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Abstract

Two methods of decreasing the acousti-
cal annoyance of VTOL aircraft to the sur-
rounding community are reviewed; reducing
the noise at the source through aircraft
design, and managing the flight path in the
terminal area. Advanced rotorcraft and
lift-fan aircraft are discussed in this
context with emphasis placed upon under-
standing the noise performance tradeoffs
of rotary-wing designs. A method of eval-
uating total community annoyance is pro-
posed which accounts for the population
distribution within the acoustically affec-
ted areas and the ambient noise levels of
the community. The resulting methodology
is applied to two hypothetical VTOL ports
located in existing urban communities,
assuming present and 1980 levels of tech-
nology.

Introduction


In view of the increasing awareness of
the population to noise pollution, reduc-
tion of aircraft noise annoyance to an
acceptable level becomes one of the neces-
sary conditions for the acceptability of
aircraft operations close to populated
areas. In particular, reducing the sub-
jective acoustical annoyance of VTOL air-
craft to the surrounding community should
become the common objective of aircraft
manufacturers, airport planners, potential
aircraft operators and the community itself
if the latter is to benefit from all the
possible advantages of VTOL service.

Rotary-wing aircraft as represented by
helicopters and tilt-rotors, and lift-fan
configurations may be cited as design con-
cepts that appear to be potentially the
most suitable for large-scale VTOL short-
haul operations. The helicopter, which is
the only VTOL transport that is presently
in commercial service, has a relatively
high direct operating cost. The tilt-rotor
aircraft offers the promise of lower direct
operating costs and low noise levels in
cruising flight. It is currently under
development in the United States and could
enter regular commercial service in the
1980s. The transport size lift-fan air-
craft may become operational at an even
later date. It promises excellent riding
qualities, low direct operating costs, and
relatively quiet cruising flight.

All of these configurations are candi-
dates for the short-haul market. However,
just what is a representative short-haul
market? A market analysis expert would
undoubtedly like to link CTOL airports,
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city centers and outlying suburbs into one
transportation system. Such a large network
of high and medium density operations would
probably lower the cost and insure a succes-
ful operation. However, if the acoustical
signature of the chosen VTOL aircraft is
not acceptable to the neighboring communi-
ties, only limited VTOL service may be
possible which could make the entire opera-
tion unprofitable. It is, therefore, of
utmost importance to attempt to.establish
whether the present level of design and
operational technology would make those
potentially suitable VTOL aircraft accept-
able to a wide range of communities, in-
cluding residential ones, or whether new
technological strides would be required in
order to achieve this objective.

There are three basic avenues toward
the goal of establishing acceptable outdoor
acoustical environments: (1) reduction of
noise level at its source through proper
design of VTOL aircraft, (2) improvement in
the acoustical exposure of the community
through management of the terminal flight
trajectories, and (3) location of VTOL
ports near noise insensitive areas.* All
of the above approaches have their partic-
ular problems and induce various "penalties"
which must be weighed together with the
operational advantages of a short-haul VTOL
system.

The first two approaches, which are
the concern of VTOL designers and opera-
tors, are reviewed in this paper. Esti-
mates of acceptable community noise levels
for VTOL aircraft are initially made through
a literature review. Then both methods (de-
sign and flight trajectory management) of
achieving those levels, as well as the asso-
ciated weight and performance tradeoffs,
are discussed for prop-rotor and lift-fan
VTOL concepts, with more emphasis placed
upon underscoring the possibilities and
problems of the rotary-wing aircraft.

Community acceptance of a proposed VTOL
short-haul operation is further investigated
by assuming present and 1980 levels of tech-



nology, and evaluating noise annoyance for
two suburban communities in the San Fran-



cisco Bay area. The importance of locating
VTOL ports near noise insensitive areas is
highlighted by the choice of two character-

*Possible additional improvements through
noise absorption and reflections by special
acoustical barriers will not.be considered
here.
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istically different communities. Back-
ground noise levels, local population den-
sities, and the intrusive nature of VTOL
sound are estimated for chosen airport
locations in each case. The total number
of people exposed to specified differences
between VTOL-generated and background noise
levels is then evaluated to determine the
likelihood of community acceptance.

Review of Noise Standards

Figure 1, based on a presentation by
Cortrightl of NASA, shows the noise stan-
dards projected for transport aviation in
general.

An equivalent perceived noise level
(EPNL) of slightly above 85 EPNdB* for com-
pound helicopters in 1980 and 85 EPNdB for
the tilt-rotor in 1985 is projected. The
predicted trend for prop-rotor VTOL air-
craft in general is supported by the Boeing
Model 347 - an example of an advanced heli-
copter of the 45,000-pound gross weight
class. These figures, as well as studies
undertaken by the Noise Subcommittee of the
American Helicopter Society2 , indicate that
an annoyance level of approximately 95 PNdB
at 500 feet represents the acoustic state-
of-the-art of current advanced rotary wing

*For the rotary-wing type aircraft where
there is usually no need for the pure-tone
corrections, the PNL may be assumed as
equivalent to the EPNL for the case of
hover of 15-second duration, which may be
considered as representative for short-haul
operations.

VTOL transports. It should be noted how-
ever, that for small helicopters (2000 -
3000-pound gross weight class), much lower
perceived noise levels have been demon-
strated. For example,.the Hughes quiet
version of the OH-6A model3 exhibits a PNL
of about 80 PNdB in hover at a distance of
150 feet, corresponding to a reduction of
about 14 PNdB from the standard production
aircraft.

For the lift-fan aircraft, Cortright
shows 95 EPNdB as a goal for 1985.

As to the subjective reaction to noise,
surveys of noise annoyance conducted in Los
Angeles and London, and reported in Ref 4
seem to indicate that the PNL levels below
85 PNdB would be acceptable for the outdoor
noise standards. However, Richards'Noise
Acceptance Curve5 (also shown in Fig 1)
suggests that the PNL noise level of about
85 PNdB (corresponding to the upper noise
limit of heavy city traffic) would probably
be accepted only by about 30 percent of the
population exposed to that noise level.
Joint DOT-NASA Civil Aviation Research and
Development Policy Study5 recommends 80
EPNdB for VTOL aircraft at the airport
boundaries achieved through both noise re-
duction at the source and flight trajectory
management.

It has been recognized that in addition
to the absolute PNL or EPNL values, which
may become intolerable, a relative eleva-
tion of the noise level above that of the
background also represents a very important
criterion of the acoustic tolerance. Fig 2,
based on recently published studies7 ,
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indicates that the percentage of people who
are annoyed is almost a linear function of
the difference between the intrusive and
background noise levels. It also suggests
that EPNLs which may be acceptable to a
basically noisy downtown or industrial area
would not be tolerated in quiet suburban
residential neighborhoods. This obviously
implies that it may be more difficult to
bring VTOL service to these residential
districts.

Figure 2. Noise Acceptance, based on Back-
ground EPNL

Finally, recognizing that a still more
refined approach than that provided by the
PNL or EPNL scale may be needed to truly
reflect subjective reaction to noise gene-
rated by different types of VTOL aircraft,
NASA-Langley sponsored a special study by
Boeing's Vertol Division8. In this study,
subjective reaction to a simulated outdoor
noise of a transport tandem helicopter (GW
= 46,300 lbs) and a tilt-wing aircraft (GW
= 71,700 lbs) was registered by subjects
engaged in work and leisure activities
under typical indoor conditions. Individ-
ual reaction to the noise level experienced
indoors, when the two considered aircraft
were generating various PNL outdoors, was
registered on a scale from 1 to 9, where I
represented the most favorable and 9, the
most unfavorable reaction. Results of
these tests conducted by Sternfeld, Hinter-
keuser and Hackman are summarized in Fig 3.
A glance at this figure will indicate that
in spite of the differences associated with
the noise characteristics of the helicopter
and that of the tilt-wing, an outdoor PNL
of up to about 85 PNdB could be considered
as an acceptable upper limit by people en-
closed in a typical housing structure and
engaged in work requiring mental concentra-
tion.

