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Abstract 

A description is given of the design, operation and performance of 
a radically new type of sonic-boom generating flap-valve. Included are the 
ancillary cam, clutch, flywheel and electric motor system, as well as a much 
larger air reservoir than used previously. .An updated and greatly extended 
analysis describes the time varying reservoir conditions (e.g., pressure) and 
mass-flow rate of air through the flap valve,as well as the wave motion or 
characteristics of the travelling N-wave in the pyramidal concrete horn (25 m 
long with a 3 m x 3 m base) of the UTIAS travelling-wave sonic-boom simulation 
facility. 
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1. IN.I:RODUCTION 

With each new year more of mankind is being subjected to additional 
noise and its consequent increased stress. Research into the effects of noise 
on humans, animals and structures, as we11 as its abatement, is also expanding 
at an acce1erated pace, fortunate1y. Results of sueb work can provide a base 
for estab1ishing safe guide1ines of noise exposure. One important and current1y 
active area of noise research is the studyof the effects of impulse sound. 
Furthermore, a particular1y important impulse sound is the sonic boom, whose 
impact is now being assessed before supersonic transport (SST) aircraft such as 
the Ang1o-French Concorde and the Soviet TU-144 are introduced into extensive 
commercial service. 

A sketch of the shock-wave pattern emanating fram a SST aircraft and 
the trai1ing N-shaped overpressure signature at the Earth's surface are shown 
in Fig. 1 (Ref. 1). Furthermore, a better i11ustration of the ground-intercepted 

. sonic-boom path appears in Fig. 2. The most important parameters which are 
cammonly used to describe the various parts of the signature inc1ude the peak 
overpressure, ri se-time , duration (or wave length) , and wave form which may 
deviate somewhat from the ideal N-shape. It is worth noting that respective 
values of peak overpressure, duration and rise-time are 100 N/m2, 300 ms and 
1 ms for a typical sonic boom from a current SST and also from a large military 
supersonic bomber. In the case of a shorter supersonic fighter, on1y the 
duration is significant1y different, being corresponding1y shorter at about 
100 ms. 

In order to suecessful1y simulate a sonic boom from a SST aircraft, 
any simulation faci1ity must have the capäbi1ity of repeatedly producing an 
N-wave having the correct peak overpressure , rise-time and duration. In the 
late 1960' s and ear1y 1970' s, many different types of sonie-boom simu1ation 
devices and techniques were proposed and most simulators or prototypes were 
constructed and tested. A description of such simulators and their test results 
cannot be given here, but the interested reader can find much information in 
various review artic1es or reports (Refs. 2,3 and 4). However, it is worth 
mentioning that most simulators were only partial1y successful (e.g., produced 
an N-wave having the correct peak overpressure and rise time but not duration), 
and only a few met all of the desired requirements adequate1y (Refs. 5 to 10) • 

The sonic-boom program at UTIAS started in the late 1960' s. For 
examp1e, see Ref. 1 for a review of the work comp1eted up to 1974. A good part 
of this program was the deve10pment of sui tab1e sonic-boom simulators. One 
portable sonic-boom simulator in the form of a shock tube (11 kg, 1 m long), 
having a constant-area driver and exponential horn, ca~ easily be transported 
and operated by one person to conduct wildlife field tests (Refs. 1 and 11) • 
A simulated short-d~ation sonic boom can be produced and directed at wildlife 
in its natural habitat, in order to study its start1e response and subsequent 
behaviour. 

The first of two major laboratory facilities at UTIAS is the Loud­
speaker-Driven Booth, which can easi1y accommodate one human subject or smal1 
caged animals in its sOlidly built and sealed chamber (about 2 m::5) to faci1i tate 
response tests to a simulated ful1-scale sonic boom (Refs. 1, 9 and 12). The 
second major laboratory faci1ity is the Travel1ing-Wave Horn (Refs. 1, 4, 10, 12, 
13 and 14), and its essential features are shown in the e1evation and plan views 
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of' Fig. 3. The large horizontal pyramid is 25 m long, has a 3 m square base, 
and is made mainly of concrete. Near the horn apex a sonic-boom generator in 
the f'erm of ei ther a mass-f'low valve or a shock-tube driver is used to control 
the air f'low f'rom the high-pressure reservoir into the hor n. The expanding air 
f'low near the horn apex simulates t he exp~~sion process oecurring in a weak 
spherieal explosion and produces the travelling N-wave or simulated sonic boom 
which propagates f'rom. the smaJ.l to the large end of the horn. For studies of' 
the ef'f'ects of' sonic boom. on huma..~s and animals, a human subject or small caged 
animals can be put in the interior test section or alternatively in the psycho­
acoustic test room which is joined to the horn interior by a suitably sized open 
window. For structural tests, one large or many small panels representati ve of' 
a house interior wall can be installed in the cutout, or one or more walls of' 
the psychoacoustic test roam ean be used direetly f'or full-scale wall response 
and f'atigue tests. Many such studies and also others whieh utilized the 
Travelling-Wave Horn have already been completed (see Ref's. 13 and 15 to 22). 

In the shock-tube mode of operation, high-pressure air contained in a 
constant-area or pyramidal driver is suddenly released by breaking a diaphragm 
which initially separates the driver gas f'ram the lower pressure air in the 
horn. The expanding driver gas generates the travelling N-wave or simulated 
sonic boom. Although the peak overpressure of' the N-wave can be easily controlled 
to be lessthan, equivalent to or greater than that of' an actual sonic boom, the 
duration is short (up to 20 ms) and the rise time is rapid (about 20 ~s). Such a 
short N-wave can be useful f'or certain h'UlllaIl and animal response studies, but i t 
is more suitable f'or studies of' N-wave diff'raction over and into a model building, 
and also N-wave propagation over a reduced- s eale topology. 

For the mass-flow-valve mode of' operation of' the Travelling-Wave Horn 
a speeially designed, pneumatically-operated plug valve is used to control the 
mass-f'low rate of' air from. the high-pressure reservoir into the horn (Figs. 4 
and 5). The peak overpressure and wave length of' the simulated sonie boom ean 
be controlled independently sueh that either one is less than, equivalent to or 
greater than that of' an actual sonic boom. The rise time of' the simulated sonic 
boom is typically 3 to 6 ms . The interior of' the horn is equipped wi th a special 
high-f'requency sound absorber or low-pass acoustic filter f'or removing jet noise 
fram the passing N-wave (Figs. 3 ~~d 6). This undesirable jet noise is generated 
by the high-speed turbulent .air f'low at the plug valve, and it is superposed on 
the simulated sonie boom. The open base of the pyramidal hom is eovered by a 
speeially-designed reflection-eliminat or (Fig. 3), which is in the f'orm of a 
recoiling porous piston. This device adequately minimizes the undesirable re~ 
f'lected wave which is generated when the simulated sonic boam reaches the large 
end of the horn. 

Jet noise superposed on simulated sonic booms generated with the plug 
valve is well illustrated in Figs. 7 and 8 for different N-wave amplitudes and 
durations (Ref. 10) Without the use of the jet-nöise absorber (first column) 
the superposed noise is nOrmally very severe, whereas with the absorber (second 
column) the noise is markedly less intense. However, even in the latter case, 
the subjective loudness of the boom can be inereased substantially by the presence 
of the jet noise, and thus results of human and animal-response tests can be 
affected (Ref. 13). Furthermore, since structural panels respond not only to the 
basic N-shaped pressure signature but also to the lower frequencies of the jet 
noise, panel response is aff'ected by the jet noise (Ref's. 18 and 19). Consequently, 
it was concluded in Ref. 10 that the Travelling-Wave Horn, when operated with the 
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plug val.ve and jet-noise absorber, is limited in performance by the jet noise 
to N-waves having a peak amplitude less than 200 N/m2 a~d a duration shorter 
than 150 ros. 

The possibi1ity of greatly improving the perfo~~ce of the facility 
was pointed out in Ref. 100 Al1 ru1alysis of the jet noise showed that the noise 
could be reduced to inconsequential. significanee by using a valve which has a 
much larger throat area (e.g 0' tenfold larger at about 350 cm2). For the same 
mass-'flow rate of air through the val.ve, which would produce an equivalent 
amplitude and duration N-wave, the 1arger valvewould re sult in a much 10wer 
flow speed at the valve throat (we11 be10w sonic speed) and thus markedly-
1ess intense jet noise. It was realized that scaling up the plug va1ve to a 
much 1arger size might be impractical. The resulting larger and more massive 
plug might be very difficult to acce1erate quickly to high speed when needed, 
maintain a constant high speed and dece1erate in order to control with precision 
the mass-f10w rate of air through the val.ve. Consequent1y, a ,radical1y new mass­
flow valve was designed andconstructed, and the Travel1ing-Wave Horn was modified 
to operate with this large flap valve. 

A detai1ed description is given of the design, operation and performance 
of the UTIAS Trave11.ing-Wave Horn with the new flap valve. This description 
covers the basic e1ements of the faci1ity i nc1uding the air-compressor and large­
reservoir system, pyramidal horn, ref1ection eliminator, and flap va1ve with its 
unique e1ectric-motor drive, f1ywhee1, fast ... acting c1utch al'ld · cam system. This 
is followed by an updated and great1y extended analysis to describe the time­
varying reservoir conditions (e.g., res.ervoir pressure) , valve operation and 
wave motion in the pyramidal horn. The amplitude, duration a.."rJ.d wave form of 
the 'simulated sonic boom can be predicted successful1y. 

