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ABSTRACT

The use of explosion waves in the relative calibration of a hydrophone
offers a new method of approach to the problems of rasponse measure=
mente. Application of this method to itwo stendard hydrophones in the
frequency range 5=100 ke gives a relative calibration which agrees with
the relative calibration obtained by coaventional continucus wave
methods o

The method may be applied to the celibretion of projectors and other
linear underweter sound transducers. hore rapid anslysis of the data
is possible through the use of appropriate mechanical or electrical
harmonic acalyzers. Restriction to the use of explosion waves is not
necessary as the method is epplicable with any transient.

The method elso gives informaticr corcerning the explosien wave, ir
the atsolute calibration of the hydrophone is knowne
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i, INTRODUCTION

l. The use of tramujents to celibrete kydrophoncs 4s dased i
the mathomatical thecrem {net the response of a iluesr systom to any
trensient dotermins: coupletcly its reaponse te any other trarcisnt
s well az its stoedy cuete or continucus weve recpomse. In this re-
port this prireipls is used to obtuin the relative celibration curve
of two stendsrd tourme ins hydiuthonas, the resulic being compared
with those cbtained by the comvsrilcnial CW methed, The explssion wave
from & blasting cap wes used as a cewenldent treusisnt siuco it is
strong, tonsistent, ard free of electromognetic disturbances,

2. the method can not yet be clzimed to be as izpld as the UW
corpariscu method unliss mechanical o electronie haruonic annlyiors
ere uscd, lowever, orcillegrans of the responsesof hydroghones struvek
by explocion weves sh:w many of their charecteristics qualitatively,
Jjust as th:e rezpunses of electrical netwoerke tc sguare woves or Heavi-
side pulses - with wi .ch the explesioen wsve has much in common - dic=
cleoze cirenit qualiti.s (Biblicg. 1). ir this serse the explocion
wave caun be counsiderei a tool of aralysis, as ir an elsctrinsl square
waves Tho method cutlimed in this repert can be sztondsd te projeciors
er to sny elccitromeck aaleal system which iz linenr.

I1I. THEORY

3s The response of @ linear system to any type of wave car t2
detsrmined {rom Duhamel's integral if its vespomse to a lcaviside unit
functica, cr its indicial admittarce, is kuno'm. Bedford and Fredan-
hall (Bibliog 2.) pive e method for deteruinming, by a grapaical cviinas
tion of this intugrel, the steady state sensitivity snd phase shill of
a glven system from its observed respense to & squarse wave. This
graghical procedure sugrests the feollowing methsd for determianing the
relative sersitivity end phase vs frequency curves of two systeus, 8
erd S,, by observing thelr respective recponses to an srbitrary amx
unknown transient.

4, Assurs thet sn additionzl structure B having the rroporty
of transforming an incident unit fumetion inte an erbitrery transient
inmediately precadcs each.system 5{Sketch 1). The respsose and phause
of each .such combination, B + 5; or 3 + Sp, % an incident cqaars wuve,

Combination 1 | - B
Combination 2 - B
Sketch 1
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s datermived by thre rotorc of Indlevd ond Pradest sll, mey be plstied
es a curve in the womplow plare, the frequ-n{' a,'ear¢:& g w LLrae
metur. Aay one point o guch s curve will be the procaet of two face
tors, B(¥) x S1(V) or B{Y: = ~¢lV). where HiY), n-\ig ena J£LV) ere
functions of ths frequency mnd represent +he eflact cm sensitivity axnd
phase that ths adéiticmal siyructure and each sysien moszpectively have
on an lveident sinucoid of [rcguency W Hence = point by point ratio
of the curves for thz trwo copuinations will give 2 curve representing
the relative response end prase differeace of the two systeme, sirncs
the effect of the addilional structure cancels., One cen thus disyens
with -the artifice of the additionel structure B and merely sgacify ¢ra

the same transient btw incident on both syctams.

6. The methomatical expression for Iuhemei's intezrel yielding
the respomse to a simsold way he wriltten in the form

\cl'(f r\} .

lLT) = ( € ()ALM a(l (1)
A A

wher A * Ce Uare if. lg the respence to the sirusoid of froquency

V(‘ ) aﬁ the time T, ‘aid A(p) is the Indleial sdritiance. In the

rrese‘t case, A{y) is tha oncxllngran of the respomse of the hydreplone
to the explosicn weves Only tho absolute megnitides and phesc dif-

ferences of the two systems are of interest here and the facter glWe
can be eliminated.
T
(e dAw ,
!f“i') = | € N d A {z)
) E 2’)0 ‘?\l}'-

6. The method of Bedford and Fradenhell is %Yo carry out this
integral graphically by vectorial addition of the AA's at inteivels
At, the angle between successive AA's being 360° x pyAt. Theoreti-
cally the integration should be carried ouvt to infinity, or until tho
-~ teil of the curve returns permanently to the ¢ exis, i¥ one wishes to
obtain from equation (2) the stoady siave responss. Irom a prantlenl
viewpoint this condition may be difficult tc fulfill, snd cufficient
accuracy can be otteined by intesrating until the tall sprroaclies w
constant value rear zero, .In practice, also, T must be iess than the
duration of the sweep, Iif the oscillogram hee not "sehtled down™ by
the end of the swoeep, ihen equation (2) obviously can not give a gocé
estimete of the steady state response in such a siurt interval.
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Te Inmtepiratlon ol equetinn 12) by parte gives

