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ABSTRACT

A nine-groing device, omerated by the hvdrostetic
nressure effects oroduced bensath & novine vescel, is des-
cribed, The problem of comnensatines the device for demth
changes nnd for hydrostatic nressure changes by waves and
tides is discussed, &#nd it is strted thet sveening for mines
armed with the subject device would aovmesr to be very d4if-
ficult, The apnendices prezent a2 review of the mathemeticel
analyser of the effects nroduced by a s=hin, the effects of
waves and tides, and the mechanicsl behavior of the device,

PURSOHNEL

The device Gescrived snd dircuseed in this reoort
wee deciened at the Nevsl FReeesrch Leborestory by Mr. G. M.
Crosa, vho slso performed the major mart of the develonment
and experimentsl work on which the reneort is baced, The
orel Lminaryr deserintion of the device snd of ites funections
wee sritten by ilr, William W, Stifler snd the mathematical
analyses were preparsed %Ly Dr. Hozace M, Trent.
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INTRODUCTIOHN

L, The subject of this renmort is a preseure-actunted
deviee vhlch erms & mine on the ammroach of a shin, The in-
strument deseribed is simple and cormact, and should lend 1t-
self to quantity production. It can be emnloyed with sany Cyoe
of electrieal firing circuilt and is designed to operate in

40 to 120 Teet of water. An aversge cargo ship, 200 feet in
length, vassing directly over this device st a =need of 6 knots
oroduces sufficient oressure change %o actuate 1t and thus to

arm the mine,

J1, PRESSURE EFFECTS

2. Considerable research hns been done on the hydro-
static presasure varistions produced on the ocean floor when
» surface ahio pasees overhesd, It hec been esteblished ex-
veriment=1ly that there are regions of incrensed pressure on
the ocean floor ahead and astern of a surface ship, and a de-
erenced vreseure rezion somevhere smidehins, The maximum nefa-
tive pressure variastion from the mesn is ereater then either
of the nositive variastions, and is therefore more suscentible
of mine warfare anwlicstione.

11I. PRINCIPLE OF THE ARMING DEVICE

g, This negative pressure veristion has been consldered
as a means for sctuating both mine=firing and mine-armine mech-
enisma. The funciion of the subject device, & mine-grmins mech-
anism, is to turn on power sunnlies and to make the mine stand
by to fire when given the signal by some other device, such as
a2 sound or msgnetle detector,

4, Plate 1 shows the srminy device assembled; Plate 2
is » view of the inside of the head, Plate & shows the msjor
parts disassenbled, and Plate 12-A is a sketch of the mechanlsm
within the head.

5. The princinle of operation of the device s shown
schematically in Plste 12, wherein numersls (1) and (2) revre-
sent two chambers senarated by en intervening dianhragn (3)
which reenonds to a differentisl of pressure between the two
chambers to move A nlatinum wire conteet (2) throush cooverstive
action between the membrane stilus (5), a vivot bearing (6), =nd
the lever arm (7). A hair soring (8) operates to exert a 1ight
prescure betwsen member= (5) and (7).

Wit i g o
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6. A sscond electiode (9) is carried by arm (10), at-
tacked to insulating collar (11). Thie collar rotates rbout
nivot {(12) through vressure mciion om a Bourdon seuge (13),
the interfor of which communicatas through tube (14) with an
aimosoheric nressure chamber in the mine itself,

5 When the mine is mlanted, sea water enters chamber
(2) through screen (15), thereby comnressing the eir 1n a thin
rubber sack (16}, flexines diaphragm (3) upwards against sup-
sorting plate (17), and tncreasing the air grn between (9) and
(4) to a maximunm,

8, During the nine's de=cent to its overating denth,
the excess pressurs on the lower side of disvhregm (3) tends
to disapuvear through passage of sir from within sack (16) to
chamber (1) through & slow leak (18) adjusted by screw (19).
This passsge of air through the slow lesk continues after the
mine has resched the ocean floor until s pressure egu*librium
condltion bDetwesen the two chambers obtalns,

9, Since the interior of the Bourdon rauce (17) remains
at aimospheric pressure, the increassed pressure within chambers
(1) causes & counterclockwise rotation of arm (20) about pivot
(21), mnd, through action of the coupline arms (23) and (22), a
counterclockwlae rotation of collar (11). This rotetion moves
contact (2) along a path shown by the dotted sre,

14, After equ!librium is established, and the vosition
of contact (9) is fived, any subsequent reletively sudden pres-
sure dron on the ocean floor is transmitted to the sir within
the rubber sack, This vres-ure drop produces a downwsrd de-
flection of dlavhragm (3), which, %n turn, produces a counter-
clockwise rotation of contact mrm (4). If the oressure dif-
ference between chambers (1) and (2) is sufficiently great,
contact (4) touches contact (9), cloeing the power supoly switch
vhich arme the mine., The contact leads {(24) and (25) connect
with a scurce of e.m.f. within the mine case.

