with the coning angle taken into
account.,

Firstly it will be obseEGed that the slopes of the curves
are identical, following a V2 law. Application of an 'end-correction'
significantly reduces the estimation of the 'peak' pressure (by approxim-
ately 30%)and if & similar correction is applied to the 'theoretical 12
inch separation' curve, then the theoretical values would fall below
those measured experimentally. The general agreement, when the type of
experiment is taken into account, is considered to be good and it is
anticipated that if precise 'coning angle' measurements had been taken
even better agreement could have been obtained.
7.6.2.2.2, Negative pitch

Experimental data was not obtained; the theoretical curves
would, however, be identical to those indicated on Figure 7.17.
7.6.2.3. Variation with sqparation'distance
7.6.2.3.1. Negative pitch

A typical set of theoretical (uncorrected for end effects)
and experimental 'peak' pressures are illustrated on Figure 7.18. It
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will be noted there is a difference both in the general characteristics
and absolute levels. If an allowance for 'end effects' had been made a
better agreement would have been obtained at the lower separation
distances. On the other hand taking coning into account would tend to
increase the difference. In this context it is worth noting that for
this case the negative pitch 10 inch experimental results would be
expected to correspond approximately to the 8 inch theoretical value.
7.6.2.3.2. Positive pitch

This was not studied: the theoretical curve would, however, be
identical to that indicated in Figure 7.18 and it is of interest to note
that even for a 16 inch separation (actual theoretical bladq/fuselage of
10 inch or 2.5 chords) the 'peak' pressure is still a significant factor.
7.6.2.4. Variation with blade pitch
. This aspect was not examined.
7.6.2.5. Circumferential distribution of pressure
7.6.2.5.1. Positive pitch

A typical set of results are reproduced in Figure 7.19 and
show the variation in pressure with angle around the cylinder. It will

’ be'noted that whereas the theoretical model suggests, as expected, a

maximum directly under the blade ( & = 90°) measurements indicate a
reduction in pressure at this point, i.e. a 'dip' in the curve. This was
not examined in depth but if it is.assumed that the flow is laminar
outside the region bounded by § =60° to § = 120° (1.e., 30° either side
of the vertical), then it would appear that some form of flow separation
takes place between 60° and 120°. This is difficult to understand, but .
it could be associated with the fact that the flow is transient in nature
(pulsing with the blade passage) rather than uniform. Bven 8o it would
appear that outside the range 60° to 120° fairly good correlation between
the theoretical and experimental results are obtained. In this case,

however, better agreement was generally obtained if 'end corrections' and
'coning effects’' were ignored. This is an aspect which obviously
warrants further examination since the Bramwell and Johnston theory [21]
is often used to predict fuselage pressures.
This relatively large difference between the 'theoretical!

and experimental curves and the apparent 'dip' in the measurements at

§ = 90° must also be taken into account when eveluating the cylinder
pressure results presented previously since they are quoted only for the
& = 90° position. 1In other words the difference on Figure 7.17, which
shows the variation with speed, would appear to be essentially due to
the fact that circumferential distribution of préssure does not follow
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the theoretical curves. This is another area which needs further
examination. '
7.6.2.5.2. Negative pitcn
This aspect was not examined, although the theoretical curve
would take the form illustrated on Figure 7.19. Considerable departure
from the theoretical model would, however, be expected because of the
flow distortion discussed previously.
7.6.2.6. Variation with position along the cylinder
7.6.2.6.1. Negative pitch '
The 'radisl' distribution is illustrated in Figure 7.20. The
influence on the theoretical curve of the 'end correction' is clearly
shorn. The 'peak' predicted at 90% R agress fairly well with the experi-
mental value; the 'fall-off' beyond this point is, however, more rapid
than suggested by the theory and more akin to that associated with the
'fall-off' of the steady blade loading (section 2. 6)
7.6.2.6.2. Positive pitch
This was not evaluated.
7.6.3. Rotational Noise
7.6.3.1. Theoretical considerations o

Harmonic levels for ¥ZI20° anda = 400 (relative to the centre
of cylinder position) were investigated to study the effect of the
azimuthal range on the predicted spectra. Outside these ranges the load-

ing was assumed zero; this approach was adopted since the aim was to
study the influence of bladq/fuselage interaction only. Similar results
were obtained with both ranges except that, as expected, use of data over
aly0° azimuth range gave slightly higher results at the higher harmonics
(15th and above). Since the former, however, enabled a reduction in
computer time, predictions based on a ¥ ¥ 20° range were selected for
detailed comparison with the experimental results.
7.6.3.2. Positive pitch (downwash) case

As can be seen from Figure 7.12, the overall rotor noise spectrum
was not affected to any great extent by the blade/cylinder interaction.
The maximum influence was in the frequency range 50 Hz to 500 Hz with
increases in the harmonic levels of typically 1 to 5 dB. It was also
observed that the interaction introduced 'sub harmonics' (rotor passing or
rotor rotational harmonics) in the range 50 Hz to 250 Hz and that analysis
of the level of some of these showed that they were increased to a level

10 @B above the previous 'broadband' noise level.
Comparison of the theoretical and experimental harmonic levels
(Pigure 7.13 and 7.14) showed that fair agreement was obtained for the
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first 7 harmonics and that at higher harmonics the predicted SPL was

significantly lower than the measured values. Consideration of the
'coning effects' would not significantly affect the correlation. The
implication from this comparison is that the actual 'pulse' width is
signifioantly sharper than predicted theoretically. This is also
supported by the 'cancellations' in the experimental results which tends
to suggest that a well-defined repetitive pulse is generated whose 'width'
is less than indicated by the theory (this is discussed in Chapter 6).
This is importent and obviously needs clarification before the method
can be applied to prediction of full scale blade/fuselage interaction
effects. S

7.6.3.3. Negative pitch (upwash) case

This configuration had a significant effect on the rotor noise
with harmonic levels exhibiting on average increases by 2 dB to 10 @B in
the frequency fange 100 to 400 Hz with the highest increases in the 3rd
to 12th harmonics. Typical results are reproduced in Figure 7.16 and
show that even if ‘'coning' is teken into account the predicted values
are well above those given by the theory. This is considered to be an
underestimation of the 'sharpness' of the pulse and the influence of

'flow separation'.

7.6.3.4. Comparisons of Eositive gdownwashz and negative (upwashz

conditions

By studying the positlve and negative pitch narrowband results
(Figure 7.12) it can be seen that the 'upflow' case (negative pitch)
generates higher noise levels than the equivalent 'downflow' case. It is
difficult to make a precise comparison because of the influence of 'coning
angle but Figure 7.21 shows a comparison derived from consideration of
& number of individual traces. Also indicated on the figure are the
levels associated with the normal rotor noise on the rig. As can be seen
the 'upflew' rotor noise is up to 10 dB higher than the corresponding
'downflow' rotor noise over a fairly wide frequency range. The trend
occurred throughout the tests and in terms of dB(A) the difference was
typically 10 dB. This is perticularly important from the point of view
of a real helicopter tail rotor, since they are often operated in 'hover'

 in a manner which corresponds to the 'upwash' (negative pitch) case. It
will also be observed from Figure'7.21 that even the 'downwash'/positive
pitch case still exhibits a significant increase in noise as compared to
the level generated by the normal rotor.
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7.7. CONCLUSIONS

1. Placing a cylinder (fuselage) under a rotor gives an increase in
rotational noise: the effect is more pronounced in the case when
the fléw is drawn over the oylinder (negative pitch case) than when
the flow is directed down over the cylinder. Even so there is still
a marked increase in the noise level, and impulsiveness, in the
positive pitch case.

2. Theory based on Bremwell and Johnston's work [21] shows fair agreement
with the experimental results for the positive pitch (downflow) case;
further refinement is, however, needed to take account of 'coning
effects' and there is an indication that the '‘end correction'’ is in
error.

3. Comparison of theory and experiment suggests that the ‘pulse' may be
sharper than given by the Bramwell and Jobnston theory [ 21).

4. The general trends associated wtth the 'peak pressure' on the cylinder
as a function of blade/cylinder separation and velocity are very
similar to those given by the theory.

5. The pressure on the cylinder departs from the theoretical character-
istics at angles withuﬁﬁjoo of the verticsl. At )L'= 0° the experi-
mental results exhibit a dip, while the theoretical curve suggests a
maximum, This is an important aspect and needs further examination.

6. The cylinder pressure measurepgnts for positive pitch (upflow case)

show a negative pressure prié;?ﬁo, and just after, the main pressure
pulse. This is not predicted by the theory and thus the 'pulse' has

‘ ieffectively & higher frequency content-than the corresponding smooth

theoretical pressure curve. '

7. The results suggest that on a real helicopter interference between
the tail rotor and the tail pylon (or tail fin) is likely to be a
significant factor, particulérly since in many designs the flow in
‘hover' and low speed flight is drawn over the pylon (positive pitch
case). This also has implications on tail rotor design, but other
aspects such as aerodynamic performance must be taken into account.

8. Although this programme was curtailed the trends are of sufficient
interest to support the need for a further examination, since even
with a blade/cylinder clearance of 2 chords increases in noise were -
detectable. Such clearances are used on real helicopters.
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Although differences between the theory and experimental results

were found, overall it seems fair to conclude that the theory is
sufficiently accurate for it to be applied to the full scele positive
pitch (downflow) conditions. Programs developed during this invest-
igation could be applied directly to such cases.

A completely different theoretical approach will be necessary to

take account of the apparent flow distortions associated with the
negative pitch (upflow) case, since it appears thaet the noise is

more a function of the wake shed by the cylinder. Theoretical
models of the form developed in conneotion with the blade/gust inter-
action (Chapter 6) could farm the basis for such a method.




TABLE 7.1: CYLINDER PRESSURE STUDY

Cylinder Pressure Theory Experiment
' (+ve & -ve pitch) [+ve pitch | -ve pitch

Variation with Rotor Speed (V) v v

Variation with Separation (H) v

Variation with Blade Pitch ( ) X

Function of angle v

Radial Distribution v

\/ condition examined. X condition not investigated.

TABLE 7.2: TEST PROGRAMME

Rotor Speed Range
rpm

H (inches) S (inches) Min Max

Rotor/Cylinder Separation

8, 10, 12, 14, 16 2, 4, 6, 8, 10 400
8 400
8 400
8, 10, 12, 14, 16 400
8 400
8 4,00
8, 10, 14, 16 400
10, 12, 14 400
10, 12, 16, 16 400
10, 12, 14, 16 400
1
14
14
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Fuselage section
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FIGURE 7.2. ROTOR/FUSELAGE (CYLINDER) ARRANGEMENT
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CHAPTER 8: CONCLUSIONS

8.1. INTRODUCTION

The detalled specific conclusions relating to each topic studied
as part of this programme are detailed at the end of the appropriate
chapter. It is not proposed to repeat or summarize these detailed
conclusions in this chapter, but rather to concentrate on the aspects
which are of wider interest and highlight the commonality between the
results of the various topics investigated. In addition the implicat-
ions of the results obtained on the noise generated by a real helicopter,
and the rotor design/configurations which can be used for its control,
are reviewed. For convenience and clarity these general conclusions
are discussed under specific headings although, of course, they are in
many cases inter-related.

The acoustic theories used in the various investigations reported
in this thesis were in the main based on the work of Lighthill [112].
In addition to the theoretical developments made by (and under the
guidance of) the author, use was made of the theoretical models and
computer programs devised by Wright [28, 31], Wright and Tanna [29] and
Tanna [18, 150]. In these theories the mechanism is assumed to be
dipole in nature and although in the early blade slap work the source
was treated as a point dipole (compact.source), distributed (non-compact)
sources were considered in the éase of the bladq/gust and bladq/fuselage
interaction studies. In general it was assumed that these theories
werexﬁﬁﬁlicgble to the cases under investigation and hence any inadequ-
acles of thé'theories from a fundamental point of view were not examined.
It follows that no attempt was made to comment on the work of Ffowcs
Williams and Hawkings [131] who have suggestéd that quadrupole sources
may be explicitly identified as important in the generation of discrete
(rotational) noise on a rotor. Such a mechahism, and any non-linear -
effects not accounted for in the theories would, however, only be
expected to be distinctively significant on high speed rotors and hence
the test programmes conducted as a part of this study are not suited to
studying such aspects. It is also worth noting that any departure
from the theories arising from refraction of the sound by the (air) flow
field and any other flow effects on the rotor, are likely to be small
since even in the case of a real helicopter the typical velocity of the
'downwash' (mean flow) is only 75 f£t/s (23 m/s; Mach No. 0.07).




8.2, OVERALL PROGRAMME

The programme outlined in this thesis was aimed at furthering the
understanding of helicopter rotor noise and in particular transient
effects. As a natural consequence it has covered a large number of
topics since helicopter noise is a complex combination of the noise
generated from a number of sources each of which generates noise by
several mechanisms. In general terms this programme has shown that
although it would be difficult, if not impossible, to calculate the
basic rotor noise characteristics because of the limitations of avail-
able aerodynamic models, the noise arising from well defined and specific
interactions - transient effects - which give rise to excess noise can be
successfully predicted. This is not meant to imply that every detail
resulting from a blade/discrete flow field interaction can be established,
but rather that the main controlling paremeters can be estimated and that
the available theoretical models are sufficiently accurate for general
use. .
8.3. IMPACT ON ROTCOR NOISE OF TRANSIENT EFFECTS

Most transient effects or discrete interactions result in a
dramatic increase in the rotational (discrete frequency) noise and in
particular the higher harmonics. This is understandable since such -
disturbances act over a relatively small area of the complete rotor disc
and, since this is small compared to the distance between the rotor
blades, it generates frequencies well:-above that associated with the

blade passing intervel. The influence on the broadband noise is very

_buch less marked and in many cases it would seem that the broadbend

" noise is independent of such effects, As the length and/or area of the
disturbence is increased, however, it would appear that the broadbend
noise exhibits a slight increase. This was clear in the ocase of the
blade/gust interaction study when the gust length was extended to 7
chords. Even so the increase was small and at 6% chords a slight drop
in the broadband noise level occurred. This was probably associated
with some type of stalling effect or breakdown in the steady flow
condition, but cannot at this time be fully explained.

