Helicopter noise experiments in an urban environment
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I two series of helicopler noise experiments, sound-pressure-level recordings were-made on the
ground while = helicopter flew over (ilan amay of microphones placed Tn an open field, and (i) a
similar army placed in the center of o cliy street surrbunded by tall buildings. For given helicopter
altitude and pirspeed, it was found tat the Oyvover moise recorded n the street, although initinlly
lower, built up rapidly as the aircralt approached such that the peak recordod noise: was actunlly
more intense than that recorded in ihe open fleld. This result is in qualitative accord with the
results of previous aboratory sealesmodel experiments performed by Lvon and Pande. The dif-
ferences between the two sets of field dath are aftributed i major part Lo the {act that o reverbes-
ant sound field boilds up in the street during fiyover. This enbuncement is less pronounced fur
higher flight altitudes. A simple theory hased on geometrical acouwstics and statistical concepts is-
described that quantatvely explains the sound enlancement found Tor a helicopter Mying over o

cily ‘sirect.

Subject Classification: 28.55; 50.80; 20.30, -20.15.

INTRODUCTION

A general question which iz of current interest in
studies on noise abatement is : how does the nolse heard
by a listener in a city street differ from that heard under
similar conditions in an open feld? Recently, Lyon,
Pande, and Kinney perfarmed a series of model ex
periments which suggest that the noise in a city street
from an aircrait passing overhead is enhanced relative
to that heard in an open field.* The present paper de-
scribes a zeries of field experiments which confirm the
existence of the enhancement and gives a simple theory
which gquantitatively explains it.

I. DESCRIPTION OF EXPERIMENTS
Two separate sets of field experiments were per

formed: (i) an open-field experiment, and (i) an urban
experiment. The same aireraft was used in both experi-
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Fio, 1. Diagram showing experimental layout for open-fisld
experiment at Otis Air Force Base,
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mients; a U. 5. Coast Guard Sikorsky® HH-3F {a twin
turbine, amphibious, search and rescue helicopter).
The open-field experiment was pecformed at Otis Air
Force Base in Bourne; Massachusetts, on a small field
near the on-base Coast Guard Station, The DOT/TSC
mobile nioise laboratory van and panel truck were used
far the data collection.® A line of three Brijel & Kjer
4134 microphones and an array of six markers were set
up in & 300-ft square patternin the field, Figure 1 shows
a dingram of the field and of the experimental layout.
Before takeoff, the pilot was told to fly over each of the
three microphones separately in & direction perpen-
dicular to the line of microphones and at altitudes of
200, 300, and 400 ft. The fiyover noise from the heli-
copter that was detected by the three microphones was
recorded on three separate’ channels of a Hewleti-
Packard 3960A four-track instrumentation rtecorder
while the fourth channel was used to record the time
code generated by a Datum time code generator/reader
model 9300, This time codé was recorded on one
channel of a Nagra IV-S stereo tape recorder while
verbal comments, including reports of the helicopter's
position as it flew over, were recorded on the other
channel. Another set of comments, including reports of
indicated altitude and airspeed, were recorded on a
Nagra IV monaural tape recorder by an observer riding
in the helicopter. In addition, a Robot photographic
recording system (made by Robot-Foto, Diisseldorf,
Germany) was set up overlooking the site and the sky
ahove it, This system consisted of a time control unit,
inset clock and counter, and an automatic camera with
a wide-angle lens. The camera took photographs at
1-zec intervals and the inset clock was synchronized
with the time code generator. Figure 2 shows a repre-
sentative photograph of the helicopter flying over the
site, The camera and time code generator were used to

correlate the noise from the helicopter with its position

relative to the locations of the microphones.
The urban experiment was performed ona section of
Summer Street in South Boston, Massachusetts, using
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Frs. 2. Photograph of helicopter flving over the open-field site
talen by the Robot camera,

the same helicopter and recording equipment as were
used in the open-feld experiment. The site chosen was
a straight section of the street 100 ft wide flanked by
building=s of roughly the same height (120 ft or s0) on
both sides, Tt is of interest to note that this same site
was used for experiments performed by Wiener,
Malme, and Gogos® on the propagation of ground-level-
generated sound in urban areas. Three microphones were
set up in & row along the centerline of the street and
were spaced the same distance apart as they were in the
open field experiment. Figure 3 showsa map of the urban
site indicating the microphone locations and the general
layout of the street, Before takeoff, the pilot was told
lo fly along the centerdine of the street to familiarize
himeelf with the microphone array and then to make
severnl passes across the streel over each of the three
microphones separately at 200, 300, and 400 ft. As in
the open-field experiment, the fivover noise detected by
the microphones was recorded on three channels of the
HP 3960A tape recorder while a time code was recorded
on the fourth channel. Also, one person stood in the
street and reported on the helicopter's position while
another person rode on board and recorded indicated
altitude and airspeed. The Robot camera was placed
al the extreme south end of the street with a field of
view encompassing the equipment, the buildings, and
the sky above. Figure 4 shows a representative photo-
graph taken by the camera during a fiyover. As before,
the camera and time code generator were used to
correlate the flyover noise from the helicopter with its
position relative to the microphones in the street.