In light of the above inputs, it
appears that by taking present advanced
transport helicopters (PNL of about 95 PNdB
at 500 feet) as representative baseline
aircraft, a reduction of noise at the
source (in hover) of the rotary-wing VTOL
by at least 10 PNdB and preferably by 15
PNdB will be required. Achievement of
acceptable community noise levels for
close-to-population-center operations by
lift-fan VTOL aircraft will require much


larger PNL reductions from the presently
demonstrated values. The resulting penal-
ties for both types of aircraft can now be
ascertained with these goals in mind.

HELICOPTER

TILT-WING

Figure 3. Psychoacoustical Scaling of
Subjective Responses

Noise Reduction at the Source

Variation of the Direct Operating Cost
(DOC) per seat mile with the noise level9,10
appears, at first sight, as an attractive
overall criterion for evaluating the penal-
ties associated with the improvement of
acoustic characteristics of VTOL transports.
However, it does not permit a more direct
step-by-step insight into the influence of
various design parameters and approaches;
thus, it is more difficult to scrutinize.
For this reason, penalties associated with
noise reduction will be expressed here as
relative variations (with respect to the
baseline aircraft) of weight and/or per-
formance parameters associated with a given
decrease (- AN) in the perceived noise level.

If it were possible to have a simple
closed-form expression relating various
design and other parameters of the aircraft
to the PNL level at a given distance, it
would be much easier to evaluate the acous-
tic importance of various changes in those
parameters and estimate the associated
tradeoffs. Unfortunately, there is no such
universal formula as yet. For this reason,
it is necessary to look separately at the
most offensive components of noise at the
source and to review possible means of com-
bating them.

Rotary-Wing VTOL


It has been generally accepted" 12 13
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that for the turbine-powered rotary-wing
aircraft, sources of the most annoying
sound can be listed in the order shown in
Table I.




NOISE ORIGIN POSSIBLEMEANSOF NOISE REDUCTION

1 BLADE SLAP (HOVER AND FORWARD
FLIGHT)

V,I. DL4;13T.suf. RC. AS. co. ty

2 TAIL ROTOR ROTATIONAL NOISE V,i. BT. BNI. Zvi. AS. DL9

3 MAIN ROTOR BROADBAND (VORTEX)
AND ROTATIONAL NOISE

V14. Egg.BO. DLt AS

4 TURBINE ENGINE NOISE BeesEngineDew (eliminationof mistguide
vanes.etc)Acoustical treetmentof Inletand
oga. ancloaure

5 TRANSMISSIONNOISE Minenoingdynarnicremorwesandacoustical
eminent of enclosures
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ADVANCING TIP MACH NUMBER
Because of space limitation, prime

attention will be concentrated on items
(1 and 3) referring to the lifting rotors
with the understanding that some of the
following discussion may be applicable to
the tail rotors as well. It should be
noted, however, that once the main rotor(s)
noise has been reduced to a low level, then
engine noise may become a predominant fac-
tor in determining the PNL of the aircraft.

Several possible ways of reducing the
noise level of rotary-wing VTOL aircraft
are also indicated in Table I. A more
detailed discussion of the relative effec-
tiveness of these approaches and the asso-
ciated tradeoffs is conducted below.

Blade Slap. With its characteristic
acoustic signature, blade slap (Fig 4) can
occur in many regimes of flight.

In high-speed forward flight, blade
slap is usually due to the compressibility
phenomena occurring on the advancing blade

4of the helicopter rotor. Boeing studies1
indicate that in this case, the impulsive
noise can be attributed to the rapid drag
rise of the advancing blade tip, coupled
with Doppler effect. Reduction of the re-
sultant advancing tip Mach number (reduc-
tion of tip speed) and selection of a
suitable blade airfoil (low thickness
ratio and favorable pressure distribution,
etc.) as well as proper blade loading
(through twist and planform) in the blade
tip area are known means of eliminating or
reducing the high-speed blade slap. Fig
4, from wind-tunnel model tests illustrates
this point, while Fig 5 shows a relation-
ship between the zero lift drag coefficient
and resultant Mach number of the tip,
establishing the permissible impulsive
noise boundary. In this respect, both
Figs 4 and 5 seem to indicate that N=90°
7= .92 represents a practical limit, even
for thin (t/c = 6%) low drag airfoil sec-
tions. In principle, properly swept blade

Figure 4. Example of the Influence of Air-
foil Section on High-Speed Bang
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Figure 5. High-Speed Impulsive Noise
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tips can increase the above limit. However,
the flight tests performed so far (with the
Boeing 347 helicopter) have resulted in only
nominal gains.

Hence, by accepting M0.900 2--. 92 as a
limit, the acoustically permissible bound-
ary for maximum flight velocity vs tip
speed can be established (Fig 6). rn this
figure, another boundary representing typ-
ical upper limits for operational advance
ratios (.38 s u .40) of conventional
helicopters is also shown.

AUDIBLE IMPULSIVE

NOISE CRITERION
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Figure 6. High-Speed Bang and Advance
Ratio Limits for Conventional
Helicopters

It can be seen that in order to satisfy
both boundaries and at the same time attain
flight speeds suitable for transport opera-

tions (V > 160 knots), the corresponding
tip speed should be about 700 to 730 fps.
In general, similar performance limitations
must be applied to all conventional heli-
copters to avoid high-speed bang. As to
the weight penalties associated with these

limitations, they can probably be minimized
if proper solutions are incorporated during
the early design stages of the rotor system.

Banging in hover and low-speed regimes
of flight is probably caused by interaction
of the tip or rolled-up vortices from the
preceding blades with the oncoming blades.

Consequently, two potentially feasible ways
of attacking this problem appear: (1) mod-
ification of the structure of the vortex 


itself, and (2) enlargement of the dimen-
sional separation between the vortices and
the blades.

The first of these objectives is usu-
ally approached through special blade tip
design: geometric shape, spoilers, tangen-

tial blowing (direction opposite to the
vortex circulation) and axial injection
(aft, along the vortex axis)(Fig 7).

Figure 7. Examples of Various Blade Tips
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Figure 8. Comparison of Shed Vortex and Noise Level for Several Tip Configurations
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Several investigators" 16 17 show
that, indeed, the structure of the vortex
itself can be significantly modified by
some of those means and maximum tangential
velocity occurring in the vortex can be
considerably reduced. For instance, Rorke,
Moffitt and Ward" indicate that for the
ogee tip, average maximum tangential velo-
city (V6) amounts to only 25% of that of
the square tip. Monnerie and Tognet"
found that similar results can be obtained
by tangential blowing while even simply
tapered tips reduce V6 to about 70 percent
of the square tip value.

Smoke visualization, shown in Fig 8
(from Boeing's wind-tunnel studies on a
tandem helicopter model), graphically
illustrates the above-discussed subject.

This figure also suggests that a
spoiler located at the blade tip may be
quite effective in changing the vortex
structure. Unfortunately, as far as noise
reduction through tip shapes is concerned,
Boeing tests are inconclusive. This may
be partially due to the fact that measure-
ments were performed on a tandem configura-
tion and apparently, the blade tip posi-
tion of the lower rotor with respect to
the disc of the upper one (z/R parameter
in Fig 9) appears to be of about the same
importance as the structure of the vortex.
Nevertheless, it seems that such a radical
suppression of the vortex structure as in
the case of the spoiler produces some
general reduction of the SPL (Fig 8).