: 3 7 COMPENSATION FOR DEPTH

;i Since the effects of surface disturbances sre at-
tonuated with deoth, the sensitivity of the mechsnism must de
mede to inerease with depth, This is sccomnlished by the sec-
tion of the Bourdon gnuge, As the pressure in chamber (1)
increases, srm (10) is mnde to rotate in e counterclockwire
directlon a~ emlained in parrgranh 9, This rotetion lessens

Wy =
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the atatic dictance between contrete (9) and (4) and mekes the
device more sensitive to oresgure variations,

13, The proper cperntion of the device demends nrimarily
upon malring contact (4} of a form thnt glves a relation between
cont-ct 2ir gzan and depth of mine eubstantially as shown by the
curye of Plate 10, and settingzir lesk adjustment (1¢) to a pro-
per value,

Ve COMPENSATION FOR WAVE ANWD TIDAL EFFECTS

13. Baturel pressure variations produced by weve and
tidal effects are frequently as great es those oroduced by sur-
feoe shios, To build a mine cenable of differentiating between
ships and netural phenomens under ell possible crnditions is
very Aifficult, The subject device is, howvever, desisned to
filter out the tidal effecis snd to remain comnletely inomerative
during stormy weather, as will Te exnlained in the following
PETARTENNS,

14, The difficuliy introduced by tidal effectn depends
upon the maximum rrte of change of depth during ebd tide. This
difficul'y is solved by the slow leak, The size of the leak is
adjusted so that alr flows from the head into the rubder nack
renidly enough so that a prescure difference great enough to
petunte the mechanism in not entablished merely dy tidal flow.

15, Tc conserve batteries during stormy westher, the de-
vilge is mede to opersie the one-tube circult shown in Plate 4,
Fig. 2, 4o which K represents the contacts that are closed by
the pres~ure sensitive device, The tube is of the cold cathode
glow type which reguires no filament current for its operation.
At the instant K eloses, the votential of the 2rid is ralsed
to the value of the B supply snd the tubs becomes conducting,

186, Since the tube drawe its plate current through the
relay, the contacte are closed, supvlying power to the firing
mechaniem of the comblastion mime. At the srme time C ia charg-
ed to near 175 wolts. Thie cond?tion continues to exfst until
the TDH opens the cathode circnit sporoximntely 20 seconds later,
The tube cannct be reandersad conducting agein until C bas vartial-
ly discharged through Ry, the apvroximete time required for this
delay being 45 seconds, If K closes before 45 sscond=s have elans-
ed, C is recherged without the tube's conducting appin, In this
event 45 seconds must elapse again before the auxiliary ammaratus
can be nowered.

Wiy -
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2. Yren in siormy weather, the syells have verieds
meinly bstween 15 and 20 seconds, It is easily perceived that,
excent for ona 20 second perlnd, tre awnaratus will be entirely
disarmed Qurins periods of high weves, It 1s ertimated that
thias condition will exist between 15 snd 20 percent of the time,

Vi, PROBLEM OY SWERPIRG

38, As has been stated, a relatively sudden 4Arop in hyéro-
stat{c pressure, followed immedimtely by the dieturlance which
actuates the detonating mechanlsm, is recuired to exnlode a mine
armed with this device, Therefore, to sweep such a mine, 1t be-
comes necesaary to produce both a drop in hydrostatic nressure
and the reculred acoustic or megneilc vhenomenon at epnroximately
the same time,

19, Thls can be done during m period when weter conditions
are becomins rough, as, for examnle, before a storm. Since the
mine remsins conbinuously umsrmed after rough water conditions
have once been established, it 1s necessary to make use of the
initial 20 second period during which the mine ie armed by the
first large wave.

20, ig can be seccomplished if the diasturbance required
for actuslly firins the mine is produced continuously in the
mwined area during the aporoach of a storm. Iu the case of a-
coustically detonnted mines, this may prove pos<ible, It ap-
oears to be 41fficult, if not imoossibtle, in the case of mrg-
netically detonrted mipes,
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APPENDIX A.

