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Yhen standing waves of a supersound beam afe produced in
water containing dissolved zir, smaull bubbles of the alr are liberated
from the water. The exaot cause for the liberation of these bubbles
wae unkrown and it is this problem whieh was undertaken and ie dis-
cusged here.

The supersound ls produced by making use of the piegoeleoctric
property (see appendix) of quartz. A thin sheet of guartz is cut
from & large clear crystel in the proper morrer and cemented between

‘petween two blocks of steel, as indicated

in the figure. Yhen & high Ffrequency

voltage is spplied scrose the two steel

blocks the quartz,expands and contracts in

. resonsnce with the current and the sieel

Flg. 1 blocks are set into high frequency vibra-
tion., If the bottgm,block ig in contaot with water & supersound beam
is projectead downward.

The sapparatus to produce the high frequency current to

exeite the projectors was

& gtandard 20 K ¥ Poulsen
,m,;hdauihnme
L ,
g arc with inductance and

e

large varisble sheet nmetal

and air condenser. The

arc was run by & 500 vols

D. C. generstor, the apparstus being comnected up as in Fig. 2. Al-
3

though the high freqﬁency current seross the condenser plastes is not of



the sine wave form, that taken from a small portion of the inductance
“is very nearly so, and was considered as such.
In order to measure the frequeney. & frequency meter con-

sieting of an inductance, variable capacity, and & neon fube, wus set

resonence the induced voltage across the

inductance becomes & maximum and the neon

Inductance tube glows & bright reddish color.

Pig. 3 The svparatus used in the
vlace

research was devised after some preliminary experiments. In the first,
it was found that bubbles wguld not form in boiled water, no ratter how
>> intense the gound beam. This immediately suggests that the degree of
saturation has & direct connection with the ease with which»the bubb les
form end shows that the 5ubbles form from the dissolved alr snd not in
any way by the deoomposition of tﬁe'waxer. For a given intensity of
the sound beam more bubbles will Torm for highly saturated water than
for water with little dissolved #ir. This leade to the method of
using water of different known saturations and finding the threshold
value of the intensity of the sound be&m that will just cause the bubbles
to start to appesr. Now, since the saturation point of & gus in &
liguid depends upon the tempersture, the above method may be nore
readily accomplished by simply varying the temperature instead of
ehanging the whole solution in the apparatus. But the saturation poinit
of a gas in & liquid also depends on the pressure. Thus, instead of
doing either’&f the above things, we may vary the pressure instead.

As a matter of fact, in the experiments @ll three methods were used in



connection with each other. The apparatus was set up as in Fig. 4,
Here P is u quartz steel pro-
jector cemented so as to make &

water tight joint onto the top of

‘ the beaker B, which is filled
M. .oraeter

with water saturated at & known

temperature and pressure. c

is & copper container through
which the wster is circulated
by & small pump P. C is either

Leated by & burner or codled by

ice and serves for the tempera-

@_
Circulaion

= Pump ture regulation of the water.
This temperature ig read con-

stantly from the thermometer T,

Fig. 4 whose bulb ig right inside the

beaker. The whole cirCul&tioﬁ system is pressure tight asnd & hydro-
étatio head rey be applied by reising the glass container G full of water
up or down. This pressure is read direetly from the calibrated water
manometer tube .

| It was found that for a given sound beam from the projector
P, the bubbles would start to form at a particular pressure as indi-
cated by M. At g different temperature or intensity of the sound beam,
this pressure was found to be different. Readings were taken using
water saxufated &t various temperatures, using different tem@eratures

and using different intensities of the sound besam.



It is evident that te do any quantitative calculations with
the above mentioned kind of readings it 1s necessary to know the output
of ﬁhe sound‘projector under different conditions. To get the best
efficiency tﬁe projector wes always run at resonance, the intensity be- .
ing controlled by varyving the voltage delivered to the vrojector as
measured directly by the elsctrostatic voltmeter V. Perhaps the
best way to find the total output is to absorb the sound in a calorimeter
and measure!the rate of rise in temperature. Since only one prdjector
wus used throughout the experiments this could be ocarefully dene and a
curve showing relationg between ocutput in water and the voltage at the
projector was drewn, Flg. Uua. Knowing the voltage (at resonance)
as rg&d by V, delivered to the prajector, we can, by referring to the
curve, find the total output, and this divided by the area of the
projector gives the intensity of the besam.

The water investigated should be saturated at & known
temperature and pressure. This was done by placing a large jar full of
diétilled water In a carefully regulated water thermostat, snd gently
bubbling several streasms of air through it for at least 36 hours.