2. DESCRIPrION OF THE TRAVELLING-WAVE HORN 

2.1 pYr.amidal Horn 

A plan view of the UTLAS sonic-boom laboratory and Trave11ing-Wave 
Horn when operated with the flap valve is shown in Fig. 9. The pyramidal horn 
is enc10sed at the smal1 end by a building aal led the control room and at the 
large end by the test room, as depicted in Fig. 9 and also showp- in Fig. 10. 
Pictures of those parts of the horn contained in the control a11d test rooms 
appear in Figs. 11 and 12, respective1y. The interior of the horn, 100king from 
the base .towards the apex, is shown in Fig. 13, and the opposite view of the 
interior appears in Fig. 14. The i11usory effects that the horn appears infi­
nitely long in Fig. 13 and has no divergence in Fig. 14 are also experienced 
when one .stands inside the horn. 

The pyramidal hom is 25 m long, has a square base which is 3 m on each 
side, and has a total di vergen ce ang1e of 7.2 degrees. The first part of the 
horn which is 2.4 m long is made of 2.5-cm-thick steel p1ate, and it is supported 
by a special stand (Fig. 11). The remainder of the horn is made of stee1-
reinforeed concrete, and this monolithic structure also has extreme1y rigid wal1s 
which are 20 cm thick. The steel a~d concrete portions of the ,horn were purpose1y 
designed to have very rigid, nonporous and flat wal1s, in order to minimize 
undesirable wave-energy losses and resulting wave-form distortion as the simu1ated 

,sonic boom propagates from the small to the large end of the horn. The horn wa11s 
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are p1ane to within 0.2% of the duct width where the wall perturbation occurs, 
and such protuberanees should not pro duce significant transverse waves in the 
horn. 

The cross-sectiona1 area of the horn (A) increases continuously with 
radial distance (r) measured from the projected horn apex, as given by the 
fo11owing expres sion: 

2 2 A = A (r/r) = (r/8) e e ( 1) 

The area at tl1e large end (Ae) equals 9.30 m2 and the corresponding radius 
(re) equals 24.38 m. This expression f9r the plane cross-sectional area is a 
good approximation for the curved surface area associated with the sPherical 
wave front of the .simulated sonic boom, and it is used for simplicity in the 
analytical work. Note that the percentage difference between the plane and 
curved surface are as amounts to only 0.3'/0 for the UTIAS horn, because the 
divergence angle of 7.2 degrees is relatively small. 

A pyramidal hom instead of a hyperbolic or wedgy duct was selected 
because this type of horn forms asolid angle of a sphere. Consequently, the 
expansion flow process of a weak spherical explosion (Ref. 14) can be simula:ted 
and a travelling N-wave produced from the onset near the horn apex. Only a small 
portion of a full sphere is incorporated in the hom in order to minimize the 
source energy required to produce the simulated sonic boom. The source energy 
required for the operation of the UTIAS facility is about three orders of 
magnitude (1/256~) less than that needed for the case of a full sphere, which 
is calculated by taking the ratio of the cross- sectional area of the horn 
(r2/64) to the full area of the corresponding sphere (4nr2). The source energy 
cannot be reduced much further because a sufficiently large interior test section 
is required (about 2.5 m square) to accommodate a human subject or a structure 
and the horn length is limi ted (about 25 m) by cost and space considerations. 
Note also that a pyramidal horn having aplane floor, walls and ceiling provides 
a b~tter working space than, for example, a conicaL horn. 

2.2 Air Reservoir and Co~ressor System 

The air reservoir system for the Travelling-Wave Horn consists essen­
tial1y of a large cylindrical tank (3.4 m3) located inside thecontrol room 
(Fig. 11) and two additional long cylindrioal tanks (3.4 ~3 each) outside the 
control room (Figs. 9 and 10). The three tanks are interconnected by suitable 
short pipes of large diameter to minimize unnecessary pressure differences and 
wave motion between tanks during the generation o~ a simulated sonic boom. 
Furthermore, their cambined volume is sufficient to provide a reasonably constant 
reservoir pressure during aperation. The large indoor tank is connected via a 
short transition duct .directly to' the flap-valve housing (Figs. 9 and 11). Low­
pressure air (1 to 2 atm) is supplied to the reservoir by means of a two-stage, 
high-pressure (1 to 18 atm) , reciprocating compressor (16 brake horsepower, 
0.025 m3 capacityat 850 rpm) and its small se1f-contained reservoir (0.5 m3). 
The high-pressure air in the compressor reservoir maintains the faci1i ty reser­
voir at a desired, prese1ected lower pressure by means of a suitable pressure 
sensor and electronics, pressure throttle, and e1ectrically controlled, 
pneumatical1y actuated balI valve. Note that the air compressor has been housed 
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outdoors in a special. acoustical.ly insulated shed (Fig. 10) to provide a virtual.ly 
noise-free atmosphere inside the control and test rooms as well as the inside of 
the pyramidal horn. 

2.3 Flap Valve and Control System 

The flap valve and its essential. requirements for producing a simulated 
sonic boom are illustrated in Fig. 15. The primary function of the mass-flow 
valve (Fig. 15a) is to release in acontrolled manner higher pressure air from 
the reservoir into the pyramidal. horn, where the expanding flow generates the 
simulated sonic boom. To achieve this simulation each valve flap must execute 
a one-cycle, oscillatory rotational motion such that the valve-throat area (A) 
is approximately a "paral:>olic" function of time (Fig. l5b). For constant 
reservoir-state conditions the mass-flow rate (m) of air through the valve 
throat has the same parabolic profile (Fig. l5b). This particular mass-flow-rate 
distribution, from zero to a maximum and back to zero again, produces the desired 
N-shaped overpressure signature (~) of the simulated sonic boom (Fig. l5c). 

The mass-flow valve, dual flaps in the valve housing, three-bar linkage, 
cam, clutch, flywheel, electric motor and control system are shown in the two 
pictures of Fig. 16 and al.so illustratively in Fig. 17. When the flaps are in 
their normally closed state the higher pressure reservoir air is prevented fram 
flowing into the horn. Although the electric motor turns the flywheel and the 
nearest part of the disengaged clutch at constant speed, the other part of the 
disengaged clutch, the cam and valve flaps are motionless. To actuate the valve 
in order to generate a simulated sonic boom the stationary half of the clutch 
is allowed to move axial.ly towards the rotating half and engage it, causing the 
cam shaft and cam to sUddenly rotate at constant speed. The rotating cam forces 
the three-bar linkage to synchronously rotate the flaps, first outwards to 
increase the throat area and mass flow rate of air from the reservoir into the 
horn and then inwards to decrease the throat area and mass flow rate. Af ter one 
cam~shaft revolution the clutch disengages automatically and also suddenly stops 
the cam and cam-shaft rotation. The flaps have now returned to their original 
locations and the one-cycle operation has ended. The cycle can be repeated, of 
cours.e, to produce a second and subsequent simulated sonic booms. 

The flap valve has a centre section or aerodynamic fairing which has 
not been shown in Figs. 15 and 17. A drawing of the fairing in the flap val ve 
is, however, shown in Fig. 18, and the motion of the flaps and various parts of 
the fairing during the opening stage of the valve are illustrated in Fig. 19. 
In Fig. 19a the flaps are shown in their normally closed state. The spring­
loaded plates of the fairing are pressed together and a good seal is maintained 
to prevent air leakage from the reservoir into the horn. During the initial 
outward motion of the flaps, the fairing plates are forced outwards to follow 
the flaps and maintain the air seal (Fig. 19b). Eventually the plates are stopped 
suddenly .by the fairing front stops, as the flaps go beyond the fairing edge 
(Fig.19c). At this time the transition from no flow to flow through the valve 
is rapid, and it helps to produce a rapid rise time on the front shock of · the 
simulated sonic boom. As the flaps continue to move outwards, the first half 
of the boom is generated by the increasing flow of air into the horn. The 
second half of the boom is generated as the flaps move inwards and decrease the 
flow back to zero. A rapid transition from flow to no flow, when the flaps 
re-establish · contact with the central. fairing, helps to produce a rapid rise time 
on the second shock of the boom. Note that the central fairing is shaped like a 
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symmetrical airfoi1 (Fig. 1.8) to minimize flow turbul.ence and high-frequency 
noise. 

The two valve f1.aps are each 28.0 cm long and 19.7 cm wide, and they 
are firmJ.y screwed to their pivot shafts which are 21.6 cm apart (Fig. 18). 
Near1y synchronous motion of the two f1aps is achieved wi th a simp1e but COID­

p1.ete1y adequate three-bar 1.inkage between the flap pivot shafts. The rotational 
motion of the f1aps, which produces the desired parabo1ic throat-area variation 
and mass-f1ow-rate profile, is contro11.ed by the cam. Although the cam shape 
must be quite precise to produce the desired flap motion, the cam can be designed 
on the basis of the predicted shape. When the f1aps are in the ful.1y open position 
the val ve-throat area can be as large as 250 cm2 • However, the cam of the present 
system does not uti1ize this who1e area, as the maximum throat area is on1y 
156 cm2 • Note that the f1aps are quite light for rapid acce1eration response, 
and they have O-ring seals al.ong their sides which slide over the va1ve-housing 
inner surfaces. 

A variab1e-speed, direct-current, e1ectric motor (5 brake horsepower) 
has the capabi1.ity of handling the ave rage but not peak torque requirement of 
the flap valve. The reservoir pressure acting on the f1aps during the valve 
opening period can produce a large counter torque. However, the f1ywhee1 
(diameter of 31 cm, width of 1.0 cm) adds the extra capabi1i ty to meet the peak 
torque requirements. lts large rotational inertia is sufficient to gi ve an 
essential1y constant-speed cam rotation during the valve operation. The motor 
speed or the f1ywhee1 and cam speed contro1. the open-to-c1ose time of the valve 
and hE.lnce the duration of both the air f1.ow through the valve and the simul.ated 
sonic boom. The f1ywhee1 and cam speed can be convenient1y varied from as high 
as 600 rpm to 100 rpm and even lower to give corresponding boom durations as 
short as 100 ms to 500 ms and even longer. Note that the reservoir pressure 
dictates the boom amplitude, and the cam shape determines the boom wave form. 