QRIGIN OF THE PRUSSURE EFFECT

-

21, The action of the subject device 1s based upon the
well established fact that thers is a reduction of the pressure
on the ocean floor when a ship pascees directly overhesad. It
has been establlshed experimental'y that the effect increases
g8 the squere of the speed of the ship for ship sneeds up o
about 10 knots (MUR #7224), vhile the variation with denth is a
function of the length and shape of the shin and the denth of
the water at $hat point,

22. The theory of the nroduction of the nressure effect
has been presented sdequately both by the Naval Ordnance Lab-
oratory and the British Adgiralty (Bibvlicgravhy 1 and 2). For
the purposes of this renort, a resume of the assumptions and
findinea reported will be sufficient,

23, The methode of analyels employed in the above re-
ferences are essentially the same, By the use of Bernoulli's
thecrem,. the pressure at any volat in an incomnressible fluid
gcan be exaressed in terma of the héad of the fluld, the external.
ly apnlied pres~ure, and the velocity of the fluld at the point,
For the purvoses of the present analysis, the first twvo nara-
meters sre ascuned to remain constant, It should be emvhasized
thet this aesumption requires that the wave motion inltiated
by the passage of the ghip shall be neglected, Since the size
and form of this wave motion is a commlicated function of the
outline of the ship's hull and the sveed at which it is travel-
ing, simmlicity of analysis requires thet thils asswrotion be
mede, Some difference beiween the theoretieal predictions and
the experimental findings is therefore to be exvected.

24, It ie ascumed that the hydrocdvnamicel action of a
ship ia equivalent to 2 sources locnated just aft of the bow and
an equzl sink locrted just forwnrd of the stern, In order to
gssure that the motion of the weter at the bottom shall have
no normsl comvonent, 1% iz necessary to nostulste an identical
image source and sink distribution as far belovw the bottom as
the origiasl distribution is above, This assumption of 2 rigid
bottom may be questionadle with a coft muddy bottom, but is
probably accurate enough =t the low freguencies involved. The
resulting confisuration is 1llustrated in Plate 4, Fig 1, Some

s L
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Limprovement ‘{h_the theory would be ohbained 1f distribdbuted
sources and sinks were used instead of a wint dlstribution,
but the improvement in the accuracy so obtailned would not be
worth the increase in the complexity of ithe snalysisg.

26, In order that the eguations deseridine the motion
of the water shall be indenendent of time, coordinntes are as-
sipgned which hnve their origin movings with the sbhin. It 18
fwr ther szsumed the motlon of the water is irrotational and
that & ow« owV vhere © is the density of water, v, is
the horizental eomsonent of the water velocity, and V is the
ship's velocity, Under these conditions, Bernoulli's eguation
can be reduced %o

P=Constant+ pv,V (1)

vhere P 4s the pressure at the given noint, If the value of
v.can be celculried, the chanpe in nressure can be deduced at
any polnt.

26, The gource strength, 3, is assumed to be provortien-
al to AV, vhere A is the naximum cross-section of the shi»n be~
low the waterline, The wvelocity of the ter dus ftc 2 source
S at a distance = = given by v = S/24ir“. Using this exnres-
sion for S, it 13 easy to show that for the conflguration of
Plate 4, Fig 1, the change in vnressure at a point on the bot-
tom at the canter of the source-aink distribution is given by
the exvression

AR+ g, 0o~ %fﬁ&%ég )

wherein the negative sirn ariees from the fact that v, and 'V
are in ooposite directions.

2. Thie expression illustrstes the denendence of the
effect on the 2hip®s speed and the denth of the wrter, Dif-
ferent writers introduce slightly different proportionality
constants in the above exprestion, The setual va'ue of the
proportionality constent need not concern us here since we are
primarily intereated in the variation of the effect with depth,
A useful way of showing thie relation ecsn be errived at as fol-
lows, LetaRrenresent the value of the nressure change for h=zo ,
and AP, the pressure change on the bottom where the denth of the
water is b, From the geometry of Plete 4, Fir 1, the value of
AR 1s seen to be

AR=-520 B oc- ZpfET | (3)
P - ‘5
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The ratio 6f AR, to AR becomes

&=l (a)

The ebove relaticns are modified in practice by the wave motion
set up by the shio, the turbulence sbout the hull, esnecially
near the propelier, and the wake bshind the mhin,

28, Actual messurements of the pressure varlations on
the botiom gnused by the nes~sge of e ship shov a small excess
pressure under the bow, a sirong pressure mintmum under the
center of the ship, a small ercess pressure under the sternm,
followsd by small oscillations caused by the weve trailn left
by the ship, The nressure arming device is designed so that
an elecirical contact ie made by the action of the larpe pres-
sure reduction occurring amidshivs.