While handling, the water wus always kept below its saturation tempersa-
ture so as to prevent supersaturation and possible evelution of par%

of the dissolvéd gases. The apparatus was filled with this water, the
-projector brought to rescnance at some voltage and the hydrostatic hesd
anplied. This pressure was slowly diminished until tiny alr bubbles
just began to form under the projector. This value of the pressure is
herein called the "threshold value™. = All readines were taken at this

point, the temperazture of the whole apparatus changed and the performuxe.
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revented. lMany sets of data were obtained in this way, although only a
few are given us the others ars similar and lead to the same conclusion.

L typical short run with the avparatus ls indicated in ﬁhe following tables.

Teble 1.

Baturation tempersture of water, 19.5% ¢.
Projector: Quartz-~steel cemented with K cement.
Steel reactors each 50 x 50 x 10 mm.

Quartz driver, 50 x 50 x 10 nm.

Run at resonsnece, 46,500 cycles per second.

Temperature Total output Outpul per eq. dm. Threshold pressure for

bubbles
290 2.9 watts . 116 watte 185 g. per sq. om.
255 249 " 1le " 240 g. ¢ H "
50 3‘1 ] K124 1 23{_5 e i i i
354 3.2 H 128 i 270 g. " " u
25 2'?5 i . llG i 155 g. i Y i
20.5 3.1 [0 12y [} 95 2. " H U
1-9‘5 2‘57 [ .095 H 0 2. it f #

Another run teken with the same projector using water

saturated at 350 ¢ gave the following results:

Table 2.

Tempersature Total Output Output per =q. om. Threshold pressure of

bubbles
35.5° 3.1 watts 124 watts 100 g. per sg. om.
35 ® 5.9 " L1186 " 76 #. ¢ W 4
32 2.8 1 .112 1 25 Ze 1] # 1
2&: ' 3.1 ] ‘12)_‘“ i }5 g‘ ] t #
27 ‘ 2‘9 " ‘116 i . 0 ER § 1] 1]
- 34,6 2.9 " .116 u 43 g, ¥ " "
57 2.9 ] .116 t 781' 2. & i ]
40 249 i .116 i 47 g, M " Y
35 2.3

N 9 1] -695 t 0 g‘ it H i

From these tables 1t is evident that the more saturated
the water ls the more easily the bubbles are driven out. The theory
is that due to rurefactions in the sound waves or standing waves, the

pressure is momentarily released and a tiny bubble set free. ¥hen the

socompanying condensation comes along the tendency is for the pubbles



%0 redissolve and verhaps most of them do. So, even with the best
- megsurements we oan make, we ounnot expeot an exact check. But,
judging from the acouracy of our readings und the accuracy of the check
we do get, 1t is possible to say there is good evidence for the theory.
| The method of attack will be to derive theoretically the
pressure amplitude of the sound waves. It is found that even &t
saturation a certain energy in a sound beam is necessary belore
bubbles form. The mressure amplitude of this wave plus the threshold
pressure neocessary for the bubbles to form (i. e., the hydrestatic head
which will just prevent the bubbles from forming) when a more pc&arful
beam is employed, should check with the pressure amplitude of the more
powsrful beam.
The method of deriving the expression for the pressure
amplitude is the classical one. I am indebted to Dr. H. 4. lorentsz
~for his kind help in this derivation. The work was later checked by him.
The*ollowing letters will denote the same things through-
aut .
Let x, y, and z = coordinstes of any pcinﬁ considered
u, v, and w = the components in the x, ¥, and z,
directions of the velocities of the
medium under consideration. These are

functions of x, y, or z, and t.
lensity of the medium at any instant.

2
It

A= W oo " under normel conditions.

P = pressure of the medium at any instant.

D= W " m i under normal conditions.
A& = amplitude of wibration of the particles of the

medium.
Then pu = mass of the medium passing unit cross sectionul srea per-
pendicular to X, per second.
9 U P . o . Y a s o
% = change of mass of the medium with respect to x. But

an inerease in density i&i is due to an increase of mass in unit volune.

ot 7



Considering the propagation along the x axis we imy write:

(ﬂ -;@ y for unit volume.

( (“)le&'\finé? the "er‘cerlns"

unit cube

This equatlon 1nd.3.ea’ce== that the chunge in inaqs per unit volume, or "E'he
change in density, equals the mass leaving the section ninus that enter-
ing. Instead of considering a unit volume. or unit cube as ubove, We
sy take a sectienAof thigkress dx. We may then write

(1) 484 = -9 ax or

(1) §2% +£% |
We huve considered propagation only along the axls of x. Omsidering The
general case, we have, considering the matter entering and leaving the
sides dx, dy, and dz

)—43-’4 dx(dydz ) + 2e¥ dy( dxdz) + %’f—/dz(dxdy) ;.;-_;tf oxdydz .