An i11ustration of the details of the fast-acting, one-cyc1e, mechanical 
c1utch appears in Fig. 20a and Fig. 20b. When the trigger mechanism (Fig. 20a) 
is actuated e1ectrical1y, the stationary part of the c1utch on the cam shaft next 
to the coup1ing is re1eased and forced by means of a campression ~pring along 
the shaft into the rotating part of the c1utch linked to the spinning f1ywhee1. 
The quick engaging of the c1utch sudden1y rotates the coup1ing and cam shaft 
at the f1ywhee1. speed. As the cam shaft is rotated by the f1ywhee1, the c1utch 
pin fo11ows the outward spiral contour of the c1utch housing and subsequent1y 
causes the c1utch to disengage just prior to the end of one revo1ution (Figs. 
20a and 20b). The continuing cam-shaft rotation, owing to rotational inertia, is 
then stopped suddenly by means of the c1utch pin when i t strikes the rubber­
cushioned pin stop. Recoi1ing rotation of the cam shaft and cam is restrained 
by a special spring-1oaded catch mechanism (Fig. 20b), and re-engaging of the 
c1utch is prevented by the trigger mechanism which resets automatical1y (Fig. 
20a). To minimize both the acce1eration and dece1eration forces imposed on the 
c1utch components during the sudden starting and stopping phases, the cam, cam 
shaft and associated rotating c1.utch parts were designed to have a smal1 rota­
tional inertia. 

2.4 Ref1ection Eliminator 

When the simul.ated sonic boom propagates to the base of the horn i t 
woul.d normal1y be partially ref1.ected from the open end. This ref1ected wave 
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would then disrupt the simulated pressure and flow conditions in the interiór 
test section (Fig. 9), because the wave length of the simulated sonic boom 
can be as many as four times longer than the entire horn. In order to eliminate 
or at least adequately minimize this undesirable reflection and its stibsequent 
echoes, a reflection eliminator was built to cover the base of the horn. The 
reflection eliminator is basically a huge porous piston, as i11ustrated in 
Fig. 21. The porous part of this piston i~ a 2.5-cm-thlck blanket of microlite 
material (12 kg/nJ). Because the porous piston is free to move on a special 
roller-and-track support, i t can respond to the incident simulated sonic boom,.' 
being accèlerated by the drag forces of· the air flowing through the porous 
microlite~ Significant air leakage around the porous piston is prevented by 
enclosing the piston at its periphery with a special skirt which is attached 
to the base ' of the horn. The cc;>rrect flow resistance of the porous microlite 
and correct piston weight, as weIl ~s the ability of the piston to move, 
provides a matching of the impedance of the duct exit to that of the incident 
simulated sonic boo~, thereby eliminating the reflected wave (Ref. 10). 

3.. PERFORMANCE OF THE TRAVELLING-WAVE HORN 

The Travelling-Wave Horn utilizing the :flap valve has proven 'experi­
mentally to be a "practical facility for the simulation of a sonic boom from 
either a SST or suPersonic mili~ary aircraft, because the air: ·compressor and 
reserVoir system, flap valve, pyramidal horn and reflection eliminator all 
essentially funct;i.on correctly as designed. The simulated sonid boom in the 
horn has an N-shaped overpressure signature for the following reasons. Firstly, 
the electric motor, flywheel'- clutch, .cam and three-bar linkage move the flaps 
correctly to gi ve the desired parabolic throat:"area variation . Secondly, the 
reservoir volume is sufficiently large to maintain a nearly constant driving 
pressure during thè valve operation such that theflow through the valve has 
the desired corresponding parabolic mass-flow-rate variation, which generates 
a boom having the required N-shaped averpressure signature. Thirdly, the 
reflection eliminator adequately minimizes the wave reflection from the large 
end of the horn such that the N-wave flow and pressure conditions in the interior 
test section are not di srupted. FourthlY, jet noi se superposed on a simulated 
sonic boom is not a problem, because the large throat area of the flép valve 
can easily pass the required flow rate at a low flow speed and consequently 
generates little jet noise. Note that more jet noise than is desirabIe is 
superposed on high-amplitude and l,ong-duration booms, whlch are only infrequently 
needed forsonic-boom tests, but even this noise could be adequatelydiminished 
by utilizing a large cam and thus a larger valve thr~at area. 

The N-wave duration requirements are more than sufficiently satisfied 
because the easily adjusted motor speed Can he set to give valve open-to-close 
times and thus boom durations from 100 to 300 ms and even longer. OWing to the 
flexibility ' of setting the reservoir pressure from as low as 1 atm (absolute) 
to as high as 2 atm, the facili ty has the capabili ty of producing an N-wave having 
a lower, equivalent or higher amplitude than that of an actual sonic boom. Peak 
overpressures as high as 1200, 600 and 400 N/m2 can be achieved easiJ:y for 
respective N-wave durations of 100, 200 and 300 ms. The rise times df the front 
and rear shocks ' of the simulated sonic boom are not constant but depend very 
weakly on N-wave amplitude and more stronglY ' on duration. For example, a typical 
rise time of the front shock, . defined as 1.25 times the time for the overpressure 
to rise from 10 to 900/0 . cif i ts peak value, is about 6, 8 and 10 ms for corresponding 
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ruations of 100, 200 and 300 ms. The rise time of the rear shock is always 
samewhat longer (10 to 25%). 

The Travelling-Wave Horn has been designed for continuous operation 
such that a sufficiently rapid sequenee of simulated sonic booms can b e produced 
to facili tate structural response, fatigue and damage studies. The number of 
booms per unit time depends on both the mass of air discharged fram the reservoir 
per boom. and the capaci ty af the compressor to refill the reservoir. For the 
case of a long-duration N-wave of 300 mshaving a modest peak overpressure of 
100 N/r.rl, the generation rate has been found to be ahout three booms per minute. 
For a shorter duration boom of 200 ms having the same amplitude, the facility 
can easily produce six booms per minute. If the duration is still shorterat 
100 ms the generation rate increases to ahout fifteen booms per minute. When 
the N-wave amplitude is doubled from 100 to 200 N/mf, then the generation rate 
is reduced by a factor of two. 

As already mentioned, the valve flaps move correctly and give a para­
bolic throat-area variation wi th time. Although the area variation cannot be 
measured directly during the generation of a simulated sonic bbam to substantiate 
the preceding statement, i t can be inferred directly from. a measurement of the 
angular-,displacement history of a flap. Note that the throat area is directly 
proportional to the angular displacement of f flap, provided that the rotation is 
sufficiently small. Measured angular-displacement histories of the top flap, 
which are virtually the same as those for the bottam flap, are shown in Fig. 22. 
Results are given not only .for three different N-wave durations of 100, 200 and 
300 ms, but also for three different reservoir overpressures of 6.9, 13.8 and 
20.7 kN/m2 . -These m~asured profiles have been reproduced in Fig. 23 where they 
can be better campared to a paral:>olic profile. Fram these and other angular­
displacement histories it can be concl.uded that the cam shape and associated 
flap rotation produce the desired paraholic throat-area variation. 

The capability of the Travelling-Wave Horn ~or gene rating both 
different amplitude and duration simulated sonic booms ha ving a good N-shaped 
signature is aptly demonstrated by the maasured overpressure signatures shawn 
in Figs. 24, 25 and 26. These N-shaped signatures are quite representative Of 
those of actual sonic booms. 

The measured signatures also show that low-ampli tude and short-duration 
booms are virtu.a.lly free of jet noise, and significant jet noise only occurs 
superposed on infrequently used booms ha ving a high amplitude and long duration. 
It is now worthwhile to camparethe virtually noise-free signatures of Figs. 24, 
25 and 26 for the case of the flap valve to the noisy signatures of Figs. 7 and 
8 for the other case of a plug val.ve and pyramidal horn wi th and without a jet­
noise ahsorber. Fram this comparison it is quite obvious that the facility 
modification fram a plug valve to a much larger flap valve was more effective in 
reducing the jet noise than the addition of a jet-noise absorber to the original 
facility utilizing a plug valve. 

Some additional. high-frequency noise appears ahead of the front shock 
of short-duration simulated sonic booms, as can be seen in Fig. 24. Such 
undesirable precursor noise is due to mechanical. banging af mainly clutch parts 
during the fa st clutch engaging process. This ~noise is of course more severe 
for higher flywheel and cam-Shaft speeds required for short-duration N-waves. 
Precursor noise is not much of a problem because it is nrtually ab'sent from 
overpressure signatures having a duration greater thanabout 100 ma (see Figs. 
25 and 26). 
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The low-~requency perturbations in the basic N-shaped overpressure 
signatures shown in Figs. 24, 25 and 26 are not due to a de~ective reflection 
eliminator , but resul t instead ~rom enclosing the large end o~ the hern and 
re~lecti,on eliminator in the test room (Fig. 9). The simulated sonic boom, on 
passing out o~ the hom tbrough the porous piston i n to the test room, cause 
low-~requency wave motion in the test room (Helmholtz 'resonator e~~ect). Such , . 

waves subsequently enter the horn through the porous piston and slightly ,disrupt 
the~low and pressure conditions in the interior test section, thereby causing 
undesirable perturbations in the N-shaped signature. To minimize the enclosing 
e~~ect o~ the test room, two large test-room doors directly bebind the re~lection 
eliminator are opened during normal ~acility operation. 