8.4. ROTATIONAL NOISE

Rotational (discrete frequehoy) noise, in particular the higher
harmonic content, is very sensitive to transient effects. Marked
increases in the level of noise can be generated by even small flow dis-

turbances and because of its impulsive nature it is usually subjectively

-
-
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annoying. These effects become more marked as the rotor speed is

" increased and thus transient effects are very important on high tip
speed rotors. It is generally considered that the 'base rotational
noise' associated with a 'clean rotor' is a function of the inlet flow
and/or self generated flow field disturbances. It follows, therefore,
as found in practice, that rotational noise (relative to broadband noise)
is also more significant on high speed rotors.

The transient effects, which can be considered to give rise to
excess noise, can be relatively easily predicted provided the correspond-
ing aerbdynamic blade loads/lift fluctuations can be calculated. This
was demonstrated in the case of blade/gust interaction, blade/fuselage
interaction (downwash condition) and blade/vortex intersection studies
since in eech of these the flow characteristics could be defined. It
follows by implication that the noise from other forms of flow disturb-
ance, even if they act over a large area of the rotor, can be calculated
if the aerodynamic blade response can be modelled. Thus in addition to
being able to predict the transient effects it should ideally be
possible to do the same, as suggested in a number of theoretical studies,
for the complete 'base noise' of any rotor. The situation is, however,
very much more complex since firstly it is not practicable at the present
time to establish the ‘base’ inflow (or blade response) characteristics
and secondly, even if these were known, the three dimensional effects
which occur at the tip cannot be defined with any accuracy. The
position on a real rotor is further cgéblicated by the fact that in
addition to the steady and fluctuating forces which arise, thickness
effects have to be considered. Until recently the impact of blade
thickness on noise was only considered to be important at blade tip
speeds approaching Mach 1; evidence now suggests that it may be a sig-
nificant parameter at much lower tip speeds and that the actual projected
blade thickness has an impact on the noise level. It would appear that
in addition to the levels the character of the basic rotational noise is
also very dependent on the absolute tip speed and it is clear from the
model and full scale results that a full understanding is not yet avail-
able. By implication on a real helicopter the situation relating to
the main rotor becomes even more complex due to numerous, and unpredict-
able, flow disturbances and interactions which can occur. In the case
of the tail rotor, noise prediction is even more difficult since it is
subjected to the influence of the main rotor wake, the tail pylon and the
discrete wake shed by the rotor head and fuselage itself.
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In the above discussion it is assumed that the limitations are conn-
ected with the determination of the aerodynamic conditions in which the
rotor is operating. Although this is in general true it is worth
noting that in the acoustic theories available the importance or other-
wise of the chordwise distribution and the relative merits of using the
'real chord' or an 'effective blade chord' in the calculations need
clarification. This is a relatively important point since differences
at high frequency from using the two approaches can be as large as 20 dB.

Analysis of the basic rotational noise on a 'clean full scale'
rotor has indicated that it correlates reasonably well with the projected
blade thickness based on the blade angle of attack. This suggests that

'the self generated flow field is likely to be more significant than the
inflow conditions. If this is the case then the shed wake and the
boundary layer would be important. Thus it would seem sensible to
place some effort on examining this aspect since the self generated flow
field should be quantifiable., Some credibility is given to this
argument since results from a ‘wide' range of 'clean rotors' show very
similer spectrum characteristics even though the size of the rotors and
test environments are very different. On the other hand the aerofoil
perameters such as blade/chord ratio, blade/span'ratio, etc., are very
similar on the majority of helicopter rotors and it may be that thé
blade responds in a similar marmer to a wide range of inflow conditions.
It is well established that if a rotor is subjected to a large disturb-
ance the higher harmonics increase significantly while some of the lower
harmonics remain relatively constant. Thus in addition to the self
generated wake effects, it is likely that the scale of rotor, relative
to the inflow distortions, is important and thus on a 'dirty' rotor the
inflow conditions would be likely to control the noise.

With these considerations taken into account it seems fair to
conclude, therefore, that even though the transient effects which give
rise to excess rotational noise can be readily predicted, it is likely
to be a considerable time before the 'basic' rotor rotational noise can
be estimated to the desired accuracy.

8.5. BROADBAND NOISE

The observgtion from the transient rotor noise studies that the
broadband noise was insensitive to such changes agreed well with the
general survey of the low frequency broadband rotor noise and the
parallel investigation conducted with use of real helicopter results.

»
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This showed that, unless the flow disturbance was very high, the level
of low frequency broadband noise was essentially a function of the blade
geometry and tip speed. More detailed studies revealed that it was
dependent also on the effective blade thickness or angle of attack. At
first glance this may appear to be a contradiction since the transient
effects also give rise to variation in the angle of attack. In this
case, however, the changes in the angle of attack occur over a relatively
small area of the blade and for a relatively short period and there.is
insufficient time for the blade circulation characteristics to change.
For this reason the blades db not stall, even if the angle of att#ck
range for a short gust is several times above the classic stall angle
value.” It follows therefore that changes in the low frequency broad-
band noise would not be expécted uhtil a significant portion of the A
rbtor disc was subjeoted to such effects. In this context wind would
not be expected to have a marked effect since the'gust size' is uaually
relatively small compared to the size of a real rotor and a uniform
disturbance, such as in a wind tunnel, would be required before large
changes in the level of low frequency broadband noise would be expected.
The reverse is true in the case of rotational noise and the smaller the
area of disturbance (in general terms) the higher the levels of rotat-
ional noise and more marked the transient or impulsive effects.

There is very little real understanding of the basic mechanisms
involved in the generation of broadband$ﬁbise although it does appear to
be associated, in some way, with the shed (vortex) wake. As in the
case of the rotational noise, the nature of boundary layer is therefore
likely to be important, particularly since in this case it is clear that
the noise is self generated and essentially independent of the inflow
conditions. Yudin's proposal [ 59 ] that the noise varied with CD.S.V6
appears to explain the general trends, but except for the fact that at
high 1ift the drag is proportional to the thrust there seems to be no
direct evidence for the thrust dependency assumed by many investigators.
Recent analysis indicating that the noise varies with the blade thickness
based on the angle of attack (and hence indirectly thrust) again seems
to suggest that the shed wake is ;mportant.

Differences in the spectral characteristics between the model
rotor and helicopter results on the one hand and the full scale results
on the other seem difficult to understand, but since other investigations
on full scale rotors have shown similar trends to those of the author

this requires further investigation since it may help in defining the
mechanism involved. '
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From the observation of the insensitivity of low frequency broad-
band noise to gust effects, etc., it follows that empirical and semi-
empirical formula can be developed and this observation also explains
why the available prediction methods are so accurate on the particular
family of rotors for which they were developed. It would seem that the
. main controlling parameters are V, S and o{ where V is the tip speed, S
the blade area and o the angle of attack. Since on a helicopter the
thrust T is directly related to S and {, it is clear why many of the
predictions formula have & thrust dependency (usually Tz) term., It
also follows, since in the majority of cases the empirical constant
associated with such formulae have been derived from rotors operating at
their design limit, that the formulae, which usually take the form of
vV or Vx.Ty.Sz, would be expsected to break down when applied to a
rotor vhich is operating well off its design condition or one of a very
different type. This is the case in practice and hence the conventional
formula cannot be used to predict, for example, the ‘ground idle' case
where the rotars are unloaded (zero thrust).

8.6. MODEL vs FULL SCALE
8.6.1. Rotational Noise

The 'basic' rotational noise characteristics determined from the
model rotor and the full scale rotor exhibited & number of important
differences which cannot be really explained. If on the other hand a
well defined blade/flow field intefgction is considered then the model
rotor and full scale rotor give identical and predictable results. This
was clearly illustrated in the case of the blade slap where real heli-
copter measurements agreed well with those dsrived by simulating blade/
tip vortex interaction on a model rotor. These observations have a
much wider implication since it is implied that although a model is well
suited to studying transient effects, it is considerably less acceptable
if used to investigate the basic rotational noise characteristics
associated with a real helicopter rotor. Intuitively this is under-
standable since if the 'basic' rotational egégid}s dependent to some
extent on the inflow characteristics then thgdphysical size of the rotor,
say, to the size of the eddies in the flow would be expected to be
important. Also the 'tip effects' may be very dependent on the actual
Reynoldsnumber. From the point of view of the study of tail rotor
noise, however, use of & model has obvious advantages. Firstly the

level of rotational noise to broadband noise is high as on a real tail

rotor and secondly on a tail rotor the main mechanisms of interest arise
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from interaction effects such as bladq/pylon interference, main rotor
tip vortex/tail rotor interaction, etc. Thus the problems associated
with fully explaining the 'base' or datum noise characteristics are not
encountered.

The above comments are based on the general observations made
of the rotational noise characteristics. Some of these objections may,
however, be overcome if the date is examined in a greater depth since,
as explained in Chapter 3, the model rotor at the higher tip speeds
tested appeared to a first order to give results which correlated with
those of the full scale rotor measured at a similar (but low) tip speed.
This obviously requires further study before definite conclusions can be
reached; in the meantime it would seem prudent to adopt the approach
outlined previously. In this context it is worth noting that the
apparent differences in the rotational noise on the model rotor and the
full scale rotor did not appear to correlate with any Reynolds number
effect, since in each case there was relatively well defined and
repeatable variation in the noise with tip speed and pitch and/or thrust.
If the changes had been a function of the different flow characteristics,
the model rotor results would have been expected to show a change as the
tip speed was increased and the laminar/turbulent boundary at a Reynoids
number of 10~ exceeded.
8.6.2. Broadband Noise

Unlike rotational noise, the characteristics of which appear to

be very dependent on the size of the rgtor, broadband noise can in
principle be studied on either a model rotor or full scale rotor. There
is one disadvantage in using a model rotor, howevér, in that the level
of the broadband noise, relative to the rotational noise, is lower than
on a full scale rotor. This can obviously present difficulties in
recording and analysis due to higher signal-to-noise ratio requirements.
If this aspect is overcome then, provided care is taken with the analysis,
a model rotor is suitable for investigating broadband noise. Since,
however, the level of both rotational noise and broadband noise is a
function of the number of blades, a 4 bladed rotor would seem preferable
to a 2 bladed design because of the lower rotational noise content.
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8.7. REAL HELICOPTER CASE
8.7.1. Main Rotor
8.7.1.1. Rotational noise

From the comments on the sensitivity of rotatiocnal noise to
input flow conditions and operating environment, it would be expected
that vastly different spectral characteristics would be obtained from
different helicopters, rotors, etc. This is,however,not the case and it
has been shown that the rotational noise levels associated with full
scale rotors (on whirl towers and helicopters) give spectra which are
not greatly different in terms of the harmonic decay rate. This
suggested that the fluctuating forces generated are to a first order
similar and linked in some manner to the steady or mean 1lift. This
would be the case if they were controlled by the magnitude of the tip
vortex or possibly the shed wake. This warrants further review since
it may offer a method of overcoming the problem of predicting the 'basic
aerodynamic forces' and enable a satisfactory rotational noise prediction
method, even if semi-empirical, to be obtained. This could take the
basic form suggested by the author in Chapter 4, but razther than such a
simple solution the spectrum would be expected to be dependent on the
rotor parameters including the number of blades.
8.7.1.2. Broadband noise

Since it has been fairly conclusively shown that broadband

noise is dependent only on the rotor - gegmetry, tip speed and operating
angle of attack 04, it should be possggie to develop a reliable predic-
tion method to cover all rotors. Wright [31] has taken up this concept
but this obviously requires further refinement to overcome the limitat-
ions imposed by his assumptions that the noise varies according to a
fixed velocity law, irrespective of the absolute value, and the somewhat
arbitrary selection of the ' o{ term'. Clearly, however, absolute thrust
has little direct effect on the level of broadband noise, although its
influence is taken into account in the ' &£ term'.
8.7.2. Tail Rotor

The‘impact on rotor noise of the flow distortions for the case
when the flow is drawn over the fuselage is much more significant than
due to the simple blockage effectlwhen the downwash is directed over the
pylon. Thus fuselage, or rather pylen (tail fin), effects are more
important in the case of the tail rotor than the main rotor. This is

particulerly true in the case of many helicopters since in the 'hover®
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or low speed fiight case the flow is drawn over the tail pylon. Also
there is a tendency to increase the tail pylon (tail fin) sige, to
provide improved stability and 'unload' the tail rotor in cruise flight.
This has obvious disadvantages from the noise point of view. Also
in this 'upwash' case the ourrent theory developed by Bramwell and
Johnston [21] is inappropriate. Even 8o ideally if the flow field
could be determined the noise could be caleulated from available fluct-
uating force theories. This area, however, requires further study
since it is far from clear if the flow environment in which a tail rotor
operates could be predicted. This 1is likely to be difficult because of
the complex geometry of the conventional tail pylon (tail fin) and the
general lack of knowledge on main rotor and tail rotor flow fields on a
real helicopter.
8.8. QUIET HELICOPTER DESIGN

Over the typical operating range of a real helicopter, rotational

10 and the (low frequency) broadband noise

noise varies approximately as V
a8 V',  Rotational noise, relative to the broadband level, is more
significant as the number of blades is decreesed and the tip speed
increased. It follows that to obtain a quiet rotor, it should be multi-
bladed (5 or 6 blades being a practical limit) and operated at as low a
tip speed as possible., A helicopter oan be really designed to meet the
lift (hover) requirements but if the tip speed is too low the upper
flight speed and general performance would be severely limited. "It is
necessary to make a compromise and a & or 5 bladed rotor with a tip speed
of the order of 650 ft/s would be desirable for a helicopter in the range
of 10,000 1b to 30,000 1b AUW. The actual tip speed of blade parameters
can be calculated to the acouracy required in project designs by using
the generalised methods outlined in chapter 4.