2y
dydz, dxdz, and dxdy &re the areas of the fmces of the cube. The quanti-
ty dxdydz ocours in each expression and may be cancelled out. We then
nave
(3) 7ﬂ—+—f1 —ég’;‘-’ + 85 =0,

This 1s called the equation of continuity and states thut
the matter is continuous and is neither oreated nor destroyed.

The deriva’cion of the moceleration of eamch particle in the
gound beam is as follows:
| The definition of amcceleration 1s the change in velocity
in unit time. Hence to find the change we nultiply the rate of change
by the in;‘cerval.

If dt = change in t, or the small interval,

snd u = velocity in any directionm,

then the general change in velocity is time dt is



g;‘_d‘c +§“ udt +9% vat +24 way = a4t

G mg—‘,’;+3; U +.v3-i + wek |
But if the x exis ie taken along u, then in the case of sound

v =0 and w =0, g0 we get as the expression for the acceleration of

each particle

(d) G=§% +u§-;-‘.

8ince the force must equal the mass timeg the acceleration,
we have
. = _2 it s . JP -
(%) (G + ua-— )/odx = -Pax on unit ares, where $ dx = the fores or
nressure at point dx.

‘Tow p :f({ﬂ) due to characteristics of medium

(5)
and Do zf(ﬂ )
Considering uw a8 inflinitely small end .!07% as infinitely
small

) If s = condensation (a varisble)

-”Sﬁ,(}, + 8)
An expression for the pressure is given by
(7) »=Dg +;rﬁ (¢ -0.) =1pg+ ,o‘,sjf' since from (6)
rate X 1n‘cerva1
(&) Now we cun pub de - a2 = (%Telooitv of propagatio uared, &9
D 4/ a ; Y propagation squared, &
later found)
(9) with (7) end (&) p =, + po * g a?
From (1) and ( ) gﬁ aﬁ' SE Ve get
‘ 3 CIRX 2z =

(ll) .g%’{:z -",,3@»& 3;;: from (4) and (7) From (7)
Ip L3 o 2Js
(12) ‘x‘"?’é?ﬁ" 28x

Differentiating (10) in respect to X we get



2
2

(13) %’K‘ ai;f =0 or 323714'&23;3(— = Q.
and from (11), dlzf‘erentlmmg in z‘especﬁ to t
{14) é;;z(% + aZQ%%ét =
Subtractingg‘ (13) from {14) we get
(15) B‘é—’é‘-a 3::: =0

In the same way differentiating (1) in respect to t and

(11) in respect to x we get

2 2. : .
(17 yfg‘j‘, + &2;&% = 0 and subtracting (17) from (16)

T 9%
{18) é:f’. - az-—é—-é = Q

Qtz axr
The solution of (15) is
{(19) u="F (x #at) + f(x + ub) (One wave travelling in one direc-
tion and the other in the opposite
direction

a = velocity of propagamon
{ = velocity of particle instlf at
instentt)
du o
(20) Thenyy™ = - af' (x - at) +af (x + at) and
v 2%
(21) GEz=+e2 B (& - at) + a2 f (x + at)
In the sume way from (19)
(22)9'% = R o{x - at) + /l{x + 5t) and
(23) 44 3,,,, =F'" (x - at) +f"(x + at)
Substituting (21) and(23) into (1&) satisfies the equation
showing (19) is & solution.
(24%) If u=F(x - at), then the velue of u af time t &nd place X is

‘also equal to the value of u at time t + At and place X + aast for from

W)

~
N

x +aat Yo (v +AL) =x - at

Thus & = yelocity of propagation. From (&) page8 & ;:2%2 . Thus
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velocity of propagation, &, is ziven by

(25) = =V$ =
Let K = goefficient of compressibility =

fraction of diminution of vol.
inerease in pressure
fraction increase of density
<26_) or X = increase of pressure

(for very small changes)

’28‘)-23' —-,I{"P' and from (25

{29) Velocity of propugation ..V/,.. a. Ixample, for water

K=49 x 10 -6 per atmosphere 49 + 107 12 per dyne.
iz

Then for water, since f>= 1 a=lygs = 1430, meters per sscand.
Experimental velue is 1437 meters &t 15° @.

Applying (29 to steel, we must use for XK

pressure per unitgrea
fraction of change of length

Then -j—f: ?E and

e YE o
(;O) & =fo =T

Young's Modulus =} =

For stéel B = approximstely 19.5 x 10“ Fz 7.8

107 om./second

_19.5 x 10 =5
= 5000 meters per second.

