Problems of Noise
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INTRODUCTION BY THE CHAIRMAN

The Chairman said that a short biographical note would 1illustrate the
Lecturer’s very wide experience Professor RiCHARDS was engaged in
research at the Royal Aircraft Establishment, Farnborough, and then went
to the Bristol Aeroplane Co Ltd, from 1937 to 1939 He was a scientific
officer at the National Physical Laboratory from 1939 to 1945 and then
went to Vickers-Armstrong Ltd , where he was Assistant Chief Designer
and Chief Aerodynamicist between 1945 and 1950 He became Professor
of Aeronautical Engimeering, University of Southampton, i 1950

Professor Richards had been awarded the George Taylor Gold Medal
of the Royal Aeronautical Society , he was a member of the Acronautical
Research Council , and Chairman, Vice-Chairman and a member of several
of the AR C Committees He thus has an extremely wide experience 1n
research and 1n the aeronautical industry

The great need of the helicopter 1n one of its main roles was that 1t
must be able to get into city centres, which meant that 1ts noise must be
acceptable to people 1n the cities

Ths posed extremely difficult problems and the Association were deeply
honoured to have Professor Richards to speak on those problems

Before reading his paper, Professor RICHARDS expressed his appreciation
of the honour of being mnvited to present a paper to the Association

Proressor E ] RICHARDS

During the past few years it has become apparent that the problem of
the noise of helicopters, both 1n 1its effect on the passengers and on the public
near landing grounds has become quite as severe as that to be expected with
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normal winged aircraft, and that as the size and power of helicopters increase,
the problems involved may well be even greater than with conventional
arrcraft which by and large are kept well away from centres of population
Unfortunately so little operational experience 1s available on the noise of
helicopters themselves that we must of necessity appeal to winged aircraft
experience 1n order to establish the problem  Before considering helicopter
noise as such, 1t 1s therefore proposed to dwell a hittle on the difference 1n
the two noise problems

Internal notse

As far as the passengers inside the helicopter are concerned, there 1s no
essential difference , while 1t 1s always difficult to differentiate between noise
and vibration as the real cause of annoyance and tiredness in passengers,
acceptable imternal nose levels have been established which can well be
applied to helicopter cabin design  Indeed British European Airways have
already stipulated their requirements (Fig 1) of the sound pressure levels
to be tolerated 1n the various frequency octave bands These are in fact
very stringent and rather more severe than those (Fig 1) recommended by
the Royal Aircraft Establishment for winged aeroplanes However, bearing
1 mind the relatively low horse-powers now being used, 1t 1s better to be
severe at this stage rather than otherwise ~American ideas on the levels to
be tolerated are also plotted in Fig 1  The comfort criterion curve ? indi-
cates the maximum noise levels possible before real discomfort sets in and
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1s undoubtedly a high upper hmut Levels well below this are required
before extended flight can give the comfort values now existing 1 conven-
tional arrcraft  For purposes of comparison typical measured figures for
two American helicopters® are plotted 1n Fig 2 as sound pressure levels n
each frequency octave band It may be seen that in the medium and high
frequency ranges reductions of as much as twenty decibels are required
before really acceptable comfort levels comparable with the latest arrhners
are achieved However, the problem here 1s not msurmountable, two lines
of attack being open to the designer, the use of soundproofing 1n the cabin,
and the reduction of noise at source The former method 15 a very potent
method in the high frequency range, an attenuation of twenty decibels being
easily achievable with a moderate weight of soundproofing matenal, mtelli-
gently used  The noise levels claimed by the makers for a modern helicopter
project? with good soundproofing and a reasonably quiet propulsion system
1s shown 1n the figure, demonstrating that acceptable noise levels inside the
cabin can be designed for if sufficient attention 1s given to the problem
The reductions possible mn the low frequency region by soundproofing 1s
hmited however, and recourse must of necessity be made to the reduction
of noise at source, whether 1t be rotor noise, engine noise, jet noise, or gear
noise Indeed the designer who plans to overcome all his internal nosse
problems by acoustic lagging 1s asking for trouble  Thus the internal problem
very quickly associates itself with its external counterpart for which reduction
at source 1s the only possible palliative
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External noise

The establishment of a criterion for the maximum acceptable noise
on the ground 1s a far more difficult matter, introducing a whole range of
relevant factors which cannot really be assessed until real experience n
helicopter operation has been obtammed The helicopter’s greatest single
advantage 1s 1ts ability to land near city centres in built up areas where
buildings are often close to the landing squares Thus in any assessment
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of the noise levels to be tolerated, the advantage gained by the aeroplane 1n
1ts use of a large airfield with a great dispersal of houses must be allowed for,
even though some of the nwisance 1s due to arrcraft passing overhead On
the helicopter’s credit side, however, 1s the much higher noise of traffic and
very often the existence of other large nowses such as at railway terminals,
etc  On the credit side also 1s the much smaller number of house dwellers
likely to be 1 occupation at might near city centres and the advantageous
shielding effect of the adjoining buildings The threshold of traffic noise
will be higher at night 1n these areas than in the quiet of airports, and we
can always hope for rooftop landing squares to further reduce the noise at
street level Taking all things into account, and assuming that helicopter
stations will be sited with due consideration of the noise nuisance, it 1s
probable that a slightly higher noise level can be tolerated at helicopter
stations than that now causing annoyance at airports, and that the relevant
nose 1s that which will disturb appreciably during the day the office worker
whose duties are interrupted by the advent of the noise

