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The rapid advances in the field of transportation have led

man to the ers of travel at speeds in excess 0F the 3peed of
sound. It is well known that the British and the French have
joined together 1n the developmeni of the Concorde aircersit
which will fly 2.2 times the speed of scund apd is expected 1o
be in operation bsfore 1870. The Russians aiso are developing
a2 supersonic airplane, the TU~144, which will challenze the
aations of the free world ¥ . pre-eminence in the skies. The
Inited States’® program to bulld a supersonic transport has
entered the protoiype construction stage. It is the intent

of taie paper tO veview the events leading up "o the current
stayge of development, to explore the potentisl of the 88T,

and to examine in considerable depth one of the maijor

constraints on superscnic flisht, namely, the "sonic boom.”

Chronology of the U.S. Suvpersenic Transport Progranm

Man first entered the age of supersonic flight in 1947 when
Air Force test pilot Chuck Yeager flew the Bell X-1 at a speed
of 1.9 times Jaster than the speed of sound. This flight was
followed by & sBeries of flights with test vehicles developed
and flown by NASA and ithe military. The X-15 aircraft (tie
most current of the series) reached flight speeds of 4,000
mile s pepr houyr or greater than 6 times the speed of sound. In
1961, President Kennedy requesited that a study be conducted to

evaluate the feasibility of applying this supersonic flight
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experiencea and technology to the developnesnt of a oiviiian

supersonic transport, The study was 2 jolut 2ffort 2f the

(%

Federsal Aviation Agenc the National Aeropautics and
g Y,

o

paAce

Administration and the Department of Iefense. Thirty-zix

-

separate contractors participated in the study. The findi

%

ng

v

0f this study were reported in 1863 to a L3d-~pmemhzy advisory
cormitiee under tue theu Vice President, Lyndocn Joehnson, who
in turn recommended to President Kennsdy that the progranm
enter a prelininary design s&tage. Accordingly, in tne summer

of 1963, President Xennedy requested an appropriatiocn, $60

™y

b

milliion, to proceed with the preliminary design progr
stipulating two important conditions, These conditions were:
(1) that a system of cost-sharing between Government and
industry be established, and (£) that a continuing reviev be
established to determine at a later stage whether the work
gshoulqd proceed to a8 hardwarve phase, Within this framework,

and with the coordination of other Government agencies, the

FAA issued a Request for Broposal which esteblished the design
objectives of the supersonic transport development program, In
1964, threes airframe companiss, Roeing, l.ockheed and MNorth
American and three sngine companies, General Electric, Pratt

& Whitney and Curtigs-Wright, responded and submitted proposasls
in the initial design competition., After an wulensive 10-week
Government/airline evalustion, President Johnson directed that

centracts for further design during the period of June 14834




through June 1985, be let to Boeing, Lockheed, General

Electric and Pratt & Whitpey., He concurrenily estabiished
the President's Advisory Committee on Supersonic Transport
{#4C0OEST), headed by the Defense Secretary. At this time,

Lregident Johnson ziso directea the Department of Commerce

b

&

o sLudy supersonic transport economics and reguested ithe
National Academy of Sciences to study prchlems in the sonic
boom area. In 1963, acting on the basis of recommendations

af the President's Advisory Committee on the Supersonic
Tranzport, President Johnson directed that the four conpanies
prozeed wilh an 18-month efiort of detazlled design and hard-
ware testing., The goal of this effort was to define prototype
configurations of the supersonic transport which could be
introduced in time to be competitive, which would be safe and
reiiable for the passengers and which would have a potential
for garning a profit for the airlines and manufacturers. Both
cf the airframe manufacturers elected to design for a cruise
¥ack nuanber of V.7 or 1,786 miles per hour., These fligunt
soeeds result in surface metal temperatures of approximately
504 degrees Fabrenheit, requiring the choice of titanium alloys

for the desirable strength-to-weight characteristics.