I Mr00 0.60 IMITI •

UM 0125 ,s • 0171i

HIPIFIRIM.P9
11•11111111111111
IIIII ••••

Figure 9. Effect of Vertical Separation
on Sound Pressure Level

However, the power penalty, amounting
to LRP/RP0 = 74% at Ugh .33 (where RP0
is the rotor power for the square blade
tip) makes use of the spoiler, at least
in its primitive form, not very practical
(Fig 10). However, use of retractable
spoilers, being extended in some partic-
ular regimes of flight (e.g., partial
power, or autorotative descents) should
not be completely ruled out.
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Figure 10. Thrust vs Power for Several
Blade Tips

The NASA, Langley-developed ogee tip
presently appears as one of the more prac-
tical approaches. However, power penalties
associated with this concept appear some-
what contradictory. Fixed-wing tests re-
ported in Ref 16 indicate that aerodynamic
characteristics of blades with ogee tips
should be superior to those with rectang-
ular ones, while Boeing model rotor tests
show a low, but still noticeable, power
penalty of ARP/RPoz 7-8% at 5gh .46
(Fig 10).

In addition to the tip speed reduction
and special blade tips, there are other
means of suppressing blade slap (see Table
I). An increase of the number of blades
(at constant thrust) is one method which
should be, in principle, beneficial. It
would reduce the spanwise blade loading and
consequently, reduce the strength of the
tip vortices. However, the increased blade
number might contribute to smaller distances
between vortices and blades. For this rea-
son, new ways of dimensional separation of
the tip vortices and oncoming blades in
various regimes of flight of the isolated
rotor are being investiyated by NASA Lang-
ley. They include different blade diameters
within the same rotor; uneven angles between
the blades, either permanently set or flight
variable; unequal elevations of the tip path
planes of two sets of blades (within the
same rotor); etc. (Fig 11). However, full-
scale results of the application of those
potential means of noise suppression will
not be available for some time, as appro-
priate full-scale wind tunnel and flight
tests are scheduled for late 1972 and 1973.
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Application of some of the above dis-
cussed means of combating blade slap may
result in structural weight and performance
penalties. For instance, aerodynamically
active blade tips, flight variable azimuth
indexing of blades, enlarged vertical sep-
aration of tip path planes in the case of
tandem helicopters (e.g., Boeing 347) etc.,
would increase structural weight and in the
case of blown blade tips, some power expen-
diture would be required. However, if the
problem of blade slap is faced during the
formulation of aircraft concepts and proper
steps are taken during the early design
stages, the use of previously discussed
methods (with the exception of Vt reduction
which will be discussed later) should not
result in any noticeable weight and per-
formance penalties.

Broadband and Rotational Noise. Broad-
band and rotational noise of the main
rotor(s) becomes the most important source
of subjective annoyance in the configura-
tions without tail rotors (tilt-rotors,
tandems, etc.) once the blade slap has been
eliminated.

In a physical sense, rotational noise
and blade slap have much in common. In
both cases, there is an element of inter-
action between wake vortices and the blade.
Thus, blade slap (in other than high-speed
regimes of flight) may be considered as a
particular case of strong manifestation of
that interaction. For this reason, many
of the means suggested for blade slap sup-
pression, especially through modification
of the vortex structure and wake geometry
(e.g., special blade tips, increase of the
number of blades, etc.) could also be bene-
ficial for the reduction of rotational
noise. This explains why some shapes of
blade tips (e.g., tapered) may contribute
to the reduction of rotational noise".
However, because of the low rotational fre-
quencies that may be anticipated in rotary-
wing aircraft of transport size, the broad-
band noise appears to be an important con-
tributor to the rotor PNL. In spite of the
fact that there is evidence that some of
the components of the so-called broadband

noise are really high harmonics of rotational
noise, the traditional concept of the broad-
band noise will be used here since it pro-
vides convenient relationships for estab-
lishing noise - structural weight tradeoffs.

The works of Davidson and Hargest",
011erhead & Lowson11, Leverton12 13, etc.,
can be cited as attempts to develop rela-
tively simple formulae for the overall sound
pressure level (OASPL) associated with broad-
band noise.

For those cases where there is no appre-
ciable shift in the frequencies spectrum,
variation in OASPL can be considered as
equivalent to that of the PNL (OASPL -
0ASPL0 PNL - PNL0 E AN, where the subscript
o refers to the baseline aircraft), thus pro-
viding a convenient way for investigating
noise reduction at the source.

Some of the formulae for OASPL were re-
cently checked by Boeing's Vertol Division
against actual noise measurements of a heli-
copter rotor on a tower20. The OASPL pre-
diction, based on Davidson & Hargest's form-
ula, provided the closest approximation of
the test data, and hence, it is used here
to establish simple analytical relationships
between noise reduction and various struc-
tural weight tradeoffs (Appendix 1). This
formula, rewritten in terms of tip speed
(Vt), thrust (T) and average blade lift co-
efficient in hover (ULII)for OASPL at 180
feet becomes as follows:

= 40 log Vt + 10 log T
180

+ 10 log Uth p - 24.3 (1)

It can be seen from eq (1) that at T =
const., reduction of tip speed represents
a much more effective means of decreasing
the OASPL than reduction of Elh (i.e., in-
creasing the blade area, while Vt remains
constant). It should be remembered, how-
ever, that even in the case of noise abate-
ment by decreasing Vt, the Uz, = const con-
dition imposes modification " of the total
blade area (Ab) from that of the baseline
aircraft (Abo) in the following way:

By combining the statistical trend
formulae for structural weight of the
rotor/propeller and dynamic system assem-
blies with eq (1), simple analytical re-
lationships can be developed between noise

SPECIAL TIP SHAPES

Figure 11. NASA, Langley's Proposed Vari-
able-Geometry Rotor for Control
of Noise Due to Blade-Vortex
Interaction

Ab = Ab0(Vto/Vt)2.

Fig 12 shows ratios of the new tip
speed (Vt) to that of the baseline aircraft
(Vt.())that would be required to decrease
the OASPL (at a selected distance) by a
given dB value, when T = To and "dm = atho.
The effectiveness of noise reduction through
the althdecrease is also illustrated in Fig
12 by showing the (Ab/Abo) ratios required
for a given variation in OASPL (in dB),
while T = To and Vt = Vto. It can be clearly
seen from this figure that indeed, the tip
speed reduction approach appears as a more
effective way of decreasing the OASPL.

-7-



rlduction (- AN) through a decrease of Vt
and Uth and corresponding structural weight
increases. These relationships, developed
in Appendix 1, are plotted in Fig 12. The
resulting curves estimate the new structur•
al weight of the rotor/propeller (WR/WR0)
and dynamic system assemblies (WDR/WDRo)
related to those of the baseline aircraft
when the OASPL is reduced by a certain num.
ber of dB. A glance at Fig 12 will indi-
cate that noise reduction through the tip
speed decrease carries much lower structur-
al weight penalties than those associated
with a Eth reduction (increase in the blade
area, wnile Vt = Vto and T = To).

evaluation of the possible acoustical bene-
fits resulting from various blade tips, etc.,
the estimate may be even more uncertain.

Hence, it appears that as far as the
quantitative estimate of structural weight
and performance tradeoffs vs noise reduction
is concerned, tip speed remains as one of
the very important design parameters whose
influence can be properly estimated. Con-
sequently, in this discussion, prime
emphasis is placed on noise reduction at
the source through lowering of the tip
speed.