Taking first the levels of noise that have annoyed the community 1n
the past, Dr BorT, of Massachusetts Institute of Technology, has put
forward quite seriously® a series of curves (Figs 3a and 3b) indicating the
response of the community in the United States to objecttonable noises
While there s little reason to assume that the commumity 1in England will
respond 1n exactly the same way, and while 1t 1s admutted by those putting
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forward the information that many subjective elements such as whether the
noise 1s from a favoured or unfavoured source enter into the matter, 1t can
nevertheless be constdered as the “ shape of things to come ” 1n this country
also Thus mn Fig 3a if we take the average expected response and accept
as our standard the likelthood of strong complaints and even occasional
threats of legal action, we see that a noise pressure level spectrum of the
type E shown imn Fig 3b 1s on the margin of that to be tolerated For
conventence this 1s agamn plotted as curve “a” i Fig 4

If alternatively we disregard statistics of public reaction m the US A
but rather argue that complaints will arise when the actual noise levels 1n a
private office are such as to interrupt work seriously, then Figs 5a and 5b
are of sigmficance® 1n indicating which noise levels are likely to cause objec-
tionable interruptions in office routine  If we take the optimustic view that
it 1s only when offices become very noisy and the use of the telephone very
difficult that office life will really be interfered with then we have the second
curve (b) in Fig 4 (1 ¢, a speech interference criterton of 609,) as a further
criterion of tolerable nose levels  This 1s probably optimistic but approaches
realism more than some of the other criteria put forward at other times,
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particularly if windows can be always considered closed In practice the
exact noise level which will raise the wrath of the multitude will vary very
much with detailed circumstances but will certamnly not exceed the higher
of the two curves of Fig 4  For the sake of setting up a criterion to compare
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our results, therefore, let us accept this upper curve as a spectrum which
must be achieved 1f helicopters are to operate mn the cities, with a view to
examimng later how far we are from our goal throughout the frequency
range

We must now specify the distance from the helicopter where these
figures are to be taken smce we cannot otherwise work back to obtain design
criteria for our aircraft It 1s suggested that the above curve should be used
at a distance of 200 feet from the aircraft, since the closest offices are unlikely
to be nearer Care must be taken when comparing noise figures that they
are all estimated at the same distance since, as 1s shown in Fig 6 noise 1s
attenuated by some 20 decibels or more as the aircraft climbs from 100 to
1,000 feet altztude or when 1t moves this distance away 1n any direction  In
our assessments all measured noise levels will be corrected to a distance of
200 feet unless otherwise stated  An 1nverse square law will be used so that
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increasing the distance by a factor of ten for instance will reduce the noise
level by 20 decibels (20 log,10), while doubling the distance will reduce 1t
by 20 logye2 (1 ¢, by about 6 decibels) The attenuation with distance will
be greater than this in the very high frequency bands as a result of viscous
damping in the atmosphere The amount of this damping at frequencies
below 1000 ¢ p s 1s however very small  Where posstble also, measurements
are given as noise spectra measured over a range of octave bands Where
there are not available, overall noise measurements 1n terms of the sound
level at a 70 phon weighting are given

To conclude this section, therefore, we can say that m order to obtam
even tolerable conditions near landing areas we must aim at noise levels below
curve (b) of Fig 4 at distances of 200 feet from the rotor
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Measurements on existing helicopters in this country have taken two
forms, the first being subjective examunations 1n the vicinity of city landing
areas, the second consisting of spectrum analyses aimed at locating the
sources of the sound with a view to 1ts silencing  In both these categories,
the only information available 1s that given by FLEMING of the National
Physical Laboratory (Ref 7, 8 and 9) though I have no doubt that many
firms have taken extensive measurements on their own products Dealing
first with tests made in the Houses of Parhament in connection with the
South Bank helicopter station project, Fig 7 shows the overall sound level
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measured on the roof, 1n a commuttee room and on the floor of the Commons,
as a Bnstol 171 helicopter flew from 1ts station at the South Bank at an
alutude of 500 feet  With the type of noise spectra obtamed on this helicopter,
these overall figures also represent approximately the octave band sound
pressure levels at a frequency of about 150 cycles = Thus reference to curve
(b) 1n Fig 4 suggests that the levels n the Commuttee room facing the river
would imterfere with work quite seriously but that the levels in the Chamber
itself are clearly quite acceptable  Indeed the helicopter was not often heard
above the background noise in the Commons 1tself This 1s not the whole
story however since spectra measurements showed high noise levels mn the
high frequency range Thus the overall figure obtained 1n the commuttee
room might correspond to a level of say 65 decibels 1 the 2,400—4,800

HELICOPTER ALTITUDE 3500 FT

80

A

’\N\—/’\_ ROOF

M N AN AN, COMMITTEE

\"‘w
ROOM 14

\\y\//‘ A\ R /\ FLOOR OF

VAAT TRA CHAMBER

50

SOUND LEVEL JO PHON WEIGHTING DB
40 60 70
( °
\ N\

/0 20 30 40 S0 60 JO SEC

WESTMINSTER LAMBETH
BRIDGE BRIDGE

PILOTS ANNOUNCEMENT OF POSITION

Eig 7 Helcopter noise in Houses of Parliament

cycles octave band, a very high figure which 1s about 9 decibels higher than
the “ serious interruption ” curve put forward as a basis for acceptance
Thus bearing 1 mund that the above measurements were made at distances
from the hne of flight of some 900 feet, there 1s need even on orthodox types

with thewr present powers to reduce nowse at source, particularly in the medum
and high frequency ranges