Teil rotor noise is usually of a relatively high level and diff-
icult to reduce. A tandem rotor configuration is therefore preferable,
to a 'Sikorsky type' layout with a main rotor and tall rotor. This
assumes, of course, little or no main rotor/main rotor interaction since
if it occurs very high levels of blade slap can be generated. The
original Boeing Vertol V107 (CH-46) and Chinook (CH-47A) helicopters
both suffered from this problem. The tandem rotor Belvedere on the
other hand did not generate blade slap except in high banked turns.
Boeing Vertol subsequently re-configured their Chinook (CH-47C) heli-
copter to give the Boeing 347. This had a raised rear pylon which

7




separated the two rotors and an extra blade was added to each rotor to
reduce the tip vortex strength. This resulted in a design which had
effectively two isolated main rotors and the noise level was very low,
being no more than that associated with the amall (3000 1b) Bell Jet
Ranger, even though the AUW of the 347 was 34,500 1b [ 132].

Alternatively the same low noise levels could be produced by a
side-by-side configuration as employed on the MIL MI-12 (USSR). This
has two large 5 bladed rotors and the noise is meinly broadband in
nature on this 200,000 1b AUW rotorcraft. In the smaller category of
helicopter the tandem rotor concept hae been employed a number of times
on prototype helicopters in the USA such as the Filper BETA 200 (2 seat,
1700 1b), Filper BETA 400 (4 seat, 2530 1b) and the McCullock LE (4 seat,
2400 1b), but these have never been produced for general use. Such
designs do, however, illustrate thet the tandem rotor principle can be
applied across the complete helicopter sigze spectrum,

The need for a tail rotor can also be overcome by the use of co-
axial ocontra-rotating arrangements where two rotors are run in opposite
directions on the same shaft. This concept has been successfully
employed by Kamov (USSR) on the 'Ka' range of helicopters. Recently
Sikorsky (USA) have also taken up this concept in connection with their
ABC design. Kamen (USA) adopted a slightly different arrangement on
their Huskie helicopter in which the two rotors were on separate rotor
qhafts slightly displaced from one another such that the rotors operated
like an 'egg beater'. On such designs, unlike on the tandem rotor and
side-by-side configurations, interaction between the wake of the upper
rotor and the blades of the lower rotor will occur. The severe 'blade
slap' type interactions are unlikely to occur except at very high
forward speed, due to the wake geometry. Thus the 'interaction noise!
is likely to be more akin to rotational noise. There is no generally
available theory but Lowson [133 ) has proposed a method, which suggests
that for typical helicopter rotors the level of interaction noise will
be well below the normal rotatiocnal noise. This is supported by test
results from the Kaman Huskie [134 ] and a Servotex (UK) contra-rotating
rotor [135] developed for the Canadair CL-84. There is, however, an
indicaetion from the data that, as expected, the harmonic content is
similar to that associated with a 'dirty rotor' and thus the spectrum
follows closely the 'upper curve' of the envelope discussed in section
4.7.1. From these observations, and a comparison of noise data for the
Kaman Huskie with that derived from 'Sikorsky type' helicopters, it
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seems fair to conclude that a contra-rotating rotor design is preferable
(for the same tip speeds) to a main rotor/tail rotor configuration.

On a 'Sikorsky type' configuration with a main rotor and tail
rotor, use of multi-bladed rotors is essential if the noise is to be
kept to a minimum. Blade slap is very severe on a 2 bladed main rotor
design because of high tip speed/high blade loading employed and the
fact that in flight blade/tip vortex interaction in the less favoursble
form can easily occur; on the other hand it rarely oocurs on a 4 bladed
design, A similar situation arises in the caée of the tail rotor which
on many small helicopters is the most annoying source. Two bladed tail
rotors are commonly chosen for weight reasons and if such designs are
replaced by a four bladed rotor, preferably at lower tip speed, then
significant reduction can be obtained as demonstrated by Hughes [ 136],

The case relating to the tail rotor is, however, generally more
complex and the direction of rotation and position relative to the main
rotor has also to be considered. Obviously it is not possible to remove
completely the tail rotor from the flow field of the main rotor. 1In
principle the tail rotor could be positioned such that the complete rotor
was above, in flight, the wake shed by the main rotor. In this case the
rotational direotion should be ‘top of blade forward' so that the lower
blade, if it interacts with the main rotor wake, would be at the mimimum
combined 'tip + forward' speed. Such a layout, due to offset forces,
etc., is impracticable and hence the rotor should be positioned below
the influence of the main rotor or as low as possible. In this case
the rotation direction should be 'top blade rearwards'. Thisg layout
may result in the tail rotor being positioned mid way up the tail pylon
(tail fin) rather than, as conventionally adopted, at the top. This
solution is considered to be preferential even though the 'blockage'
will be increased, since it is estimated that any main rotor wake, and
hence main rotor tip vortex, interactions with the tail rotor will be
likely to be more severe than the pylon blockage effects. This will be
particularly true under cruise and high speed flight conditions.

Ideally, of course, the blockage should also be kept to a minimum and
hence the rotor/pylon clearance should be as large as practicable.

Once the layout, etc, has been chosen to reduce the rotor inter-
actions to a minimum, the overall aim should be, in the case of a
'Sikorsky type' design, to match the noise from the two rotors to obtain
a balanced noise solution where subjectively the levels from two rotors .
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are the same. This will result in the tail rotor tip speed being
lower than that of the main rotor, whereas traditionally they are the
same., Attempts, by choice of the number of blades, etc., should also
be made to lower the rotational noise even if this results in an
increase in the level of the broadband noise. This is because broad-
ban& noise is subjectively less objectionable than rotational noise and
on any 'clean' design minor distortion in the flow could result in an
increase in 'excess' rotational noise which, on a dirty design, would
not be noticed. Also broadband noise is to a first order independent
of such effects.

If high tip speed rotors are used on helicopters then compress-
ibility effects and blade thiclmess both become important. This is
particularly true in the case of helicopters with 2 bladed main rotors
which have large chord (and hence thick) blades. Thus again s multi-
bladed rotor is preferred since smaller chord (thinner) blades can be
employed. These effects can be reduced by thinning the blade in the
tip region from the conventional 12% to, say, 6% which is an absolute
minimum for structural reasons. Tip shapes also offer advantages in
offsetting the drag rise and formation of 'shock waves' and according to
some evidence change the structure of the generated tip vortex. There
is, however, a practical limit to tip modifications and thickness
reductions and because of the dynamic and aero-elaétic constraints
'thin tip blades' are difficult and-expensive to develop. Also at the
present time there is no reliable thébry, except those based on thickness
effects which abply'bnly to the high speed flight case, to guide the
design. Thus control of noise on a high speed/high performance heli-
copter is difficult since the aerodynamic requirements are incompatible
with the needs~of a quiet helicopter. Even so a viable and acceptable
helicopter from both the operational and noise point of view can be
designed providing the rotor (main and, if applicable, tail rotor) tip
speeds are maintained below about 675 £t/s and care is taken to minimise

the interaction effects and keep the level of rotational noise, relative
to the broadband noise, as low &s possible.
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APPENDIX 1: SELECTION OF FILTER CHARACTERISTICS

A.1.1, FILTER CHARACTERISTICS

The characteristics of a filter are defined in terms of bandwidth,
shape factor and the maximum attenuation of 'off tuned' frequencies;
this is illustrated in Figure A.1.1.

The bandwidth is usually quoted in terms of width of the filter
at the -3 dB attenuation point. This is commonly referred to simply as
the 3 dB point. Some manufacturers, however, use the 1 dB point and
thus quote a smaller value than if the 3 4B point was used. This should
be checked when comparing filters.

The shape factor, which is the ratio of the bandwidth of the 60 4B
point, to the 3 dB point gives a measurement of the discrimination ability
of the filter at 'off-tune' frequencies.

The maximum attenuastion must also be taken into consideration,

since this also affects the discrimination against 'off tune' frequencies.
A 'shape factor' is used in general to describe constant band-
width filters which have fairly straight sided skirts. For constant
percentage filters a description of skirt characteristics can also be
made using the shape factor, provided the 'maximum attenuation' is also
quoted. This is illustrated in Figure A.1.1, where the two filter types
hﬁye the same bandwidth and shape factor. At frequencies less than
EQ:%;E;% away from the tuned frequency the constant percentage filter
would give slightly better discrimination, while for frequency greater
than (B¥S.F./2) the opposite is true. The attenuation differences
between the two types of filter can be considerable at a frequency, say,
an octave away from the tuned frequency. Where, as with a constant
bandwidth filter, the attenuation of 'off-tuned’ frequencies increases
with the difference between off tune frequency and the 'tuned frequency',
on a'constant bandwidth' filter it will most likely flatten out to a
constant value (see Figure A.1.1.). The above comments are based on
the filter alone, and without regard to the practicel limitations imposed
by the dynamic range of the system.
A.1.2. RELATIONSHIPS OF FILTER PARAMETERS ,
Although the following is only directly applicable to straight
sided 'constant bandwidth' filters, it can be applied to 'constant
percentage' filters provided the aspects outlined in the previous para-

graph are taken into account. Suppose it is required to attenuate a

frequency 'f' from the tuned frequency by XdB (see Figure 4.1.2.).
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Assuming the filter is straight sided (as shown) from the 3 dB
point, with a shape factor S.F., then the positions 0, P, Q, R, S and T
are fixed by definition: this is reasonable since it is only the shape
of the filter above the 3 dB point between P, 0 and Q which has not
been defined.

Then Af = (0"P") + (TP") and O"P" = B/2,
/ ’ ’
Ar - B BEF 21) (X -3 ;0 ppy B (8.1.1)
2 2 57 2
In addition to giving the necessary attenuation to the adjacent
frequency, the filter must be capable of giving a signal where the 'peak’
can be detected. This is illustrated in Figure A.1.3. It would be
impossible to know for certain if a peak existed unless an output as
shown in Figure 4.1.3 (¢) could be obtained.

Figure A.1.4 illustrates the problem and shows the cross-over

1,1

point 'e' at V above the datum (which for practical purposes will be the
'system' noise level). The actual output will be the sum of the two
single outputs (shown by continuous lines), with the result that the
combined output near the cross-over point 'e' will take the form indic-
ated by the dotted line. Since at 'e' the levels of the two signals
are the same they will add to give a 3 dB increase to the output. To
allow the lower peak (f2) to be located (V + 3)dB should be a few dB
below the level (Z) of the lower peak. V = (Z - 10)dB would be ideal.
Using the notation on Pigure A.1.4 it can be shown by considering the

filter characteristics and making the assumption outlined previously that

Af = B + B(S.F. 1) 'Y+z-2v-6], Af > B/2,
2 57 !

or putting V + (Z - 10)dB

Af =B+ B(S.F. -1)[Y -2 + 14] Hz. (A.1.2)
2 57

X in equation A.1.1 and Y and Z in equation A.1.2 are obviously

dependent on the dynamic range of the system - this is discussed in the
next section.

Equation A.1.2 is the more exacting and if the conditions spec-
ified by it are met, then equation A.1.1 will also be satisfied. If
the frequencies of the harmonics are known and only the levels at these
known frequencies are required, then equation A.1.1 can be used; if,
however, the frequencies are not known accurately or if the levels are
to be obtained from a paper trace, equation A.1.2 should be used to

determine the optimum filter characteristics.
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If these equations are examined, it will be noted that for small
values of Af (<10 Hz) the solutions are practically identical. As
A f increeses, the difference between the two solutions also increases.
For large values of Af, equation A.1.4 will give the larger value for
bandwidth and/or shape factor, since as mentioned previously it is less
exacting.
A.1.3. EFFECT OF DYNAMIC RANGE

Before the equations given in A.1.2 can be applied it is necessary
to establish the relationship between the signal and the dynamic range
of the system at the particular bandwidth and gain settings being use,.
Any calculation should be based on the least favourable set of conditions.

Assume that the spectra consists of two discrete frequencies f, and £,

with (f -f ) = A £ and that £, is at the maximum allowable level and
f2 is at the minimum reliable level. For the level of 'f2' to be un-

affected by the 'system noise' it will have to be 10 dB above it. This
assumes that the random system noise is a constant level (see Figure
A.1.5).

Also if 'f1' is to be attenuated such that it has no effect at
all on the f2 level it must be at least 10 dB below the system noise
level, Thus 'X', the attenuation required, is given by X = (Y + 10)4dB.
A.1.4, DETERMINATION OF THE FILTER CHARACTERISTICS FOR HELICOPTER

ROTCR NOISE STUDIES

In the helicopter work the blade passing harmonic§ will be-located
by detecting 'peaks' in the noise spectrum: thus equation A.1.2 is app-
licable. The minimum separation of two adjacent harmonics or peaks will
be 5 Hz. If Y is taken as 55 dB and 2 = 10,then from equation A.1.2

10 = 2B'+ B(S.F. -1). (1.035) (A.1.3)

A compromise between bandwidth and shape factor is now necessary;
a shape factor of 4 has become almost a standard. If S.F. is taken as
L, the above equation gives B = 1,96. Since the most demanding case
has been taken, a filter with an S.F. of 4 and a bandwidth of 2 Hz would
appear to just meet the requirements. The maximum bandwidth (when
S.F. = 1) is 5 Hz,




Bandwidth 'B!