Weight tradeoffs (Fig 13) were prepared
in order to give some idea regarding the
trends of noise reduction. In this fi.gure,

1.6 ratios of the new weight empty (WE/WE0),
hovering gross weight (Wh/Who) and useful

	

1.5 load (14u/WL10)to those of the baseline air-



craft are shown vs OASPL reduction, which

	

1.4 is assumed to be equivalent to the PNL de-



crease at the source. Trends in WE/WE0,

	

1.2 shown in this figure were prepared on the

	

1.2 basis of WR/WR0 and WDR/WDR0 from Fig 12
and the relative weight of the rotor pro-
peller system within the limits of .09 <
WR/W < .11, and that of the drive system,
.085 < WDR/W < .115. It was further assumed_
that weight empty to gross weight ratios are

.9 within the following limits: .52 < WE/W <
.62. As a result of all of these assump-
tions, the upper limit of the WE/WE0 trend

	

.7 graph corresponds to the higher values of
the rotor and dynamic system and the lower

.6 WE/W ratios, and the lower to the opposite
assumed limits. It can be seen from this

-10 -8 -6 -2
plot that even neglecting further struc-
tural weight expenditures due to silencing
of the powerplants, etc., the weight empty
cost of reducing the source noise level in

Figure 12. Noise Reduction through Blade hover by 10 dB may be quite considerable.
Tip Speed Decrease (at constant One point from actual experience3 (normal-
ELII)and Blade Area Increase ized to a constant installed power) along
(at constant Vt) with other design studies, support this

general trend. As far as useful load
ratios (Wu/Wuo) are concerned, here some of
the weight losses are recovered due to an

Various means of noise reduction at the increase in the hovering gross weight ratios
source of the rotor/propeller have been at HPh = HPho. For the helicopter config-



discussed in the preceding sections. They urations, there is also a performance pen-
all represent some ingredients of the art alty. The Ukh = Ctho condition would lead
of practicing rotary-wing acousticians. to "overblading" of the rotor for the for-
Unfortunately,thorough understanding of ward flight condition where, due to the tip
the basic mechanisms of many of the sources speed ratio limitations (wt < .38 to .40,
of rotary-wing noise is still lacking. shown in Fig 6), operation at higher Vt
Therefore, discrete acoustical benefits re- values than in hover would be required.
sulting from proposed design changes can Assuming that power available remains the
not be quantified and only general recom- same as that for the baseline aircraft,
mendations can be made. In fact, when maximum speed (Vmax/Vmaxo) would be as
acousticians are asked a direct question: shown in Fig 13. Tolerance of higher than
"By how many dB can the noise of a given = .4 tip speed ratios, which is not very
baseline aircraft be reduced through appli- likely for pure helicopters,makesVmax/Vmaxo
cation of one, or more, of those special ratios more favorable. All of these inputs
means?", then with the single exception of when reflected into direct operating cost
tip speed, the answer is, at least, eva- (DOC) would indicate the trend shown in Fig
sive. Even noise reduction through a de- 13 for the relative increase of cost per
crease of Elh is somewhat controversial, air mile of pure helicopters (lower limit
For instance, acoustical benefits indicated for 15, and upper limit for a 100-statute
for lower Ukh by eq (1) are contradicted by mile stage length).
the formulae of Leverton that almost
equally well-predicted the OASPL reported Looking at the practical aspects of
in Ref 20. When it comes to a quantitative implementation of the above discussed

(WDR/WDR0)Lv,

MM441 v, 1_511
\MNpp*1

IWII/WRo
Ab

(Ab/Abo)

(VTNT,)

.8

1 1 Ou'
17-
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Figure 13. Weights, Vmax and DOC Trends
with Noise Reduction by Lowering
Vt

general trends, it should be noted that the
current advanced state-of-the-art
transport class rotary-wing aircraft (as
represented, for instance, by the Boeing
347)have a tip speed in hover of Vto 690
fps. Fig 12 implies that in order to re-
duce PNL at the source by about 10 PNdB,
the tip speed should come down to Vt = .57
x 690 = 400 fps, while in high speed cruise,
a Vt = 700 fps, or slightly higher (Fig 6)
may be required. This would lead to a two-
speed transmission. Furthermore, structural
weight trends, as used in the weight trade-
off estimates (Fig 12), may not be reliable.
Because of the very low Vt, they may be out-
side of the statistical inputs on which the
trends were based.

All of this may give some idea regard-
ing practical difficulties that may be
associated with AN = -10 PNdB in hover.
Perhaps reduction of tip speed to Vt = 500
fps, corresponding to AN = -6 PNdB would be
more practical, while the full goal of AN =
-10 PNdB or even more, could be achieved
through some other means which, unfortu-
nately, are not clearly identified as yet.

With respect to the tilt-rotor config-
uration, all of the previous remarks asso-
ciated with noise reduction in hover remain
basically valid. However, in forward flight,
reduction of speed (at HPf = HPf0 ) would be
nominal (only due to the increase of the
gross weight) as propulsive efficiency of
the rotor/propeller in this regime of flight
should remain practically the same as for
the baseline aircraft; providing, of course,
that the tip speed in forward flight can be
reduced in the same ratio as for the base-
line case. This also should lead to a more
favorable trend in the relative increase of
cost per air-mile.

Lift-Fan Concepts


There are people, both in Europe and
the USA, who believe that direct-lift jet-




powered V/STOL concepts have the greatest
potential for future short-haul transporta-
tion21 . However, noise problems still re-
main the Achilles heel of that concept. In
this respect, it is frequently claimed that
because of the more rapid attenuation of
high frequencies with distance, a somewhat
higher PNL at short distances (at the
source) can be tolerated for the lift-fan
VTOL than for rotary-wing aircraft. It
should be remembered, however, that this
might be true only for those scenarios
where the potentially noise-sensitive pop-
ulation is sufficiently far removed from
the takeoff and landing points. In this
case, appreciable acoustical benefits can
be derived from terminal flight trajectory
management 22 .

Recognizing the basic difficulties of
noise reduction of the lift-fan, NASA fore-
sees 95 PNdB at 500 feet as a goal for 1985.
In order to achieve this goal,.first of all,
the fan-pressure ratio must be kept low and
probably should not exceed the 1.25 value,
while bypass ratio may be as high as 3323 .

This, of course, will tend to increase both
size (volume) and weight of the engine.
However, a fan-pressure ratio of 1.25 appar-
ently is still not sufficient to achieve the
95 PNdB level at 500 feet. Ref 24 shows 110
PNdB at 500 feet for a 100,000-pound class
lift-fan VTOL with twelve 10,000-pound
thrust engines having unsuppressed single-
stage fans of 1.25 pressure ratio. A fur-
ther reduction by 15 PNdB is required. In
principle, this is possible through suppres-
sion of the machinery noise with acoustical
treatment of the nacelle. "However, there
may be a severe mechanical problem in just
finding sufficient area to treat in the
small engine nacelle. Because of this,
the overall feasibility of 15 PNdB suppres-
sion is problematic at this point and needs
further study. 1. 2 4

As to the evaluation of penalties asso-
ciated with noise reduction of the lift-fan
concept, at present there is not enough
trend data to estimate the structural weight
and performance tradeoffs. Should the pre-
sent design goals as stated by NASA be
achieved, then the most important character-
istics of both integral and remote lift fans
would be as shown in Table II (based on Ref
23).

A ACTUAL (WEME0) RATIOS

DESIGN STUDIE'S (REF 4)

-10 —4

AkcJB

-2

8
7.

TYPE

CHARACTERISTICS,
3:=

MTECMLLIFTFAN
REMOTELIFTFAN

Noise @ 500,PNdB 95 95
Thrust/Wt Ratio 12 9
Fan Press. Ratio 1.25 1.25
Bypass Ratio 13 10
Hover SFC,1b/hr-lb .36 .40

TABLE II
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Flight Trajectory Management


By carefully controlling the flight
path of a VTOL aircraft near the terminal
area, significant reductions in ground
measured noise levels are often possible.22
Although the concept of flight path con-
trol to minimize noise is simple, determi-
nation and implementation of the required
operational procedures for VTOL aircraft
is often complicated. Vehicle performance
characteristics, area navigation capabili-
ties, and safety considerations all con-
strain the permissible set of practical
flight paths.