Exhaust nose

A further series of tests carried out by the NP L on the Bristol 173
helicopter® were aimed at the establishment of the source of the greatest
noise, chiefly with a view to the fitment of exhaust silencers to the aircraft
In order to separate exhaust noise from rotor noise, tests were carried out
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first on a single rotor on the spinning tower at Bristol and consisted of both
octave band and narrow band measurements There followed tests with
the helicopter suspended on a gantry with the blades replaced by paddles,
and continuous recording tests on the actual machine with the arrcraft
hovering at 50 feet, and passing overhead 1n level flight at heights from 100
to 1800 feet altitude  The very valuable design conclusions from these tests
may be summarised as follows

(@) The maximum noise pressure levels measured are some 12 decibels
higher than on the Bristol 171 helicopter 1n a comparable position and

was as high as 107 decibels m the 75—150 cycles per second octave
band at a distance of 200 feet
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Fig 8 Noise breakdown Engine and Rotor notse

(b) An analysis of the nose at source shows that this can be reduced appreciably
by silencing the exhausts From Fig 8, for instance, in which are plotted
the estimated noise pressure levels from the rotor alone, that from the
engme alone, and that from the actual helicopter in comparable circum-
stances, 1t may be seen that considerable noise reductions are possible
by eliminating the exhaust noise In this particular instance with the
helicopter hovering at 50 feet but at a distance of some 85 feet to one
side, the exhaust raises the maximum noise by some 6 decibels but with
the aircraft flying overhead 1n such a condition that the exhausts are
visible they have a far greater effect For this condition of fight n
which the direct effect of the exhaust raises the nose level to very
unpleasant levels (an overall figure of 118 decibels was measured), the
elimination of exhaust noise would probably cause a reduction of as
much as 20—25 decibels At a distance of 200 feet and for the power
used 1n the Bristol 173 helicopter (e, two engines each developing
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400 horsepower, spectra of nose pressure levels as shown 1n Fig 9 may
be expected at a distance of 200 feet if silencers are fitted It 15 seen
that even here much 1s to be required to reduce them to the levels
postulated as our speech nterruption criteria particularly m the medium
frequency range

Direct evidence of the efficacy of exhaust silencing 1s derived from
the comparative tests® on the Westland Whirlwind S55 In these
tests, spectra of helicopter noise were obtamned over a range of operating
conditions and with and without a specially designed Vokes exhaust
siencer The general subjective noise reduction was apparently
greater than appears from the noise pressure levels measured, a selection
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of which are mncluded in Fig 10a It 1s seen that at some frequencies
a reduction of 12 decibels was attainable although in other frequency
ranges the reduction 1s disappointing Even so, calculations of the
overall noise reduction indicates a general lowering by almost 10 decibels
umformly throughout the whole range of flight operations The
characteristics of the silencer!® (Fig 10b) shows a much greater attenua-
tion on the testbed except in the fairly narrow frequency region around
90 cycles, and 1t 1s anticipated that this region can be eliminated by
surtable design It 1s fairly obvious therefore that the noise has been
reduced to the level of that of the rotor and that a less ambitious silencer
could well have been used Indeed Messrs Vokes state that a surtable
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production unit can be produced for a weight of 25 pounds, a very small
penalty indeed for such a very large benefit We may conclude,
therefore, that exhaust silencers are feasible without too serious a loss of
pavload and that they will be fitted on future orthodox helicopters

The above remarks apply only to piston engined helicopters As 1s
shown from the curve of the Dart engine noise 1n Fig 20a for instance, a
more severe problem will arise on helicopters fitted with turbine engines
There 1s a large high frequency content in the noise, so that some viscous
attenuation will take place with distance (e g, as occurs on the Viscount)
Other than this, however, the noise attenuation possible in the low frequency
region 1s very limited owing to the impossibility of imposing a back pressure
on the engme Here again reduction at source 1s required either by a lagged
exhaust system or by the use of a modified jet pipe system of the type des-
cribed later in Fig 26 In the more serious high frequency range, where
most of the nose 1s from the compressor, a well lagged intake will probably
show some dividend Noise work 1s required 1n this field before any real
conclusions can be drawn

Rotor noise

On winged aircraft fitted with propellers, the noise of the propellers
themselves 1s as a rule greater than that from the exhaust jet, or from the
boundary layer With rotating wing aircraft the same may well prove to
be true in the future It 1s certainly true that even now rotor noise ehiminates
any chance of reducing noise within reach of our interruption criteria, even
with the relatively small amount of power used 1n helicopters It 1s there-
fore, worth while to spend a little time examining the parameters nvolved
in the production of rotor noise  No systematic nose analysis of helicopter
rotor noise has been carried out other than that indicated m Fig 9 and
Fig 10a, so that we must fall back on propeller experience to help us out
Fortunately a large amount of work has been done on propellers which
suggest!! the following generahsed rules

(a) For a constant tip speed the overall sound pressure level increases by
approximately 5 5 decibels for each doubling of the mput horsepower per
blade

(b) For constant power the overall sound pressure level due to the propeller
creases by approximately 2 7 decibels for each increase of 100 ft [sec
m tp speed

(¢) The overall noise energy 1s proportional to the number of blades when
the horsepower per blade and the tip speed are fixed (e g, two blades
gives a 3 decibels higher noise level than one)