Bxperimental value is approximately 5000 for soft steel,

Thus this derivation for the velocity of the propagation
of sound in any medium agrees with experiment. But we are concerned
with finding the pressure amplitude. This can be done as follows:

P=ret 72 sa? from (9) page&

- where p = the pressure at any instant
po‘ = 4 " under normal conditions.

s = the condensation.
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y o= Ygﬁﬂ = velocity of propagation of sound.
| frcm(lﬁ)%‘&‘+;$%%ae Or%'*'gf- =0
(31) - gﬁ‘- = %_2 . Buif the velocity of & pgzrticlé u is vgiven;,ty
{32) u=238cosn (t -%-q) where B is the meximum velocity of the
| particle
{33) B=AX zﬂ"f where A = amplitude of ¥ibration
=AXn and f~= frequency
q’ = gome arbitrary phase angle.
From ( 31 and (32)
(34) 5= BZsinn (t - % - q)
or ’
(35) 8§ =+ %cosn(t - —f:" -q) - ¥(x)
But from (9) paze8
P =pg Tt &aQS. Thus
(36) p=n, +/ﬂoa2-g— cog n (%t +q) &t x =o.
Ffrom this we get the expression for the pressure
‘(5?), anplitude a8 By = (& B
But ithe problem is not solved yét because to find the
pressure amplitude the amplitude of wibration, A, must be known. The
relation between A and B is given in (33) i. e., B= A X Z‘ﬂ'fw A1
To find & we nmst meake use of the fuet that the energy
of the beam depends on A. Thus we must deal with the eguations of
energy. |
The kinetic ehergy of & system of plane waves moving in
the direction of X, having volume jjjf’dx dy dz, densityloo and velbcity

- of eaoh element of volume =u at point (x, y, z) and &t time ¥ 1is
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T o= 70/‘// u“ dxdydz where u = velocity at tne point (x, ¥y, 2z)

and at time 5. Now the potentla.l energy from unl’c mass in expanding
through & small renge from volume v to standard volume vg is to the
’seo'ond order terms

(38) 4 (0 +Dy) (Vo= v

Now p = pg * Es since E =

P : ‘ 4—'?‘ o by definition, and
ﬂ - ? H
: -

e

s 1s by (6) puge8 , 0= ﬂ’(l +8).

Plle, ) dp
vV, 14 (59) Then p =p, * @ se,(o where & is
rig. b inerease in density andjﬁ is rate of

change of p with the denisty. Also
(40) vy - v = sv, where v, and v are volumss,
(41) % (p + pg) (vg= ¥) =% pvg =5 pv + 5 Dy Vo =¥ PV OF
(42) (pgVe = DpV) * % DVo = 3PV = F DoV T+ & DoV = Pyl vy -v)
T HD = pyilvy = V)

{(43) or = (v, - ¥) + % 32'\0 since - p =Dy * Ees and vp - V = 8v,

~The first term pQ( Vo = v) will disappear when there is no
total change of volume. Sinee this ls assumed, we have for the
potential energy

(44) w =5 Ejiﬁs?dxdydz

where k = "z {4; from (30} pagelo .

‘From (19) puge @ u = (x - at) + f(x +oat)

and.:?rom (10) page 8 g—g“-as g—“-—- Px - at) + f(x + at)

|
(45) j}ié—";-f(x +at) - Fl(x - at) 8= -a—f(x + at) +;§-F(x - at)
(46) or aS = = f(x"i- at) + f(x - at) This is for & double wave
or two systems of wavee, travelling in opposite directions with con-

stunt veloelty a. Taking just one part of the wave, i. e., & pro-
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gressive wave, since u = F(x + at)
(47) L as =u
Thug we see, since B :6’4‘ that
('48“) T=1% for the progressive wave. Consider the narmonic motion

of any particle.

(49) s = 4 cos n(t - Z +q) £ = amplitude of vibration.
(50) 2’% = - An sin (% -% +q) = velocity. Kow Kinetic energy

= Fm W and o =@ per unit volume
(51) Then KE = §pA nCein® n(t - L +q) =T
{(52) But W + T = constant. Hence maximum T gives
{(53) total' energy, or T max = %:‘o A2n2 per unit length where A =
smplitude of vibration and n = oflx frequency. The energy current
or rate of flow of energy is given by
(54) + A,‘?nz(-,,l-:,-) where T = period

/7 = wave length in cm.

;—T,a‘- =& in om. per secound

(55) Hence we gel energy current = %(ﬁ.&zn‘a per second.

10 7

brom (29) puge, & = g_ﬂ‘ ==V~

‘o KC, 2 2L 2 2',@.
So we cun write Energy current = 3(’ VK{o HAn= = /7” K
Since in our experiments we had stetionary waves, we should derive
the equation for thevse.