Typical constant
bandwidth filter

Typical constant
percentage bandwidt
filter

Maximum
Attenuation

—

s e

N

‘Constant'Attenuation
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FIGURE A.1.3. FILTER OUTPUT FCR TWO DISCRETE FREQUENCIES
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APPENDIX 2: AERODYNAMIC THEORY

A.2.1. CALCULATION OF LIFT
Consider an elemental section of the blade - then the 1lift on
the section is given by:-

aL = $pc Vil Cp.ar (A.2.1)
where L = density, c¢ = blade chord, Vi = velocity at r, r = radius,
CL = 1lift coefficient.

Replacing Vi byer, where er= angular velocity (rotational
speed in rad/s) and considering elemental 1ift due to B blades , then:

dL \/

0( ANGLE OF
Y AT TACK

—

/K +W.INFLOW

dlp = $pc.B (@r)? cp.ar (4.2.2)

VEL AT
DIsSC

INFLOW ANGLE

Assuming simple momentum theory, then 1lift is the rate of change
of momentum through the disc, i.e.

dlL = 2w, x (mass) = 2w, (/a 27 r drw) = l...’lrmzf/o dr (A.2.3)

Now Cr,= ao(G,- ¢,) where ap = lift curve slope and ¢ = %" 3;-

From these relationships and by equatihg A.2.2 and A.2,3 above it can
be shown that

wf + [Bowao|w, - Bei’208 | = 0 (A.2.4)
8 87
Let A\-= ®. , from which it follows that %= \,Rr, then
¢S Ry r
A2 +[Beao] A\, - Boag§ =0 (A.2.5)
© [87r 87 r2

For a non-twisted rotor blade, such as used on the ISVR model
rotor, O, in equation A.2.5 is a constant and can be replaced by O .
In the case of a twisted rotor blade, as used on a real helicopter, the
actual value at each radial position must be used. Traditionally,

partly due to manufacturing reasons, helicopter rotors have a uniform
twist as illustrated over. /




In this case:-

4
Or =-Qc - O [ ﬁ} |‘>R1 (A.2.6)

where @ c = pitch angle at cuff, @ = pitch angle at tip and R' =
radius at which twist starts (see figure above) and this can be sub-
stituted in equation (A.2.5).

Equation A.2.5 can be solved for \,, from which ¢f(ando(,) can
be obtained.

Now dI'/dr = 1 poag « r° (Q,-@,) e f (a.2.7)

T
constant variable

depending speed term
on r &0

where dL refers to the lift per blade.
once (. has been calculated, dl/dr can be found and the tobal
lift derived from

Rr
L, =BJdL/ - $peachw? f 20, - )ar C (a.2.8)
rc re
A.2.2, THRUST/DRAG RELATIONSHIPS
Consider the rotor illustrated in diagrammatic form below.

T ITHRUST
+ L~LIFT

~.|‘ g

TORQUE~QR D-~ORAG
From this it follows that the elemental thrust is given by

a1/, = a1/ ;. Cos . - a/, . Sinf. (4.2.9)

In a similar manner it follows that the elemental torque (aQ/ar)
is given by:
dQ/dr = dL/dr. r Sin¢, - dD/d.r' r Cosﬂ, (4.2,10)
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It follows that the total thrust (T) and torque ( Q) can be written

as: ‘
Rt Ry
T = I dL/dr Cos{),. dr -f dD/d.r’ Sinﬂ..dr (A.2.11)
re rc
Ry By
Q= f dL/y_.r Sinfl.ar -J ap/y r Cosfar. (A.2.12)
rc c
It will be noted that these equations contain a 'l1ift term' + a 'drag
term'. The drag is defined in terms of the drag coefficient CDO:
2
= L
d'D/dr =3pe CDo(ar), (A.2.13)

CDo can be determined (on a non-twisted rotor) from the measured torque
when running at zero pitch. Ideally this constant is independent of
rotor speed (Reynolds number effect) and constant along the span.

It can be shown that in equation A.2.11 the '1ift term' is
considerably larger than the 'drag term' and thus for all practical
purposes, since Q, is small Cos ﬂ, <= 1, and

Ry
T=| ar/y .Cosfl =L (A.2.12)

ro
In the determination of the torque (equation 4.2.12), however,
both the 'lift term' and the 'drag term' are of importance.
It can be shown that equation A.2.12 can be written in the

form 'y
Q= %/ocwz.B fﬁr3 [ao(e,- ¢,). Sin¢,+ Cpo Cos¢,:| dar (A.2.15)
re ,

L

1 P
Independent of speed: (Q,-¢,) and ¢r function of r.
Since ﬂ, is small (for the model rotor ﬂr varies between 1.?o and

11.2°) equation A.2.15 can be re-written as:

Rr
Q= %P cuz'.B. { r3[ao(9,-¢,).¢,+ CDO] dr (A.2.16)
rc

- this again can be really calculated.

A.2.3. TIP EFFECTS

In the above calculation no allowance has been made for ‘tip
losses', the solutions which contain the 'lift term' are therefore an
over-estimate due to the 'fall-off' in 1lift in the rotor tip region.

A number of empirical relationships have been developed within the heli-

copter industry [137] and the two solutions commonly employed are:




L (1- f2cg ) (h.2.17)
._32 ,

7 (1 - tip chord) (A.2.18)
2Ry

=]
[[]

where T1 = true thrust, T = calculated thrust, CT = thrust coefficient
T

) TREp (o)

These two solutions yield basically the same results; equation

4.2.17 was derived by Sissingh [138] from experimental considerations and
equatlon A.2.18 simply assumes that a spanwise length at the tip equivalent

% blade chord develops no thrust. Neither of these solutions appears
to agree very well with the measured data for a non-twisted rotor given
in reference (139). It was decided, therefore, that since the model
rotor used in these studies was similar to the ISVR model rotor, a more
realistic approach would be to use the test data tp devise an empirical
correction factor. This also had the advantage that rather than a simple
correction on the total 1lift, corrections could be applied as a function
of radial position.

Such an approach was adopted by the author and from a study of

the data in reference (139) it was concluded that the correction terms
could be independent of pitch and tip speed over the test range. The
correction factors devised were, as a function of radial position, as
indicated below.

Radial ;gsition 0-40 | 50 | 60 | 70 |80 |es 90 92 95 | 100
Correction
Factor k. 1.0] 0.9] 0.9]0.8 {0.8]0.8 [0.85] 0.85] 0.65] o©

The maximum 1ift was taken to occur at 92%&R. An example which illus-
trates the application of this approach is given in Figure 4.2.1 which
shows results for a 3 bladed rotor operating at 6° pitch/60C rpm.
A.2.3.1. Lift/Thrust Relationship

If the 'correction factor' kL is taken into account then

equation 4.2.8 becomes

e

R Ry
Lp = J EL/dr 2/oca B.ws j rsz'(Q,-ﬁ)dr (4.2.19)
re

where kL is a function of the radius r.
1 4
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A2.3.2. Torgue(Drag Relationship

In a similar manner to above the 'thrust/1ift' term in the
torque equation is modified and equation A.1.16 becomes
Ry

Q=3pedd | o [ao-kL(9,~¢,).¢,+ CDo] ar - (4.2.20)
Tc .
The ‘profile drag' term (CDo) is, as indicated, unchanged.

A.2,4, APPLICATION OF THEORY
A2 4.1, Lift/Thrust

Lift values were calculated for the complete model rotor test
range, 0°-12° pitch, 400-1000 rpm and 1 to 4 blades. As part of this
calculation the angle of attack as a function of radial position and
pitch was derived: a set of results for the three bladed rotor is
produced in Figure A.2.2, In these calculations the 'tip corrections'
discussed above have not been applied. The corresponding generalised
lift term, r kL(Q ¢), is shown in Figure A.2.3 - in this case as can be
seen the 'correction factors' have been taken into account. The values
are independent of tip speed and it will be noted that the curves are ident-
ical in shepe for all pitch settings. The total 1ift can be obtained from
these curves by use of tae following relatlonshlp ,
Total Lift = 2/0 cap.Bw x[Area under r kL(e ¢) curve] (A.2.21)
A.2.4.2., Torque

The torque solution for the 3 bladed rotor as shown is illus—
trated in Figure A.2.4. Here both the 'lift term' and the 'drag terms'
heve Leen comzidered,  The profile drag which increases with rotor radius
over the complete rotor results is practically independent of pitch and
then added to this is the induced drag (1ift term) . The result is that,
as indicated,the torque for 2° is very similar to that of the zero pitch
case and not until high pitch angles is the torque dominated by the 1ift !
component. In a similar manner to that described above for the 1ift, the’
torque can be calculated from:

area under the curve
(4.2.22)

2
Torque, Q = %/)cx Bxow x{rs[aok‘_(g-¢)¢ + CDO]
In this derivation it is assumed that C is independent of 1lift/thrust
(pitch) and tip speed. This is not the case and it has been shown by a
number of investigators that CDo varies with both 1lift coefficient (CL)

and Reynold number (speed). The former is considered to be more impoftant
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and Von Mises [140] suggested that for symmetrical sections:-

Cho = Cpo min + k Cp (4.2.23)

where cDo min is the value at zero pitch and ka constant.,

Hoerner [ 141] proposed a similar solution, while Nikolsky [1#1] gave the
following expression:-

. 2
Cp =C, min+ KoL+ Kzo( + Kjo(3 + e (a.2.24)

From reference (142)_it seems that, except when non-symmetrical aero-
foil sections and/or large angle of attack are involved and the blade is
in the stalled region, it is necessary only to consider K1 and K2' This
approach was followed and resulted in the following equation:-

Cpy = Cpo min = 5.13 x 10 %+ 4.5 x 107462 (4.2.25)

. -2
where CDo min = 1,46 x 10

and o, = the theorefical value at 0.9R.

Use of this equation (as discussed in Chapter 2, section 2.6)
gave reasonable agreement with experiment.

CDo min was obtained from test data using the relationship
(derived from equation 4.2.13)
i 0 (4.2.26)
Bo QO cRy
where HP = Horse power absorbed by the rotor.

cDo min =

Over the test range (300 to 1000 rpm) the variation about the

mean f‘or‘CDo min'was only 4%.
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APPENDIX 3: BROADBAND NOISE PREDICTION METHODS

A.3.1. DAVIDSON AND HARGEST PORMULA [40]

Davidson and Hargest used actual helicopter results measurements
and data from the work of Goddard and Stuckey [39] to develop the foll-~
owing relationship for the SPL at 500 ft:

SPL (500) = 60 log VT + 20 log CLT + 10 log S + f1 + £2 + £3 - 8, @B
(4.3.1)

where C; . = 1lift coefficient referred to the blade tip = T/% pVp2.8,

f1 = forward speed correction, f2 = correction for atmospheric turb-

ulence and £3 = directivity term. S = total blade area. Vo = tip speed.

For the hover cese in still air and with the directivity factor
proposed by Davidson and Hargest this can be re-written as: |
SPL (500) = 20 log VT + 20 1log T - 10 1log S - 25.6 - 20 log sec é dB,

(4.3.2)
where @ is the angle relative to the vertical axis. Thus directly
under the rotar (§= 0°): .

SPL (500/0°) = 20 log Vo + 20 log T - 10 log S - 25.6 (4.3.3)

With Q taken as 75° (15° below the rotor disc plane) equation
(A.3.2) becomes:

SPL (500/75°) = 20 log Vo + 20 1og T - 10 log S - 37 4B (A.3.4)
A.3.2. GODDARD AND STUCKEY [39]

Goddard and Stuckey obtained a relationship from full scal..e
whirl tower tests using Wessex (S.58) blades. From~this they obtained
a semi-empirical formula for calculating the overall SPL of 'vortex'
noise - this can be reduced to:

SPL = 16.6 log Tp + 26.8 log Vp = 20 log r - 20 log sec/@ + 2.8 dB

(4.3.5)
where Ty = thrust/blade 1bs (not total thrust T), r = distance from
the source and /9 = angle between the tip located dipole axis and the
observer.

With the assumptlon /8 § as used before, thn.s can be modified
to give the SPL at 500 £t/0° to the axis as follows:

SPL (500) = 16.6 log Ty + 26.8 log Vp - 81.dB, (A.3.6)
or in the terms of the total thrust T (T = Ty x B)

SPL (500) = 16.6 log T + 26.8 log Vp - 16.6 log B - 81 aB (A.3.7)
where B is the number of blades. The Goddard and Stuckey formula,
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because thrust per blade is used instead of the more conventional total
thrust T, has often been mis-applieéd and/or misquoted in the literature.
It also follows that if 500 ft/75° is considered then the formula

can be re-written as

SPL (500) = 16.6 log T + 26.8 log Vp - 16.6 log B - 70 dB (a.3.8)

A.3.3. HUBBARD [60]

Hubbard developed a relationship for propellers, based on the
work of Yudin [59], which indicated that the 'vortex-noise' was propor-
tional to V6 and the first power of the propeller blade area AB,‘his
final formula being
iv = (SPL) = 10 log,, 1:AB(\10..,)6/10'16 (A.3.9)
where VO.7 = velocity at 70% propeller radius.

Hubbard's measurements were made at a distance of 300 ft and
an angle 105° from the axis of rotation. The constant k was determined
empirically for the measurement position; this gave k as 3.8 x 10-27.
It follows that the above equation can be re-written as
SPL (300) = 60 log Vp + 10 log 4y ~ 117.9 dB (A.3.10)

Converting to 500 ft gives
SPL (500) = 60 log VT + 10 log S - 115.8 aB (A.3.11)

This formula has been applied in a number of ways - Sikorsky
[L1] and Boeing Vertol [6#] substituted the actual blade area for the
'effective blade area AB' and in doing so removed the influence of
thrust. Hubbard states, however, that the equation is based on CL
values of 0.4 and that other values can be obtained by use of the

'effective blade area' term AB which is defined as

& = 210 CL(VO.7)2 (A.3.12)

Clearly then the SPL is dependent on the thrust T. A number
of other interpretations have also been implied by other investigators.,
In general, however, it would appear that in most investigations
equation (A.3.11) has been used ﬁhen calculating noise according to
Hubbard's formula.