(d) For a constant power and tip speed the overall noise level 1s 3 dectbels
higher with a blunt tipped propeller than with a finely pointed one
The extent to which these generalisations can be carried over to the

helicopter application 1s very hard to predict It must be pointed out, 1n

any case, that the increases histed above arise from different causes so that
these increments should be added to whatever threshold noise of that type
already exists While on propellers these noises are of roughly the same
magnitude, 1t does not follow that these will be so on helicopters

The effect of cyclic incidence changing will no doubt have some effect
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although 1t 1s unlikely to be confined to the low frequency region The
evidence which 1s available suggests that the notse increase 1 this frequency
range 1s not significant and can be neglected

A rough analysis of the tests on the Bristol 1738 suggests an increase
of 7 decibels when the power 1s increased from 200 to 350 bhp for the
same tip speed This 1s 1n fact rather higher than would be expected by
the propeller generalisations Thus I believe that we can use the above
criteria with caution to derive the sigmificance of rotor changes and power
tncreases  Clearly the amount that can be done to reduce tip speed 1s
Iimited and must be weighed against loss in performance  Equally however,
1t must be realised that the rotor tip speeds and power cannot be pushed up
without the quite serious penalties histed above being mncurred This 1s
true both for the orthodox and the tp jet helicopters and must be allowed
for 1 any new design !

Whether or not the last item listed (212 , the effect of change 1n tip shape),
1s significant 1 blade design, remains to be seen  Since wn propeller tests,
changes m tip shape generally go with changes in disc loading, the analogy
1s not likely to be a close one

Gear notse

In any helicopter, there 1s a danger of mechanical noise from one
component or other While this 1s outside the scope of the paper, designers’
attention should be drawn to this further source of noise While there 1s no
evidence of serious noises of this type in this country, Fig 11! shows some
mnteresting evidence of gear nosse in the US A In this mstance, the noise
1s of far lower mtensity than the exhaust noise, but once the latter 1s silenced,
gear noise would take pride of place over and above the aerodynamic noise
of the rotor In this instance the source of noise 1s the hammering of the
gear teeth as they make contact, the measured frequencies beng quite
discrete and of the values expected In this figure it 1s mnteresting to note
the very small amount of noise energy from the tail rotor and 1ts essentially
low frequency
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Fig 11 Nose from Helicopter in hovering frequency analysis with
20-cycle unde filter
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Tip JET NOISE

The advantages of replacing the orthodox systems of rotor drive by jet
propulsion units of some form are well known and need not be commented
upon 1n this paper It 1s very true, however, at the moment that one of
the greatest objections to their use arises from the high noise levels generated
by such power unuts It 1s relevant therefore, to examine the basic differences
m the characteristics of all the systems put forward These tip jets can
conveniently be split up into the following four groups —

(a) pulse jets,

(b) ram jets,

(c) pressure jets,

(d) exhaust jets,
smce each has its own very definite characteristics

The pulse jet, as 1ts name 1mphies, obtains 1ts thrust as a series of nter-
muttent pulses 1n which very high velocities are developed

The other three are continous systems, their mamn differences lymng in
their efflux velocities and 1n the existence on some of combustion noise
The pressure jet, having the largest pressure ratio, has the highest outlet
velocity, the velocity being highly supersonic or overchoked The exhaust
jet has the lowest outlet velocity, the thrust being obtamned by using larger
mass flows and larger orifices

Sources of noise on t1p jet helicopters

Before examming each type 1n detail, 1t 1s as well to record all the expected
sources of sound on this type of helicopter since there 1s no pomt whatever
mn striving for the reduction of one noise if any other 1s of the same magmtude
and frequency  Briefly these sources arise in the main from the following

(a) Rotor aerodynamics and gear trains,
(b) static jet characteristics,

(¢) combustion,

(d) rotation effects

Dealing first with (a) the rotor design cannot at the moment be expected
to deviate greatly from that of the orthodox rotor except 1n so far as tip jets
with large air ducts may enforce the use of thicker blades Thus the noise
values attributable to the aerodynamic lift and drag of the blades will remain
as before and may be calculated from Fig 9 extrapolated to any different
power and tip speed by the rules of section on Rotor noise There 1s little point
therefore 1n attempting to obtain jet noise levels appreciably below that for
mstance 1n Fig 9 for example which we may use here as a standard to compare
the achievements of the various types of tip jets

Gear noise will presumably be eliminated or at least reduced by the
easing of the rotor head design problem, and may be neglected as a source
of nomse m our deliberations provided that we appreciate that this source
of nose can become serious 1f attention 1s not given to 1t in the design stages

With reference to (&), 1t 1s not the purpose of this paper to describe the
nature of aerodynamic noise 1n jets  Attention 1s drawn to a review of this
subject!? written by the author and published by the Royal Aeronautical
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Society 1n their journal It 1s suffictent to say that aerodynamic noise
emanates 1n three ways on tip jets

(1) As a simple acoustic source on a pulse jet of frequency equal to
that of the pulse and of a mean nose levell?® given by

Db == 10log -3% p%cz_ (Vmax — me) “f252 % 109 above 10 16 watts/cm?
10 ~c

where py 1s the ambient air density, c 1s the velocity of sound and V that
of the jet of exit area s The frequency 1s f and r the distance from the

source
(1) On continuous jets, noise arises from the turbulence and varies
for a jet as
p V8 d?2
c5

where V 1s the velocity of the jet relative to the outside air, d 1s 1ts diameter,
p 1s the density of the outside air and c 1s the speed of sound in 1t The
constant of proportion may be obtained by reference to Fig 12 which gives
a correlauon between a very wide range of experimental results ¢