('f_t - S , . .
(56) Let v = A sin 21 I) be the equation for the displacement
given to the psrticles of the medium by & progressive wave. The re-
. versed wave nust be one for which at some instant, say t = o, the dis-
placements g;iven’ to the same series of particles will be equal and
opposgite. The equation

(57) y' =4 sin 2‘}T'(%+§*) satisfies this condition and represents
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the reverse wave. The resultent for the stending wave is then the
sum of y and y's  Thus
(56) Y =4 sin 2’7(f - 4) +4sin 2T (5 +5)

A A

Yow from trlgonometrv
(59) Sin (of +&) = sind cogd + cosel sinS
(60) 8in (¥ —&) = sind cog@- cosq sin/j’m_1
Using these we get

(61) Y = (2 4 cos Zﬁi)sin nt

A
Sinoce n = .Q’F
277x ‘ 2
(62 Y=2 an cos ( :1 ) cos nt and for K. B. = ¢ mu
(63) K.E, = 2/Aan2 cos? ’Q‘Z(X) cos® nt
rd

We may write (63) as
(64) K.E. ={0A2n2 (1 - cos ﬂ)(c“? nt)
A’

%o get the total energy per wave length we may integrate in respect
to x from 0 to A and multiply by 2 since T = W. See (4&), page 15.
This gives
(65) B = ,OAZ n2 /| since the avefage value of cos? nv is % and
the energy density Dg = /}Aznz

aAZ ne
From (55) the energy demsity is ¥ —F’»-g——w or
(66) Dy =% p A"
This we see is just double the energy of the progressive wave, as
might have been suspected. Using (54%) and knowing all the values
but A,'this amplitude may be caleulated. The energy current from
the projector was measured calorimetrically and is given in the
curve Fig. Us page Ya. This amplitude may be substituted in

equation (37) and the pressure amplitude calculated. We may then

‘compare this with the experimental values and either sustain or
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disprove the theory rfor the formution of the bubbles.

T_o show that the meximum pressure of two waves pro-
gressing in ‘o'pposite directions is the sum of the Wo, we have the
- following:

To find the intensity of the reflected wave we may con-
sider the energy current which the transmitted wave will have. The
bottom of the beaker of the apparaius wasvpractically all in contact
with air during the experinents. Since the density of the glass
bottom is less thanﬁ times that of water the amplitude of ¥ibration
is nearly the same. The density of the glass is, however, about
2400 times that of the air. Now the energy current was, by equation
(54) seen to be directly proportional to the density.  Hence the
energy of the reflected wave is, well within experimental error,
equal to that of the incident wave and will be considered as such
in the calculations.

Equation (57 ), representing two waves of the same ampli-
tude progressing in opnosite direotions may be wfitten
(67) Y=A.sinn (¢ '(‘)} )+ 4 sin n (¢ + %X ) because n = 277"][-":

, —z,:f'z and ]ﬁ= % = frequéncy.
(68) Then)/ = 4 gin nt ecm%,£ - A cos nt sin%f + A sin nt oosﬂcui
+ A cos nt sinﬁax—
(69) or Y =2 A sin nt cos £
(70) Then‘g—f— = j*é—’lsin nt sin %L
| Now the change in pressure is given (since g = g—/\;&) by
(71) dp = — P a? Y | Thererore
. : X
(72) dp = + Lo al{T2A0) o4 nt ein —nd! and the meximum chenge in
_ pressure is

(73) Pm = 2@ anA or twice that of the progressive wave. Thus the
- maXximum variation in pressure for the two waves progressing in
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opposite directions is additive.
From (54), page 13, we have

(T4) 4% =

f a_%zand from (55) and (37) we have
{(75) Pm =f0 Aan and substituting
"~ (76) Pm = JEEE?% . In the case of water this gives
(77) Pm = 535/ where E = energy in ergs per second and Pm is in-
dynes per squere com. v
Putting B in terms of watts and Pm in graums per squere
centimeter, we have
(78) Pm ==_§§§§§5;QQQ~ \[f5—§ = 1724%/ E. In the oamse éf the stand-
ing wave we find this to be twice as great or
(79) Total Pm = 3448/%
This formuls will now be used with the data in the

tables already given and also those below.

Table 3

Saturation Temperature of water 20° C.

Temperature Total Cutput Gutput - Threshold pressure
. per sq. om. for bubbles
20 2.0 watts . 08D watts 0 z. per S¢. Cm.
20° ' 3.12 H . 124 " 205 ¥ U H
11‘75 5‘12 1] .123 4 0 # # 1] L}
1? 3.12 i .122‘_ i 165 1] ] 1] if
25 5.12 it ‘12}_‘, 1 210 ii i H i
500 3,0 u .120 4 270 ¥ u W u

Using water saturated &t 50° C. the following resulis

were obtained.