A "
Voo

{n) ! = )

Ag, € + wi ApéE dA (2)

L
If A(y;= O, an agquation of s same -fwom-as (2) is obtained, with the
ordinates themselves replacing e difference in ordinates. If Agp)# 9
a corrective tarm is nscessary 10 one is to obisnir the seme result es
with equation {2). In most of %.e mechsnical or zlasctronic metihols of
harmonic analysis (Bibliop. 3), oo integrel of the Porm appearing in
equaticn (3) is eveluated,

IIT. APPARATUS

8. The two hydrophcres which were compered were the HEL stondavd
tourmaline hydrophones Ql=A~2 and Cle=A=3., Abscloie culitrationz of
both hydrophenes from 5 to 100 ke, hbased c¢cn s weighted absclute eaiilivas
tion of the standurd Ol-3~4 (EBiblieg. & end &), are shewm in Plate 1,
The weighted caliretion of QOlL-A<4 is obiaine¢ from data takan st the
Naval Kesenrch Laboratory and at the iountein LaXas stution of the
Underwater Sound Reference Laboratariss,and is considered meccirate on
the average within # a/ﬁ db, wi+th any point within + 1.5 do. In adoi-~
tion to the comparison obtaines from the above absolute cslibrations, a
dircct CW ceoaoparison of the twe hydrophones was made as an additional
check Curing the course of this investigaticn.

9. A Dulont Type 1728 experimental model single-sweep sothodsg=
ray cscillographic assembly was enpleyed to racord the tremsismt veliteso
resporce of ths hydrophomo to ths sxplesion wave. The time srale on
the cseilleograms was obicined by modulaeting the spot intensity «ith =
voitegs of Luown frequencv. (See Plute 5). Tac voltage scals was ol
teined from frequeont celivwation rhotegraphs off & girusold of knowr
emplitudes from a stapdsid signsl gsnerator.

10. A Dupont #8 eleciric blasting cap was used fcr the explesioan
source. The sweep circuit cof the oscillegraph was triggered by the
impulse from e hydrophone consisting of & single Rochelle sal: cryotal
mounted a few inches abuve and in front of the Lydropkene to be csilbrated,
This distence corresponds to the inltial stralght pert of the oscillu-
grams (Plates 5, €) or the delay between the triggering of the sweop
circuit and the arrival of the explosion wave at the hydrophonce.

11. A mechanical harmonic analyzer (Bibliog. £) was employcd os

-one meens of analyzlng the oscillograme. Ils distinguishing charactor~
istic is its abllity to acalyze a curve of arbitrary base lengih.

-4 -



iv, THCPYIQUL OF QRURVATION AMD ALASLARIET 1

12, The bydrophone to e cenlibreisd wue nruated on the eud of o
length of standerd 2° pipe su6 wee locatad spproxiimatsly zddway betwsen
bottom and surface in water the douta of whieh variad from 17 to ©
feot with the tide. The blactlig cep -we8 located 18 feet from the hLy-
drophone. At this distance the schees fiom Wotitor and. eurface did not
arrive until at icast one millissen:?d had elagssd afior tha errivel of
the diroct wave.

13, Two series of cszwillogrars wore mede for each hydrophone,
each series consisting ol two grouns of thres osclllograms ecch, two
modulated and ons uvmmodulated., One group woae mude vsing e swesp of
approaimately 200 pusec duretion and the other using e sweop of either
400 or 1000 pusec duraticne The 1000 ysec sweep was used in one
series of oscillegrams (OL=A-2) while tho 400 sec sweep vas ussd in
the remalivling series of oscillograms,

4. A wodulation freguency of 200 ke, producing points at 5 usec
intervals, was used on the 200 and 400 ysec sweeps, and a modulstion
frequency of 50 ke giving 20 ueeec intervals was used on the 100C jicec
sweop. As a further aid %o measurowent a ime (x) axis was applisd to
each oscillogrem before tias csmera chutter wes classd. Awplitude
calibration oscillograus w2re telen following each explosion,

15. The effect of orientation ol tie hydrephone rolative to the
direction of the explosion wes investigated for angles up te + 309,
Typical oscillograms are shewn in Plats €. -

16. The cszciilograms o ko analyzed were projected tpon the scieen
of a Recordax microfilm rsadar end traced upon thin paper fromwhich
the measursments were unds. The stert of the shuck wuvo war loceted
in the tima coordinmates by meusuring back Zrom e well csteblisbed wodila-
ticn point an the oscillogrem. Megeurswenis of tic ordinates in the caze
of the 200 usec suoey wore made every usec through epproximetsly tho
first 40 g soc, whoroli: the most repid fluctusticnz in anpliinds ne-
curred. Thervafter the ordinsles wero measured at 5 usce Intervals
and elso at any maxima or minime. In the casos of the 400 ussc op
1000 psec sweeps, measuremonts were wmade at 5 or 20 usec intervals,
respectively, after the passage of the main peske. In the region of
the peak, umplitude chasges occurred too rapidly wiih these swesps for
eccurate weasurements to be made.