In the United States, several airlines
are now implementing two-segment landing
procedures for CTOL aircraft to reduce the
noise levels in the surrounding community.
A six-degree glide slope is initially main-
tained at low power settings with wheels
and flaps retracted. At one and one-half
miles from the airport, flaps and wheels
are lowered and power is increased to sus-
tain a three-degree descent to touchdown.
This relatively simple operational maneuver
substantially reduces the approach noise at
large distances from a conventional airport.
Lower power settings and larger distances
between the aircraft and listener resulting
from steeper approaches both reduce the
noise impact area. However, questions have
been raised about the safety of such pro-
cedures. The higher-sink rates and lower
power settings leave less room for error
and require greater pilot proficiency.

Similar considerations must be kept in
mind when novel approach and departure
paths are considered for VTOL aircraft.
The safety of the resulting operational
procedure cannot be sacrificed for noise
reductions. Fortunately, new and improved
guidance and control schemes are being
developed which, in the future will even-
tually allow implementation of carefully
controlled VTOL terminal trajectories.
The question of importance is, then, can
the noise exposure of a VTOL aircraft be
significantly reduced through flight path
control and at what cost?

To estimate the potential benefits of
flight path control with present day rotary-
wing technology, the Boeing 347 was flown
in a limited series of.approach and depar-
ture paths. This helicopter (Fig 14) was
designed with noise reduction as a major
program objective25.

The solid curves of Fig 15 illustrate
the maximum perceived noise level contours
of an almost conventional takeoff of the
347. The helicopter first climbs to 120
feet, then applies power and initiates an
approximate 10-degree climbout. Two acous-
tical characteristics are immediately ob-
vious: the tandem-rotor helicopter does
not have a symmetrical noise signature
about the flight path; and near-conven-
tional takeoff flight profiles markedly
elongate the perceived noise level contours
in the direction of the flight path. The
first characteristic is easily justified
by remembering that the rotors do overlap
by 19 percent, thereby creating non-uniform
loads in the region of overlap. The second
characteristic is predominantly a result of
having too low an altitude at the time of
noise measurement. If a pure vertical as-
cent is made to 750 feet altitude followed
by a 10-degree climbing segment (the dashed
curves in Fig 15), a marked reduction in
the total land area encompassed by the 90
PNdB contour results. Although some re-
duction in land area is realized for the
95 PNdB contour, little or no reduction
occurs for noise levels above 100 PNdB.
The resulting contours for these cases are
generated in near hovering flight and as
such are not influenced by flight path con-
trol.

••• •

FLIGHT
PATH

Figure 14. Boeing Model 347
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Figure 15. Model 347 Takeoff Flight Pro-
files and Resulting Noise
Exposure

Contrary to one's first intuitive
thoughts, landing may often be noisier
than takeoff. Although the power settings
are lower, the wake of the rotor system in

1000
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certain descent conditions interacts with
the lifting rotors causing high blade
loads and hence, additional noise. The
solid curves of Fig 16 depict a near-
normal 10-degree descent and its corre-
sponding perceived noise level contours.
The 95, 100, and 105 PNdB contours all
cover more land area than the conventional
takeoff patterns shown in Fig 15. The
highly elongated character of the resulting
perceived noise level contours is believed
to be caused by the low approach altitudes
of a conventional landing profile. A pro-
posed "noise abatement" landing profile is
also illustrated in the same figure. A
marked reduction in the 90, 95, and 100
PNdB contours is realized if a near verti-
cal 500-foot descent follows the normal
approach procedure.

--

--

9' SLOPE
TO SOO' THEN VERTICAL

	

FLIGHT PATH (SKETCH) 10. SLOPE

1

3000 2000 1000 0 1000
DISTANCE, ft

Figure 16. Model 347 Landing Flight Pro-
files and Resulting Noise
Exposure

The actual power and flight path angles
for the normal descent case are illustrated
in Fig 17. Near zero power was used for
nearly 20 seconds as the pilot attempted to
steepen his flight path to the desired 10
degrees. Even under this near-autorotation
condition, the noise levels did not de-
crease - but remained high because of rotor
wake interaction. Unfortunately, the per-
formance data scatter illustrated in this
last figure is representative of the entire
flight test program. Large deviations in
the actual and desired flight test condi-
tions were not unusual. Therefore, the
test results reported can only be viewed as
trending information - demonstrating the
inherent acoustical benefits of flight path
control.

A more detailed estimatc of the acous-
tical advantages of flight management in
the terminal area was reported2b by the
present authors and their colleagues. In
this study, a theoretical performance and
acoustical model of a tilt-rotor aircraft
of the 45,000-pound gross weight class was
mathematically flown along specified two-
dimensional flight paths. The aircraft's
trajectory was chosen to minimize the total


time or fuel expended to ascend from a spe-
cified altitude, or to minimize the noise
heard on the ground at selected checkpoints
located directly beneath the flight path.
It was theoretically shown that at the
chosen checkpoint locations, the maximum
and the effective perceived noise level
could be lowered by as much as 8 EPNdB by
controlling the flight path of the VTOL
aircraft.

0 10 20 30 40 50 60
TIME TO TOUCHDOWN, sec

Figure 17. Power and Flight-Path Angle
Time Historis in a 10-Degree
Descent to Hover

Unfortunately, reducing the noise at
selected locations is only part of the
overall problem. It is quite conceivable
that the noise heard at other measuring
points located to the side of the flight
path may increase in level and/or duration
as a result of flying "noise abatement"
flight paths. Therefore, the question of
whether flight trajectory management is an
asset or a liability to the surrounding
community cannot be answered by a two-
dimensional theoretical analysis - but must
be approached in three dimensions.

To help resolve this question, this
same tilt-rotor performance and acoustic
model as in Ref 26 was mathematically flown
along selected flight paths to generate
maximum and effective perceived noise level
contours on the ground plane. It should be
noted that the tilt-rotor aircraft depicted
in Fig 18 was not designed with noise re-
duction as a primary program objective. As
a result, the basic configuration is some-
what noisy (98 PNdB at 500 feet in hover
out-of-ground effect). Nevertheless, the
flight profiles which are presented demon-
strate the relative effectiveness of flight
path control in reducing the noise exposure
in the terminal area.
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Figure 18. Artist's Concept of a Tilt-



Rotor Aircraft

The trajectory which minimizes the time
and fuel to attain a prescribed altitude
(3,000 feet) which will be called the max-
imum performance trajectory, is shown in
Fig 19, along with several acoustic "foot-
prints". At the time of takeoff, a=verti-
cal acceleration constraint of .2g re-
strains the initial application of full
power until the maximum applied power
limit is intersected. Maximum power is
then applied for the remainder of the tra-
jectory. The horizontal acceleration of
.25g is maintained at its limiting value
until the horizontal velocity which corre-
sponds to the tilt-rotor's best rate of
climb speed is attained. As horizontal
velocity increases, the aircraft transi-
tions from the helicopter to the airplane
mode of flight. A constraint upon the
tilt-rotor's vertical acceleration reduces
the applied power slightly during transi-
tion. The remainder of the trajectory is
flown in the airplane configuration at the
best-rate-of-climb speed with maximum
applied Power.

Figure 19. PNdB & EPNdB Contours for a
Maximum performance Takeoff

The solid lines in the X-Z plane of Fig
19 depict the constant maximum perceived
noise level contours (PNdB). Because the
theoretical acoustical model generates sym-
metrical contours about the projected flight
path, only one-half of the resulting pattern
is shown. Notice that applying maximum
power and accelerating at the permissible
limits causes an initially large climb angle
which results in noise contours which are
distinctly different from those generated by
CTOL aircraft. The downrange maximum PNdB
lobes are substantially shortened because of
the increased altitude at the time of fly-by
and because of an early transition to the
airplane configuration.