It will be noted that the basic Hubbard formule (Equation
(4.3.11)) has the same parameters as the original relationship devised
by the author - section 4.8.1 equation (4.2) - with the exception of

the constant which results in an absolute level change of approximately
16 4B,
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A.3.4., SIKORSKY [41]

Sikorsky (Schlegel, King and Munch) used whirl tower data in a
similar manner to Goddard and Stuckey. Tests were conducted using a
CH-3C rotor fitted with five blades and a CH-53A rotor system with six
blades. They modified the approach developed by Hubbard [60] mentioned
in section A.3.3 to take into account CL variations and the differsnce
in 'k' for helicopter rotors. From this they obtained the following:

'SPL (300 ££/75°) = 20 log Vo.7 + 20 1og T - 10 log S - 35.7 aB
: (4.3.13)

where V0.7 = velocity at 707% radius (ft/sec). Converting to 500 fit
and using VT gives

SPL (500 £t/75°) = 20 log Vp + 20 log T - 10 log S - 43 4B (A.3.14)
This solution is identical to that of Davidson and Hargest at 750
(section A.3.1) with a 6 dB difference in the constant term.
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APPENIIX 4: DETERMINATION OF BLADE LOADING

The approach employed, originally adapted in reference (1)
uses Kussner's Function[??]fbr the determination of the loading,
Kussner's Function is based on the lifting line theory applied

to a two dimensional aerofoil,

The rotor blade is assumed to be moving as a wing through
a gust at a velocity equal to that of the blade section at the
centre of the gust. The load at any point, L(s), in terms of an
arbitrary gust profile, w(9" ), illustrated in Figure AL.1, is given
by: . s )
L(s) = $p Vaoue, j w(e) Kls -o)aw (4sa)
°

where

s = any point measured from start of gust - a dimensionaless
variable given by s = %E vhere V = velocity of wing at
centre of gust
b = half chord
¢ = point at which load is being considered

K% = Kussner's Function.

A suitable approximation for K%(s ~-<’) is given in reference (77)
and takes the form :

(s ~o)x 1 = 4o 041305 =) L g (s =) (4ko2)

From this it follows that

-0.13(s =) (s =o)

K,f'(s —o) = 0.065¢ + 0.5¢” (Ake3)

Hence equation (Ak.1)can be rewritten as :

L(S) = %f .V.c.ao fs w(o’) {000656-0'13(8 —O’)+o.5e-.-(s -f? Jc’

(Abois)

(+]
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For convenience let X, = %.f.v._c.ao 0,065
x2= %onVQcoao 005
g = 0013

Then equation (A4.4) becomes

s - ' s
L(s) =x‘,e"9'sf w(o)ee? Lde +Xle"s‘s‘ w(o)ee” L& (a4.5)
© Q

Consider now a gust of arbitrary profile. While the blade is in
the gust (i.e. s<Y where Y is the non-dimensional gust length),
then the loading L(s) will be given by equation (A4.5). After

the blade passes out of the gust, w(co') becomes zero and cannot
directly affect the loading. This does not imply that the blade
load is gzero, since a distribution of shed vorticity would be
left in the wake by the aerofoil as it passed through the gust.
This would affect the aerofoil even when outside the original '
gust, and the loading would therefore take a finite time to decay.

Hence the loading for the blade outside the direct effect of
the gust (s2Y) is given by :

. Y Y

L(s) =Xe™?° L w(e )ee3 a0 +Xze"sf w(or)e eda  (ake6)

[-]
Since Y is constant the value of the integral will be a constant,

and the loading decay will take on an exponential form with
increasing s.
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APPENDIX 5: ACOUSTIC THEORY

SOUND POWER RELATIONSHTP

A theory has been developed for the noise produced when a blade
passes through an impulse or gust of known form and profile (Appendix 4).
The rotor blade is assumed to be rigid and not to deflect when passing
through the gust. For the noise calculations it is treated as a thin
plate.

Lighthill [112] has shown that the pressure at a point whose
position relative to a point dipole has co-ordinates x; (1 =1,2,3)
takes the form

b 4 F
P- wiz[ ) éag (t'fo) L3R ("'Z—o')J (45.1)
where Fi is the fluotuating force and r the distance of the observation
point from the source. ‘

The aeéond term in the prior equation becomes small when the
distanée from the point to the source r is much larger than a typical
wavelength of the sound radiated. Thus, for the 'far field',
2ol (v-x)
47%2 i

The loading per unit span Ls’ on each small area of blade can be
assumed to act as a point dipole acoustic source, provided the chord is
small compared with a wavelength. Thus for a small element of Qpan

P-Py= . (A5.2)

: X 5L
R v Mol LA R SR (45.3)

80 that the total radiated noise is

éI'a (A
- n.a . 5¢4)
P po - I"rr

span
In addition, if the span length over which the gust acts, (rg-ry),

is small compared with the acoustic wavelength, and if L is assumed
constant over (r -r1), then

AL
"5‘:' (¢ _.:_o) a_ = [%J (ry - T,) (45.5)
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and the factor (1/4% r) (xh/f) in equation (A5.4) can be replaced by
(1/47r) (X /T) where T is the distance of the observation point from

the mid-point of the span length and,ii is the co-ordinate normal to the
span at this mid-point.

The mean radiated intensity, I in the 'far field', is

I = (p - p°1 2
Po%
end the total radiated energy Ws is the surface integral of the intensity
over the surface of a large sphere. It therefore follows that

1 N 2
¥ - . s | . - .
57 12mp 3 at] (rg - 7y) (85.7)

(A5.6)
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APPENDIX 6: ACOUSTIC THEORY
SIMPLE POINT DIPOLE MODEL

The pressure at a point in the far field whose position
relative to the dipole has co-ordinates xi (i = 1,2,3 ....) is
given by the Lighthill equation [112]

X 1 \F »
p-p =>4 1 i(t-12v/c’) “(46.1
° Tt (% § 0 o0

where Fi is the fluctuation force
r 1is the distance of the observation point from the source
(t - n/co)' is referred to as the 'retarded time' and is the
instance when a wave travelling at the speed of sound
(do) has to leave the source in order to reach the point
of observation in time t,

‘Considering a blade loading per wmit span (Ls) perpendicular
to the plane of rotation such that:-

gFi = SFn = Ls.gx

where 8x:is a small increment of span over which Ls acts,

§p-pk 2o 1 8L (b-vky) Sx (62)
4mwr2 ¢, bt

Integrating over the blade span region of interest (ro - r1)
and taking the mean square of pressure one obtains:-

(P"po)2=$ 1- .
4wr

2.
1 me )’ [%agl] (46.3)

o

qul

where S'is a constant dependent upon the spanwise load distribution

e.g. for a half sine wave distribution 8 = 2
A1

T 1is the observer distance from the centre of the elemental
blade area,

Xn is the normal coordinate from the mid-point of the area

under consideration,
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and 8'[%L(t{} = )Ls
3t 3t

(rO - r1)

Note: When the elemental span length (ro - r1) is small

compared with the acoustic wavelength then the 'retarded time'
(t - r/co) is unimportant,

The blade loading, L, is represented by the following

fourier equation which is based on the "blade spacing interval:-

. s oo .
L= -L-xo + Z anSin(not) + Z anos(nut).  (46.4)
n=1 n=1
where 8,9 'bn are constants

@ = 2nf where f = blade passing frequency

n=1,2,3 ... harmonic number,

from which is obtained, for the nth harmonic:-

E,Lt(t){lz = ¢ n® gn? 4 (46.5)

where

Cn =a, + bn

<

Hence substituting in equation (A6.3) gives:-

blade passing interval

2 - C_.n 2
(» - p,) =E_1_~-i-£fl-l(r-r)s'.r£_; (2646
' ° 22 r T e, ° ! ' )
Therefore SPL for the nth harmonic is given by
SPLn = 20 Log E 1.1 . Cosprs, Cn.n g - 20Log Pref (45.7)
272 r o q

o]

wherepr!=1r_ =T
r o) 1

and Cos f = Zg where # is the angle subtended between
F

the dipole axis and the source-observer
line,
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APPENDIX 7: FOURIER ANALYSIS OF IMPULSE

A7.1. IMPULSE MODEL

Assume (a) the 'Noise' signal is a sine wave due to a gust, refer to
Figure-A7.1,(b) this signal can be derived from a blade loading of the

form given in Figure A7.2,i.e. a displaced cosine wave,

From simple point dipole theory

SPL « L .n (1}7.1)

where SPLY1 SPL of the nth noise harmonic (the desired result)

Ln = nth harmonic of 1lift signal
n = harmonic number
SPLn = nth harmonic of the assumed sine wave noise signal.

A7.2. FOURIER ANALYSIS OF NOISE SIGNAL

The peak ampiitude is I , and if f£(t) defines the wave form then

£(t) =0 for 0Ogt<b
=I.sinn(§ - g) for bstsd (A7;2)

The origin vas chosen so as to make the periodic function odd which gives

the coefficients An in the Fourier series equal to zero,
Tne Fourier representetion of f£(t) is:

A .co

0 .
£(t) = - * ng An. cos wt + Bn sin wt (47.3)
where
=31
A, =% £(t).dt

3| =3

T
A = L £(t) cos wt.dt
n T e
-T
T
Bn = % J £{¢) sin wt.ct

-7
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Since An is zero for the odd function, we have:

(]
g t
£(t) = § B sin 2=
n=1 B qa

[ ol

€, B =
n

Al

c

. Tt
J f£(t) sin .‘ld_ .at (A7.4)
o

).dt

c
= 2L | gin BTE oip (RS L
d d a-b
b

Since f(t) is zero fromt =0 to t = b, the integration goes from t = n
tot =4

Hence
2ld . n1mb 1 '
B =-==(d-0b) sin 53— r
(47.5)
A7.?. FOURLER AMALYS1S OF BLADE/LOADING SIGNAL
The wave form is defined by
£f(t) =0 for 0 gt <b
£ - byy
=I{1 - cosn(—3)} for bgtgd
A ©
Now f£(t) =—%+ } A coswt +3B_sinwt
n n
n=l
vhere T
1
AO e T I f(t)sdt
~T
T
1
A =7 J f£(t) cos wtdt
-7
T
_1 .
B =7 I £(t) sin wt.dt

-T




Since the function is even, the Bn coefficients are zero. Hence

| A nrt
£(t) = --g- + A cos === (A7.6)

n=l d

d

An = I f(t) cos nrmt.dt
o

d :
= %‘?— I cos pg_t - cos Eaﬂi cos n(-g-—:-%).dt (A7.7)
4 :

Bince f£(t) is zero fromt =0 to t = b, the integration goes from
t=b to t = d. Hence

2 )
A =214 [ 1 5 ]sin

n o na(d-b)a-d

nrb

. (47.8)

Now consider the equation of each signal:

Noise signal Blade loading signal

_dL .t -1 t - b,
N =1 sin n(g—7) a3

= 3F L=1[1 - cos(

d- b t = by e w8 _ o . t-b m
- )El.-cosn(d_b)_] e N s Isinn(GT) 3o

(47.9)
As shown ebove, the two (N) noise equations differ only by & constant
"/(d- b) so that the An and Bn coefficients differ by some constant
ratio. '

In the Fourier equations

- nnt
L(n) =7} A - cos ===

oL _ . nrt nrw
st - A sinTg . g

- 2
N(n) = [—g%] = A%n2352 (47.10)

oL _ . nrt w
N(n) = =2 =] B, sin 5= . (77%)




N(n) = (A7.11)

Hence Anz.nz.x1 (A7.12)

where K, (i)2

and K S —

2 (d -b .
Equations (A7.5) and (A7.8) were computed and the corrections K; and
K2 made to the coefficients and the results compared in Pigure A7.3.
It was intuitively expected that the maximum would be at the 13th
harmonic (n = 13) or 200 Hz. Figure A7.3 clearly shows this is not
true in this case, in fact the maximum occurs at the 11th harmonic (n=11).
The reason for this difference was not understood and so a manual
calculation was executed. The two major terms in the Fourier analysis
of the noise signal, namely

sin‘EJLh and L
d n2(a-b)2 - a2

were plotted for n = 125 and are shown in Figure A7.4. The curve
for the sine 2%2 term is shown to be symmetrical and goes to zero at
n = 13. The curve for the other term is not symmetrical but has an
infinlte value at n = 13, For n = 13 the denominator of the term
14@ (a-b) -d%)becomes zero so the calculation has to be repeated for this
special case when determining the coefficlents. As the curve for this
second term is not symmetrical this could explain why the computations
show a maximum at n = 11.

Referring to Figure A7.3 it shows that the harmonics of n = 8 to

= 14 all lie within 0.75 dB of the maximum., When reduced to the same
scale as on the narrowband analysis trace of the impulse the curve will
appear flat between n = 8 and n = 14, as shown in Figure 5.34. In the
past it has been assumed that the peek occufs at the frequency of the
original noise signal. As shown above this assumption is not strictly
true, although as a quick mental check it is a reasonable assumption.
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APPENDIX 8: BLADE LOADING PROGRAM

A8;1 o CALCULATION PROCEDURE
The 1lift on the blade as it passed through the gust is given by the
equation:

8 s
L(s) = Ae” 28 Iw(a)ew.da + Be ° I w(o)e?.do
o o

The theory involved is explained in Appendix 4.

The above equation was programmed in Fortran IV Language for use on
the 1®T ICT computer at the University of Southampton., The integration
was achieved by the trapezoidal rule.

A fiow diagrem is shown in Pigure A8.1 and the complete program
is given in section A8.4,

A8.2, PROGRAM NOMENCLATURE (in order of appearance)

Name ' Meaning
Maximum gust velocity, ft/s

Any point measured from start of gust, ins.