Be~ore discussing the rise times o~ the ~ront and rear shocks o~ the 
simulated sonic boom it is important to ~irst de~ine the rist time. The rise 
time' is de~1ned herein to be 1.25 times the time ~ol' the everpressure to rise 
~rom 10 to 9C1'/o o~ i ts pe,ak value. The peak value should be that o~the basic 
N-shaped signature and thus exclude any spurious peak caused by the jet noise 
or perturbation caused by the test-room enclosing e~~ect. This rise-time 
de~inition gave consistent and meaning~ul results . The measured rise times ~or 
repeated trials were very similar because the 10 and 9C1'/o points o~ the sheck 
pro~ile were well de~ined in each case and also consistent, as was the rapid 
overpressure rise between these two points . Note that the 0 and 100% points 
o~ the shock pro~ile we re not well de~ined and varied substantially ~rem one test 
to the next. The rise-time de~inition gave meaning~ul results not only because 
the measured rise times were consistent, but also because the subjective loudness 
o~ a shock is mainly a ~unction o~ the rapid rate o~ change o~ overpressure and 
only weakly dependent on the total overpressure change. Furthermore, in the case 
o~ a shock pro~ile which rises asymptotically to i ts peak value (rear shock o~ an 
N-wave), a rise-time de~inition based on the overpressure change ~rom a minimum 
( C1'/o ,poin t) to a maximum (100% point) would 'Yield an i~ini te ri se time, whereas 
the de~inition adopted in this work would give a realistic ~inite value. 

Rise times o~ the ~ront and rear shocks o~ simulated sonic booms 
shown in Figs. 24, 25 and 26 are not all equal or constant, but dep end mainly 
on the valve open-to-close time or N-wave duration and to some extent on 
reservoir pressure or N-wave amplitude. Neglecting the small e~~ect o~ reser­
voir pressure, the rise time o~ the ~ront shock averages about 6, 8 and 10 ms 
~or a duration o~ 100, 200 and 300 ms respecti vely. The average rise time af the 
rear shock is generally 10 to 25% longer . These rise times o~ simulated sonic 
booms are certainly .longer than most o~ those taken ~rom measurements o~ actual 
sonic booms. For example, the rise time o~ the ~ront shock o~ a sonic boom ~rom 
the Anglo-French Concorde SST ranges ~rom as ,low as 0.1 ms to 5 ms and sometimes 
even longer (Re~. 23), and probably has an average o~ about 1 ms. On the other 
hand, the average rise time o~ 638 sonic booms ~ram military aircr~t was ~ound 
to be 4 to 5 ms (Re~. 2~). 

The rise time o~ the simulated sonic boom ~rom the Travelling-Wave 
Horn is certainly Short enough at 6 to 10 ms to ~acilitate most room-resonance 
studies and structur,al-panel response and da.mage investigations. However, most 
human-response studies (startle, hearing, heart rate, sleep) and also animal­
response tests (cochlea damage) require a sonic boom having a mudh shorter rise 
time. Additi onally, it is important to c0ntrol the rise time and be able to 
vary it ~rom l ,ms or even shorter i~ possible to .10 ms andlonger. Although 
the camplementary UTIAS Loudspeaker-Driven Booth can generate a simulated sonic 
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boom having a rise time which can be controlled from 1 to 10 ms and even longer, 
in order to facilitate human and animal-response studies, it was hoped that the 
UTIAS Travelling-Wave Horn would have a similar capabili ty . 

Much thought was originally given to the design of the flap valve to 
achieve a short rise time on both shocks of the simulated sonic boom, hopefully 
as short as 1 ms. Fur thermore , a simple scheme was con tri ved to control the 
rise time, such that it could be varied from 1 to 10 ms or longer as desired. 
The first central-fairing design, shown schematically in Fig. 27, featured two 
very thin steel plates. As the valve flaps initially move outwards (Fig. 27a) 
and break free of the central fairing, the steel plates are simultaneously · 
translated and rotated outwards fr om their nOrmally retracted position into 
their outermost location (Fig. 27b). Later, when each flap returns, each 
associ ated steel plate is quickly retracted to clear the space for the flap and 
thus avoid severe flap impact with the plate. In experiments with this first 
central fairing, short rise times of about 1 ms on the front shock and 2 to 3 
ms on the rear shock were achieved, provided that the steel plates moved very 
quickly into their outermost location and later back into their retracted position. 
On the other hand, when the plates were not allowed to move and fixed in their 
retracted state, both rise times were very long at about 15 ms. By simply 
controlling how quickly the steel plates could be extended or retracted, it was 
found that the rise time of the front shock could be correspondingly controlled 
and varied from 1 to 15 ms. Also, the rise time was not strongly affected by the 
N-wave duration or amplitude. These experiments were very important in that they 
confirmed the two-fold concept of generating a simulated sonic boom having a 
short rise time of about 1 ms and controlling the rise time with a special control­
fairing mechanism. 

Difficulties were, however, encountered with the first control-fairing 
design (Fig. 27), which unfortunately prohibited its use for normal facility 
operation. On the return motion of the flaps to the central fairing, the flaps 
would occasionally strike the steel plates wi th sufficient impact to cause 
permanent plate bending . This bending would of t en cause other val ve parts to 
bind and sometimes fail. Such valve failure occurred as frequenbly as once for 
every 20 to 50 simulated. sonic booms, and valve repair generally . required a few 
man days of effort. To overcome this problem a second central fairing (Figs. 
18 and 19), which was used for all work given in this report, was designed and 
tested. This second central fairing has never failed because each of the two 
plates is firstly hinged at the centre to reduce impact forces and secondly 
thicker to avoid bending failure. However, the penalty of using this second 
central fairing has been that the rise time of the front and rear shocks of the 
simulated sonic boom are undesirably long at 6 to 10 ms and longer. The thick, 
hinged plates of the central fairing unfortunately do not move sufficiently fa st 
or in just the correct manner to produce the rapid starting and stopping flow 
processes needed to produce short rise times on the front and rear shocks 
respectively. If simulated sonic booms having a short rise time of less than 
6 ms are required for nor.mal facility operation, then modification or possibly 
new design of the central fairing and valve flaps is necessary. 

4. ANALYSIS FOR ~HE TRAVELLING-WAVE HORN 

A combination of gasdynamic and acoustic theory is used to successfully 
predict the main features ,of the simulated sonic boom (wave form, amplitude, 
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dtiration, rise time). Gasdynamic theory is used first to describe the time­
varying conditions of the air in the reservoir (e.g., pressure and temperature) 
and the mass flow rate of air out of the reservoirthrough the opening and 
c10sing flap valve into the pyramidal horn. Acoustic theory is then employed 
to describe the resulting wave motion in the horn. Because of certain assump­
tions made in the gasdynamic analysis, the mass-f1ow rate of air out of the 
reservoir can be determined without solving for the wave motion in the horn, 
and it thus serves as a convenient boundary condition for the separate acoustic 
analysis • . Although this type of analysis for a trave11ing-wave horn is based 
on work given originaJ.1y in Refs. 6 and 7 and much more complete1y in Ref. 10, 
the present analysis features not only a new interesting method of solution but 
also new results. 

4.1 Gasdynamic Analysis of the Reservoir 

. Theair reservoir of the Trave11ing-Wave Horn has a finite volume 
(10.2 ~). Consequent1y the properties of the reservoir air are not fixed with 
time but vary continuous1y as the air discharges out through the flap valve and 
generates the simulated sonic boamin the pyramidal horn. In order to predict 
the reservoir conditions, assume that the state properties are spatially uniform 
and aJ.l changes with time are adiabatic and reversib1e. Then the f0110wing 
isentropic expressions can be used to re1ate the time-dependent reservoir temper­
ature To(t), sound speed ao(t) , pressure poe t) and density Po(t) to their initia1 
fixed values which are denoted by an overhead bar. 

= r a~(t) 12=J P;(t) ] Z;l = r pf) J ,1 

000 

(2) 

The symbo1 y denotes the ratio of the specific heat at constant pressure (Cp) 
to that at constant volume (Cv). Now assume that the air flow from the reservoir 
through the flap valve, which is essential1y a convergent-divergent duct flow 
with a slow1y varying throat area, is not on1y adiabatic and reversib1e but 
also one-dimensional and quasisteady. Isentropic expressions given below then 
re1ate the time-dependent properties of the reservoir air to those at the va1ve 
throat (denoted by the subsciprt *) and alSO to the flow Mach number M*( t). 

The fo11owing equation for the mass-flow rate of air per unit area at the valve 
throat ~(t) can be expressed as a function of the Mach number M*(t) , which is 
simp1y the ratio of the flow speed u* ( t) and sound speed a* ( t) . 

(4) 

If the_flow-area yariation ~(t) at the va1ve throat is expressed as Ä*N*(t), 
where ~ is the maximum throat area and N*(t) describes the area variation, 

11 



then the mass .f'J.ow rate is ~(t) Ä*N*(t) or p*(t) a*(t) ~(t) ~N*(t). For this 
mass flow rate of air out of the reservoir having a volume V, the resul ting rate 
of decrease of reservoir-air mass is simply Vp' (t), where the prime denotes 
differentiation with respect to time. The res~rvoir density is thus governed 
by the fOllawing differential equation. 

( 5) 

In order to solve this differentiaJ. equation in conjunction with previous 
~ressions, the equation of state (p = paT) and sound-speed expression 
(a = ')'RT), a boundary condition for the flow at the val ve throat is needed. 

Consider first the case of choked flow at the valve throat for which 
l\.( t) does not change with time but equals unity. This is the required boundary 
condition if the flow is choked. Choked flow can be assumed to persist with 
time as long as the throat pressure p*(t) exceeds the ambient p~essure in the 
pyramidal horn, which can be taken to be abmospheric pressure (p). Or, choked 
flow occurs when the reservoir to atmospheric pressure ratio Po(t)/p exceeds 
the reservoir to throat pressu+e ratio Po(t)/p*(t). From Eq. 3 with ~(t) 
equal to unity, this critical pressure ratio Po(t)/p*(t) is constant and 
simply equal to (')'+1)12 raised to the power of '1'/(,1). For the case of air 
with 'I' equal to 1.4 the critical pressure ratio is thus 1.892 or thê reciprocal 
of 0.528. 