The effective perceived noise level
(EPNdB) contours are also shown in Filg19.
The EPNdB subjective measure of annoyance
penalizes sounds of long duration, thus re-
sulting in an EPNL higher than the maximum
perceived noise level, while short duration
sounds lead to an EPNL lower than the maxi-
mum PNL. However, the curves shown do not
utilize the standard linear jet EPNdB energy
correction for duration, but employ the re-
sults of Ref 8 for VTOL aircraft. The
relative effect of changing the duration of
a sound upon its subjectively rated annoy-
ance is allowed to decrease exponentially
with increasing duration. For example, for
duration intervals of 15 to 30 seconds, a 2
PNdB correction is added to the maximum PNdB
value, while for durations of 120 to 240
seconds, a .75 PNdB correction is required.
The relative change in total annoyance area
resulting from subjective duration correc-
tions is evaluated by comparing the constant
EPNdB and PNdB contours shown in Fig 19.
Because the lower noise levels (80, 70)
occur for long periods of time, the net area
encompassed by these contours increases sub-
stantially. However, the very high subjec-
tive (100, 95) contours are of short dura-
tion, thereby causing a decrease in the
total area encircled by these contours.

The maximum performance takeoff which
has been illustrated in Fig 19 has one dis-
tinct acoustic advantage - early conversion
to the airplane configuration. The low
thrust and power levels associated with the
airplane mode of flight are indicative of
efficient takeoff performance and result
in relatively low noise levels. For com-
parison purposes, a similar takeoff profile
was flown in the helicopter mode of flight
(Fig 20). The tilt-rotor accelerated at
the allowable limits until the maximum power
and the best rate of climb speed constraints
were encountered in the helicopter configu-
ration. The aircraft then maintained this
configuration, yielding a steep flight pro-
file. Substantial increases resulted
in the areas encompassed by the constant
maximum PNdB contours over those generated
by the pure maximum performance takeoff
flight profile (also illustrated in Fig 20
by the shaded curves). Because the thrust
levels required to maintain steady flight
in the helicopter configuration are high,
the resulting noise footprint areas are
large in spite of an increased minimum
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distance between the observer and the air-
craft at the time of fly-by. Thus, early
transition to the airplane configuration
can be concluded to be an effective means
of reducing the takeoff noise "footprint"
areas.

Figure 20. PNdB Comparison - Helicopter
Mode Takeoff vs Maximum Per
formance Takeoff

Reducing the applied power does not,
in general, reduce the noise "footprint"
areas for the tilt-rotor aircraft. Because
most of the terminal area takeoff noise is
generated in the helicopter configuration
when the required thrust is nearly equal to
the aircraft weight; reducing the power
primarily causes a net reduction in the
permissible rate of climb. The resulting
decrease in altitude attained more than
outweighs the lower source noise levels,
causing a net increase in the noise heard
on the ground26. Although, in the airplane
configuration, some reduction in noise is
possible at selected measuring locations by
reducing power, the already small values of
required thrust and power generate rela-
tively low levels of noise and are not con-
sidered to be a major problem.

craft commences a maximum performance take-
off, thus converting as quickly as possible
to the airplane configuration while simul-
taneously maintaining its maximum rate of
climb.

Figure 21. PNdB Comparison - Extended
Vertical Ascent Takeoff vs
Maximum Performance Takeoff

The maximum perceived noise level
contours which are shown in Fig 21 change
dramatically. As expected, the benefits
of a pure vertical climbing trajectory are
most noticeable directly under the flight
path. However, at high noise levels, as
much as a 50-percent reduction occurs in
the area encompassed by the 100 and 90
PNdB contours. At the lower levels of
noise, the net decrease in area is less
dramatic. At the 70 PNdB level, the area
encompassed actually increases. This in-
crease is caused by the unfavorable direc-
tivity effects of broadband noise.

EPNdB Comparison - Extended
Vertical Ascent vs Maximum
Performance Takeoff.

MAMBA PERC£NED NOSE LEvEL Mitt

AIRCRAFT CONFIGURATION
— HELICOPTER CONFIGURATON

DISTANCE Id
THOI/SAPOS OF
FEE T

L-3000 f

2000

IdAloiduM PERCEIvED NOISE LEVEL ONION
MAXIBluM PERFORMANCE

— NOSE ABATE MENT

OMTANCE IN
THOUSAMM OF
FEE T

lc—sax:Of

2000ft

EFFECTIVE PERCEIVED NOISE LEVEL IEPN0111
MAXIMuld PERFORMANCE

— NOISE ABATEMENT

INSTANCE IN
THOUSANDS OF
FEET

400011It has been suggested, both in the U.S.
and Europe, that near-vertical takeoffs
would reduce the noise "footprint" areas
around proposed VTOL ports. In Ref 26, it
was shown that significant reductions in
noise levels can be obtained at points
located directly under the projected flight
path. One such "noise abatement" trajec-
tory is illustrated in Figs 21 and 22, to-
gether with its maximum PNdB and EPNdB con-
tours. The light-colored lines in these
same figures represent the reference case
- a maximum performance takeoff. The tra-
jectory consists of an initial pure vertical
climbing segment at maximum power subject Figure 22.
to a vertical acceleration constraint of
.2g. Ai-an altitude of 1500 feet, the air-
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Fig 22 illustrates the changes in the
effective perceived noise level contours
which occur when the proposed "noise abate-
ment" trajectory is implemented. Compared
with the maximum PNdB contours of Fig 21,
less drametic area reductions are shown.
The 100 and 90 EPNdB contours still de-
crease, but the area encompassed by the 80
EPNdB contour increases. The extended
duration of the noise levels resulting from
the additional time spent climbing verti-
cally to 1500 feet tends to reduce the
acoustical advantage of this proposed noise
abatement flight profile.

The choice of 1500 feet for an initial
vertical ascent height was quite arbitrary.
Further reductions in some annoyance areas
are realized if longer pure vertical climb-
ing segments are permitted. Fig 23 illu-
strates the effect of initial vertical
ascent height on the 80, 90, 95, 100 annoy-
ance areas. In general, the acreage en-
compassed by all of the maximum perceived
noise level contours decreases to some
asymptotic value with increasing height,
except for an initial area increase in the
lower noise levels at small vertical ascent
heights.

The annoyance areas encompassed by con-
stant EPNdB contours vs initial ascent
height are also plotted in Fig 23. Unfor-
tunately, many of the gains obtained
through the proposed "noise abatement"
profiles are mitigated somewhat when the
maximum annoyance levels are corrected for
duration. The additional time which is
required in the helicopter mode of flight


to attain the desired height of the initial
pure vertical climb trajectory increases
the effective annoyance of the noise abate-
ment profile.

It is highly unlikely that long verti-
cal takeoff segments will be implemented
in the near future. The control, safety,
and guidance problems are, at present, too
difficult. However, vertical takeoffs to
altitudes of 500 to 1000 feet might be con-
sidered if large reductions in annoyance
areas are possible. Unfortunately, at
these low initial altitudes, Fig 23 indi-
cates that significant EPNdB reductions are
only possible at the high levels of annoy-
ance. Thus, the flight path of the VTOL
aircraft can be altered to reduce the com-
plaints of those people who are exposed to
the most subjectively annoying sound at
the probable expense of increasing the
number of people who are exposed to a lower
level of subjective annoyance.

All of the takeoff trajectories con-
sidered thus far begin with a maximum ver-
tical acceleration segment which results
in a steep initial climb angle. These
unconventional takeoff procedures maximize
performance if the aircraft initially
accelerates at its maximum horizontal rate
and tends to minimize the noise footprint
area if the aircraft is allowed the luxury
of a pure vertical climb. Fig 24 compares
a more conventional takeoff flight profile
with the maximum performance trajectory.