Table Y4
Temperature . Total Output Output per fhreshold pressure
8Q. Om. for bubbles
}Q° 2.10 watts . 084 wa’cts 0z per 8. enf
30° 2.75 11 110 ¥
220 2.75 m .11 # o i M u
260 . 2.75 t W11 1] 108‘ U M 1] M
540 3.00 I ST " 130 ¥ t W m

550 2.75 1] W11 i 200 ¥ Y n i



Using water saturated at 40° C.

Table 5
Temperature Total output  Output per  Threshold pressure
8Q. Om. for bubbles
409 2.65 watts + 106 watts 0 g. per sq. om.
140° 3.05 H 192 4 yg v i i i
370 3.05 W .loe uo L " Y "
530 4,00 A L1560 ® 12 4 # 1 i)

From Table 3, puge 16, using the resdinge at 20°

the results are
Total Pm = 3#1}8‘/.—1_27 == 1210 grams per sq. cfﬂ.
Total Pm for threshold value = 344/.08 = 976 grams per sq. om.
' Difference = 234 ¥ L
Experimental value = _ 205 " weooowow
Error 29 v weoow oo
From Table 4, using the readings st 300

Total Pm = 344E,/,11 = 1144 grams per sq. om.

] H H

=

Total Pm for threshold value = 3448)/.08% 1000

Difference = 1y # -~ ¥ oo
Experimental value = 110 ¥ " i u
Error 3y W It i W

From Table 2, paze 5, using the readings at 35° the

results are:

Total Pm = 3448/.116 = 1173 grams per sq. om.
Total Pm for threshold value = 106y v wow

Difference = 109 ¢ wooow o
Experimental value = 76 ¥ o ow

Er ror 55 i 4] ] )
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From Table 5, puge l'{,v using the readings at %0° the

results are:

Total Pm = 3448/,122 = 1205 grams per 8q. Cm.
' Total Pm for threshold value = 3448,/ 106 = 1124 ¥ woo u

Difference = & eeow o
Experinentel value = __ 4§ ¥ woowoou
Error 33 ¢ weewn s
The results do not check accurately, but the nearly
constant error suggests some experimentai error common to all the
readings. For instance, the output curve of the projector might be
slightly in error. Taking the results of Table 2 as an exanple,
we gsee if instead of .115 watte per sg. om. output we had 114 and
if instead of .095 watis per sq. em. output for the threshold value
we had .0965, the results would check exaectly. This means an error
in the curve of sbout 1.7 per cent, which is as close as might be
expected taking all things into eansideration.
Using the results of Table 1, page 5, we get in the
same manner, for the reading at 20.5° and 19.5° respeotively:
Total Pm = 3448‘/._]51—4 = - 1214 grams per sq. om.
Total Pm for threshold value = 3448,/,095 = 1064 ¥ % 4
Difference = 150 ¥ weoow
Experimental value = __ 95 ¥ weow oo
Discrepancy = 55 eeoow oo
Thie latter difference is seen to be larger than any of
the others ’ but according to the theory it should be sb becauge the
temperature &t which the hydrostatic head (of 95 2. VOr 8q. Cm.)

. Was applied was above the saturation temperature of the water.
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Above the saturation temperature the water is supersaturated, the
air is moré easily freed, and hence the pressure should be greater
to suppress the formation of bubbles. Soﬁsidering the unsteadiness
of the Poulsen arc st the time of the experiment, due partly to the
feet that one person ran it and took &ll readings at the same time,
fhe experimental results may, with a fair degree of certainty, be
said to agree with the theoretical ones.

The whole theory is, perhaps, not yet clear. From a
glance at the tables it is eesily seen that the more saturated the
water is, the more readily the bubbles form. But another thing

that may be noticed 1s that for a gaturated gsolution a certain

intensity of the sound beam is necessary to free the sir in bubbles.
At saturation, any reduction in pressure should free some air.
However , the reduction in pressure is always followed, one-half period
later, by an increase in pressure. This tends to redissolve any

alr that may have been set free. This is what is done, up to the
- threshold vqlue. The larger the bubbles that form, the less readily
they will dissolve because of the smaller ratio of surface to vglume.
Thug, when the pressure passes & certain value (herein called tﬁe
“tnreshol&“marué? the bubbles become large enough during the half
pericd so as not to dissolve when the compression passes. Sincé the
maxXimum pressures have been shown to be additive (equationl3), it is
legitimate to subtract the threshold value from the total maximum
~value and expect to get the small additional Yexperimental' hydro-
statie pﬁessﬁre which had to be applisd to repress the bubbles.
Thie is what was done and & check (within experimental error, o%