— 7=
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APERDIX B,

BEFRCT OF WAYES AMD TIDNS

29, Unfortunstely, both weves and tides cen vroduce nres-
sure fluctustions as great #s those nroduced by the passage of
a shin. Fluctuations caused by wrves are particularly trouble-
some, for the periods of the lerps waves annearing during stormy
weather sre comurrrble in édurat on to the effect caused by the
pessage of a shin, 3Because the parled of t1tal fluctustion 1isa
extrenely lons, the mnparatus is able to filter oyt the effect.
On the other hand, 1% is not sasy to aenerate the effects of
woves snd shins on the basis of their veriodicities,

30, The thisory of the pressure effects caused by weves
has been trented by Naval Ordnance Leboratory (Bidlicpravhy 3).
Brief'y, the mathematiecal technique consists of setting up &
velocity potentisl function for the wave motion, from which the
narticle velocity at any nolnt is derived by formins the dlrect-
tonal derivative of the potentisl function., The varticle ve-
locity so derived is substituted in Besnoulli's equation, thus
vielding en expression for the pres-ure. This anslysis ylelds
the following formulasat

A= sih s,
ch= '%‘Tcm\\ wh ,

2 A
P=Constant +%T&’n cos kX,
vhere
A=Amplitude of the wave wohon,

c=\.fe.loc11'k1 of the waves,
A=Wave length,

k= B
el
h = Depth of water |
B= Constant ,
T =Period of the wave motion,
%f Acceleration due fo gravity,

= pressure af the bottom | and
P Denmhj of the water

p——— .

_;:1!.
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. APTENDIX C,

THEQORY OF THE PRESSURE ARMING DWVICE

Geperal Consider s =

31, Both wave end tidal effedts can be considsred es
harmonic variaticns of pressure. The former bave perlods reng-
1ug 1o genersl Between 4 and 20 séconie and the lstter have per-
iode of about 12 houre apd 25 minutez, The pressure fluctuations
caused by the passope of a ship heve much the apnearance of har-
monle veriatlons, bot $he phenomenon is over before 2 steady
etate can be realiged in the armines device., The reaction of the
device Yo waves and tidal effects will be shown by ecsleulating its
steady atate regnonse to harmonic mresrure fluvetuastions covering
the elipnificant fregquency ranges =nd its transient nature by
calculating 1%e resoonse to a sten function.

52, A schemaiic diazram of the pressure-sensitive device
is shown in Plate 5, Fig 1. It consists¢f four Helmholtz re-
gonators interconnected. ilonsm rg the pressure fluctuations

are very smoll compsred to the mean pressure, a Helmholtz reson~
2tor can be shown fo be equivslent to a mass acied unon by a
sorins, & driving foree, and & vlecoue forece (Bidbllogranhy 4),
The viscocus foree 1a made up of two components, a radlestlon re-
gsistance end a viscosity., B3ibliograchy (4) gives for the former

- E?uﬁ
R" .“-651)
where

Density of the flmdd,

29rx fraqunncy,

veloelty of eound in the fiuild,
Crogs—mectional srea of the orifice, and
Radiation resietance.

Won o

oo €

At the frequencles of immortence for this device, this radiation
comncnent becomes entirely insipgnificant. The only viscous
forcee that nesd te te considered are those arisingz from the ef-
fect of the two gauzees and the external lesk, '

oA, In a Helmholtz rescnetor, the fluld enclosed within
the chamber acts as & soring, The fluid will de comwresred in

general by n eombination of isothermel and of adisbatic nrocesses,
This 1= dynamically esquivslent to a snwring acting in perallel with
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a combinstt?n cansistine of a soring snd o viscous cnnductivity
in geries,™ Tt will bde shown later that The ertornal leak is
equivalent to » viscous conductance.

34, From the foregolng brief introduction, it ia annarent
that a mechrnicel assembly constructed of conventinnal enrings,
masres, and viscositias cen be constructed which wil? have for
its de=crintion the same integro-differentisl equations as the
subject device. Such an arrengement 1s shown in Plate 5, Fig 4,
in which conveational symbole rre ured (Bidliogsra-hy 7). The
syrbols heve tha follovins meanings:

F= external driving preseure,

M = effective mass of water in the
lowent orifiece,

effective mess of mir in the
ovening between V3 and Va,
effective mans of the disnhragm,
effective mass of air in oven~
ing between V4 and Vg,

elantic effect of water in V,,
ela~tic effect of air in V3,
elaatic effect of alr in Va,
elastic ef’ect of the disnhragm,
elactic effect of air in Vi,
elastic effect of ailr in Vg,
viscous effect of lower gauze,
thermal conductivity in walls
surrounding Vg,

visecous effect of unmer gauge,
viscous effect of the erternel
lesk,

thermal conductivity in wells
surrouading V=

thermal conduniivity in walls
surrounding V4, and

thermal conductivity ia $alls
surround ing Vs,

=
Wi
i

i

el
B
4

[* ]
(TS

w W

Wit gl o oh
o

T & & B S

(]

vy
] H 1

The Equivelept Eleetricel Circuit

25, It is possible to establish an slectrical circuit
which will have the same integro-~&ifferentinl ecuationa for
its descrintlon rs would be used in the deccrintion of A gliven
mechanical arrengement, Firestone (Bibliogranhy 5), and Miles
(Bibliography 6), keve nolnted out t' at if force is made Anso-
gous to carrent and velocity anslogous to voltage, the egui-
valent electrical arrsy esn be dravn br insnection, Such an