(m) When, as 1n the case of the pressure jet and ram jet, the nozzle
1s well choked and a high supersonic velocity 1s developed aft of the nozzle,
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a great increase of noise over and above the law (1) previously mentioned
can arnise from the mteraction of the turbulence with the standing shock
pattern  There 1s Iittle 1f any evidence of this type of noise on tip jets as yet

(c) Combustion nowse takes two forms, the first consisting of the noise
from the wncreased turbulence n a rough burmng jet, the other arising from a
defimite resonance n the jet pipe  The latter 1s energised by the periodic
burning and 1s typicalised by a qute definite frequency with a wavelength
of the order of the jet pipe diameter While there 1s no evidence of this
note bemng present on small tp jets, there 1s a considerable noise increase
resulting from burning generally In Fig 13 for example the noise spectra
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from a cold jet are compared with similar figures at comparable thrusts on
a hot pressure jet of the same diameter It 1s seen that the spectra are of
simular types, indicating that the noise increase 1s not confined to a single
octave band and that general increases of some 7—9 decibels arise when the
jet1s burning fuel and ishot  The overall noise pressure levels corresponding
to these and other spectra at a different azimuth angle are plotted 1n Fig
14(a) agamnst the total internal pressure 1n the combustion chamber 1n 1b /sq
1n, 1n order to ascertain this variation with jet thrust This quantity 1s as
good a measure of the jet thrust as can be obtained without detailed instru-
mentation It may be seen that the total noise increases by some 5—8 decibels
At a measuring station at 90 degrees to the axis of the jet the increase 1s
almost constant with increasing thrust, the noise law in erther case not
deviating very greatly from the V® aerodynamuc noise law whose slope 1s
shown for comparison * At the 22° station, the situation 1s more confused,
the cold jet obeys the V® law while the hot jet shows a distnct fall away
from this law with increasing thrust  Thus 1s to be expected if the increase
of noise 1s due to turbulence and poor burning The results obtamned in
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this series of tests carried out by Fareys!> show however, very little variation
with fuel air ratio so that 1t 1s difficult to attribute all this increase of noise
to turbulence  The best that can be said 1s that i all probability combustion
does have a bearing on the noise and may raise the levels by as great as 5—8
decibels  Some of this can be explained, however, by the basically different
variation of Mach number 1n a hot compared with a cold jet, and by the fact
that the density will differ so that the efflux velocity need not be the same
for the same total thrust

The analysis makes no difference between the turbulence introduced
mto the pressure jet by bad bends, etc , as opposed to that created by combus-~
tion Noise increments of as much as 10 decibels have, however, been
measured!® on a rig in which the turbulence 1s increased by a double bend
n the system (Fig 16) , thus any system of suppressing combustion noise which
tntroduces bad bends and thereby a large residual turbulence may well give
mncreases rather than decreases in fotal noise levels More work needs to be
done on combustion noise, as 1t undoubtedly can be a major factor 1n noise
production 1n helicopter pressure jet units

(d) The effect of rotation will be twofold, first a change 1n the spectrum
characteristics near the rotor due to Doppler effect, the second and of more
real significance the reduction 1n actual jet noise due to the reduced relative
velocity of the jet stream

The first effect 1s more noticeable very near to the jet as a result of the
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fluctuating distance of the noise sources and the highly directional character
of the aerodynamic jet noise The overall noise at an angle of 45° to the
thrust hine 1s for instance about 10 decibels higher than that the same distance
away but at right angles to the jet axis Thus for this reason alone the
sound at a given pomt will fluctuate by some ten decibels at one half, one
third or one quarter of the fundamental rotational frequency of the rotor,
depending on the number of tip uruts  This will show 1tself up effectively
as an annoying fluctuation 1n intensity At a distance of 200 ft this effect
1s Jess likely to be great and 1s unlikely to cause annoyance over and above
that expected from the steady noise at the worst azimuth angle

The second effect of rotation, the reduction of the efflux velocity of the
jet relative to the air around t, 1s wholly favourable and of quite a sigmficant
magmtude Fig 16, plotted again from the measurements made by Fleming
of the National Physical Laboratory in the Fairey tests!® shows a reduction
of over 6 decibels below that measured on the static rig for a peripheral tip
speed of 400 ft /sec  These tests have been corrected to a constant combus-
tion chamber pressure and so approximately to a constant thrust The
noise alleviation agrees quite well (as shown in the dotted curve) with the
predicted value based on the (relative velocity)® law, and gives us some
confidence 1n extrapolating to lower velocity jets Thus as seen 1n Fig 17,
a tp speed of 500 ft /sec would theoretically cause a reduction of 14 decibels
on an exhaust jet with an efflux velocity of 1500 ft /sec This alleviation
should be allowed for 1n static tests if they are to be representative of flying
conditions later

In passing on therefore to an examination of the noise of the four types
of tip jet as measured on static rigs, we may therefore console ourselves in
three ways

{a) There 1s no poimnt 1n reducing jet noise very much below that of the
rotor system

(b) Noise reductions possibly as high as 5—8 decibels may be attainable
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if we can 1mprove combustion 1n our units while not increasing turbu-
lence

(c) Owing to the favourable effects of rotation on relative jet efflux velocity,
static tests of pressure jets give readings which are some 7 decibels too
high and exhaust jets some 14 decibels too high There may not be
such a gain with the pulse jet since the majority of the noise arises from
the pulse and not from the turbulent mixing of the jet