II. EXPERIMENTAL RESULTS

To date, the analysis of these experimental results
has concentrated on determining theé existence and
magnitude of the urban noise enhancement. The
occurrence of this enhancement was readily supported
by the noise recordings. Figure 5 shows two sample plots
derived from the data of A-weighted sound-pressure
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Fio. 3. Map of the wrban experimental site indicsting the
microphone location.

level versus helicopter position relative to a microphone
(denoted by “LISTENER" in the figure) for a pass
made at 200 it over the center microphone in the open-
field experiment (plat denoted by "OPEN FIELD
SPLY) and for a pass made at 200 ft over the center
microphone in the urban expeniment (plot denoted by
HURBAN SPLY). The difference (sound enhancement)
between the peak levels of the two plots indicated in the
fipure is 8 dB4. For all such combinations of data
corresponding to fyvovers made at 200 it over the center
microphones in both series of experiments, the differ-
ences hetween the peak levels measured in the urban
experiment and those measured in the open-field
experiment varied from 5 to 8 dBA with an average

Fig, £ Photogeaph of helieopter fiving over the urban site
taken by the Robot camera,



334 Kinney, Pierce, and Ricklay: Helicopter noise experiments
e L
=
Foag
o
-
=
w
=
1]
]
£
B:*
5
i 2|
m |
B {
=
2l
é y LISTENER
&1Ly b ; i
-250 ~1%G -::C: a 53 155 230

HELICOFTER FOSITION AT TIME: OF RECEPTION, FEET

Fio, 5. Two sample plots of A-weighted zound-pressure level
versus  helicopter position eelative to | microphone  position
(LISTENER] for a pass made at 200 {t over the center microphone
in the open-field experiment (OPEN FIELD SPL) and for a
pass mude at 200 ft over the center microphone in the urban
experiment (URBAN SPL).

difference or sound enhancement of 6.75 dBA, For a
Aight altitude of 300 ft, these differences varied from
4 to 6 dBA with an average of 5 dB, Finally, for 400
ft, the sound enhancements varied from 3 to 6 dBA, with
an average of 4.5 dBA. Figures 6 and 7 give similar
comparisons of open-field and urban data for fight
altitudes of 300 and 400 ft, respectively. The sound
enhancement indicated in Fig, 6 is 5 dBA while that
indicated in Fig. 7 is 4 dBA, One may note that, as
might be expected, the sound-pressure levels for both
the open-field and wrban experiments decrease with
increasing flight altitude, and that, in addition, the
relative enhancement also decreases,

III. THEORY

A relatively simple expression which explaing the
observed effects of buildings on the SFL from low-flying
aircraft may be derived from fundamental notions
analogous to those commonly used in room acoustics.”
consider a point source of sound [Fig. 8{a)] located
directly above or above and to the side of a street
Arnked by tall buildings. The source is assumed Lo be
pmnidirectional such that very mnear the source the
acoustic pressure is given by the wave equation’s
solution for a point source in an unbounded medium
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Fig. 6. Sample plots of A-weighted sound-pressure level similar
to these shown in Fig, 5, but for o fiight altiteds of 300 [
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Fre. 7, Sample plois of A-weighted sound-pressure leovel similar
to those shown in Figs, 5 and 6, but for a filght altitede of 400 ft,

where f(!) is a function characteristic of the source and
Ris the net distance from the source. Then, if diffraction
is ignored, the pressire detected by a listener between
the buildings and somewhat above the street is given by

fli—R,/c)
ﬁ—% T- (2)

where the sum is overall straight or erooked ray paths
which connect the source o the listener, and which are
constructed according to the laws of geometrical acous-
tics (equal angles of incidence and reflection, etc.), The
walls and street are assumed for simplicity Lo be per-
factly reflecting. The parameter K, is the length of the
path (which may include several reflections) connecting
source and listener.