Py 10
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aoulvalent electricel circiit is shown iz Plste 6, Fig 5, in
which the subscrinds have the same meanings 2o in the ecuiva-
lent mechanicrl structure. IL musd be repembered thet in this
analomy, magses become canrclitances, and sorines becomes in-
ductances, The gquentity of inferest is the current trr~ugh
the narsllel combination of Oz and Ly for this will be egual
to the net force acting on the dianhragm

R T ke A
i st S

36, Gardener and Barnes (Bibliography 7) describe a
eimple preshical method of constructing a circuilt whieh will
havedsaariptive integro=differentisl equations of the seme form
as & glven circuilt, but vwith the roles of current snd voltape
interchanged, The circult shovn in Plate 6, Fig 6, was con-
structed in this mapner from Fig 5. With the proncr assien-
zenpt if curcult paremeters, it will heve the aame set of des-
crintive equations as the originel mechanicrl device. In this
cireuls, voltege i anslopous 0 pressure, current to velocity,
canpcity to elsastance, inductance to mass, And resirtsnce to
viscosity. Sinee this sc-called "Direct Analogy" is the analogy
mont widely known, all subseguent cszlculations will be based
uncon 1t. The importent ltem to be calculeted 1s the voltege

across G4 since this is provortionsl to the dlavhragm dis—
vlacement,

Units Used in the Crloulotions,

a7, In the caleulations that follow, the :nit of ores-
sure will be taken &5 the nressure due to an inch hesd of water,
znd the unit of volume will be the cubiec inch. The density of
water then becomes ammrovimatsly 1/385, end the unit of mass
13,91 1bs. A change of vwressure of 1 inch of weter will be
taker to be equivalent to 1 velt, and a negative chenre in vol-
wme of 1 cubic inch to de equivalent to one coulemb.

Calenlation of Circujt Yersmelers
3e. Constants of the Fluid Volumes,

The cireuit contains Tour combinetinns of the tywe shovn in
Plste 7, Fig 8, which renresents the elantic vroverties of the
f1luld apd the thermal e~nductivity at the walls of the vas-el,
In order that this eircult may de a true renresentation of the
netion of the fiuid, the followins conditions muet be satisfied:

1) wvhen E = O, the gns rercts 1adihermally.

2) when R = =, the hss reacts adi~d tically,
nnd

iy e
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3) vhen R ia finite, the rete of chsnge of
cheree q erilslne from B unit sten func-
tion of voltaze musi he the nemative of
the rate of change of volwne v arising
from a unft sten function of pressure.
The negative sign sppenrs because dn is
analogous to —dv,

Condition 1) glves Py = Constant .

Pdv + vdP =0 |

v Vo
~dv=5dPx | 4P {1)
Therefore
C'_--?s . {2)

Condition 2) glves

Pv?’= Constant

[ (3)
Y™ Pdv + VP =0 _‘
-dv==¥de’ 2 %Edp i
i - 18
=1
, (4)

DECLASSIFIED




DECLASSIFIED

From condlitina 3) the vp'ua of R crn ba sotablished 4f 1t 1is
agrumed the tefiperature of the gas follows Tewton's law of
cooling, which ean be written

——3917 = K(e-0) (8)

where @ 1s the squilibrivm tempersture, 6 ie the temperature
at eny instant &, end X is a conctant, For the gas,

*g_\tL-.;\-gi;-}l.ﬁ i (6)

represents the responss to a unit sten funetion; for the elec-~
trical circult thé equivalent erwression is

k) o

Thene Ywo enuatlione are coneistent, provided

R=rto~ & - -

Sinca the wrlls of the device are made of thick bronze, which
is a pgood conductor of hea’, 1t can bes sssumed thet K is large.
Thies mnkes R a2 small quantity, and at the frequenciles of in-
terest it can be a~sumed that time constants of all RC' combi-
netions nre ao small that they do not materially affect the
final results, Such combinations will be neglected hereafter.

#9, From the deslgn dimenalons of the device, C3 and Cg
are very smnll commared to Cg - C4, ond Cg, Since they are per-
allel elements, they can be nerlecta& in an anproximate solu-
tion,

40, The elaatanee of the volume of water is revresented
by G, This parsmet~r esn be shown to be nagligidle by the
following analysie, DBy definition,

Compressidility, w =-.."€ &5 ;

Also, e? T vhere ¢ is the veloeity of sound in sra water
{57,500 & ‘?mlaneomn.