Pulse jets

Powell, 1n an analysis of pulse jet noise!® has suggested that the noise
1s predominantly that of an acoustic source at the pulsation frequency, and
that the noise may be estimated 1n this way with the formula on page 236

Three sets of expertments on the noise of pulse jets are available at the
moment and are given 1n Refs 17, 21 and 13  VENEKLASEN'? has measured
the nowse from two pulse jet engines, giving thrusts of up to 97 Ib  The
variation of noise with frequency for thus unit for two thrusts of 97 Ib and
42 1b 1s given 1in Fig 18 at a distance of 200 feet at right angles to the thrust
line In the same figure a similar and comparable curve of noise from the
Saunders-Roe pulse jet'? 1s given It may be seen that increasing the
thrust 1 the ratio 225 1 gives a general increase of noise of about 10
decibels throughout the frequency range Since such an increase of thrust
would mnvolve a 509, increase 1n the “ maximum minus mimimum ** velocity,
the noise increase to be expected for a pulse jet using the formula of Ref 13
would be 20 log,o 1 5 (z ¢, about four decibels) The agreement with the
sumple source formula 1s thus very poor  Indeed, whereas the Saunders-Roe
pulse jet shows 1n Fig 18 a high sound pressure level at the low frequency
corresponding to the pulsation, together with some high frequency noise
centred around the 1000 ¢ p s region, the American results indicate no such
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discrete frequency but rather a umiform spectrum similar to a normal jet
Thus 1t would appear that 1n this pulse jet at least, aerodynamic noise which
arises from turbulent mixing of the stream predomunates over the discrete
frequency sound measured 1 the British tests A further series of tests®!
made i the U S A provides characteristics much nearer to those of Saunders-
Roe Further tests by Saunders-Roe on a unit giving 50 Ib thrust indicate
nose levels not greatly in excess of that of their previous tests Thus all
m all, results suggest that Veneklasen’s results may not be typical of present
practice and that the predominant noise remams that of the pulse In this
event some silencing can be achieved by surtable matching of units 1n phase
The noise reductions posstble 1n this way are shown n Fig 19 taken from
Ref 13

Ram jets

No information 1s available on the noise of ram jets  Basically, however,
they will conform to the same pattern as for pressure jets with the relevant
pressure ratios  In addition, still greater combustion noise may be present
Lattle can be said about them at this stage which 1s not covered 1n the follow-
g paragraph on pressure jets

Pressure jets

The author 1s particularly fortunate n this field in bemng able to refer
to a comprehensive test programme carrted out by Fairey Aviation Ltd and
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by Fleming of the National Physical Laboratories (Refs 15 and 18) Refer-
ence has already been made to the experiments aimed at establishung the
effect of combustion and rotation Other tests carried out in this series
consisted of an extensive examination of

(1) the effect of varying the fuel air ratio in the
combustion chamber and

(2) a whole range of silencing devices

There 1s little purpose 1n referring to the former tests in detail since the
results showed that for a constant combustion chamber 1nner pressure (and
so a nearly constant thrust) the overall noise levels remamed practically
constant over a very wide range of fuel air ratios The conclusion to be
drawn 1s therefore that the opumum fuel air ratio may be chosen purely
from the considerations of performance efficiency within very wide limits of
fuel air ratios  As pointed out by the firm these results must, however, be
treated with much reserve  Any variation 1n the fuel air ratio makes a large
difference to the temperature and thus the density of the mixture Even
for constant thrust, a large variation in velocity will occur which would be
expected to give a large noise vartation It may well be that variation in
combustion noise 1s obscuring the real effect of the vanation in fuel air ratio
More work 1s again required to clear up this difficulty

Stlencing devices on jets

It may be seen from Fig 21 that the maximum noise from a pressure
jet of 3 64 1In diameter with a thrust of 280 1b 1s about 106 decibels n the
1200—2400 c p s frequency band at a distance of 200 ft at right angles to
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the thrust axis This level will be increased by some 6 decibels with the
full number of units, decreased by some 7 decibels as a result of rotation
and will be mcreased somewhat by the directional pattern and the eventual
mcreased thrust normally to be expected 1n propulsion unit development
The pressure jet curve of Fig 9 may, therefore, be regarded as a not pessinustic
measure of the nowse at 200 feet distance on an actual tip rotor helicopter using
pressure jets  The need for silencing 1s therefore paramount, although there
1s little pomnt 1n reducing it below the threshold (of the order shown in
Fig 9) of the rotor noise Without attempting to be precise, this would
mdicate the need for an attenuation of about 20 dectbels at frequencies above
about 600 cps In the Fairey tests the various approaches to aerodynamic
noise silencing explamned in Ref 12 have been tried and varying results
obtased

The first system tried was the Cranfield teeth As shown in Fig 20
the first set of tests!? on a small nig gave favourable results, showing noise
reductions of as much as 6 decbels at some frequencies The frequency
range, in which this reduction was obtamned was satisfactory and the results
were quite promusing  Unfortunately the second set of tests!® on a larger
rig using the 3 64 in diameter umit did not bear out the promuse of the
earlier tests Fig 21 mcludes a typical spectrum with a toothed nozzle
corrected to a distance of 200 ft and measured in the 22° direction to the
thrust axis of the jet, roughly the direction of greatest noise It 1s seen
that in these tests little if any gain was obtamned while a 2 5 per cent thrust
loss was incurred for the same combustion chamber pressure The overall
noise levels for all the silencing devices tested are tabulated for two azimuth
angles 1n Fig 22 These again bear out the negative results of this latter
test with the toothed nozzle It may be that in the second set of tests the
combustion noise, swirl, and imtial turbulence were different from that in
the early tests Whatever the reason, 1t emphasises the need m all work on
jet nose to carry out all tests under conditions as close as possible to the full
scale application  Even so, these negative results of the second set of tests
are mn agreement with some American tests on a jet installation and suggest
that 1n order to obtain reductions with the Cranfield teeth, very great care
must be taken that in obtamning mn this way the effective extension of the
peripheral length of the jet, the turbulence introduced must not be so large
as to nullify the gain so obtained