MAXIMA PERCEIVED NOISE LEVEL IMMO
MAMMON PERFORMANCE

— CONVENTIONAL

Figure 24. PNdB Comparison - Conventional
Takeoff vs Maximum Performance
Takeoff

Initially, the tilt-rotor accelerates hori-
zontally at its maximum allowable limit
(.25g) until the speed for best rate of
climb in the helicopter mode is attained.
Maximum pwoer is then gradually applied
as the aircraft continues to accelerate
horizontally while simultaneously transi-
tioning to the airplane mode of flight.
Accelerating horizontally at low altitudes
prevents lateral spreading along the flight

800

700

En

2 600

a

0 500

a. 400
2
0

wz 300

cr 200

100

	 MAXIMUM PNdB
— — — EPNdB

—

8

95_7 T_ 	 100
0 500 1000 2000 3000

INITIAL VERTICAL CLIMBING SEGMENT - ft

Figure 23 Influence of the Height of
Vertical Ascent on PNdB and
EPNdB Contour Areas

DISTANCE IN
THOUSANDS OF
FEET

2000 ft

-14-



path, but extends the maximum PNdB contours
in the direction of takeoff. The noise
footprint areas encompassed by these tra-
jectories increase slightly; the major
effect, however, is simply elongation of
the contours.

Fig 25 illustrates a typical deceler-
ating descending landing overlayed upon the
conventional takeoff flight profile of Fig
24. The tilt-rotor decelerates at minimum
allowable power while simultaneously con-
verting to the helicopter configuration.
At near zero terminal altitude, the air-
craft is flared in the helicopter mode and
decelerates to hover. An increase in the
landing noise footprint areas occurs when
compared with those generated by a conven-
tional takeoff (shaded curves). Even
though the applied power is,on the average,
lower during landing, high thrust values
together with wake induced harmonic air-
loads generate high acoustic levels. (A
more detailed discussion of tilt-rotor
acoustic and performance characteristics
during descent is presented in Ref 26).
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Figure 25. Comparison of Typical Landing
with that of Conventional Take-
off (Fig 24)

The overall benefits of flight path
control to reduce noise have been illu-
strated by these few examples. It should
be noted that because rotary-wing aircraft
appear to offer the quietest forms of VTOL
in the immediate future, they have been
exclusively treated in this section of the
paper. This does not imply that flight
trajectory management is not effective in
reducing the annoyance areas of lift-fan
VTOL aircraft. In fact, the opposite is
generally true (Ref 22). The character-
istically high frequency lift-fan acoustic
spectrums attenuate rapidly with distance.
Thus, lift-fan VTOL aircraft benefit sub-
stantially from the techniques of flight
path control.

Community Acceptance


It is now well recognized that the
"promise" of widespread commercial VTOL


flight is dependent upon many factors in
addition to the technical and economic
feasibility of the operational system.
One of these factors - community acceptance
by the non-using public - is also one of
the most difficult to quantitatively define.
However, from many years of CTOL experience,
it is known that community acceptance is
strongly related to the acoustical annoy-
ance of the surrounding population. Thus,
a necessary condition for acceptability is
quiet flight operation.

Many advocates of commercial VTOL trans-
portation envision a "commute" market with
major cities and municipalities at the hubs
of a series of spoke-like feeder lines to
the surrounding communities. Major cities
and airports located within the range of
this short-laul system would also be tied
into the proposed network affording the
paying passenger tremendous flexibility and
rapid movement to his destination. At
least four classes of VTOL ports have been
proposed to implement such a service; the
terminal located at a major CTOL or STOL
port, the city-center VTOL port, the newly
established operation at an existing light-
plane airport, and possible operation from
a VTOL port located within the residential
community.

The first two classes of terminals are
now in operation in many large cities.
Helicopter service is available from city
center to surrounding CTOL ports. With
further projected noise reductions on ex-
isting rotary-wing VTOL's, it is probably
fair to assume that these types of VTOL
ports will be able to achieve community
acceptance. Two mitigating factors help
in this situation: (1) the overall back-
ground noise levels in the downtown city
and at the CTOL airport is already quite
high, and (2) a large percentage of the
public that benefits from the VTOL system
also judges the final acceptance of the
intruding sound.

However, the situation is quite differ-
ent for the third and fourth classes of
VTOL ports. Because of much lower back-
ground noise levels and less involvement
with the convenience of VTOL flight, the
adjacent communities are much less likely
to accept disturbing intrusions. To illu-
strate these observations, two representa-
tive hypothetical VTOL ports of the third
and fourth classes were arbitrarily chosen
by the authors. Localized population dis-
tributions27 and background noise level
distributions were determined for each
location at one time of the day. Noise
abatement and maximum performance takeoffs
were then theoretically flown and the num-
ber of people annoyed, together with their
relative annoyance level, was predicted.

A sketch of a hypothetical VTOL port
located at the San Carlos, California,
light-plane airport is shown in Fig. 26.
Because the San Francisco Bay borders the
airport on the east and the Bayshore Free-
way forms tie western border, much of the
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noise resulting from existing aircraft
operations is distributed over unpopulated
areas.

Figure 26. Scenario of V-port Location
at a Light Plane Airport (San
Carlos)

The town of San Carlos, with a total
population of about 35,000, is located
west of the airport on the opposite side
of the Bayshore Freeway. The town itself
lies along El Camino Real, which is also
a busy thoroughfare. Industrial and some
residential areas lie between the freeway
and the town with the majority of the resi-
dential areas lying west of the town in
the nearby hills.

Superimposed upon the geographical
features of interest are the background
noise level contours of the surrounding
community (Fig 26). The indicated levels
(PNdB) were estimated at chosen locations
by adding 13 dB to measured levels of back-
ground noise obtained from a hand-held dB-A
meter. As expected, the background noise
of the adjacent community reaches its high-
est levels over the major traffic arteries
and decreases to low levels over residen-
tial and uninhabited areas.

It was indicated previously (Fig 2)
that one person's reaction to intruding
noise can be correlated with the difference
between the noise level of the intruding


sound and that of the background noise.
The authors of Ref 7 conclude that the
duration-corrected "energy equivalent noise
level" is a good measure of the effective
intruding sound level. Because this paper
is concerned with VTOL aircraft annoyance,
the previously discussed modified EPNdB
scale has been used to represent duration
corrected annoyance levels in lieu of the
"energy equivalent noise level." By employ-
ing this subjective measure, the offensive-
ness of the noise is now related to the
difference between the EPNdB of the in-
truding sound and the background PNdB
levels at each ground location. For
example, in Fig 26 the relative annoyance
of those areas lying below the 80 EPNdB
contour is found by noting the difference
between that contour and its projected
intersection with the background PNdB
annoyance levels.

An estimate of the total number of peo-
ple who experience similar levels of annoy-
ance is found by first calculating the
difference between the intruding and back-
ground annoyance levels at a matrix of
points throughout the neighboring community.
The total number of people at constant
difference levels is then added.

Fig 27 illustrates the results of this
procedure for the town of San Carlos. The
two upper curves represent the results of
flying the hypothetical tilt-rotor aircraft
along a maximum performance and a proposed
noise-abatement trajectory (1500 feet).
Notice that the suggested noise abatement
profile actually annoys more people and at
higher levels of relative annoyance than
the maximum performance takeoff. The ini-
tial vertical climb of the noise abatement
profile spreads the intruding noise to the
residential land area west of the Bayshore
Freeway - which has a relatively low back-
ground noise level. However, the shallower
flight path and the rapid conversion to air-
plane flight of the maximum performance
regime, confine the intruding noise to a
more narrow but elongated region already
experiencing high background noise levels.
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Therefore, for this scenario, tilt-rotor
trajectories based on acceleration or de-
celeration at their maximum permissible
rates, while flying near the ground offer
the greatest annoyance reduction potential

As illustrated in Fig 27, too many peo-
ple in the San Carlos area would experience
large differences between takeoff and back-
ground noise levels if commercial operation
of present technology tilt-rotor aircraft
were allowed. However, with advanced tech-
nology tilt-rotor aircraft which incorpo-
rate at least a 10 PNdB noise reduction at
the source, no significant adverse commun-
ity reaction is predicted. To most people
living in the area, the noise generated by
these aircraft would probably be quite
acceptable.