—dv= nudP= f’dP (9)

ey il

3
Es |

DECLASSIFIED

v



DECLASSIFIED

Cor il (10)

This quantity is of the order of 0. - Since this cap-
aceity in & nnrallel element, it can be neglected at the fre-
quencies of immediate interest,

4] , Caleulation of the Fguivalent Inductances.
In three %fanstances, the inductsaaces are due to the motion of

a Tivid through an orifice. In Bibliogranhy 4, it is shown
that ihe velmes of the-e parameters ¢an be calculated by use

ef the relstion
| = et 5%)
= T

where, L = inductance of the fluld in the orifice,
{ = lensth of the orifice,
a = radius of the orifice, and
P = density of the fluld,

18p/35r 1s tvice the familier end coxrection for a tube, The
dimennions of the lowest orifice are

Q:%“

) __l,.“
e'!G
The value of Iy is given by

%3
+ F

L= Wiy ec0=omes -

42, The other two orifices have dimensions of the same
order of megnitule, but since the motion in these rases involves
gir instesd of water, their inductsnces will be smaller by a
factor equal to the sovecifie gravity of eir. The smecific
gravity of air is 001293 at 10° €. Hence the values of 1, and
Ly sre about ,001 that of 11, At the frequencies of iaterest
they can be neglecied,

45, The squivelent inductance of the diaphresgm cen be
shown to be anegligible by the folloving reasonins, According

‘ -l4-
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‘e to Crandal) (Biblicsrashy 87, the defledtion, v, of a noint
loc~ted et distance v from the center of s circulsr vlate of
radius a, clamped at ithe edpe is, if nressure is uniformly av-

ntied, closely auwnroximeted by

y=y.(1-5)" (11)

The change in volume from the mean posfticon 1s given by the
value of the definite intezral

v--j aa'ﬁ 3.,(1- ﬁi)zrdrr--g‘l‘ru‘\jo + (12)

The kinetie en=rgy, T, of the plate, is d-termined by the defi-
nite integral

Q
il . ' G2 oL 2. 4) 22
T‘aj:c“?/"ﬂ rdr_z(gﬁrap)au (13)
whare fi is the density per unit area.
If the kinstic erersy is exnpres-ed in terms of the rate of

change of volume instesd of the veloclty of the center of the
diachragm, the expression becomes

T=%(&&) V= (1)

Therefore, the egquivalent inductance of the dianhragm ia given
by‘:

La=24£2=%% (15)

vhere M = total mass of the dianhregm, end
S = area of the dianhragm.

When the constants of the device are substituted in the rela-
tion (15), the value of L4 %is found to be .0000103, which ia
entirely negligible,

44, Caleulation of the Resi-<trnces

The viscous effect of the lower acreen can be found directly
by puttines a kmown hesd of water in the lowent chamber and

- ks
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Lo o
neasuring the rpte of discharge of waser into en infipite vol-
une of woter, This value is found %o be sbout .18 cublc inches/
second funit nressure, The eguivalent remistance 1s the reci-
procal of thie quantity, cr 5.55 ohnms,

48, In the case of the upper gauze, the viscous effect
arises from the oassaze of alr, which has & viscoslty of only
.01342 times that of water. The eguivalent resictance will
ba reduced en equivplent amount Welow thet of the lower pause,
or avareximetely 075 ohms, The time constant introduced by
this quentity is negliglble comprred to the duration of the
phenomenon heing detected. Consequently, thls resistance can -
ke neglected,

46, The eouivalent resistance of the lesk will be cal-
culated by the uee of Fig 9 on Plate 7, in which it i= assumed
the kinetie reaciion of ths pasz 1s negligible comvared to the
viscous forces. The viscous force is mscumed in the convention-
al mamner to be proporticnal to the velocity of the flow. The
partial éiffereniisl saustirn describing the motlon of the gas
in the tube is

PA*(P*‘ %Eax)A— KAuax=pAax %'—'%—; (18)

—%—E—Ku:ﬁaﬁt-ﬁﬁ%-fﬂu%-:— . (17)
In the ghove raletions

P = pressure at the point x,

A = cross-sectlon rrea of the tube,

1 = velocity of the ras, and

k'= viscous force par unit velocity
per unlt leagth,

When & ateady ata&a has been reached, = 0. In such a de=~
vice, both u snd ‘; are such small quan{it.!.es that their pro-
duct may de n.eglege& in comsarison with K u . Fauation (17)
reduces fo

oF

_g +HLL=0 g (18)

-y e
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If equntion (18) 1= miticlied by O, end OWis set equal to
m. where m is the mase of gos pas-ing a piven cross—section
ver second, it %e found that

P-%:— *R/QU:O:/Q%}?.*K;“_ (19)
In such e device, the gas will exnand isothermally so that

[) 1’“" ] (20)

'(fhe)eqmtion of motion becomn by substitution of (30) Into
19),

R RN |

If equetion (21) 1e integrrted with resvect to X over the en-
tire lenzth of the tude (), the followinr eguation results

TRE R+ Kme=o (22)

whers = pressure at position x = 0 and
= proasure 2t position x = e.