On September 6, 1966, the contractors submitted their proposed
designsg to the Government for svaluation by a 235-man t um
comyrsed of members from NASA, DOD and the FAA., On Dscember 31,

1866, General McKee. Administrator of the Federal Aviation




Agency,., arncunced that The Boeing Ca@pany had been selected

to build the airframe and the General Electric Company had

been selected to build iue 2ngine of the United States super-
senie transport. President Johnson gave the go-ahead for

58T rrototype construction on April 25, 1967, and the contracts
for this work were signed with the Beoeing and General Electric
companies two days later. The schedule c¢alls for the first
nrototype to flv befors the end of 187J and the second will
follow shortly thereafter. It is plannead tha% 100 hours of
flight test wcrk in these sircraft will be completed by the
nmiddle of 1971 and that this experience will provide the
tecanical basis for proceeding into the certification and
produciion phases of the SST. If al. goes well, the production
modei could be certificated and r ady for airline service

before the end of 1974,

Figure 1 depicts the Boeing configuration with ifs basic
variable sweep wing approach, Ite cruising speed of 1,786

3

miles per hour is approximately 3 times the speed of present
gday jet airlines and its cruise altitude ¢f 64,000 .set is
twice that of today's jets, The passenger capacity of 300 is
sbout double tne curreant average capicitv of 150 passengers
and the gross weight of &70,00C¢ , bunds comparss with approxi-
mately 350,000 pounds for the largest of today’s subsonic

planes., The length of the Boeing B-2707 is 308 feet which is

slightly longer than a football ftieid. The wing span is 108
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feet in the swept-bacs position (180 feet in the sweptl-

forward pcsition) and the wing area is 9,000 syuare feed.

In the engine design competifion, the Geuneral Electric {ompany
proposed an afterturning turbojet Figure 2. The enginz s

in the 60,000 to 65,000 pound thrust class ™hirl i8 mors than
twice th~t Lf current commercial engines. It has been noted
that the Spirit of 8t. Louis, i which Lindbergh flew the
AtTantdn A0 -—or=e pago, 18 just slichtly over two feet longer

than the SST engine.

I-I. SS8T Potential

The reasons for entering the competition for the supersonic
transport market are varisd. Thbe most obvious reason is
simply the savings in travel cime which is so vital in our

modern society, Table I shows the comparative flight times

~ver .nternatiocnal routes for the B-2707 88T as compared to
present da: ubsonic jets. It is remarkable to thiak of
traveling from Washington, D, C., to London in iess than turee
hours but even more impressive whan one considers that over

one half of a days trsvel time w'll be saved when flying from

Washington to india. In addition to these very significant

time savings, the S3T progr-am represents a ficem investment in

the economy future of the United States. The payoff to ihe f,_?
U.S. ~conomy is significant now and will be even more so in
the future. We can expect an economic growth of 20 to

50 billion dollars depending on the number of S8Ta built and } .
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we can expect that 250,000 new jobs will be created at
contractor and subcontractor plants all over the country.

The total government investment in the 8§87 program will be

in the order of 1.2 billion doliars and this investment will
be paid back after the three hundredth aircraft is delivered.
After the three hundredih deliverv, the government will
receive royalties for a period of 15 years wrich will produce
a return on the investment comparable to levels normally
received by indusiry. Cuirent conservative estimates indicate
a probable minimum markev oo S0C gircreft with g potenticl of
up to 1200 aircraft by 19SC. The economic validity of the
program (0 the goverament iz shared with the manufacturers

?ad the airlines and will strengthen the United States aviation
industry, This very tangible potential of the SST program is
supplemented by the incingible benefits that result from this
country’'s ability to demounstrate the technologicei accomplish-
ments which can be achieved under a democratic free enterprise

system.