Although it is fairly obvious, this
example further emphasizes the beneficial
effect of using unpopulated and/or noisy
neighboring land to reduce aircraft noise
annoyance. Many existing light-plane air-
ports which are close to suburban commun-
ities already take advantage of these very
factors to maintain current operations.
If future VTOL aircraft can meet or only
slightly exceed the existing acceptable
noise levels at these airports, no adverse
community reaction for infrequent commer-
cial service is expected. However, because
the number of daily flights also increases
annoyance, further reductions in noise will
probably be required for an operation in-
volving many flights per day.

A sketch of another hypothetical VTOL
port (representing the fourth classifica-
tion) which is located within the community
of Palo Alto, California, is shown in Fig
28. This terminal has been arbitrarily
chosen to be located on a vacant lot on
the fringe of the Stanford University cam-
pus in close proximity to major highways
and rail transportation. Its close prox-
imity to the university, the downtown com-
mercial area, and the nearby residential
areas make this type of terminal very
accessible to commuter traffic. In fact,
many people would be within walking dis-
tance or bike-riding distance of the sug-
gested VTOL port.

The background noise levels (PNdB) for
the same area are illustrated in the upper
part of Fig 28. As in the previous illu-
stration, the background noise attains its
highest levels over the major traffic
arteries and decreases to low levels over
residential areas. However, unlike San
Carlos, the Palo Alto scenario represents
a community with little commercial or un-
used land to buffer most of the inhabitants
from the intrusive noise generated by VTOL
flight. Therefore, the noise abatement
profile and its resulting acoustic foot-
prints which are illustrated in Fig 28
will annoy and disturb many more people.

Fig 29 defines the magnitude of the
resulting problem. Thousands of people
would be exposed to very high difference

Figure 28. Scenario of V-Port Location
Close to a Suburban Downtown
Area (Palo Alto)
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complain bitterly if present technology
tilt-rotor VTOL aircraft were flown in this
community. Flying a noise-abatement tra-
jectory does reduce the number of people
exposed to extremely high difference levels
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of increasing the number of people experi-
encing moderate levels of relative annoy-
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advanced technology is the most effective
means of reducing annoyance. Unfortu-
nately, Fig 29 indicates that before we
can even begin to talk about community
acceptance of this type of airport, noise
reductions greater than 10 dB will be re-
quired.

Concluding Remarks


Studies of general trends of acceptable
noise level standards, as well as particu-
lar investigations of two typical suburban
communities, imply that new strides in
acoustical technology are needed in order
to bring VTOL transport service directly
to the residential areas. Reduction of the
noise level at the source by more than 10
PNdB from the current state-of-the-art for
the rotary-wing and probably by at least
twice as much for the lift-fan transport
aircraft appears mandatory. Otherwise, the
dream of a VTOL port located next to quiet
suburban residential areas will remain just
a dream.

However, a PNL reduction by even
slightly less than 10 PNdB would make
rotary-wing VTOL acceptable to such loca-
tions as already existing light aircraft
ports and major commercial and industrial
centers with already high background noise.

Thorough understanding of potential
means for reducing noise at the source and
their early implementation during concept
formulation and preliminary design stages
is essential for minimization of the weight
and performance penalties. Although some
success has been achieved in the partial
avoidance of impulsive noise for rotary-
wing aircraft, reduction in tip speed
offers (at least at present) the only uni-
versally accepted means of reducing noise
at the source. Unfortunately, lowering
the tip speed to reduce the noise of the
present state-of-the-art transport VTOL
aircraft (45,000-pound weight class) by 10
dB would result in large weight and per-
formance sacrifices. It appears, hence,
that the development of new acoustic design
methods is needed to achieve truly quiet
commercial VTOL transports.

Flight trajectory management can be
used to reduce the noise heard at speci-
fied measuring locations. The technique
is most effective at those locations situ-
ated directly under the flight path. How-
ever, the total land area encompassed by
any one level of annoyance may Lncrease or
decrease - depending on the specified level
of annoyance. In general, high annoyance
areas are reduced at the expense of the
lower annoyance level areas.

The relative effectiveness of the noise
abatement flight trajectories is dependent
upon scenarios of the proposed VTOL ports.
Airports that utilize buffer strips which
permit high noise levels favor near con-
ventional takeoff and landing techniques.
Airports which are completely surrounded
by noise-sensitive areas can reduce the

area exposed to high noise levels through
special flight path control in the terminal
area.

Population distribption and ambient
noise levels of the surrounding area are
of great importance in predicting community
reaction to acoustic annoyance. Thus, they
represent the necessary elements for de-
velopment of realistic specifications for
V-port location, acoustic characteristics
of the aircraft and determination of term-
inal flight trajectories that together,
could lead to VTOL operation acceptable to
the community.
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Appendix I


Structural Weight Variation with Noise
Reduction

Eq (1) from the main text leads to the
following dependence of the OASPL variation
(AN)* in hover with tip speed (Vt), when

= -6ib0and T = To:

NIVt = 17.3 th(Vt/Vt0)

AN.Or Vt/Vto = e.058

The F941condition implies that

Ab = Abb(Vt0/Vt)2.

As to the influence of the Ukb varia-
tion on AN through blade area modification,
while T = To and Vt = Vto, eq (1) leads to
the following:

AN1Ab = -4.3 in(Ab/Abo) (I-2)

-.or Ab/Abo = e 23AN (I- 2a)

Statistical weight trend formulae developed
by Boeing's Vertol Division for the weight
of the rotor/propeller assembly (WR) are
presented in the following form:

WR = Cln[r.25(HPR/1H)(Vt/10())(Ab/10)].67
(1-3)

*Sign "-" for decrease and "+" for increase.
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where CI E statistical correlation con-
stant, n E number of rotor/propellers,
r E radial distance to average blade
attachment point, HPR E horsepower trans-
mission limit, Ab E total blade area (per
rotor), and Vt E design limit tip speed.

Remembering that Ab = 6T/Z/bAVt2, eq
(I-3) becomes:

WR = Cln[r'25(HPR/100)(6T/1000 Ukhp)1/V0.67

With no change in the design HPR:

(WK/WR0)Ivt = (Vto/Vt).67 (I-4)

Substituting Vto/Vt from eq (I-4) into eq
(I-la), a direct relationship between the
relative variation(with respect to that
of the baseline aircraft) in the rotor/
propeller weight and that in the OASPL (AN
from the baseline aircraft) is obtained.

(WR/WRo)lyt = 6%0386AN (I-5)

Similarily, the WR/WR0 variation with AN
through a modification of the total blade
area from Abo to Ab (while Vt = Vto and
T To)* becomes

(WR/WR413)1Ab = e- .154AN (I- 6)

In order to obtain dependence of the
variation of the drive system weight (WDR)
with -AN, either through tip speed reduc-
tion or total blade area increase, the
statistical weight trend formula for WDR
is again combined with eqs (I-la) and (I-
2a).

For the drive system weight (WDR), an
expression was developed at Boeingls
Vertol Division under the following form:

WDR = C2(C3HPR/RPMR).8 (I-7)

where C2 and C3 are constants determined
from the statistical fit and RPMR is the
design RPM (at constant rotor diameter
RPM 1.Vt) of the rotor propeller, and con-
sequently,

(woR/ wuRo )lvt = e-.0463AN (I-8)

As to the WDR variation with Ab in-
crease, it should be noted that as long as
there is no change in the design power
limit (HPR = HPRo and Vt = Vt0), there
would be no change in the transmission
weight. However, some performance deteri-
oration resulting from the increased pro-
file power (reduction of rate of climb,
maximum hovering gross weight, etc.) may
be expected.

*If there is no change in the design HPR,
higher profile power requirements may
cause some decrease in the total thrust.
However, the acoustical consequences of
this small thrust variation has been ne-
glected.
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