Any point measured from start of gust dimensionless va.rla.ble
Varisble given by w(o)e®

Variable given by w(o)e®

Value under integral at each station f w(o)e??

Value under integral at each station o / w(a)é°

Variable given by e 28
Variable given by e >

Lift on the blade, lbs/ft.

Any desired title

Rotor rotational speed in revolutions per minute
Gust velocity et each station, ft/s.

Number of air jets producing gust

Number of stations in gust

Integration interval, inches
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‘ Blede veiocity at centre of gust, ft/sec.
Constant given by B = 39Vca° 0.065
Constant given by A = 39Vca° 0.5
Integration interval in trapezoidal rule
Nunber of stations outside of gust given by N x 5
End code

0 if last case

1l if cases to follow

u§=>w<

A8.3, PROGRAM INPUT PARAMETERS

The paremeters which must be known to use the program are listed

below,
] angular velocity of blade, r.p.m.
"R - diameter of rotor, feet

w(o) gust velocity, ft/s

Y "~ gust length, ins.

e Blade chord, ins.
8, 1lift curve slope
P density of air.




COMPUTER PROGRAM

MASYER LIFT
DIMENSION v(Sno),X(soo).l(son)aUA(SOO):HI(SOO)aAA(soo).A.(soo;p!a(
18009 ,E8(500) , XL (500, VITLECY2)
DIHENSION RPM(7) .
22 CONTINUF
READ(Y,6)TITLE
6 FORMAT(32A4)
READCY,8) CRAPHM(K) ,K2y,7)
8 FORMAT(7F0,0)
READ (T, 1IN .
FORHAY(20,n)
READCY,1)PK
READCS ¢ 3N
FORMAT(ID)
READCY e o) (W) rtutoNy
FORMAT(8EN . D)
READ(Y,1)p
00 99 K=1,7
VaRPH(X)03,1415026500,13S
BN, 002378eVes5,73/12,0
AeBe0.045%2,0
H=Pep,S
XK(V)w0,0
DO 100 !s2,N
X(1)eX(1el)ep
DO 104 fui,N
$C1)wX(1)/2,0
WACIISU(IYeEXP(O0,13e8(1))
WB(1IsW(])eEXP(S(]))
gA=0 v
x8=0 ¢
00 0% 1a),Net
AACTIY20, SoHo(WA(TIOUA(TSY))
AB(1)oQ.S5oKHe(WB(1)ewp(ley))
EACI)PEXP(=t) 1308(Jeq))
EB(I)3EXP(=S(101))
XA=XA®AACT)
X8aXBeAB(I)
XKLCIIuAeEACI)Xa®BP2ER(T)OXB
NN=5eR '
00 10V Tenetl,NNet
X(1)=X(jal)ep
00 1U2 f=N,NNoY
$(1)aX(1)/2,0
PO 106 1=N,NN
EACISEXP(=0,1308(]e1))

4056 EB(1)SEXP(nS(101))

L058 XLCI)UAEACI Yo XAGReERCTI)OXR

NPT : WRITE(2.6)TITLE

vw0d7 uﬂ!?f!?:?)!?n(ln‘huu.?(

v0s8 FORMATCUHURPUMIKIZiF 2, 542X s SSHRALADE VELOCITVR ) F?.3:3X,20NMAK. GUST
V059 VELOLITY =,77.3,135K80., 0F JETS $oF3. 1 /SN, ARNCINS) ¢S sBHLCLB/FT),S
hen zl.GNX(lNS),)K.But(LR/FY),Sl,énx(!NS),%X,BﬂL(LDIFY).SX.GN'(INS)le-
vo6* SBHL(LB/EYY /)

067 CMRITE(2,2)(X(1e1),XLC1), 1%y ,0N)

v06$ rognArtbx.rf.c.s;.t?.s.bx.rr.s.sx,l/.!.Sx.l’-saix.ffnl.sxo!'-stsn-
w084 . TN

voos CONTINUE

v0es READ(®,5)¢

[1.1Y4 - FUORNAY (1)

v008 . 1F () 21,25,z22

v0¢9 CONTINUE

v 070 L R 40]]

Wy END

END OF SEGMFNT, LENGYM 422, NAME LtFY
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End

FIGURE A.8.1., PROGRAM FLOV DIAGRAM
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APPENDIX 9: ROTATIONAL NOISE THEORY

A9.1, LIST OF SYMBOLS

B rotor blade number

c blade chord, inches

o speed of sound, feet per second

D distance from source point on rotor disc to field point
inches

L(r,y) total blade section loading at point (ry) on the rotor
disc, pounds per inch

m harmonic number

Pre' real component of sound pressure, pounds per in2

Pim' imaginary component of sound pressure, pounds per in2
.r distance from centre of rotor head to source point on

) the rotor disc, inches

R, = tip radius, inches

R, = distance from centre of rotor head to field point, inches

SPmB root-mean square sound pressure at a field point, pounds

per inch

e rotor rotational speed, radians yer second

/9 blade pitch angle, degrees ‘

' azimuth angle in rotor plane, degrees (O° at tail,

}P positive in direction of rotation)

© field point azimuth angle, degrees

o angle between rotor plane and field point, degrees

(positive upwards)




A9.2. ROTATIONAL NOISE PROGRAM

A modified version of the computer program for the prediction
of rotational noise due to flvctuating loading on rotor blades,
developed by Tanna [18] was used to calculate the rotational
noise,

A9.3, SUMMARY OF ROTATIONAL NOISE PROGRAM

With reference to the rotor and field roint geometry shown
in Figure A9.1,the r.m.s, value of ‘l:he'mth harmonic of sound'
pressure, SP ., at a field point (R,8 ,o") due to a B-bladed

rotor rotating at L radians per second is given by:-

RT 2Tf
L(r,¥) s1n(ch) mBﬂ. sin U+ cos U .
2 (2r D

(o] (o]

Enn/é.cosc’.sin ("f/ -0) + cos/-}.smajrdrd\y (49.2)

T

2y
~J‘ j Lfr,}kz sin(meB). [mBQ cos U = sin 17

2r ) c, D

[sin B.coso’sin (Y =-0) + cos/(-?.sino’j rdrdy (A9.3)

for whi ch

U= mB[&g +c +\P] (a9.4)
c, 2r

D= [RE + 18 - 2Rr cos® cos ('\}’ —9)] * (A9.5)

The method used repeatedly evaluated the basic sound pressure
equations (A9.1), (A9.2) and (9.3). This includes a double integ-
ration. One integration is around the rotor disc with the sample
points (azimuth angles) chosen at constant intervals, The other
integration is along the radius where sample redial stations are
unevenly spaced. A subroutine called SIMCOR is included to
perform the integration by the trapezoidal rule.
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2 DIRECTION OF FLIGHT
ROTOR AXIS v = 180°
ROTOR DISC g
/|
/
/o g =90°
= ° R =~ 3 dr I
Y =200 " N> !
|
dy |
|
¥ |
|
|
X R}, D |
- -] l
¥ =0 |
|
i
| |
O 1S POSITIVE IF FIELD POINT e |
IS ABOVE THE ROTOR DISC. !
————————— FIELD POINT
/
/
/
[ .
90
X

0=0°
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APPENDIX 10: ROTATIONAL NOISE PROGRAM

A10.1. FPROGRAM MODEL

The computer program for the prediction of rotational noise
due to fluctuating loading on rotor blades was modified for use in
this investigation of transient rotor noise.

The working of the program is fully explained in reference (18]
and the theory summarised in Appendix 9.

The flow diagram is shown in Figure A10.1 and a copy of the
program printout is shown in section A410,2,

The modifications made to the program given in reference (18)
are as follows:
(a) the 1ift on the blade is read in as direct blade loading in 1bs/ft
instead of steady and harmonic components,

(b) the lift is only read in over the blade loading profile length;
the program takes the 1ift on the remainder of the rotor disc to

be zero,

the chord length used is an 'effective chord' and must be small in
relation to the azimuth integratjion interval.
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FIGURE A.10.1. PROGRAM FLOW DIAGRAM
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APPENDIX 11: INVESTIGATION OF ERRORS
IN INITIAL ROTATIONAL NOISE PROGRAM

A11.1. INTRODUCTION

As mentioned in the main text (Chapter 6 - section 6.4.3.1) the
rotational noise program when originally used gave levels for the
discrete freqﬁenqy rotational noise which were very low (when compared
to the simple dipole model and acoustic measurements) and appeared in
error. This prediction method - which is outlined in Appendix 10 -
was based on a program developed by Tanna [18] as a part of & theoret-
ical investigation into the generation of rotor noise by Wright and
Tanna [ 29]. In this appendix the investigation aimed at clarifying this
situation and the results obtained are outlined. Since the program is
complex and the arguments somewhat involved, they are presented in a
descriptive and diagrammatic form rather than in mathematical terms.

In this discussion all other aspects relating to the program are ignored
and it is assumed that the basis of the rotational noise program is
correct.

A11.2, STANDARD PROCEDURE

To enable the degree of accuracy required in predicting the
sound pressure level (SPL) of the rotational noise harmonics to be
obtained, azimuth integration intervals ohosen were 0.25" or 0.5"
(corresponding to approximately 0.3° and 0.60) depending on the *sharp-
ness of the gust' under consideration. These values were selected
after discussion with Tanna and are more demanding than the general
recommendations for the choice of integration interval which implies
that if 40 harmonics on a 3 blade rotor are of interest (i.e. if
maximun mB = 120), then the 'maximum tolerable' integration interval
would be 1°. In Tanna's final report [130] it is, however, stressed

‘ that it is advisable to leave a safety margin whenever possible in
order to ensure a valid computation.

In the rotational noise program the chordwise distribution is
assumed to be rectangular in shape; in other words at each azimuth
station oonsidered, the blade loading is assumed to be uniform over the
blade chord width as indicated in Figure A11.1. When studying the
characteristics of full scale rotors the azimuth integration is usually
taken to be of the same order as the blade chord and therefore the
'rectangular loading profile' interpretation is a good approximation to
a slowly varying profile as illustrated in Figure 411.2.
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A11,3. TRANSIENT LOADING CASE

Consider now the case relating to a transient loading profile.
As mentioned above the azimuth integration interval has to be small to
enable the required accuracy, particularly in the case of the high
harmonics, to be obtained. For the sharp gusts the 'integration step'
was taken as 0.25 inch (0.30). The program assumes that at each
'station' the loading is uniformly distributed (rectangular) over the
complete chord. This is shown diagrammatically in Figure A11.3 and
it is obvious that the program is falsely interpreting the loading
profile. It can be seen from this figure that the impulse is to some
extent 'smoothed out' but more important it is extended or elongated.
The result of this is that the high harmonics given by the Fourier
analysis are reduced. This can be seen by reference to Figure Al11.4
which shows, in a simplified form, the Fourier analysis of 'single pulse'
whose duration is increased (elongated).

A11.4. USE OF 'EFFECTIVE CHORD®

It seemed clear from this review that use of the real blade chord
in the program was giving rise to the problems encountered and following
further discussions with Tanna it was agreed to investigate this aspect
in some depth. A study was therefore made of the effect of varying the
'chord length' and azimuth integration interval. The chord, termed
far convenience 'effective chord', was varied between 0.1 and the true
value of 4 inches and the integration (azimuth) interval between 0.25
and 0.5 inches for three different idealised profiles.

The comparisons made are set out in Figures A11.5 to A11.7,
together with the blade loading profiles considered. As can be seen
from these figures the larger the 'effective chord' the lower the pred-
icted SPL values. As the 'effective chord’ approaches a value equal to
. the integration (azimuth) interval, then the case is reached where the
final value is independent of the 'effective chord' length. It was
also shown for a short gust that providing the integration interval was
sufficiently small, then (with the 'effective chord' set at a value
equal or less than the integration interval) the results of the rotat-
ional noise program agreed with those obtained analytically and by use
of the simple dipole model. A typical set of results which shows the
SPL values given by the rotational noise program, used in the manner
described above, and the point dipole program are given in Figure A11,.8.
The differences between the two programs are plotted on Figure A11.9
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and as can be seen are less than 1 dB over a large portion of the
harmonic range considered. The difference at the first and second
harmonics is somewhat large and this is considered to be due to errors
arising from the fact that although a 'sharp gust' is considered, it
is still of a significant size when compared with the 'point dipole'
concept.

It followed from this study that in calculating the SPL values
using the rotational noise program both a small integration (azimuth)
interval and an 'effective chord' was used. Normal procedure was to
set these to the same value, with the final selection being based on

an inspection of the ‘'input gust'.
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APPENDIX 12: BLADE/FUSELAGE INTERACTION

THECRETICAL DEVELOPMENT*®

A12.1. CALCULATION OF THE CHANGE IN BLADE CIRCULATION DUE TO THE
FPRESENCE OF THE FUSELAGE

To calculate the change in blade ciroculation due to the presence
of a fuselage, use is made of a Milne-Thomson theorem [11‘.3] since an exact
method is not known. This theorem allows the circulation around a
circular cylinder to be written down if the position of the stagnation
point on the oylinder is known. The theorem states that if a point 35
is to be a stagnation point on the cylinder, and if the cylinder is placed
in a flow field whose complex potential is ¢ (} ), then the circulation
around the cylinder is given by: ,

= 27 K= 27x Real part of 21;5{(},).