By using Eqs. 2 and 3 and letting M* ( t) equal uni ty, the differential 
equation (Eq. 5) can be expressed in terms of only one unknown To(t) , ao(t), 
poet) or poet) and integrated explicitly. The simplest procedure is to use 
the unknown ao(t) to obtain the fOllowing result. 

~ t/t 
ao(t) = [ 1 + L..:..1: ( 2 )2 ,1 äoÄ*to J : (y)dy ]-1 (6) 

a 2 '1'+1 V * 
o 0 

Other results for To(t) , poet) and poet) follow from Eq. 2. The mass flow rate 
per unit area ~(t), normalized by the product of atmospheric density p and sound 
speed a, can be derived easily fram the preceding results, and it is given below. 

~ _ .ti 
m*(t) = ( 2 )2( ,1) Po ä (ao(t) )'1'-1 

- - 'I' + 1 - - -paP a a o 0 

Note that the nondimensional parameter áoÄ*to/V and the integral of N*(t) deter­
mine how fast the reservoir conditions and mass flow rate per unit area change 
with time. The changes are rapid and large if N*(t) is unity and t~e parameter 
is large,corresponding to a small. air reservoir (V), large valve (A*) and a 

. long valve open-to-close time (to). 

NoW' consider the other case of unchoked or subsonic flow at the valve 
throat for which ~(t) is less than unity and not constant. For this case a 
reasonable boundary condition for the flow at the valve throat is to take the 
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static pressure p*(t) as constant and equaJ.. to atmospheric pressure p. An 
immediate consequence which follows from Eqs. 2 and 3 is that .al.I other throat 
conditions such as T*(t), a Ct) and PiE-(t) are aJ.so constant. By using this 
assumption and Eqs. 2 and 3~ the pre~ous differential equation for the density 
(Eq. 5) can now be expressed in terms of only one unknown ~(t) as shown below. 

[ 1 + x; 1 ~(t) ( 8) 

Once ~(t) is obtained from a solution to this differential. equation the 
reservoir time-dependent eonditions and mass flow rate follow from Eqs. 2, 3 
and 4. 

Equation 8 ean be solved exactly for only certain val.ues of r (e.g., 
5/3, 3/2 and 7/5). For the relevant case of ,air (r = 7/5), the exact solution 
can be given as follows, 

xVI + x
2 (5 + 2x) - x v'l + x2 (5 + 2X) + 3.tn(·x +~I + x

2
) 

8
- - . t/to 

. / 2 a*A*t J - 3~n(x +'1 1 + x ) +V 0 N*(y)dy = 0, 

o 

where x equ~s ~(t)/,J5 and the initial. val.ue x is M~.J3. The initial. flow 
Ma~ number M* a-E time t equaJ.. to zero follows from Eq. 3 with p*(t) replaced 
by p as shown below. 

(10) 

Note that a* in Eq. 9 is the sound speed Of the air at the val.ve throat and not 
in the reservoir. However, it is related to the initial. val.ues of reservoir 
sound speed and pressure by Eqs. 2 and 3, as shown below. 

rl 

~* = äo (~ )2 r 

Po 
(11) 

Now, tor a given initial. reservoir sound speed 8.0 ' pressure ratio Po/p and 
volume V, val.ve open-to-clof?e time or flow duration to, and throat-area 
distribution Ä*N*(t), the flow Mach number ~(t) can be obtained fram Eq. 9 
by an iterative procedure. 

The nor.malized function N*(t) for the throat-area variation has thus 
far been left in a general form such that any actual. or ideal.ized form of N*( t) 
can be used in tl1e anal.ysis. At this stage, however, it is worthwhile to 
introduce an ideal "parabolic" form ;for N*(t), wbich is given bel.ow. 
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t < 0 

(12) 

Hence, the integral in E~. 9 is given as follows, 
. t/t ... I ~*(y)dy = ~ [ 3 (~ J -2 (~J3 J ' (13) 

and it has a maximum. value of 2/3. It should be noted that in practice the 
cam shape and resulting valve-flap motion are designed to produce this parabolic 
throat-area va.riation (E~. 12), in order to generate a simulated sonic boom. 
having a duration to. 

Once ~(t) has been determined by using E~s. 9, 10, 11 and 12 or 13 for 
a fixed initial reservoir pressure :Po and sound speed äo, the reservoir condi tions 
with time follow from E~s. 2 and 3. For example, the expression for the reservoir 
pressure is given below. 

_p;_~t_) = :0 [ 1 + 7 ; 1 ~(t) r\ (14) 

Fur:thermore, by using E~. 3 and previous results, the mass flow rate per unit 
area ~(t) can be expressed in the following nondiIDensional form. 

_ y-l 

-~-(-:-) = -~o [;0 r ~(t) (15) 

Al though i t may not be readily apparent from E~s. 9, 14 and 15, the nondimensional 
parameter a*Ä*to/V in the solution for ~(t), poet) and ~(t) determines how fast 
the reservoir conditions and mass flow rate change with time, like the previous 
case for choked flow at the valve throat. 

In past work with the Travelling-Wave Horn utilizing a plug valve 
(Ref. 10) the reservoir pressure was most of ten sufficiently high to produce 
choked flow (Po> 1.89p). In some cases, however, the reservoir pressure would 
decrease sufficiently such that the flow would become unchoked at later times. 
~en_the re~ervoir pressure falls to 1.89P, the new reservoir conditions (To ' 
ao ' Po and Po) at this time can be determined from. thechoked-flow solution and 
then used as input for the unchoked-flow solution. This procedure may be tedious 
but it is not unduly difficult. In the present work for a large flap valve, 
however, the reservoir pressure is always sufficiently low (Po < 1.89P) such 
that the two cases of choked flow and a combination of choked and unchoked flow 
are of no concern to this work. Henceforth the work will pertain solely to the 
case of unchoked flow at the valve thr.oat ~ 

For the case of unchoked flow it is inconvenient in the analysis to 
obtain ~(t) iteratively from. the exact solution (E~. 9) for r e~ual to 1.4, or 
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numerically from the original differential equation (Eq. 8) for other values of I. 
Fortunately, this inconvenience can be circumvented by using an approximate but 
very accurate explicit expression for M*(t). This approximate expression imposes 
no restriction on the value of I for normal values between 1 and 5/3. To obtain 
this expression the variabIe coefficient in Eq. 8, namely 1 + (/-l)~2(t)/2 raised 
to the power of (2-/)/(/-1), is first expanded in a binamial series. Such an 
expansion is va1.id because (/-l)~ 2( t) /2 is a small parameter less than uni ty 
which never exceeds (/-1)/2 (e.g., 0.2 for air). Then the differential equation 
can be integrated easily to give the following result. 

l\(t) - ~ + y [~(t) - ~] + (2 - 2'4&3 - 22') [~(t) _ ~] 

- - t/t 
a*A*to J 0. 

+ ••• + V N*(y)dy = ° 
o 

Now let an explicit solution for M*(t) take the following form, 

, ()() 

l\(t) = ~ I 
i=O 

i i( a.a:: I t), 
J. 

Cl:: = a*~to/V, 

t/t 
3 J 0 I(t) = 2 N*(y)dy, 

o 

(16) 

(17) 

which is reasonable provided that Cl::I(t) is a small parameter having an absolute 
value less than unity. Note that in the present work I(t) never exceeds unity 
and Cl:: typically varies from 0 to O:? 

When Eq. 17 for l\(t) is substituted into Eq. 16 and all terms of third 
order and lower are retained, the following approximate results for M*(t) can be 
obtained. 

~(t) 

~ 
= 1 + ~a::I(t) + a2a::212(t) + ~a::313(t) 

t/t 

I(t) = ~ J 0 N*(y)dy 

o 

-4 
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a = -16(2 - 7) 

2 9Ï\t2 + (2 _ r)~]3 

64(2 - r)[2 - 5(2 - r)NÇ] 
a = ---------------------------~-----
3 . 81M*I2 + (2 - r).~]5 

This explicit expression for ~(t) can, of course, be used in Eqs. 14 and 15 to 
evaluate the reservoir pressure poet) and mass flow rate per unit area m*(t) . 

Results of the unchoked-flow analysis are illustrated graphically in 
Figs. 28 to 33. In each c~se the throat-area variation with time, N*(t), was 
taken to be parabolic (Eqs. 12 and 13). Consider fir~t the results for the now 
Mach number ~(t) given by Eq. 18 and shown in Fig. 28. Thr~e_plots for three 
different but typical values of the nondimensional grouping a-l$"At to/V are shown 
in this figure. In each plot four different variations ofM*~t) appear, corre­
sponding to four different ini ti al values of the reservoir to atmospheric pressure 
ratio Po/p (or equivalently the Mach number i\.).: From these results ! t can be 
~een that ~(t) changes fram. i ts initial_ v~ue ~ more markedly when Po/p (or 
~) is lower and also when the value of a*~to/v is larger (large throat area, 
long valve open-to-close time ', small reservoir volume). It should be noted here 
that, for normal operation of the Travelling-Wave Horn to generate a simulated 
sonic boom having an amplitude from 20 to 200 N/m2 and a duration from 100 to 300 
ms, the change in ~(t) is small (less than 20%) because the reservoir was inten­
tionally designed to have a large volume. 

It is worth mentioning that the flow Mach number ~(t) can diminish to 
zero if the valve open-to-close time is sufficiently long. One such result is 
shown for interest in Fig. 28c (Po/p = 1.007). Once the Mach number diminishes 
to zero the flow from the reservoir ceases, even though the valve may still be 
pa.r.tly open and Eq. 18 predicts a negative Mach number or reverse flow. It 
should be noted that there is no mechanism in the present quasisteady gasdynamic 
analysis to prediet a reverse flow or flow oscillations like that of a second­
oraer differential equation describing a Helmholtz resonator (spring, mass and 
damper system). 