Let WOz Ked B =R +aP where aPKR
Equation (22) becomm, aefter the substitutions are made,

¥ SR+ eReP+EP-RY) + Wm=0. ()

AEE can be neglected in comporison with 2R aP. and the eque-
tioa (27) reduces %o

Pﬂﬁp=”km=_kﬁ°§ 3y ©Or

AP:-—\-‘A‘;{; ! (24)
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-nd
Bqustion (24} shoua thet the volunme of air nassing throush the
leak ner second is indevendent of the mean nressure, a result
that hes been verified sxverimentally. The squivelent resis-
tznce 1s seen to bz equal to K . Its velue can be found by
applying to the ends of the lesk s difference of pressure egyual
to 2 1 inch head of water and measurianz the volume of gzas is-
tulng per second. The lesak is adjusted to give a rete of flow
of ,00141 cu. in./sec/unlt vreseure, The value of the equiva-
lent resistance, or Kk , 1s the recinroecal of the rete of flow,
or 709.2,

Ihe Anorezimate Circult

47, From the above analysis, it is sbvious that the
peglectling of many of the perameters iun the eract circult equi-
valent Introfiuces en error of only a few perceat., If these
parametsrs are neglected the cireuit can be reduced to the falr-
1y eimple one shown in Plate 6, Flg 7. Actusl numerical re-
sultes will now he calculmted for this arranpement, As stated
before, the desired quantiiy is the ratlo of the voltsge across
Cq to the driving woltage, for this wlll show the fraction of
the ext-rnal pressure fluctusbion that sonesrs scross the diae-
nhragm., It should be pointed oud that the values of the eir-
cult parameters very with temmerature. This 1s particularly
true for the canscities whiel remrrsent the elastances of the
alr volumes, in which caase the values are inversely vrovmortion-
£l to the abmolute temmerature of the air, The caleulantions
which follow will be based uvon the asswsvtion that the eguil-
ibrium bYemverature of the air 1= the same as it was when the
nine was first planted.

Steady State Solutien

48, As pointed out in Appendir B, the sctions of waves
and tides are equivalent to harmonic pressure fluctuations,
A stesdy stste solution is of value because 1t shows how the
device will resct %o such stimulmtions., Such calculations ean
be based upon conventional gomplex ac veciors. The circuit
of Plate 8, Fig 7, cen be reduced to four imoedance as shown
in Mate 7, Fig 10, It 1s easily secn that “he value of the
retio V»/2 ie given by

(25)

- Z:Es
% T @ 2N ZerE B Z;

i i ot
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Values of this rrtio for thres diffarent freouencies and five
different denths are given in Tnble I, The ohose differences
between the voltegen rre glso shown., This teble ~hown clearly
the difference heiween the rerctions of the device to fre-
auencie~ equivalent to wave effects and to those soulvalent %o
tidsl effects. In the former cases, tetween 1/3 snd 1/5 of the
externnl prezsurs flictuation smneare acrose the dianhragm, end
the resvenss is almoat in phnes with the external variation.

In the s tter csee, the fraction is between 1/700 and 1/1200
and the respopse is almost 20° out of nhase with the external
variation.

Sfep Function Solubtion

48, A sten funciion solution is of immortsnce because
it show~ the mapnitudes and time conateata of the orineloanl
transient effects, and gives sore information concerning the
durstion of the contaét resulting from a ~udden decrrese in
nresgsure., Such a solutlon can e obtalned most effectively
by the use of the Lanlace transformation.

50, Referring again to Fig 7 of Plate 6, the intepro-
differential sguations describing the circuit on & nodal dasis
are:

GV +T Vit -G Ve =T Edt .
GN-GVe - (Cor C) G +C, §=0 yand
Codf -(CorC) PP - G0, -

vhere r‘z-%: y

(26)

w

£,
G‘z"R-‘ , and
Sy
Ga=1s
If the Lan¥ee tranaformation is performed on equationa (28),

snd V' renrecents th:e Lsnlace transformation of ¥V, the trans-
formed souations become

G +BV-6W =1,
GV =16 € CYe] V4GV =0 ¢ (20
CosWE - [GurlegrCa)s| Vi=o -
= DECLASSIFIED
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In equrtions (27), s is the comnlex narsmeter arisine from a
Laslace transformation of s derivative or an intepral (Biblio-
frenty 7). Boustions (27) sre nov solved simmltancously for
vielding the equation
(28)

% e
G TG GG CAC)S)-Ce #(G o4 T)-Gls 6, (G Co)s

In order to perform the inverse Lanlace transformstion on
Equation (28), end obtein an erwressiaon for Va in terms of

the circvit perametera and time, 1t 1< necessary to find the
roots of the denominetor, Since this exnression is a cudble

in & It is easier to determine the roots by the Graeffe Method
after smctus)l nueerieal values have been substituted for the
clreult constants, This has been done for five different denths
wlth the resulte showm in Tabdble II,

8. A twnicsl nlot of the atep function solution for an
equilibrium pressuras of 1200 inches of water 1s shown in Plate
8. The pressure acroes the dlaphragm rises %o a maximum in .56
seconds, after which it decsys nt & rate determined essentially
by the first term of the equatiom for Vz. A finlte time 1s re-
quired %o reaeh this meximum becaues of the inertia and vie-
cosity of the water enteringz the device. The final decay is due
to the external leak. It should be pointed out that the imvor-
tant coefficients gopearing in the sten functlon solutlion are
almost egqual o the coelficlents for the steady state solutlon
with the larger velues of .