In addition to the Cranfield teeth, the Fairey Aviation Company tested
a large range of devices aimed at silencing and shown mn Figs 23 and 24
One type, the gauge extension, has been shown in laboratory experiments
to eliminate nozzle superpressure and to reduce noise at supercritical pressure
ratios As may be seen i Fig 21(b), there 1s again no reduction The
other type of silencing arrangement, the fluted nozzle, has also beer: dis-
appointing and as shown by the noise spectrum in Fig 21(a) and by the
overall noise level in Fig 22 little 1f any reduction 1s obtamned

The development of this idea to 1ts ultimate conclusion gives the cross
tail nozzle shown mn Fig 23 It will be seen that this design does 1n fact
give a reduction 1n overall noise of some 9 decibels Its use as shown,
however, cannot be considered since the thrust loss of 129, mcurred 1s much
too large a penalty to pay for such a noise reduction Further work 1s
therefore needed to examume 1n far greater detail the reason for this thrust
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reduction  The answer probably les in the detail design of the umit and
the fact that the nozzle may well not flow full so that the velocity at the
outlet 15 not uniform In this case the nozzle area would effectively be
constricted thereby raising the maximum velocity and 1ncurring heavy
thrust losses

In view of the success of the fluted jet pipe as a silencer 1n other fields,
1t 1s worth dwelling on this type of installation for a moment Both 1mnally
at the University of Southampton!2 and 1n a highly developed form at Rolls
Royce Ltd 19 this type of nozzle has shown great promse  The Southampton
tests showed good reductions at high pressure ratios comparable with those
of the pressure jet The type of fluted nozzle tested in full scale at Rolls
Royce (Fig 25) has not, however, been tried out at pressure ratios much
greater than the critical value for choking  There 1s httle reason, however,
to suppose that the suppression will vanish at high pressure ratios , 1 15
thus well worth while perseverng with this type of arrangement n helicopter
pressure jet design 1 spite of the pessimustic results so far obtamned The
size of the flutes and their spacing have been exammed mn considerable
detail and a method has been put forward by GREATREX giving the relationship
between flute spacing and the frequency of maximum attenuation By this
means noise reductions of 9 decibels have been obtained 1 the most needed
frequency ranges on large jet engmne nstallations It 1s probable that
similar gains may yet be obtamned on helicopter pressure jets by very careful
design of the whole unit
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Other silencing systems

A new form of pressure or exhaust gas jet unat has recently been mvestugated
at the Unwversity of Southampton?® with a view to reducing noise by a
fundamental change in pressure jet design In practice this umt might
appear 1n the form shown in Fig 26 in which the gas 1s discharged through
an annular nozzle over a tallcone  The noise source 1n this case, being the
region of turbulent mixing, 1s reduced greatly in length??, thereby allowing
the velocity to fall without the creation of such large eddy systems as with a
normal circular jet  Thus the low and middle frequency noises are reduced,
posstbly at the expense of very high frequency noise Figs 27a and 27b
show a comparison extrapolated to 200 feet distance of the noise pressure
levels between a normal circular 2 in diameter jet and an annular unit of the
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types shown with a 6 1n mean diameter and with the same outlet area and
thrust as the circular jet  The lower comparison 1s for a combustion pressure
ratio of 2 16 (2 e, for a shightly choked jet M =1 11) This might well be
taken as typical for the exhaust jet type of unit  I# s seen that in this case
there 1s a nose reduction throughout the whole frequency range which 1s as high
as 16 dectbels n the most annoying frequency region and 1s as much as [0 decibels
wn the very lowest frequency range At combustion chamber pressure ratios
comparable with that of the pressure jet, 1n which the flow 1s well choked,
the reduction 1s mamntamed as shown in the upper figure and 15 agamn as
high as 16 dectbels  Itis felt that by corrugating the outside of the periphery,
thereby sull further increasing the frequency at which the suppression
disappears, still further reductions can be obtamned

It must be pointed out in assessing these early thoughts on such a umt
that these tests have been made with cold air with little 1tial turbulence
and no combustion noise It may well be that a full scale experiment would
prove once agamn the danger of relying too closely on laboratory experiments
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the method of approach 1s, however, fundamentally sound , furthermore
better combustion can probably be obtained with such an internal arrange-
ment It 1s hoped therefore that helicopter designers will express their
views on the feasibility of such a novel pressure jet  While no experiments
have been made to measure the thrust on such a umit, it 15 thought that
provided the flow 1s smtably directed over the rear cone, the thrust loss will
be small One objection to the system 1s the larger diameter incurred in
the arrangement tested There 1s no virtue, other than that of simplcity,
however, 1n the circular periphery The basis of the nosse attenuation 1s

Fig 24 The Range of Silencing Devices tested

the need for a long thin jet, and this can be obtamned in many ways For
wmistance, a long elliptic peripheral nozzle may well fit mto designers’ present
tdeas