, The mass flow rate per unit area at the valve throat, ~(t), changes 
with time like the Mach number ~(t) shown in Fig. 28, because it is directly 
proportional to ~(t) (see Eq. 15). Consequently, these results are not shown 
grap~cally. Of more interest, however, is the variation of the mass flow rat~ 
m*(t)~N*(t). Although N*(t) is a parabolic function of time (Eq. 12), the mass 
flow rate will deviate from this ideal profile because ~ (t) is not ~on~tant but 
y~ies like ~(t). The degree of deviation for different values of po/p and 
a*~ tol"!. can readily be seen in Fig. 29, where the nondimensional mass flow rate 
~(t)/pa is plotted versus ~ime t/tQ ~d campared directly to the corresponding 
parabolic profi!e given by m*N*(t)fpa (~ ~s_ the initial-value of ~(t)]. For a 
small value of Po/p and a large value of a*A*to/V, it can be seen that the mass 
flow rate deviates more markedly from the ideal parbolic profile. 

The variatio!!- of the nondimensional pressure poe t) /p, den si ty Po (t )/p 
and temperature To(t)/T with nondimensional time t/to,~ich are each given 'by a 
combination of Eqs. 2, 14 and 18, are shown in Figs. 30, 31 and 32 respectively. 
The marked effects of large values of both Po/p and a*Ä*to/V on making the 
variation large can readily be seen. However, by nqting that the ordinate scale 
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has been greatly expanded, it can also be seen that the total relative change 
in each Po(t)/p, Po(t)/p and T(t)/T profile is normally small, even for the 
largest values of Po/p and ä*Ä* tJV . . 

The results for the reservoir pressure, density and temperature shown 
in Figs. 30, 31 and 32 do not bring out certain information pertinent to the 
selection of the reservoir volume for a sonic-boom simulator. Since the driving 
force for the air flow fr om the reservoir into the horn is ,not directly due to 
the absolute reservoir pressure poet) or pressure ratio Po(t)/p but rather to 
the pressure difference poet) - p, it is important that this pre~suredifference 
remains essentially constant during the generation af a simulated sonic boom. 
Results for the nondimensional ,pressure differenee (Po(t) - p)/(po - p) versus 
time t/to are shown in Fig. 33. They exhibit the same temporal variation and 
dependenee on 'á*Ä*to/V as th'e previous results for Po(t)/p (Fig. 30) but an 
opposite dependenee on Po/~. The change in (Po(t) - p)/(Po - ~) with time is 
larger for smaller vaJ.ues of Po/p. Consequently, the reservoir volume for a 
facility must be sufficiently large or ä*Ä*to/V sufficiently small such that 
(Po(t) - p)/(Po - p) varies insignificantly for the lowest value of the reser­
.voir pressure Po which one expects to use., 

4.2 Acoustic Analysis of the Simulate,d Sonic Boom 

The sound or .simulated sonic boom in the pyramidal horn is genérated 
by the influx of air at tbe hern apex. The well-known sphericaJ. wave equation 
which is given below is employed to describe the wave motion in the horn (Ref. 25). 

cl(rcp) 
ót

2 

The respective symbols ~,-' and r denote the velocity potential and the radial 
distanee measured.. from the horn apex. Because only an outward" riloving wave is 
generated by the air entering the horn and the reflection of this wave at the 
large end is neglected or considered eliminated by the reflect10n eliminator , 
the , gen er al- solution of the wave equation can be expressed in the following 
siriIple form. 

cp = f(or)/r (20) 

The symbol ro denotes the radial distance (1.58 m) at which the flap valve is 
attached to the pyramidal .horn, and or is a retarded time having an initiaJ. value 
of zero at the wave front. 

The overpressure l5p and partiele veloei ty b"u of the wave in the hom 
are related to the velocity potential rp, and also to tbe general function f( or) 
which describes the wave signature, as illustrated below. 

l5p = - p ~ ;::; " Ë f' ( ,.) 
' ot r 

(21) 
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~ 1 1 
b,U = ~ = - -_ - f I ( -r) - "2 f( -r) 

a r r 
(22) 

The prime denotes differentiation of the variable with respect to the argument 
given in the following brackets. It is worth noting that the overpressure is 
directly proportional to the derivative of f(-r) and decays with distance like 
l/r. The particle velocity, however, is essentially directly proportional to 
f( T) at sma1l radii or in the so-called naar-field and diminishes like l/r2, 
whereas at large radii or in the far-field it is directly proportional to 
fl(T) and decays like l/r. Hence, the overpressure and particle-velocity 
signatures have the same shape only in the far-field. 

In order to determine the function f( -r) and thus the overpres sure 
and particle velocity of the wave in the horn, the mass flow rate at the valve 
throat from the gasdynamic analysis, ~(t)Ä N*(t), is used as the boundary . 
condition for the acoustic analysis. Firstïy , it is assumed that the flow is 
quasisteady from the valve throat to the downstream location where the flap 
valve is joined to the horn. This location is at a radial distance ro, and 
the corresponding area is denoted by Äo, The mass flow rate at this location 
is mo(t)Äo or PAo.b.u to first order. Then, this mass flow rate can be equated 
to ~(t)~N*(-r) from the gasdynamic analysis, and b,U can be eliminated from the 
resulting expression by using Eq. 22, to give the fOllowing first-order, linear 
differential equation for f(-r). 

fl(T) +~ f(T) = 
Il o 

-ar 
o 

p 
(23) 

When the mass flow ra te m*(T)Ä*N*(T) is zero before time -r equal to zero, the 
function f(T) and its derivatives are all equal to zero. For a mass flow rate 
starting at T equal to zero and ending at -r equal to TO' the solutions for f(-r) 
and f I ( -r) during this time interval can be ob tained easily from Eq. 23, and they 
are given below. 

f(T) = 

ä.r 0 Ä* 
---exp 

p Ä 
o 

exp (24) 

+ ~(y)N~(y)] exp ~ dy" ( - ) 
r~' "'(25) 

When the mass flow rate is zero at times greater. than. TO, the follówing solutions 
for f(T) and fl(T) can be obtained. 

f(-r) = f(;- ) exP r- a (-r- -ro) J. (26) o r 
-- 0 ' " 

fl (-r) = fl (-r ) exp 
0 

[_ a (-r-
ro 

-ro) J (27) 
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Now that the results for f(T) and fl(T) are available, Eqs. 21 and 
22 forthe overpressure and particle velocity can be expressed as shown below. 

LiP(T) = 

b.u(ä·) = 

o 

l' 

::)J t~(y)N;(y) är Ä* ( ~-exp -
r ft.. 

o o 

\-

b.p(T )exp [- a (1' - l' )] 
o . ro 0 

o 

exp ( ~:)f 
o 

pr ft.. 
o 

if l' < 0 

if 0 < l' <:; l' o 

if T > l' o 

if T < 0 

'. if 

+ ~ m*(y)N*(y)]exp ( ~: )' dy 

(28) 

(29) 

These results complete the general solution for the wave motion in the pyramidal . 
horn, for any specified time distributions of the mass flow rate per unit area 
~(T) and throat area N*(T). In most cases the integrations would have to be 
done numerically to obtain final results for the 0verpressure and particle­
velocity signatures. 

Let the mass flow rate per unit area be given by the gasdynamic 
analysis (Eqs. 15 and 18), and also let the throat-area variation be parabolic 
(Eq. 12). After these expressions are stibstituted into Eqs. 28 and 29, the 
integrals can be evaluated analytically. The integration procedure is not 
unduly difficul t, but it is a rather long and te.dious process. The final 
results for the overpressure signature are summarized beJi6w, in a simple and 
convenient form. . L 
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6p(T) = 0 if T < 0 

~p(T) = ~p[(l - 2T + 2~ - (1 + 2~)exp(- T/~)) 

+ ~ et' (_4OT3 + 6OT
2 

- 18T) 

+ a2€2(-32T7 + 112T6 - 126T5 + 45T4 ) 

2 2 
+ al~ (12OT - 120T + 18(1 - exp(- T/~)} 

+ ~€2~(224T6 _ 672T5 + 63OT4 - 18OT3 } 

+ ~ €3 (88T10 _ 44a;tP + 81OT8 _ 648T 7 

+ 18gr6)] if 0 < T < 1 

~p(T) = ~p(l)exp[-(T - l)/~] if T > 1 

4r02~ Ä* 

rTo Ä 
o 

r 
· 0 

~ =--aTo 

, T 
T =­

T o 

€ = -...",....-
V 

( 30) 

In the above results the coefficients al' ~ and a3 are not new but have been 
given previously in Eq. 18, and ZP is a characteristic amplitude of the over­
pressure signature . Note that both parameters ~ and € are typically small 
compared to unity, and that the expression for the overpressure signature is 
thus accurate to third order. 

The characteristic amplitude ~ in Eq. 30 can be expressed in an 
alternate and more convenient form. Firstly, Ä~Äo can be replaced by r*2Lr02, 
where r* is an e9.uivalent ra~us corresponding to the maximum throat area A*. 
For example, if A* is 156 cm for the Travelling-Wave ·Horn, then r* equals_ 
1.0 m by using Eq. 1. Secondly, the initial mass flow rate per unit area m* 
9r m*(T = 0) can be eliminated by using Eq. 15, and the initial Mach number 
~ in the resulting expression can be removed by using Eq. 10. Finally, af ter 
some rearrangement, the desired expression for LSP is given below. 
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(31) 

Hence, this result is expressed in terms of the initia1 reservoir pressure Po 
and sound ~eed ao' atmospheric pressure p, flow or N-wave duration TO and 
equiv:aJ.ent radius r*. 