The Sonic Boom Proolem

One of the most controversial and most misunderstood
technolougical problems associated with the development of SST
nas besen that of the sonic boom., For thcecse who have not
heard a sonic bodm, it is best described by comparing it to a

clap of thunder. Tu.e first sonic boom one hears is startling,




With continued exposure, howevor, pedple itend to acrommodate
themselves to the son:c boom and accepi it as they do the
bacafire o1 a car or truck. Actually the comparison of a
sonic boom to a clap of thunder is quite good and also quite
descriptive. Thunder results from electrical discharges which
travel faster than scund, and by suddenl!y heating the air,
displaces it rapidly creating a pressure fluctuation waich we
hear on the ground as the sound of thunder. In Figure 3, it
is shown schematicaliy that the sonic boom ig alsc a pressure
suctan vt o Colauced by tle dispracemen, of air arcund the
aircraft whirh is fiying faster than the speed ¢f sound,
Actually an airplane flying at subsonic spee” creates pressure
flictyations but they are distributed, and uence dissipated,
over all space, wherseas, tha supersonic pressvre disturhances
ace contained within the Mach cone and coalesce into the bow

and tall shock waves,

A, Popular Kisconception
There are two very popular miscoacepticns aboutl sonic
booms which have led to considerable confusion. First,
it w.a beliseved that sonic booas occurred only at tne
instact whien an aircraft "breke the scound harrier.”
Actually, the soni. boom occurs when the ailrcraft slightily
saxceeds tne speed of sound, The boox then occursg once

for each ground observer slong the flight path under the

e




atrplane and alse jor observers several milas on either
zide of the flight peath. Tbe boom terminates when the

aircraft decelierates to 2ubsonic speed.

The second misconcepticn is that «li scnic booms are
similar. Nothing could be farther from the truth. Sonic
pooms made hy low-ilevel passes of flighter airplanes cnn
create very large "overpressure’ levels, and can, in

fact, be exceedingly annoying, whereas, a very bigh altitude
supersonic overflight might create a sonic boom which

wonld be barely audible.

Generation and Progaﬁation

To better understand the great differences in the sonic
booms, it is helpful to review the mechanisu of
propagation through the atmosphere and to consider the
variables which determine the overpressure level, In
Figure 4, it 18 shown that shock waves are generated by
various components of the airplane and {f the measured

pressurs neayr the airplane 18 displayed as a function of

‘]

ture is

o

distance, what is known as the "near fileld’ signs
defined. At greater distances frowm the airplane, the
separate shock waves interact with cach «ther and eventually
coalesce inte just two waves, a bow shocs and a taill shock.
In this form the pressi-e signature 1s called an "N wave'

and the pressure signature 18 referred to as corresponding
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21, ®iogre 4 also shoaws that as Uhe

.

to the " far ¥
Gistance from the alrpiane is incr ased, the distance
betweel. the bow and tail wave {8 also increased, An
observer on the ground mav hear two broomg with the time

interval between the bow and tail shock between (.. and

O.= seconds.

Sonic Boom Intensity

The actual level or . 'e 1..iensity of tne sunic boom 1
con*relled by many parameters, The dependence of the
sonic bhoom intensity on several of these paramctars is
shown in Figure 5. Pro'ably the wmost important of these
parameters is the flignt altitude. The reduction of boom
intensity is quiz» rapild with increased altitude and, in
fact, decre-ses with the 31 4 power of the distauce from
the aircrafi, This is one of the advantages of the
selectioa vr crulse altitudes in the order of 83,000 1o

7¢ 0600 feet. The coudition ©f the ground, or the

.

rafiactivity, can serve {o absorb ithe incident shock wave
or completaly reflect 1t, TIf the wave {8 reflacied, ire
inteusity {5 twice the magnitude ¢f the correspuondiog
absoibed shocy wave. The airplane speed is & surprisingly
tnsensitivs factor in controlling the Loom inf{ensity,

Once the airplane (s fast enough to create a boom, the

ivtensity increuses «lightly with speed and then further
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speed insrosses do 1ot result in an iocoreame in intensity.
The raason for This is that ag the srsad is increassd ithe
givplane cas support 1ts woight at & reduced angle of

x¥tack and, hence, present a bestter sonis boow configuvaiion,

® incressed aivplane weight, however, resulis in incrsaszed
3 sg:ile boom intens ity and this is possibly the most

¥ gifficult paramster to reduce, The reason for this is
obvioug g mee inc~=ased yright merns incremsed peyvioad,
nors pessengevys, and & more profivabls sisplane. The
first generation 88T's, which are primarily for the
international mavket, have saci.ficed, to a limited extent,
the lower hoom intsnsities in favor of improved econ.aic
operativn by going to lerge gross weights. It is probable
that future domse ic 88T's will operate at & somewhat
reduced gross welght level and, henue, the sonic boom

levels will be reduced accoia agly.