The source function f{(f) is assumed to be either
periodic in time or & random function which is erpodic
and, accordingly, also stationary.® Thus; we may speal
of a time-averaged pressure squared at the listener
location which; according to Eq. 2 above, is given by

=1L L RARf(t—Rafe) flt—Rufe)), (3)

nm

where the brackets with the { subscript imply an average
over time, The assumed nature of f{!) guarantees that
this average is independent of the choice of time origin
providing that the averaging time is sufficiently long
Thus, in particular, if ®,= R, one has

(Flt=Ra/o) fU=Ro /)= {F(0))e (4)
and Eq. 3 becomes

(%)= (1)) ');J R

+E 2 RRTQLR—Ra)/c], ()
nEtm

where
Q) ={f O fli—7))s (6)

corresponds to the autocorrelation function of f{#).

To simplify Eq. 5, we assume that sdurce and listéner
have the same v coordinate, where v is distance along
the center of the street, and ask for the mean expected
{#*): when the listener location is averaged across the
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street, Le., we seek

1 1w
P f (0%, 0
WoJdo

where x g 15 the distance of the listener from the build-
ing flanking the street on the left and w iz the total
width of the street. The expectation is that the derived
expression for the ap average will be much simpler
than that for a given v and that, moreover, the vari-
ation of (p*}; with xr will be small. In performing the
average represented by Eq. 7 over the expression refire-
sented by Eq, 5, we assume that the contribution from
the second group of terms (n=m) is nezligble, Le,

l £
— | ERRSQIR—R.]/c)dzr  (8)

Tw B n=m

is neglected; and hence,
1 u-
{F!}‘-!z_{f{!}:’l‘[ z an:dﬂ'p |:9:']
T 0 m

The rationale for the neglect of Expression 8 is that
for any realistic ({r} corresponding to aircraft noise
one may expect that, as xx varies from 0 to'w, the term
OL(R,—R.)/c] remains either negligibly small or else
oscillates from positive to negative such that itsaverage
is negligible. Tf [(2) is broad band, then O(r) is negligibly
small when +%21/(4f), where-Af is the bandwidth®
If f(t) is narrow band, then Q(r) oscillates with a
period corresponding to the center frequency. Typically,
we expect | K,—Rn| for n=fm to either be larger than
¢/ (Af) for broad-band sound or, in the case of narrow-
band sound, to chanpe by several representative
center-band wovelengths when the listener moves from
one side of the street to the other, This seems plausible
since the wavelengths of interest are comparable to 1 it,
while the building height and street width are com-
parable to 100 ft. Even the height of a listener's ear
ahove the pround is substantially larger than a typical
wavelength of interest.

To facilitate the evaluation of the integral-sum com-
bination in Eq. 9, it is convenient first to consider the
ground to be nonreflecting (a restriction which we
remove subsequently) and to associate an Imapge
listener (rather than image source) with each possible
ray path. Any particular image listener may be located
by drawing a straight line from the source in the same
initial direction as the corresponding actual reflected
ray path and continuing this path through the building
walls until it reaches a point at the same height as the
listener. One may note that all such image listeners lie
on a straight horizontal line [see Fig. 8(b)] which iz
perpendicular to the street. If this line is divided into
equal sepments of length w starting with the section in
the street proper, then in any such section there is at
most one image listener. Note also that the rays
connecting source-to-image listeners must intersect the
building walls below their maximum height, This
guarantees that there are only 2 finite number of image
listeners. Let #, be the angle (between —w/2 and =/2)
which a given ray from source-to-image listener initially
makes with the wvertical reckoned counterclockwise.
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Fic. 8. (&) Diagram indicating dehnition of parameters used in
the development of the theoretical model. Here & i height of
sotnd source phove street, w {5 street width, ag i3 distance of
listener from left side of street, and & and 8y are limits of range of
initial directions of ravs which eventually reach the strest. (h)
Disgram illustrating the coneept of image listener, Each ray
eventunlly reaching the listener at xy vie onc or more wall reflec-
tions has an initial direction pointing from- source towards the
corresponding image listener.

Then one may noté that for fixed listener location
any such f, should fall between values 8; and &, which
describe the limiting directions of the range of possible
actual ray paths which eventually reach the street
between the buildings,

Let x be distance along the line of image listeners
with origin taken directly below the source and let #
be the height of the source above this line (roughly the
same as the height of the source above the street).
Then, if &, represents the coordinate along this ling of
the Image (or actual} listener corresponding to the nth
ray, one has R2=}"4-un"