The expression for the particle-velocity signature can be derived in 
a manner simi1ar to that used to obtain the expres sion for the overpressure 
signatUre. However, now that the results for the overpressure are known, it is 
much simp1er to use these known results in the fo11owing equation to obtain . the 
expression for the partic1e-ve1ocity signature. 

T 

J li>(y) dy 
o 

6U (T) = ~(=) + ~o 
pap r 

(32) 

Bec~use the integration in this equation can b~ done rather easi1y to .obtain 
the finaJ. results for the partiele velocity, these quite lengthy results ~e 
not presented. Note that Eq. 32, which convenient1y expresses the partiele 
velocity in terms of the averpressure, can be obtained direct1y from Eqs. 21 
and 22. . 

In order to illustrate some interesting and important features of the 
overpressure and particle-ve1ocity signatures, consider the fo11owing simp1ified 
case. Let € or ä*Ä*TO/V be zero, which corresponds to the case of a reservoir 
having an infinite volume. Hence, the reservoir conditions such as the pressure 
and temperature are constant during the generation of a simulated sonic boom. 
Also, let ~ or ro/äTo be zero. This corresponds to the case of a point souree 
(Ref. 10) or thereservoir air entering the harn at i ts apex (ro = 0). Then, 
the resulting simp1e expressions from Eqs. 30, 31 and 32 for the overpressure 
and partic1e-velocity signatures are given below • 

. - { Li>(l - 2T) 
Li>= 

o 

if 0 < T < 1 

if T < 0 or T > 1 

if 0 < T < 1 

if T < 0 or T > 1 

A nUmber of important observaticins can be made from these simp1e results • 
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The wave or simulated sonic boom that propagates fr om the small to the 
large end of the pyramidal horn has a predicted N-shaped signature (Eq. (33), 
which is illustrated graphically in Fig. 34a. Remember that the throat-area 
variation was taken to be parabolic for this prediction . The two shocks in 
the signature have an instantaneous or zero rise time and an identiCal amplitude 
ÄP (Eq. 31). This amplitude increases with increasing reservoir-pressure ratio 
po/p, and it is inversely proportional to both the flow or N-wav~ duration TO 
and radius roe Hence, the overpressure profile is invariant with distanee but 
the overpressure diminishes like l/r. 

Although the garticle-velocity signature also exhibits two shoclts 
of equal amplitude (fsp/p ä) and instantaneous rise time, it is not necessarily 
N shaped or ..invariant with distanee (see Eq. 34). Velocity signatures for 
different fixed radii are shown in Fig. 34b. All of these signatures, charac­
terized by different values of the parameter äTo/r, have been normalized and 
given onthe same diagr.am to .. illustrat.e the change in wave form from an almost 
parabolic shapein the near-field to an N-shaped profile in the far-field. Of ten 
it is convenient to use the inverse par~ter r/aTo to identify a velocity profile 
at a relatively large radius. Because aTo equals the wave length "/10, the inverse 
parameter r/äTo or r/"/Io is a direct measure of how ma.ny wavelengt.hs the wave is 
fram itssouree. 

The interior test section of the UTIAS Travelling-Wave Hom is net 
located in the far-field but rather in the so-called mid-field, as the radial 
distanee to this section (20 to 25 m) is only a fraction of a wave length. For 
example, the values of r /Ào are equal to 0.45, 0.30 and 0 •. 15 for simulated sonic 
booms having different durations of 100, 200 and 300 ms re spe cti vely . Conse­
quently the partiqle-velocity profile as predicted at the interior test section 
is not N shaped, although the signature is not too different than the N shape. 
Because the signature has a convex curvature between the two shocks the positive 
veloei ty portion has a greater ' duration than the neg'ati ve veloei ty portion • 
These results can be interpreted. from the velocity profiles given in Fig. 34b, 
by noting that äTo/r equals 2, 3 and 6 for the respective 'durations of 100, 
200 and 300 ms. These particular profiles are not shown for clarity. 

More interesting and important features of the overpressure signature 
can be illustrated by letting t3 or ro/äTo be zero as for the previous case but 
now letting € or ä*Ä* TO/V be nonzero. Sin~e the parameter ä*Ä* TO/V is a func­
tion of the reservoir volume (V), N-wave duration (TO) and flgp-val ve throat 
area (Ä*), their influence on the overpressure signature can be jointly evalua­
ted. The required expression for the averpressure can be obtained fram Eq. 30, 
and it is given below. 

!sp = 0 if T < 0 or T > 1 

432 
Llp :::: fsp[l - 2T + ~ E(lOT - 20T + 9T } 

+ a2€2C-32T7 + ll2T
6 

- 126T5 + 45T
4

} 

+ a
3 

€3 (88TIO _ 44OT~ + 8lOTS _ 6Lî.8T 7 

+ 189T6}] if 0 < T < 1 
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Three sets of graphical illustrations of pressure profiles for different 
typical v'alues of € or ä Ä* TO/V of 0.05, 0.10 and 0.15 are gi ven in, Fig. 35. 
In eaCh set of results t~e dependenee of the profile on the initial reservoir 
pressure ratio i>o/i> is illustrated. It can be séen that the distortion of the 
overpressure signature fr om the ideal N shape becomes .worse with increasing 
v.aJ.ues of' ä*Ä*TO/V and diminishing values of ' Poli>. These results illustrate 
that, if a ... long-duration simulated sonic boom having a good N-sha-ped signature 
is to be generated .with a Travelling-Wave Horn utilizing a large value, then 
the reservoir volume (V) must be sufficiently large to offset large values of 
the throat area (Ä*) and duration (TO). The parameter ä*~TO/V should there­
fore have a value which is less than about 0.1. . 

The results shown in Fig. 35 have been rearranged and gi ven again 
in Fig. 36. The three sets of resuJ.ts correspond to different values of the 
reservoir pressure ratio i>o/p of 1.007, 1.015 and 1.89. In each set the 
effects et different values of ä*A*TO/V of 0, 0.05, 0.10 and 0.15 on the 

. signature are shown. 

Further interesting and' important features of the overpressure 
signature can be illustrated by letting ~ or ro/äTo be nonzero and € or 
ä*A* T o/V be zero (infini te reservoir vol·um.e). For this case the fOllowing 
expression for the overpressure can be obtained from Eq. 30. 

41 = 0 if T < 0 

!sp = 4111 - 2T + 2f3 - (1 + 2f3)exp( -T/~) 1 if 0 < T < 1 (36) 

b.p = AP[ -1 + 2f3 - (1 - ~)exp(-l/l3) exp -(T - 1)/r;1 if T > 1 

Based on these results the effects of a nonzero value of 13 or ro/äTo on the 
N-shaped overpressure profile can be assessed, and these effects are conveniently 
illustrated graphically in Fig. 37. The essential result of a nonzero Value of 
ro/äTo is that the front end rear shocks of the profile both have a fiftite rise 
time. It can be seen that the two rise times become longer relati ve to the 
N-wave duration as the value Of ro/äTo inorftses. Actually the rise time is 
nearly constant, but it ap~ears more conspiouously on shorter duration ~-waves 
for which tbe Value of rojaTo is larger. Note that an instantaneous rise time 
would occur only when the value of ro/ä-ro or ro is zero. (The radius ro is 
the location at which the mass-flow valve is joined to the pyramida.l horn.) 

The peak overpressure of the front shock of an N-wave having a finite 
rise time is always less than that having a.n instantaneous rise time, and this 
difference becomes more marked tor a shCll:'ter duration N-wave. This feature 
is also illustrated by the three overpressure signatures shown in Fig. 37. 
Quantitatively, the maximum overpressure of the front shoCk 4>m and the eorre­
sponding rise time ~Tm from zero to the maximum overpressure can be derived 
easily from Eq. 36, and these two results are given below. 

lpm = lp [ 1 - ;:
0 

tIl ( ~: +l ) ] 
o (37) 

r (aT ) I:iT = ~};n --2 + 1 
m - 2r a 0 
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These results demonstrate that. the rise time L).Tm increases and the peak aver- ' 
pressure 6Pm diminishes as the N-wave duration TO increases. 

Previous1y, in Chapter 3, the rise time ,of a shock was defined to be 
equal to 1.25 times the time for the averpressure to rise from 1Cf'/o to 9Cf'/o of 
its peak value. By using Eq. 36, the respective times T10 and T90 for the 
averpressure of the front shock to rise from zero to lCf'/o and 9Cf'/o of the peak 
value are given by the fo1lowing approximate expressions . 

T 10 RS 0.1 ~ 0 
[ 1 - 2f3 tn ( 1;. 2~ ) ] 

(38) 

These results are accurate for values of ~ or ro/ä'To ranging from 0 to 0.2, 
which are more than suf'ficient for the present work. The rise time L).'Tr or 
l '.25('T90 - 'T10) is therefore given by ,the fOl1owing approximate expression. 

r 
o 

L).'T r RS 1.25 ::-
a 

1 + 2f3 

0.1 + 2f3 + 1.1~ tn 

(39) 

Although the rise time 6Tr diminishes monotonically wi th increasing values of 
~, L).Tr is essential1y constant at 2.75 ro/ä for small ~ values « 0.005) . 
Furthermore, for ~ values ranging from 0.01 to 0.05, which are typical for the 
l:JrIAS Travel1ing-Wave Horn, L).Tr is roughly equal to 2ro/~. Results such as 
these can be determined from Eq. 39, or from Fig. 38 where L).'Trä/rp is plotted 
versus ~ or ' ro/áTo. Note that for ro and ä values of 1.58 m and 430 mis 
respective1y, the predicted rise time is roughly 9 ms. 