The final parameter indicated in the figure is the actual
airplane configurational design. As might be expocted,
the bluntness or length to diameter rutio, contributes to

th- boom in*ensity with the blunter shapes vielding the

greater buum intensities, It is also important from a
decign standncint, to distribuie the lift properiy over
the iength 2f the aircrafi. 7Too rapid a buildup in 1ift

leads 10 increased boom intensities
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In sddition to the coatvreliable parameters shown in
Figurea 5, the mzgritude of tpe sonic boom overpressure

is effectsd by changing metecrovlogical conditions,

Figure & shows the resuits of an investigatiocn, conducted

by the Boeiux fompany under the sponscrship of the FAAR,

vy

o

by

wkich indicates ithe pervent changes in sonic boom over-

3

pressure due 1o deviaziions from standard atmosphbere. The
upper and lowear curves form sn envelops of the paximum

robable chaages in sonic boom intensity for a largs

3

varievy of nonstandard conditicon of atmospheric tempera-
turss and winds, In general, {he changes are less than
five per cent ~x¢ept at Mach numbers below 1.5 down to

the Ycut off" Mach number of about 1.!. The reason for

e

he greater sensltivity to atmospheris affoects atl low
Mach numbers is illustirates by the twe insert sketiches
aud is related to distance the shock travels through the

atmosphere.

In Figure 7, we show a comparison of three configurational
designs and their effect on the sonic boom overpressure
levels., These ¢ rves are for an aft wing, an arrow wing
and & minimum boom design ail weighing 403G,000 pounds and
230 foet long. The aft wing design with its rapid 1ift
buildup has the highest boom levels, The minimum boom

aircraft, which has the lowest booms, unfortunately bas
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poor drag char .teristics, As 2 resuli ~? the poor drag
charscteristics, it does not »rovide for safficient cruise
characteristica and, hence, i3 not & good airline

configuration, The current United States' 88T's are more

nearly similay to the arrow wing configuration,

SST Operational Problem: Related to Sonic Boom

The aonic boom poses a major technical znd operational
challengs for the supersonic transport. The techuclogies
iavolved in sonic boom analysis are shown in Figure 8. It

is sgen that input is needed firom the aerodynamicist, the
mateorologict, the structural engineer, and the psvcho-
acoustician before the operational probhlems related to the
sonic hoom can be defiuned. In Figure 2, we show the inter~
rolationships between the S8T, mar and the sonlc boom, The
vechnology necessary to determine the response of struciures
to sonic boom excitation is available. Although the
principles involved in analyzing structural response are
understood, their applications to practical cases is enurmously
complicated because an almost infinite variety of structures
and loading conditions would need to be considered. The
subjective response of humans, both singly and in communities,
to son_c booms is a considerably less tangible factor.
Realistic evaluation of boom etfecte on humane involves many
variables whicn are constantly changing both with time and

place and include ail of the factore associated with human

behavior,




Flight Test Proﬂgmm

In an effort to define the operational problems related

to the sonic boom an intensive long-term program of
industry, govermnment asgencies and research organizations
over the . 3t few years has resulted ir a reasonable level
of understand.ng ¢f the responses to sonic bocms. Many
problems, howaver, remain to k2 solved., The major part

of this effort conrclated of aircraft overflight programs
conducted st Chlahoma City, ¥hite Sands Missile Range

and Bdwards Alir Force Base,

1. Oklahoma City Study

The Oklahoma City Study was conducted for 2 3-month
period in the early part of 1964. The tests involved
8 booms per Jay which were generated by fighter air-
craft at calculated overpressure levels of 1.5 to 2.0
pounds per square foot, Figure 10 <hows a typical
U.8. Alr Force fighter plane used in this program.