In the case under consideration the oylinder is in fact the
transformed circle of radius Q, = C/4 which would transform into a flat
plate of chord 'C' under the transformation = = 3/ + alz/ « The external
flow field is obtained by finding the effect on the flow field due to the
presence of the circular fuselege. This is achieved by locating the
- image system of the vortex K in the fuselage. Referring to Figure A12.1,
the image system of vortex of strength K at a point %, in the presence of
a circular fuselage of radius 'a', consists of a vortex of strength K at
the centre of the fuselage and another of strength -K at the inverse
point, Z = cﬁ/zo

As discussed in reference [21] the approximation Z = 2/ is a good
one even at a distance of 1 chord from the centre of the aerofoil.
Therefcre, in the succeeding sections, it is justified to take the position
of the image vortices in the physical and trensformed planes as the same.
A12.1.1. (Circulation for Downwash Case (+ve Blade Pitch)

When deriving the externsl flow potential, the relative velccity
at the blade is split, for convenience, into components U and V , i.e.
normal to and in the direction of blade motion respectively. If the
blade chord makes an angle + "o’ taking the convention that for the down-
wash case (positive 1lift) the blade piteh is positive and is negative for
the upwash case, then the flow potential for the downwash case is given by

,}(})=Vj e _ euze"‘%q. /;af_cfe“M + < K (3,-3’)_ i Kloa(;—,}')
53 (A12.1)

*Note: This theoretical development was derived from the work of
Bramwell and Johnston [21].
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where f( 3,) is referred to axes ﬁ.xed in the transformed aerofoil
circle; as shown in Figure A12.1, ; ’is the position of the centre of
the fuselage oircle and 3//- }/- a / }'

Now, since U is small compared with V, {J*+V%:V? ana, assuming \)
to be a small angle, the second term of equation (A12.1) can be absorbed
into the first term and

where \J = U/v(the induced angle at the blade)
then }?3): VC‘ (Vo -V) 4,0."(/ + < K . K

(5 (3 }_, / } }//
where 5’( }) is obtained by differentiasting f( j/) with respect to
Now, for the transformed circle of radius a, the stagnation

point is at 5 }5 =-a,, 80 that

K: P/ZW:: peoj /ca.r—{‘df ?'ijs?[l(}s>

[— 24 a,:{'i(—a.)]

t (Vo -V)

= Re [-9~<' a, Ve — 2a.a*U _2a.K , 2aK]
(Q.J-g,)"- Y au(j'j(mz.a)

The above expression for K reduces to

3

Re |-2ca,VesWe-9)_

r

Ra ] + ~__2°“'

Q‘+5’

by

[

Qa,sz(\) V) - za.aqu

O + 3 (A12’6)

F

I + 2a, 4 201

0(4‘}, Q.+ 3,II
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A12.1.2. (Circulation for Upwash Case (-ve Blade Pitch)
The flow potential in this case becomes

~(V), .
2 %e rUye J:——;,“.‘ Uer™® ki) 127
- Khng (53}

Going through the same process of algebra as for the downwash

case, the circulation expression is obtained as
N=27TK i

~2a, Ve (Vo -I) 4 2a,a2 Uj'

=27 e | (o + 3%

-
Re | /+ 2ac , _2a;
a.#é’ a'+b,’

A12.2, TRANSIENT LIFT EQUATION
From the substitution vortex strength, K, the circulation is

obtained as r., - 27{ K

Kutta-Joukouski theorem gives the 1ift as

L:/OVP :/OV(ZWK) (A12.10)

(212.9)

If i'o is the steady undisturbed 1ift, then
L= o V(27 K.) (a12.11)
where Ko is the steady undistributed vortex strength.
.fo is also given in terms of coefficient of lift as
Lo CL /"f c V

From reference (144)
Co o= 27 (0, - 0) (A12.13)

Where \),, and ) are collective pitch and induced angles
respectively, in radians.
Ko is obtained from equations (A12.11), (A4.12.12),and (412.13) as

=20,V (Vo =V) (A12.14)

K

o)
Also L = K
“E‘o K

[o]
.« L =K. I
Ko
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Now, if Gy is the 1ift curve slope for the blade section,

then = ,24,/,\/%,(00-0) | (A12.16)
Thus from (A12,14) and (A12.16)
I‘° = p Va,

Bquation (A12.1 5) thus becomes
L =/o VQOK (A12°17)
Using the expression for K as given by equation (A412.8), the
transient 1lift equation becomes:
[~

_ 2a,a2(/
2a, Vaw (0,-V) + mr] (412,18)

e

LT=/O Vao ;

t 4 Q, 4_3//
where 3 denotes the positlon of the centre of the fuselage in the

5- plane and } } a/z (see Figure A12,1) The position of the
blade, i.e. of the centre of the transformed circle, is given in the

Z - plane - the physical plane - as Z, = Xo + ¢ y . However, as pointed
out in section A12,1.1, the co-ordinates Z and 3/ are approximately the same.

Therefore, /

}, = = —< j’ ‘
where, from the geometry illustrated in Pigure A12.2 it cen be seen that
if ¥ is taken as negative when the blade is approaching the fuselage
and positive when receding from it then

Xo= #sn ' and ¥, = H, the height = a + S, where S end a are the
rotor fuselage separation distance and radius of the fuselage respectively.

Making the above substitutions in equation (A12.18) gives the

transient lift as a function of velocity,+, H, and }é.

A12.3. FUSELAGE FPRESSURE FORMULAE
A12.3.1. Deviation of Cylinder Pressure Formula

Using the transformation Z = + 82/2/ end taking the centre
of the ocircular fuselage as origin of co-ordinates (Figure A12. 3), the

complex potential for the system is given, in terms of induced velocity
U, as

W = -iU% + 4Ua/z + 1K Log (Z-z) - iK Log (z-_af )+iK log Z (a12.19)
' Zo »
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The velooity components U and V, relative to x and y are
Bivenby -+ v = JW/JE : \

= -tU_clUa? L (K 42K _ak
2 —Re ] al/l.,
2 & =2-= Z -2 (a12.20)

&£ — - §
Putting 2 = e  and = = Ace “°the velocity components at a
point N(a,&) on the cylinder surface are given by

-2.8 K .- (8 / ,
_ v - Ke | -
U 4cCv = L u ({+ € ) a + ’_-Le:((é-so) /- ke-f((é—&’)

where k = “/a° and (a12:21)
N . 2(& K elg /+ / - /
-u + <V = ~- L{u(l"'e )" : [+ /e"“—&’) I-kt“cé_éo) (A12.22)
k
The velocity, q, at any point on the cylinder is given by
9*= (u-cv)u-+ev) (a12.23)
which after simplification becomes
2
g2= 4 {Ucos§ - K _k-cos (§-§o) (A12.24)

Ao [1-2keos (5823 + k1]

Since the flow is unsteady, the appropriate form of Bemoulli'
equation is

P+//o7 éQ—Po 4—//(11 (A12.25)
where Po is the atmospheric pressure.
To £ind - %&we must calculate the real part of Bw/)t
Differentiating (A12.19) with respect to t and putting =z = Oe"&

and zo = aoei&’ glves the real part as

28 KV (I-k*) Swso — 2k Cos S0 SW(E-82)| (a12.26)
Py Ao E/— Lk cos(8-8) + k"}

If Q2 is the angular velocity of the rotor and r is the radial
distance of the section under congideration, V =2.r is the speed with
which the blade section passes the fuselage.
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Thus the pressure at a point on the cylinder is
12

R Y

= oKV (k2 S 8o — 2k Cog 8o Stae (§-84) 1
Ao l—~ 2k Cos(§—~80) + k? -

+ i/o Uz %{u Cos & K [k - €os (5-50)] ;‘ (a12.27)

Ao [(— 2k Cos GB-5) + &Y
Subtracting the steady pressure % P U(1-4 cos%8 ) on the
cylinder due to downwash from (A1 2.27), the pressure increment is obtained
as
P- Po'= pKV [ (1= k*) Siw & — 2k Cos §o Sim (5-50) ]
Ao /-2 kCos (§-80)+ k?

+ Qe . k— CesCS-J'o) 2UCOS 8 - }_<. k_ Cos (&_ SO) (A12.28)
Ao 1-2kcos(8-8) + k2 Ao/ - 2k cos €5-Sa)+k2)

vhere P' o 18 the wndisturbed pressure at the point of interest on the
oylinder. If the blade is directly above the fuselage,

'go: 'r/z and
P~ Po’.-_ ekv - “z + zjoK. k-SINS
Ao 1= 2kSin8+k2 Ao /~ 2k S8 + k2
I _ K k-swé (A12.29)
X{ZU os § T il ..

In terms of the local blade Cr, (equation (A12.29)) can be written as

2
P~ Po = /ovc G I~ lcz...z(k-SwS)(Q\)Coss'
49 Ao (1- 2k Siv §+ k?)

_ecCo k-Sn§ ) (a12.30)
4UhA0\ /-2 S §4+ k*

since LUK = VcCL and where\J = U/v

The pressures on the circular fuselage can be caloulated using equation
(a12,30). '

A12.3.2. Constant Circulatiaon Case

The pressure at a point N(=x, ,gu) on the fuselage is given by
equation (A12,28), this can be written as

Ppe g S et p Ut fpgt

=P1+P2+P3
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o
1

where ) w{(b 2) sin S0 - 2k cos o sin ( §- §o)

1 4 1-2k cos (& - §0) + x?

P, = %/oU2

P, = 2plUcos &-K [k - oos (§-80) 2 (412,314
3 ﬁ{ Ay [1-2k‘oos (§-80) + kz]} ‘

where the symbols Ag, § o, and § are as illustrated on Figure A12.4

and K = & . p, is the atmospheric pressure.
4q

If the blede co-ordinates are (x,, y,) With respect to the
centre of the fuselage then Ao = 102 + y°2. Referring to Figure A12.2
Yo = H, the height and xo = r sin¥. Thus the pressure distribution
around the fuselage circumference can be obtained as a function of blade
speed, r, ¥ and height H,

A12.3.3. Bffect of the Variation in Circulation

When deriving the pressure formula quoted in section A12,.3.2
the Py term in the unsteady Bermoull's equation was determined by
differentiating W, the flow potential, with respect to time. Using the
image of the vortex in the fuselage, the flow potential was obtained as:

W = -iUz - iUa® - iK(z-2,) - iKlog (& - &

z Zo,
However, when differentiating W to get A%t( it being the resl part ofé\‘gt)

) + 3K log = (a12.32)

K was taken as a constant. To take the effect of the variation in K into

account an additional term has to be added to the Py term. This is given

by
'Add' = 1{105(2-20) -1 log(z - 42 ) + 4 log ;_L} 2K (a12.33)
Zo ot

where, referring to Figures A12.1 and A12.4
z.—.;n-riyn: acos S+ ia 8in S and Zo = xo + L yo = r sin¥+ iH

Using the expression for K given in equation (412.8) and
denoting the numerator and the denominator of the expression by N and D
respectively, é%t becomes

D DN/& - N éD/‘)t_

DK/ =
ot D> (212.34)

where N = L. {—2(1,\/ SIN(\)O_\]) + Qal at U }
(cug,)‘




(a12.35)

(412.36)

(A12.37)
(a12,38)

Substituting equations (A12.37) and (A12.38) in equation

(A12,36) gives b%{ as:
3D/, = a233\//’ {/ + 3/ } -(.___jo*-_._;/l)__z (812.39)

A12.3,4. End-Correction Formulae

An approximation to three-dimensional flow is obtained by
calculating an 'end effect' and applying it to the calculations for two-
dimensional flow assumed in the derivation of the formula.

A factor ﬁ,, derived by Bramwell and Johnston [ 21] to apply to
the two-dimensional calculations, is:

ya (/ )+£("£/,)
7£e = S %rg) + Sint (E) {('- £)*+ 521" (a12.40)
2 €

'3
where £ = */g_. and ¥ = d/gT. d’is the vertical distance of point N,
on the cylinder, below the rotor disc and from the geometry of Figure A12.1
=S+ a (1-8in §).

The above 'end correction' factor, j(e s was used in the invest-

' igation for the oylinder pressure calculations. It was anticipated that
a similar approach would have been used in the steady blade lift calcul-
ation, but it was not clear how the above formula could be modified for
this case. It was decided, therefore, to use the same correction factors
as used in the steady thrust calculations as mentioned in section 2.6 of
the main report.
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AfPENDIX 13: TRANSIENT BLADE LIFT COMPUTER PROGRAM

A13.1. CALJULATION PROCEDURE
The transient 1ift of the blade, as it passes over the
fuselage, is given by the equation:
= /DVQO Qz[ -2a Vsin (3,-v) + 20,07 U
(o + 37

Qe[ "'.._%‘_l_'_ + i‘}_'_ E ti 1.2 18
0L,+">’ a,+4%" quation ( )

’

where § z <, - “ Yo

(see Appendix 12)

= - BCQQ +/ BGQ@ 4’8(_0.00

Yrre 8wr

2

The asbove equations are evaluated in the computer program

MASTER UNSTEADY in the order as required. The program computes

the steady blade 1ift and the unsteady (transient lift), in

lbs/inch, at specified values of azimuthal co-ordirate ,; for
~each blade radial station.