course) obtained.
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APPENDIX

PIEZO-ELECIRIC EFFECT AND THE

SUPKRSOUND PROJECIOR

In 1880 the brothers dJ. and f. Curie in France dis-~
veovered that when certain crystals, - as, for example, quartz,
tourmsline, boracite, and Rochelle salts, cut in the proper way, -
are subjected to compression or tension, opposite and equal charges
of electricity appear at the ends of the orystals. They found
that the smount of electrioity appearing at the end faces of the
crystal is proportional to the force applied. But the reverse
getion, within certain limits, was also found to take place. That
ig, if at the proper places on the piece of quartz eleciric charges
of opposite signs are applied, the orystal will lengthen. If the
charges are reversed, the erystal will shorten. Thie change in
1ength may correepond to that produced by & force of several kilo-
grams. This action will be discussed later. Let us further investi-
gate piézo-eléotr;eity.

- ¥e find the piezo-slectricity property to be associated

only with orystals. Crystals are distinguished by an orderly and
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practieal;y‘invariable spuce distribution of planes of cleavage.
These plenes, together with the planes of grcwth,Aare in specific
arrangements in which planes and axes of symmetry are found. These
arrangements possess different degrees of symmetry; so crystallized
matter may be divided on this basis into about thirty-two classes,
differentiated by definite symmetry relaﬁionships, which are perhaps
due to definite arrangement of the molecules or atoms. These clusses
are furiher grouped in several gystems according to the defined axes
to which these geometrical arrungements &are naturally referred.

In about twenty of these crystallographic clasges no
center of symmetry is found. These classes are technically
designated as hemi-morphic, hemi-hedral and tetsrto-hedral. In
these classes in general, opposite ends of & line or direction,
through the orystalline medium are not charaoterize& by the sanme
grouping of planes or association of physical properties. In other
worde, these directions are polsr. 5o all matter whose erystalline
strueture is lacking in a center of symmetry has &t least one
direotion, and usually many, with two or more principal directions,
along which the application‘of & force, as pressure or traction,
will produce electric palafization and the accumulation of eleetric
charges of opposite sign at opposite ends of the axes. In most
easeé this effect is exceedingly small. In & few substances, such
as Réchelle salt, the effeot produced by the application of force
is very much greater for some directions than for others.

| When there are two or more principal directions through
& substence which are principal axes of piezo-electricity, it

heppens that the application of force along one direction may droduce
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perceptible polarization, not only &t the extremities of that line,
but at the extremities of another, also. This is the case with
quartz, snd plays & very important part in the aetidn of the quartz
proj ectér. | |

Evenly developed quartz orystals look like hexagonal
prisms terminated by hexagonal pyramids. The axis running longi-
tudinally from the top to the bottom pyremid is oslled the optical
or principalk axis of the erystal and is not an axis of piezo-
eleotricity, so that force exerted in its direotion produces no
piezo-electrioc effect.

But the three horizontal direotions which biseot the
angles between the horizontal crystal axes are the chief axes of
piezo-slectricity (see fig. 7). These axes emerge at the angles
between the prism faces. Force applied as pressure or tension u}?&ﬁ
planes cut perpendicular to any one of these intermediate directions
develops electric polarization and the aéeumulation of charges whose

v gquantities are given by the formula
| g=DF
wﬁere

q = electrical quantity of electrostatio units,

F = gpplied force measured in dynes,

D = the piezo-electric constant, an empirical coefficient of
the piezo-eleotric effeot reduced from obserwvation and
experiment.

(for quartz the Curies found for the chief directions

D= 6.32 x 1078

e. 8. u. of quantity ver dyne.)
But, néw, if we compress or dilate a orystal plate out

from guartz in a direction perpendicular to both the principﬂl
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éryst&llographic axis
é and to any one of the piezo-~
electric axes, a8 a, Fig. &,
thus applying the.force upbn the
planes A,B,C,D, and E,F,¢, Flg.
9, sgain electric polarization
is produced with reference to the
piezo-elecotric axis, &;, and &

' charge is set free and asccumulsted
*a, \

on the fuces ACE snd BDFG, which

stand perpendicular to the electrie

Fig. & axis 8. {The electricity set

free and thus sccumulated is

oppogsite in sign to that which

2 would be produced by force

gimilerly spplied directly upon

these fmees.) In this ocase,

however, the quantity of elee-
tricity thus set free is gziven by

the formula

=1
1=D ¥

{when, as before D = 6,32 X 1078 = the constent piezo-electric
coefficient found by the Curies for this direotion also) where 1
and I are measured in centimeters.