Extergal Presasure Variation Reguired to Produce Cohtact.

52, Equation (4) of Apnendix A gives an exnrasssion for
the decrease of the pressure effect with denth. If a tynicel
value of 90 feet de zssigned for 1, the effect will dscrease
with depth eccording to the upner curve of Plate 9, The cal-
culations listed in Tsble I show that the sensitivity of the
dianhragm decresses with denth accordings to the lower curve of
Plete 9., If a constent pres-ure differential were reguired
across the diachirssm to oroduce contact, the curves of Plate 9
.how that the sensitivity of the device would decrease ranidly
with the deoth of ihe water. To compensste for this effect the
initial spacing between the contects is made to decresse with
increasing depth according to the curve of Plate 10, TFrom the
curves of Plstee § 2nd 10 »nd equation (4) of Avmendix A, 2t
is possible to deduce the vrescure change Just under e shio

St e Al W
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that wtllkhﬂ regquired %o vwroduce contsct, DPlate 11 shows such
a curve for & ship vhese value of 1 13 90 feet, This curve
shows that the device is eglighily over-commensated for this

tyue of shin. If 1 is emallsr, the comnen-ation ie more nerfect,

Tndeierminate Flemenis.
83, Sack.

The device 1lncludes a composition sack which seperrates the water
from the air in tkhe lovest chamber, The original mechanical de-
eign assumad this sack to be commletely “flopoy", i.e. it offers
no eporecisble resisbance to the motion of the water. Thie seme
assumphlon has heen made in the theoretical treatment. There is
gome guestion es to vhether the sack folds up proverly so that
the phove assumpticn 1s valid at all denths, If this assumption
ie not guite velid, the measured pressure differentials required
tc produca contect will be larfer than the oredicted values.
Uata to be collected scon are exnected to shsd some light on thise
tueation,

5T Thermal Effects

The sheorstical trestment of the avnrorimate egulivaleant circuit
asgumes that the 2ir slways exnands isothermally. This amounts
$o ansuming thet the rate of hieat conduction throush the walls
of the device ia ininite, Yo evideace aocllected to dste indi-
cates that thls seenption introduces any apnreclable error.

If Soter teshes indicerbe that the effect must de included, experi-
meate will have to be made to determine the rate of cooling of
the air inside the device,

5E, Fricticn Effects
The motion of the dlanhrepm in communicnted to the contect through
a multiplying device which obrviously has some friction, This
han been neglseted in the theosrstical treatment because tests

heve ahown thei the contacts onen and close on the same pressure
differantisl across the disohragm to within .01 inch of water,

T R o A
¥ e ———_ -
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TABLE I

Steady State Acanonse of the Pressure Armins Devices.

=

265

8b

BE5
1080
10560
1050
1200
1200
1200
1450
1450
1450
1850
1660
1850

AUE

a8 n

frequency of the pressure variatlons,
mean pressure in inches of water,
ratlo of differentisl pressurgs ACTross
the dlanhragm to the externel vres—
sure amnlitude, And
ohase diffsrence between the oressure
differential across tre disvhresm and
the external nressure,

1%}

1
1/a
1/7000
1

1/3
1/7000

1

1/3

1 /7000
1

1/3
1/70

1

1/3
1/7000

-

L3375
7401
.00148
. 2991
.2995
001287
L2669
2726
.001066
2775
.2568
.N00B568
.1968
.1957

L 000587

A
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TABLE II

Resnonse of the Pressure Armings Device to a Steo Function.

TR = Fauilivrium pressure in inches of
water,

V7 = Presaure differenttal across the
diaphragm,

E = Externsl pressure varistion,

Expression for
R
865 345060381t | _2400e-5.104t 4 opa7ge-s70.2L
1050 an2se--085%1t | z0age=7.624t 4 0n63E9e~TO8. 1t
1200  2P54e™ - Ga6Est ,25315_"'10. 04t +. 007 Re 86,7
1450 .2000e=-00855t | 94gre~15.02¢ 4 01036e~760.7
1880 ..]_9'?6&“«040751: = .21:-.30&-35.34‘. +°0154€_-f!50. &t
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