A total of 1,243 flights were flown during the test
period. The main cbjective of these tests was to
determine human response to sonic booms, In addition,
the response of residential structures was observed
with 11 typical residences instrumented to measure

the affects of the boons,
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White Sands Study

The ¥i.ite Sande Hissile Range in Hew Mexico was used

for o sesies of tests from November 1964 thivugh
TYsbruary 1965, For these ftests 2 total of 1,499 sonic
boom runs were performed by F-104 and B-58 airersfi
flying at speeds betwee 1.0 and 1.5 times the speed

of sound at altitudes ranging from 300 to 30,000 feest,
The program schedule included s many as 30 sonic

boom runs per day genarating overpressures rangling

from 2 to 24 pounds per square foo*, One acci autal,
ugscheduled boom at low azltitude generated an over~
pressure of approximately 38 pounds per foot., The

main objective of these tests was to determine tha
structural response of buildings varying considersbly

in de~1ign, The structural response variables conszidered
in this program are shown in Figure 11. These bulldings
consigted of old ranch houses, barracks, a warehouse,

a radar buill’'ng, a communication structure auad Several
smaller *1ldings. They were constructed of wood,

concrete, stwel, trame and sheet metal construction,

Edward Air Force Base Study

The Edwards A.r Force Base experiments were conducted
between June 1966 and January 1967. In Figures 12,
13 and 14, we show the B-70, B-58 and the ¥F-i06 air-

planes which were used in these tesis in addition to
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the SR-~71, F-104 and C-133B aircraft, During that
*ime, 257 sonic booms wesre wgenerated over the test

site and 220 subsonic missions were flown for subjective
noise comparison purposes, Figure 15 shows some of

the human response variables considered during this
program. The program objectives and requirements

werg defined by the Presideat's Office of Sclence and
Technology, Sonic Boom Coordinating Committee and the
tests were managed by the U.,8. Air Force with technical
guldance and assistance afforded by NASA and, (hrough
contract, witk Stanford Research Institute (ORI).

The Edwards program objectives included the following:

1, Comparison of structural response and huran
reaction to sonic booms from aircraft of

different size, weight and speed.

k. Comparison of peoples' reactions to sonic booms
of varying overpressure with subsonic jet¢ air-

craft noise of varying intensities,

C. ttalning additional data regarding atmuspheric

variations on sonic boom propagation.

One hundred saventy- three persors were selected for
the Psychoaccustical Jeaction Studies conducted at

BEdwards Air Force Base and 11 lLancaster, California.
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test sites. These individuals were asked to make
% subjective judgments of sonic booms compared to
| subsonic jet noise and indicaie which sound was the
more acceptable when heard both inside and outsile
their homes. One of the primary objectives of the
H Edwards sxperiment was to establish the response of
‘ structures to sireraft of different sizes, including
fighters, bombers, and the world's largest superscnic
aircraft -- the XB-70, Instrumentation to measure
structural reaction was instailed in three test
structures a2t Edwards Air Force Base an” tuese

structures were build and furnisued as typical homes.

In addition to tiese s3tudie~. the United States
Department of Agriculture conducted studies on the
effects of sonic boom on the behavior and performance

of livestock. Ten farms or ranches were selected for

observation of animal behavior when exposed to sonic
booms and aircraft noise, The observed farms and

ranches included one racehorse breeding farm, two

beef feeder lcts, two turkey ranches, two ~hicken b
ranches, one sheep ranch, onv commercial dai-y and

one pheasant farm

B. Results of Sonic Boom Studies

The sonic boonm studies conducted to date are consicdered

te yield qualitative indications of the response which
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nmay be expected from overiand supersonic flight. The
results must be qualified hewvause the aircraft involved
were not of the supersonic transport class and because
the test subjects were alerted before the test flights.
The gene.,ai conclusions and seme of the statictics

regarding the Oklahoma City end White BSands studies are

shown in Figure 16,

1. Structural Response

It was concluded from the White Sands studies that
the efiects of repesated gnnic bioms ai a scheduled
overpressure of 85,0 psf generaied by B-58 and F-104
aircraft produced pno damage o previously undamaged
material. Aiso no plaster cra:ks or crack extersiuns
were observed as o result of the 680 successive

5.0 psf Looms, Neither raii popping nor motiop
damage tO bric-a-brac or other lightweignt furnishings
occuryed during this period. Teatative damage index
levels were sstablished for varicus structural
materiels and, in general, it was found thst no
structural damage occurred below 5,0 psf, 7The ovne
accidential unscheduled boom of 38 pounds per square
feot over pressure, however, did cause damage., Two
plate glass windows, 16 small giass panes in & green-
house and one other smali window were broken., This,

however, was less than 10 per cent of the glass

17
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exposed to the unusually large booms ana it was
interesting to note that no other signi’icant

structurai o: material damage resulted.