The 1nevitable development from the above 1s the long two dimensional
jet unit shown 1n Fig 28  In the form shown with a thin corrugated outlet,
the nowse pressure levels should be well down to the rotor nowse level Very
considerable performance advantages may also be obtamned if the jet 1s
turned down through a substanual angle, say 40 to 50 degrees, the blade lift
in this case being augmented by the gas flow 1n a ratio inversely proportional
to the relative blade velocity  The advantages of this system both from the
noise and performance angles suggest considerable promuse for the future, noise
reductions throughout the frequency range of as much as 20 decibels being
feasible

Exhaust gas jets

In emphasizing earlier 1n the paper the increase of noise energy as V8
as opposed to the V2 law for the thrust increase, the need to reduce jet velocity,

* The actual magnitude of the V® noise at any specific combustion chamber pressure 1s not of
signtficance
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Fig 25 Corrugated Nozzle Rolls Royce

even at the expense of larger gas umts seems clear Thus from the noise point
of view, the low pressure gas wmt must be considered unth very great favour,
although there are clearly many disadvantages n installation  Since mn this
type of power unit the source of noise 1s the same as previously discussed,
there 1s no need to dwell further on methods of noise suppression This
unt with a nozzle of the type described in the last paragraph, should allow
noise levels well below those of the rotor to be achieved with very hittle
development The only additional danger arises from the likelthood of
sharp bends mn an installation handling such large mass flows with a conse-
quent high residual turbulence

Needless to say, any of the silencing schemes put forward 1n the previous
paragraph apply equally to this type of umit Furthermore the possibility
that such reductions may not be needed 1s indicated 1n Fig 2 which shows
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the estimated noise levels mside a projected helicopter using this type of
power plant It 1s seen that the levels approach quite closely the BE A
internal noise requirements even with single windows 1n the cabin and with
no silencing devices It 1s, of course, too early to comment on this estimate
The conclusion can be drawn, however, that with careful design, the problem
of nowse on tip jets 1s not wmsurmountable and 15 more hkely to be overcome than
1s that of aerodynamuc rotor noise

Discussion

There 15 a danger that 1n amassing all the data n this lecture, insufficient
emphasis has been placed on the design lessons to be learnt from the results
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Fig 27 Nouse reduction with annular pressure jet
(Southampton tests)

For the sake of convemence they are therefore histed below I hope that
such a presentation will be taken 1n the right context and that full recognition
will be taken of the very early state of the art of noise prediction on helicopters

CONCLUSIONS

(1) No clearly defined criterta of noise nmuwsance 1s available, the
factors involved bemng too varied to allow real assessment until practical
experience 1s obtamned The curves of Fig 4 may be taken as the best
guide for the time being

(2) Orthodox helicopters present noise problems already Much of
this can be overcome by exhaust silencing

(3) The aerodynamic noise from the lift and drag of the rotor are such
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Fig 28 (Two-dimensional pressure jet)

as to ehiminate the possibility of really great noise reductions without reduc-
tions 1n tip speeds The best way to predict this noise at the moment 1s
by extrapolation of Fig 8 using the principles of page 236

(4) Gear nowse can predominate once exhaust silencing 1s achieved if
mechanical design 1s carelessly carried out

(5) Exhaust silencing can be achieved for very little weight and can
give noise reductions down to the rotor threshold

(6) Turbulence and combustion can be very great noise producers on
tip jets, the exact magnitude being at the moment uncertamn  Care should
be taken 1n design to eliminate all turbulence makers

(7) Much must be done to reduce the noise of ram jets and pressure
jets to acceptable levels The pessimistic results so far obtained on silencing
devices should not be given too much weight and further tests made

(8) The fundamental changes in pressure or exhaust gas umts put
forward 1n the paragraph on other silencing systems should allow noise levels
comparable to that of the rotor to be easily achieved

(9) Rotation gives a favourable noise change of a magnitude depending
on the tip speed of the rotor and the efflux velocity of the gas

(10) The exhaust jet 1s the most promising tip jet from the noise pomt
of view, no serious noise problem being envisaged The pressure jet can
probably be made acceptable by the extensive development of noise silencers

In conclusion I wish to thank the Ministry of Supply, National Physical
Laboratory, Fairey Aviation Co Ltd, Saunders-Roe Ltd , Vokes Ltd and
Hunting Percival Ltd for allowing the publication of data The opinions
expressed, however, are strictly my own I wish to thank my colleagues
at the University of Southampton, 1n particular Dr FRANKLIN, for their help
m the preparation of this paper
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Discussion

The CHAIRMAN said they had heard a fascinating discourse on a very
difficult problem and they were greatly indebted to Professor RicHARDS for
preparmg this comprehensive paper on a subject which was very timely to
all helicopter firms and was of particular value to his own, the Fairey Aviation
Company

Mr F B Greatrex (Rolls-Royce Ltd ), said that he had thought there would
be no noise problems with helicopters when he had heard that helicopters had been
operating into and out of Norwich at 3 0 am for a whole winter without any trouble
Perhaps that was because the buildings nearby were offices and nobody was sleeping
1n the neighbourhood

Although he knew httle about the hehcopter field, he believed that the paper
would be a classic reference for some time

In the curve showing the sound level at which serious interruption occurred, he
had been surprised to see that the curve rose continuously right down to the lowest
frequencies  Although this curve followed a typical background noise down to about
300 cycles, he would have thought that at the lowest frequency 1t was about 20 decibels
above a typical background It might be that a loud low-frequency noise was not
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