As a final example of the analytical results for the averpressure 
signature of a simulated ' sonie boom, three typical signatures for the UTIAS 
Travelling-Wave Horn are shown in Fig. 39. It can be seen that ·the three 
N-shaped profiles (solid lines) have a nominal peak averpressure of 100 N/m2 
and different durations of- 100, 200 and 300 ms. They exhibit finite rise 
times (~ f 0) and distortions from ' the N shape due to a finite reserVoir 
volume (E f 0). These signat1ires were calculated by using Eq. 30 and typical 
v.alues of t3 or ro/ä'To and E or ä*Ä*TO/V. In each case the corresponding ideal 
N-wave (dotted line) featuring an instantaneous rise time (~ = 0) and no 
distortion (E = 0) is shown for completeness and comparison pu.:rposes. 

4.3 Conwarison of Predicted and Measured Results 

All of the predicted averpressure signatures which are compared to 
experiment al results in this section have been calculated by using Eqs. 30 and 

, 
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31. Imp1icit in the anaJ..ysis and thus these equations is the assumption that 
the throat-area variation with time of the flap valve is parabolic, as given 
by Eq. 12. The maximum throat area A* .for the UTIAS Trave11ing-Wave Hom and 
the corresponding equivaJ..ent radius r* used in the c·aJ..culations were 156 cm2 
and 1.0 m respective1y, and the radiaJ.. location ro at which the vaJ..ve is 
joined to the pyramidal horn was taken to be 1.58 m. Unlessnoted. .to the 
contrary the reservoir volUIDe V was 10.2 m3. Furthermore, the overpressure 
signatures were predicted for a radiaJ.. loaation r of 21.3 m, corresponding to 
the interior test section of the horn where the overpressure measurements 
were made. 

Three measured overpressure signatures having the same nominaJ.. 
duration of 100 ms have been traced from the oscillograms in Fig. 24 and 
reproduced in Fig .. 40. Corresponding predicted signatures are aJ.so shown in 
Fig •. 40, . in order to faci1itate their camparison to measured profiles. Two 
simi1ar sets of measured signatures traced fram. osci11ograms of Figs. 25 and 
26· .for nominaJ. durations of 200 and 300 mB are reproduced in Figs. 41 and 42 
respective1y, where the predicted signatures are aJ..so given. It can readi1y 
be seen in aJ.1 three sets of results that the predicted and measured signatures 
are in good agreement. In generaJ. the overpressure signatures measured in the 
UTIAS Trave11ing-Wave Horn can be predicted successful1y by the anaJ..ysis 
developed previous1y in this chapter. 

Two addi tionaJ.. measured overpressure signatures ha:ving a nominaJ.. 
duration of 200 ms are shown in Fig. 43. For this case the reservoir volume 
of the faci1ity was reduced by one-third from 10.2 to 3.4~. Included in 
the figure are the corresponding predicted profiles, which are again in good 
agreement with the measured signatures. Note that both the measured and predicted 
results differ fairly markedly fram the desired N shape for good simulation of a 
sonic boom, owing to an inadequate reservoir volume. Such results illustrate 
the importance of having a reservoir with sufficient volume. 

5 • DlSCUSS~ONS AND CONCLUSIONS 

The UTIAS Travelling-Wave Hom has proven to be a practicaJ. facility 
for the simulation of a full-scaJ.e sonic boom. The air compressor and reservoir 
system; flap v:aJ.ve and e1ectric-drive system (inc1uciing the flywheel, clutch, 
cam, three-bar linkage, two flaps and centraJ. fairing), pyramidaJ.. harn and 
porous-piston type of reflection eliminator aJ.l essentiaJ.ly function correctly 
as designed. The simulator therefore has the desired capability of producing a 
good N-shaped overpressure signature or simulated sonic boom in the interior 
test section of the pyramidal norlil. The N-wave amplitude and duration can be 
controlled individuaJ..ly to be less than, equaJ. to,. or more than that of an actuaJ.. 
sonic boom. Owing to certain design features of the compressor, reservoir, 
flap vaJ.ve and control system, the facility has the desirable capability of 
producing respectaale and repetitive simulated sonic booms (1 to .10 booms per 
minute), in order to facili tate structuraJ. response, fatigue and damage studies. 
Note that the primary use of the UTIAS Travelling-Wave Horn is to study the 
effects of simulated sonic booms on structures and their subcamponents. Hence, 
the generation of repeatable and repetttive N-waves at a high repetition rate is 
a necessary requirement of the facility. 

One disadvantage of the UTIAS Travelling-Wave Horn utilizing the present 
flap vaJ.ve is that the rise times of the front and rear shocks of the simulated 
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sonie boom are longer at 6 to 10 ms than those of an aetual sonie boom (typieal1y 
ahout 1 ms). Also, the rise times are not easi1y controlled but are essentially 
fixed by the valve design and N-wave duration. Sinee the rise times normal1y 
have very 1itt1e effect on structural response, the major use of the faci1ity 
for structural response, fatigue and damage studies is not impaired by the present 
long rise times of 6 to 10 ms, or by not being ab1e tocontro1 the rise times. 
Hewever, human and animal response tests requiring a simulated sonie boom ha ving 
a short rise time whieh can also be varied from 0.5 to 10 ms, for examp1e, ca.rmót 
be donewith the present faci1ity. Hewever, with additional deve10pmental costs 
the rise times eould be improved if the need should arise. (Note that sueh 
response tests ean be done with the comp1ementary UTIAS Loudspeaker-Driven Booth.) 

It is worth mentioning th at the original flap valve uti1ized "a special1y 
designed central fairing (Fig. 27), which resulted in a short rise time as lew as 
1 ms for the front shock of the simulated sonic boom. Furthermore, this central 
fairing had special design features which permitted the rise time to be controlled 
from 1 to 15 ms. However, because this central fairing suffered frequent mecham­
cal fai1ure, a newer present central fairing (Fig. 18) having good mechanical 
re1iabi1ity was designed and used in the flap valve. This new central fairing 
resulted in the undesirab1y longer rise times of 6 to 10 ms. Hence, short rise­
time eapabi1i ty was sacrificed to obtain a nonfai1ing IOOchanieal operation. It 
is be1ieved, however, that sueh a sacrifice is not neeessary. A f'uture modifi­
cation to the central fairing or a who1e new design should re sult in both good 
mechanical re1iabi1ity and a short rise time control of the rise time from 1 to 
15 ms, for examp1e, should also be possib1e. 

The Trave11ing-Wave Horn uti1izing a large air reservoir and large­
area flap valve produces a simulated sonie boom with very 1itt1e superposed 
jet noi se . Hence, the main prob1em of intense jet noi se superposed on the 
N-wave, when the faei1ity used the previous smal1-area plug valve (Ref. 10), 
has been virtua11y solved. By virtue of the large-area flap valve, the mass­
flow rate of air required to produee a simulated ful1-seale sonie boom ean be 
de1i vered at a very lew flow veloei ty . The low flow velocity at the flap val ve 
is the main reason that insignifieant jet noise is produeed. It shru1d also be 
noted here that the use of a large valve results in the use of a low reservoir 
pressure . However, this advantage is offset because the reservoir has to have 
a large air-storage eapaeity, such that the reservoir pressure does not change 
signifieant1y during the generation of a simulated ful1-scale sonie boom. 

The eombined gasdynamic and aeoustie analysis suecessf'ul1y describes 
the wave motion in the pyramidal horn during the genera ti on of a simulated sonie 
boom. On the one hand the gasdynamic analysis has the eapabi1i ty of predieting 
the pressure, temperature and other state properties of the expanding reservoir 
air and also the mass flow rate and flow Mach number of the air passing through 
the opening and c10sing flap valve. On the other hand the aeoustie analysis 
is ah1e to prediet the overpressure and partic1e-ve1oeity signatures of the 
simuJ.ated scnic boom in the pyramidal hern, ine1uding their main eharacteristics 
such as the peak overpressure, duration and rise time. One imp.ortant result 
of the analysis is a suitab1e criterion on how large the reservoir volume must 
be, in order that the overpressure signature is not signif'icant1y distorted 
from the N shape. For normal operation of the UTIAS Travelling-Wave Hom the 
nondimensional parameter a*Ä*To/V should be ~ess than 0.05, 0.10 and 0.15 to 
avoid significant distortion in an N-wave ha ving a duration of 100, 200 and 
300 ms, respective1y. Note that the respeetive symbo1s a*, ~, TO and V denote 
sound speed at the valve throat, maximum valve-throat area, N-wave duration and 
reservoir volume. 
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It is worth mentioning th at further analysis deaJ..ing with the jet 
noise and reflection eliminator, and their experimentaJ.. verification, can be 
found in Ref. 10. 
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FIG. 9. PLAN VIEW ILLUSTRATING THE MOST RELEVANT ELEMENTS OF THE 
TRAVELLING-WAVE HORN USING A FLAP VALVE. 

FIG. 10. OUTSIDE VIEW OF THE TRAVELLING-WAVE HORN SHOWING THE 
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FIG. 11. VIEW OF THE SMALL END OF THE HORN SHOWING ALSO THE LARGE TANK 
OF THE AIR RESERVOIR SYSTEM, FLAP VALVE AND ELECTRIC-MOTOR 
DRIVE SYSTEM, CONTROL CONSOLE, AND ANCILLIARY ELECTRONICS. 

FIG. 12. VIEW OF THE LARGE END OF THE HORN SHOWING ALSO THE 
REFLECTION ELIMINATOR, ACCESS DOOR TO THE HORN 
INTERlOR, AND CUTOUT FOR STRUCTURAL PANEL TESTS. 



FIG. 13. INTERlOR VIEW OF THE APEX OF THE PYRAMIDAL HORN. 

FIG. 14. INTERlOR VIEW OF THE BASE OF THE HORN SHOWING ALSO 
THE REFLECTION ELIMINATOR AND COVERED CUTOUT. 
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