Human Response

The response of humans to the introdv~tion of a new
sound isto their daily environment is, at best, a
very difficult factor to evaluate. The reasons for
this difficulty, in addition to the individuality
of people in general, result from diiferences in
surround’ igs, in atmospheric conditions and in

the type of sonic boom signatures, In Figure 17 and
18, we show some of tue different signatuics
actually recorded during those sonic boom programs.
Por example, sonic booms heard outdorrs appear to
be different {rom those heard indoors. The booms
heard outdoors aprear 1o ve less annoying than

thage heard indoors. This is probably related to
the secondsry vibrations heard by the indoor
~bgerver which ar® not present in the cutdoor
situation., 8Such indoor sffects are depende:.. on the
structural sud geometric charactoristics and the
orientation of the buiiding housing tne observer

and vary considerably between different buildings,




Meteoroclogical conditions bave a significant effect
on sonle boom perceptiom. In general, the condition
of the atmosphere i1s considered ‘o effect che time of
the pressure buildup or what is known technically asg
the "rise time." Sonic bocas bavin, very small rise
times are usually describad as sharp "cracks' whereas
booms having muco slower rise times are often

described as "rumbles.,"

During the Oklahoma City Study, the National Opinion
Researcu Center conducted interviews to determine
public responses and during the sdwards Air Force

Base Study, the Stanfo.d Research Institute had paid
observers at the test site tc determine human reactions.
While the sesults of the Edwards Study have not as yvet
been evaluated, the results of the Oklahoma City

study indicated the following opinions:

A substantial number of residents reported interferences
with ordinary living activities and annoyance with such
interruptions, but the majority felt they cuuld learn

to live with the numbers and kinds of booms experienced
during the six-month period. A large percentage,
however. believed that the sonic boom .aused structural
damage, Since direct sclentific evidence indicates

that L.e booms did not cause any significant damage to

the local test houses, this lavter finding .ccentuates
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the need to establish scnic boom overpressure damage
index lewels, It is apparent that there is rocn for
move detailed investigation in the areas of subjective

human response to sonic booms.

VI. Summary
In the praceding pages, we have attempted to outline the
higtorical development of the United States supersonic
transport development program and to place in proper perspective
the nationai significances of the 3ST program. We then reviewed
in considerable dopth ¢the technological aspects and problenms
of the sonic boom, The actusi overfligut sonic boom programs
to date were reviewed and capsule results were Jdiscussed,

Conclusions at this point in time would be premature and we

100k hopefully tco the scientific comaunity for assistance and

guidance in the resolution of this technological challenge.
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INTERNATIONAL COMPARATIVE FLIGHT TIMES
[

GHT T1I
SUBSONIC TETS AND SST TC MACH 2.7

Washington i.. Block Time
SST{M=2.7) Subscnic
Anchorage 2 + 50 6 + 57
Cairo 5 + 36 12 + 09
Buenos 4-res 5 + 10 in . 27
Bonn 4 + 08 B + 2
Jobannasburg 6 + 46 16 + 15
Djakara 3 + 33 21 + 51
Honolulu 4 + 54 S + 45
London 2 + 58 7 + 18
Manila 7 0+ 48 18 « 33
Moscow 5 + 08 9 . 45
Tokyo 6 + 13 14 . 21
New Delhy io- 12 286 ~ 06
Sidney g + 18 20+ 51
Paris 3 « 04 7 0+ 40
RIO 4 + 5R 9 - 42
Rome 3 «~ E7 8 « &7
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