The program reads in the parameters NRAD, NUNO, RANGE, OKG,
LGS, CYRAD, HITE, ANG, RHO, RADIUS and computes the transient blade

1ift for a nurber of radial and azimuthal stations as mentiones
above,

The input parameters mentioned sbove have been listed over
with their units,




A13.2, INPUT PARAMETERS

The parameters required to use the program are:

MG
CH
CYRAD
HITE

ANG

R(I)

SCAL(I)

number of radial stations
collective blade pitch angle VL , degrees

rotor blade number, B

rotor speed 1 R.P.M.

blade chord c, inches

fuselage radius a, inches

height H, inches

the azimuthal interval, d¥ , at which the 1ift value

is to be calculated, degrees
density of air,
rotor blade tip radius Rops feet

range 1is Zya degrees where + @5 degrees
is the range of azimuth for which blade 1lift is

required,
array for rotor radii values, inches

correction factors for 1lift, at corresponding

radii values, as obtained from reference (138).
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COMPUTER PROGRAM
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APPENDIX 44: COMPUTATION OF FUSELAGE PRESSURE

-

Alh.1, CALCULATION PROCEDURE
' The equations to be computed for obtaining fuselage pressure

are as follows:

Without Q__’f\_ term the fuselage pressure is given by:

ot :
P'ﬁ = P'+,°:.-P3
and with '_D_,}_{ term the pressure equation becomes:

t
% popeReAdp-p
where,

p = PRV (-4%Dsnb, - 2kecos So 5w (S -60)
' A 1 -2ken(§-8o)+ R™

LY _
[LL,S(;_-;_@ -L'-aa(l-%) - L(oaz] %_‘é

'andAdd,Po,K,k:Amy60:6:/~))U:Z:za:and %—E‘-

4
1

are as defined in Appendix 12,

The computer program MASTER PRESSURE computes fuselage
pressure for K constant and/or variable, with and/or without

%.E- term, or any combination of these. (The constant value of

K being taken as K = anr [ 21 ) and the variable value
being as defined in Appendix 12). . The desired combination

is obtained by choosing the right values of the input parameters
KEY 1, KEY 2, and KEY 3; where KEY 1, KEY 2 and KEY 3 represent
preseﬁce or absence of constant K, variable X and %gi term
respectively - the presence being denoted by 1 and the absence

by 0. The program evaluated fuselage pressure for & range of roicr
speeds from starting speed OMG to maximum rotor speed MRS (at
intervals of 100 R.P.M.) and for a range of collective blade

pitch values starting with NUNO to a maximum blade pitch MyN

(at intervals of 2 degrees). For each blade pitch and rotor speed
value it evaluates_the pressure as function of blade azinuth




angle ¢.

4,02

A14.2, INPUT PARAMETERS REQUIRED

The input parameters (and their units) required to use the

program are:

RIN
THETA
CH
Hite
LCs
RADIUS
RHO

- OMG

NUNO

INT

IRANGE

MRS

radial station Y dinches.

angle & , degrees

blade chord ¢, inches

height H, inches

1ift curve slope Qs

rotor blade tip radius RT’ inches

density of air, lbf-seca(slugs/ftB)

initial value of rotor speed for 'speed D  loop’

initial value of collective blade pitch angle v} 'for
pitch Do loop! degrees

blade azimuthal interval,d ¥, at which fuselage

pressures are to be computed, degrees

the total range 2% degrees where + ) degrees is the
range of azimuth for which blade 1ift iu required;
being an integer quantity

the maximum rotor speed for 'speed D, loop' R.P.M,,
(must be an integer quantity)

the maximum blade pitch angle for 'pitch D  loop' degrees
(must be an integer quantity)

Pressures are calculated in lbs/in2 units,
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COMPUTER PROGRAM
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‘COMPUTER PROGRAM (CONTD)

AlL.3:

INNIANDD
0t 04 09,
NEVRE VIS NS IUCIBING INIL BICRL B0 (/935118
COL°CLa6? . %3’ Y1) ivIHEDS
INK1in0)d
' L 04 09
OL°CLA2°X0C%01°CL97L 25° Y1) lvin0yd
AVRAAVNG*INT L 930K1232 7Y L%9)31T 0N
€2 04 N9 :'23°2A3%) 41
Govelas.eevideddVid
' (EudePuqe L36)°NHERAY NG
Zoo(((NBeNBe LN >0VENLIISODY
.u:cN.r.o»ox-uxaa.»oa:»oo-c:»-aounxcvccaacu.-.o-uz»v-aw.:-oo.-nua
v'2/Nenezud
..uc.gco.»ozxpca-cxp-uou.u-~.r.\...J:x.-o-=x>.-
cnnoapocs»..ouauuono.uoa:»-z.no*uconco—.vv..poz¢\4u...¢a<g,-,ao
LANKIANOD
0L 04 O
= COL°SLge? L 90 1) LYNNOS
ISAUG EING INIL030uL’ 84T L 9L UN
92 0L 09 (L°B3°LAd¥) 11
0Cveiduseliudensiyg
(NCUd=2ugo9 24)00H mBIud
200(((XYeVue(LON-1"0VENLIS0I}
.-.-.o.—v-»o:<.\~...oxx>-°<-x>..ouo-.-v-.a¢¢:»-ou.:..e.~.un-n
n*?2/Nenedud
CONUONYOCLONNLOAYURL)SOISNYO0"2a0" L) /((LANMLSAVEHL) b
-.-.Ahozx».-oo....o.-.»oz:».;_¢..g¢.--o.......»o;<\a.,.g.-g.¢a
*2 01 09 (7°n4°2A3x)41
...n..oauo.o~0\o<¢>u.o<¢>uo~.ooau..o~.~vooqu..o<x~,J<~..oz¢.-o=<
(200N20)/(L0000uNNY=LGNIeNIA)alq%0
. (200 (090 % /0234
10" La(Ra0(aa2e0 ¥ /HI)) /(R0 CAT/AVEAII SO L)) IV 2NN 277 sAeHIwid0D
((€oelC2200'9/HI3) /¢ 1AANSAYUAILAYEAIONI)) 1Y INauldNg
£2 0L 09 (O'DI'CAINIAT
n4G/uNNYeY
(CC2e0
aonuco.cxxun.o=.~v\:co<¢>uoo¢->uczuoa.~\A:zcvz_u-xuoau».a«ua-x:zs
(CCORe0 Y/ 2) /HI=((GATO0 Y/HI)I®O 2) /HI00" L) IVINENIO
G2/Qvailesverr=(2000Q?
€G2)arNOIwAl)
(IL1ne’0p0d =) 2VdNIe0Z
CCOVENLINIGOAYUEAD Y (OYEKL)R00GYNAII N 1dNInT
INNLLNOD
22 0L 09 (0°0d°2A3%)41
L2 0L 09 ¢L°BIFAINY 11
Qvy/i0nniendany

2

(14
L\

'
fi

(X4

Loeo
0010
AANN
RAAN
2A0N
LIL L
€Ann
YANA
fann
PAnN
LANN
NAnG
AfAND
f9nn
ALY
eonh
Sonp
*RAD
funn
rano
t9nn
0Npan
Alna
f/00
/a0
9/0n
Cinn
/00
€00
LAY
Lznn
LFEY
AONN
R9n0
/9n0
o9nn
(LY ]
*no
fonn
2on0
Long
nonn
ACan
acan
48nn
oc<nn
<€<np




405

COMPUTER PROGRAM (CONTD)
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APPENIIX 45: TRANSIENT LIFT
ROTATIONAL NOISE PROGRAM

A15.1, ROTATIONAL NOISE MODEL
The rotational noise harmonics for rotor/fuselage interaction
were computed using a modified version of Tanna's Rotational Noise

Program {18] - see Appendix 9.

A15.2. CALCULATION PROCEDUREB

The modified rotational program MASTER ROTATIONAL used the
rotational noise equations given in Appendix 9 (section A9.3) and the
fransient 1ift solution given in Appendix 12 (section A12.2). The
method used repeatedly evaluates the basic sound pressure equations
which included a double integration. One integration is around the
rotor disc with the sample points (azimuth angles) chosen, at constant
intervals. The other integration is along the radius.



A15.3.

INPUT PARAMETERS

The input parameters (and their units), required to use the

‘program are:

NEND

NFP
NUNO

RBN

S0S
LGS
CYRAD
RHO
HITE

~ RANGE

RADIUS

ANG

0 if last case
1 if cases to follow

end code

nurmber of field points

collective blade pitch angle x& , -degrees
rotor blade number B

blade chord C, inches _

speed of sound, ft/sec.

Lift curve slope

fuselage radius a, inches

density of air /0

height H, inches

-2¢; degrees vwhere

v, degrees is the range of azimuth for which
blade 1lift is to be used to complete the rotational

harmonics
rotor blade tip radius RT’ feet.

number of harmonics, m, required

the azimuthal interval,ciiy, at which the left value
is to be calculated, degrees

KEY 1, KEY 2) = 00

and KEY 3

if intermidiate output not desired
) =99
if imtermediate output desired.




A15.4.

Vvos
Vuuy
vule
vt
vV ¢
vutys
VIR Y
Uvy)y
vule
Vutry
uviy
Vviy
Vvey
Vel
Vuee
Uves
Vugas
vvesd
Vvdio
yver
vvey
ey
Vv
vusy
vi¢

uusls
Vvia
v
Yuse
vvss
uvins
vusy
yvaey
Yve
Vuey
Vuss
Uvies
yvad
vvie
"1 'Y4
Vven
vuay
LA YY)
e

COMPUTER PROGRAM

MABTER HOTATIONAL
REAL LCS,X)NUND )
COMPLEX 20,200,C20D :
olninllONO(!(?.u)ol(a).VG(u)pVG!(!),YlYLt(O)ch$!!01)'VZS!(1°1)'

TPRAD(YOT) ,BCAL(Y)

RAD®Y ,u/87,2v57798
PI83, 1415946530

T1Y READ(D, 2TV LE

e

FORMAY(YAB)
nsAo(>,:;ueuo.nrv,nu~o.u|u,ons.cu,lo:.Lcn.cvuno.cuo.nxrs.laueu.
1RADLUS

TIP"PIoUMGORADIUS/SU,0

WRITECO/7INITE ) NUNQ,UMG, TSP, RADIUS

FORMATCON HEIGNT@FS, 17N INCHES BN  PETCHE,F5,1,4N DEQ, 8N Ry P, Mo
Tob6,701¢H  TIP IPEEOE,F0,Y,/H ST/SEC/I0N ROTOR RADIVS®,F6,2,3K BT
"N

READ(),J)NNAN'N“AD

3 FORMAT(ZI0/11F0,0)
READ (D, 11)ANG
READCD ) S3IKEYT g KEYZ ) KEYS

33 FORMAY(312)

RHUaRNO/20736,0
AlaCH/a,p
QQeRYNOCHeLCS/(8,00P])
RNUOSNULOORAD

ﬁDc(ﬂANGEIANG)".OO\
ANGRANGORAD
DlAD(?)G-NANGEQnADll,O
DO & 1mZ NP )

& PRAV(LI)WPRAD(IwY)0ANG
READ(D ) 5) (M (1Y 1™ NRAY,
READCS ) 5) (SCALCL) g )t NRAD)

5 FORMAT(8FO0,0)

DO ¢¢3 ,w1yNRAD
VEL®PIsUMGeR(]) /30,0
QReuQ/R( )
au;-(-qn.sunvtqaﬁonos.o-untnnuot)lz.u
RNVaKNYyePN]
RHOVERHUSVEL®LCSOCN/2,0
DuYePH]evEy

DO ¢¢3 Jmy NP
XCORDSR(I)OSINCPRADCI))
ADWCMPLACaRCURDyON]TE)
CI0aLUNJGILD)




A15.4. COMPUTER PROGRAM (CONT'D)

C20oLUNJIG(LD)
20DRZNNCYRAD®*CYRAD/ZD
KrREAL(VELSSIN(RNU)@CYRADOCYRADODUV/ ((AYOC2D)002))/REALLT,00¢,0%AY
1/CA16Zp0)Imd VAT /LATOLD))
QeI )1 InRHOVe (KaVELPRNU)*SCALLYE)
23 CONTINUE
WRITECS,TITLE)
S05a505¢12,¢
OMGaUMG#P ] /30,0
00 YYY [Imy,NFD
READ(S,11)CAPR,THETA ALFA
1Y FORMAY(SFO,0)
WRITECRIT2ICAPRI)THETA)ALFA
V¢ FORMAT(ICHUFJELD POLINT )UX )ONRADIUSIETD,0,9X)/NAZIMUTN,EL1S,06,5X,
TVHELEVATION  EV19,0,/d0X  UnHARMONTIC ;40X ,164H80UND PHESSURE , 15,
2INEPL)
CAPR212  UaCAPR
ALFARAFAORAD
THETASTHEYAGRAD
SETARSIN(RNULLY
CRTARN(OS(RNUUY
DO VYY Mal, NHAR
00 YYU XK=l ,NRAD
00 YV JJdmt,Np
CAPSBUBURT(CAPROICAPRORIKK)IGR(KK) @2, 00CAPROR(KX)PICUS(ALPA)
10COS(PRAC(IJIIWYNETA))
Ve M
VeVORBN®{OMGSCAPS /50600 ,S0CH/R{KKIGPRAD(IY))
TEmPen
VE3CJIJIIRMCOLII pRR)IOBINTY  SPTEMPORBNGCH/RC(RK))IC®LCOS(V)/CAPSO(TENPS
TRANCUMG/S0S)OSTH(V) )@ LSUTASCUSTALFAI*SINIPRADLJJIINTHETA)®
CSTINCALEAYSURATA)OR(KK) )/ (TEMPOCAPS®CAPS)
VES 1t ImiUCII pKRIOSIN(U,SOTEMPORANSCH/RIRKIIO(CUS(V)IVTEMPORGNS
TUMG/SUS SIN(VI/CAPS)o(SBTANCUS(ALFA)*SINCPRAD(JJIIOTHETA)OB]N
. ALALFAICLBYA)OR(KK) )/ (TEMPeCAPBOCAPS)
9V LONTINUE
MNRNP
CALL BIMCOR(NP,PRAD V2SI AR NN)
VELKK)ImAR 4
CALL SIMCORCNP ,PRADIV2S] AR MN)
VAL(RK)®wAR
MNSNRAD
CONTINUE
CALL BIMCOR(NRAD )R, VB, PRTAR,MN)
CALL JIMCOR(NRAD,R,VH] PRYA] )MN)
PRYIA®(U ,USINLLLISCAPR/ICHICEUNT(PRTARCOZOPRTA[O0¢)
SPLOCU, VU, 4353 ALOGCABS(PRYA/2,VERY))
WRITECOIVIZIMPRTA,SP
FORMAT(LOXp22sdX )220, 8)
CONTINUE
TF{NEND)IYYRYY ¥YYYY 111
s$TUP
END