We next replace the sum gver images by-a sum over
seaments of length woalong the xaxis, the oth sepment
being the street proper. Since there isat most one image
or real listener in each cell, we may denote the possible
position of the image Hstener in the uth cell by 2y (%)
and delete all terms corresponding to. cells which do
not contain an image listener by putting in a4 suitable
ramp function I(fly) which is zero unless 8;<<0y<f;
{in which case it is unity}, where #y 15 the initial direc-
tion of the ray which would go directly from the source
to the pessible image position: Singe the limits of the
sum over the cells are then independent of source lb-
cation and of x;, we may interchange the order of sum-
mation and integration in Eq. 9 such that it becomes

1 i
Pha=—(ONE | Dbl UGN (10)

L

The variable of integration in each of the integrals may
be changed from xp to x=zy and the fimits on each
such integralion correspond to the left- and right-hand
sides of the street. The total sum of all such integrals
is just an integral over x from —s= to . The
presence of the factor U(fly) implies that the integrand
should be zerg tmless @ = tan—*(#/h) lies between 8; and
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Fic. 3. Comparizon of simplified: theory of sound enhincement
due_to an urban environment with sample experimental data
(solid lines) for helicopter flvovers at 200 it above an open field
and above Summer Street in South Boston, The sound-pressure
levels “mé-?""““ relative to that recorded in the open field when the
source is ditectly overhead, The source stréngth in the thepretica!
model has been selected zuch that it gives the same sound-pressure
level as observed expérimentally directly overhead in the opsn
field. The (dashed) theoretical open-field SPL curve corresponds
to sphericel epreading. The urban SEL theoretical curve is bosed
on the equstion’ derived in the text.

8y Thus; Eq. 10 becomes

1 # tnndy
Yia=— fiﬂf 3 11)
e S L
which integrates to
(t))e
{ﬁ"’}r.z={ﬁ A8, (12)
itz

where Af=8,—0;.

The presence of the ground for all cases of interest
may be incorporated intg the above expression by
simply including a factor K, e,

s =I{{P{E}}’M

. 13
= (13)

where K would be 4 (corresponding to-a doubling of
pressure) if the microphone wereat groand level and the
ground were perfectly reflecting. If the ground were
perfectly absorbing, then K would be 1. In the more
typical case of interest where the pround is nearly
perfectly reflecting and the listener’s earsare a moderate
distanee (5 ft) from the ground, the intensities of waves
reflected from the ground on the average just add to the
intensities of waves not yet having reached the ground,
=0 that the more appropriate choicé for K would be 2.
In-any event, once a choice for K has been made, the
ratio of Eq. 13 to that which would be measured fora
comparable listener position in an open field would be
independent of £ and ‘also of the source function
{P[i}}h

In Fig. 9, the above theory is compared with some
data taken during the field experiments for the case of
a helicopter Aying-at 200 ft above the ground. The
constant K{f(f)), in the theory is chosen such that the
open-field prediction (simple spherical spreading) agrees
identically with the open-field experimental data when
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the helicopter is directly overhead. The faster fallof
with distance of the open-field experimental data com-
pared to spherical spreading iz presumably due to the
fact that the theory iznores absorption. Vertical scales
in the figure give the overpressures in dBA relative to
that in the open field when the helicopter is directly.
overheud. Thus, the theoretical urban relative sound-
pressure-level curve is given by (10) log (hAf/%), Here
I:,,-;::.l is taken as 2 and the building height is taken as
1w,

One may note that the agreement between the then-
retical and experimental urban SPLs in Fig, 9 is quali-
tatively good, While the theoretical curve falls about
3 dB4 below the experimental curve when the helicopter
i directly overhead; this is a discrepancy not wholly
unexpected when one considers the actual varations
in dita taken under feld conditions. A more represen-
tative sample of data fan extreme is presented in the
figure) would give an enhancement somewhat smaller
{about 1.5 dBA less) than plotted, The remaining 1.5-
dB4 discrepancy may or may not be real, but could
possibly be explained by the fact that the theory gives
a predicton for an average microphone location rather
than specifically for & microphone in the center of the
streel. Sinee similar rays bouncing off of opposite walls
from a source directly overhead would reach a center
microphone exactly in phase, we would expect that the
sound in the center of the street would be louder there
than at an average location, The theoretical under-
estimation could conceivably be as much as 3:.dBA.

One also notes that the theory explaing the ohserved
fact that the net enhancement of the sound in the
street relative to that in the open field deereases with
increasing altitude of flight, In particular, if the aircraft
is directly overhead, Eq, 13 predicts enhancements of
5.0, 29 and 2.0 dB4 when the aircraft is at altitudes
of 200, 300, and 400 ft, respectively, The general trend
is in agreement with the data represented in Figs, 5-7,
although the theory apparently tends to consistently
underestimate the penk enhancement by about 2 dB
when the microphone is in the center of the street.
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