As @z result of extended investigations with quartz and
other piezo—eiectric substances, the Curies were able to state the

following laws:
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1. The quantities of eleétricity set free at the end of an
axis due to & deformation are equal and of opposite sign.

2. The quantities of eleotricity set free at one of the
ends of an axis are equal and of opposite sign for two
deformations inverse in sense to esch other.

2. The guantities of electricity set free on each end are
vroportional to the variation in force applied.

4, For one and the same variation in force applied, exerted
in the direection at whose extremities the electricity is
collected, the quantities of eleectricity set free are
independent on the dimensions of the orystal.

5. PFor one and the same variation in pressure, exerted
normsl to the direction along which we collect the
electricity, the quantities of electricity set free
are proportional to the ratio of the length to the
thickness, they are independent of the third dimension,
and these lead, together with the phenomena of pyro-
eleotricity, to the suprlementary generalization.

6. Por one and the same orystal the quentities of elec-
tricity set free are proportional to-the intensity of
the deformation at each point.

7. Por one and the same intensity of deformestion at sach
point, the quantities of elesctricity set free are pro-
portional to the surface upon which the electricity is
collected and are independent of the third dimension of
the crystul.

These laws plainly teach that when we are limited to a
given total quantity of foree and to a given volume of the crystal-
lized substanee also, when we collect the charge upon planes per-
vendicular to & piezo-eleetric axis which is parallel to the
direction of this applied force, we will obtain & given quantity of
liberated electricity; dependent only upon the totsl amount of the
foree applied; but in this case we may alter the dimensions of the
cerystal plate but in so doing, if we increase the colleeting sares,
we decrease the force per unit of area applied, and so the intensity

of defornaticon &t each point in equivalent ratioc, and vice verssa.
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Since the piezo-electric action is reciprocal, we see
we nay obtain a greater force per unit ares for &. given charge of
eleetricity by reducing the size of the plane ﬁeryenéicular o &
piszo-electric axis upon which are the metallic electrodes. How-
'ever, if we are interested in producing the largest force with the
leést quartz, regardless of the charge to produce it, the best way
is to cut the erystal perpendicular to & piegzo-electric axis into
thin (2 or 3 mm.) sheets.

We have now seen something of how the ﬁiezc-electrie
action works and msy proceed to see how it is applied in supersound
projeotors. BSinece & crystal of quartz, for example, when cut in the
right way, will lengthen or shorten when opposite charges are brought
to the opposite ends of & piezo~electric axis, it will lengthen and
shorten alternately if the charges alternate in sign. Thus, 1f an
alternating ourrent is applied to the orystal, & vibration in the
erystal of the same frequency as that of the current will take plsce.
This is found to be the case even when very high freguencies are
employed. ’It is found that as the frequency is gradually inereased
& point is reached where this frequency and the natursl mecheniceal
frequency of vibration of the crystal come into resonance. At this
point the amplitude of vibration is very much grester than at any
other polnt. In faoct, the amplitude may build up to such an
extent that the vibration breaks the cryétal. The end of the vibrat-
ing orystal, being iﬁ contact with the eair, causes‘successive rare-
‘faotions and condensations to be propagated outwards. These constitute
supersound in air. chwever, since the amplitude of vibration is so

small and the air is so easily compressible, very little energy is



dissipated in the form of sound waves. If one faoe of the vibrating
erystal is placed in contact with & large body of wﬁter, supersound
waves are sent outward from the projector face. A great deal of
energy may be communicated to the water iﬁ this way, although the
amplitudé of vibration is very small. This amplitude may be only
one-fourth that of the wavelength of sodiuﬁ light, and, partly due

to the high frequency (say 50,000 per second) the energy current of
the sound besm would be about 13 x 107ergs.

In nearly all of our work the projesctors were made of
quartz erystals which were used as the drivers, although we are now
trying tourmaline. Quartz sheets were cut from the orystals so
that a piezo-electric axis was perpendiocular to the surface. Since
the sheets were cut thin (due to the scarcity of clear quartz) their
resonant ¥ibration frequency is very high. In order to tring this
down to more desirable limits it was found possible to cement a
piece of steel to each surface of the quartz slab in such a way that

the steel formed part of the

//////» vibrating system. These pieces
of steel are called reamctors, and
Steel ]
Cement — their effect is to lower the
Quarlz —
Steele natural frequency of the »rojector.

Equal thicknesses of steel are
Fig. 6
always cemented to the faoces
of the quartz, as shown in Pig. 6. This is done sc as to have the
guartz at the center of the vibrating systen. 7Thie gives the maximum

amplitude of vibration at resonance and puts the least strain on the

cement .