17. The observed measurements vers corrected tc midescreen pogi-
tion by applicatizn of experimentally determined correction factsr<.
These corroctions were found by applying celibrating sinusoldal volieges
to the oscillograph and measuring the resultant doflection amplitud=s
at the varicus positions on the screen. It should ke remarked that
these corrections should always be determined expecimertally, since
they are asymmetric in x, and in eddition ere in a direction opposits



4o that o bu expertea on the besls ¢f o spherical zorsen.. Morauwrohents
from on3 cseillogram of 200 prev ewedp and frox spo of 400 ov 1700 wicro-
sec gweep ware combined dnbto one cviue to bLe arglyued, the sihorius swesp
furraishing the detsils of thoe psak regicn, cud the longsr showing tha
behavior ir the teil of the curve, Two such curver, one from caca soriun
of oscillograns, wore cutained for omch nydropbous. Thus twe inresendsnt
relative calibraticns were mveilable,

18, Thres meti.ods wera used in aralyzing the curve:; a) grephiczl,
b) avmorical, and ¢) machaniceal.

a) Erophical = LiMferences in the ordinates were determined froz
the curve for svery usec through the first 200 umec. For
& given frequency v, at which the resgounse wus to bs found,
these differonces werao sdded vectorially mccording to the
method of Eedlord ecxd Fredenhall., One usoc intorvele were
used over the entire region graphed at froyvcacies abrve &0
ke and over the first 40 Usec at {regquencicr frem 10 1o 5D
keo Intorvels gireatar than 1 ysec mvre uged in the »2zicas
where ths AA's wero suall, thnugh Fluwe intarvels were
kept swall enough vo that the engis. hztuaen sucazeslve vachors
wa® never greater tren 36%. Tor omse ia pletting, vaives of
yV givipg angles af zsoO/h n en integer, werz used.

b) Eggiggxﬁl = 4t Lo higher freguenciss whore thers weve 20 or
Tese vector additions per 36509, all the vecicre im & given
diresction wers addel algebraically and the resuliant of e
components thus ottuained was delermined by trigonometry. Thlc
mothod was much morc rapid than the grephicnl methed exd slso
eliminated errars due to graphing. At lower fregusucies,iows
sver, it became cumterzome beceause of Lhe number of camonents

involved.
c) lechanical - A harmonic analyzmr mas uwzad which eveluntas an
Trntegral of the fovm ( A )e‘“" dA , the integral in
aguation (3) of arngvayh 7. In the c:c.llog"ams enalyred,

the c¢urve nad Lut vetorned to the t sxic at the time T tu
which 5ntogration was enrried, and the corrantion tara

fkpj €W TS lﬂcluded. © As a check ard to reduce
any errors occurring becsuse of the choice of the direciion
of tracing, each curve was treaced by the analyzer beth clocli-
wise aund counter-clockwise et eech freguency. Since this

type of enalyzer (8) iz independent of the basaline, it was
possible to determine the response at frequencies which were
nen-integral harmonics of the "fundamental“ freguency of peiiod
T. This propsriy of the analyzer, along with the snving in
tire, made this method superior to the other methods employed.



s The conpa-ison calidration of tae Swo hydrorhonss by the
traze lonk awthod 1s clovm in Plate 2, Also Ineludad sre he direct
CW merparison calivration an: the compesison siiasined Iren the awbsolute
salibritions. The culibrati.or agree very well sxespt for oceesional
peinte . Tas agrecraanb bvstws-n the trensisrd uwsthod oxd the dircex
ceaparison s as g.ol =& tnd agreosment beitwetn the dlirect compsirison
and Zhe comparisen cf the ab:oluvts eelibraticus.

2. Geeillopgrens of bolh (L=3-2 and YL=4-3 resoonse for 200 pssc
and 00 4sec sweel: are srovn-ir Fletes T oand €, Th: 1eschences which
avpear as irregula-itdies ir the caiibiatiyn curves of the Lyydrorhones
avpeer az oscillatisong in th: oscilleprems. Tho veriod o the most
araminant oscilletions in the i~ A-2 vecillogrens ‘o spproximuiely 8

msec, corresponding to a frequency of 125 ke, riowve the range of tie
prosers analysis. The most promiawnt oscillaticas i the OL~A-3 oscillo-
grame have periwis L:tween 1l an? 6 umsec, rorcasponding to froguenuies
besyviegn S0 and 7V ke, This 18 the reglon of wiclent fluvotvaticn in

the OL-A=-% calibretion curve (Plate 1). There 42 al.o & vory loang
period {apprq‘xin:ai:el'_;r 6UC rnt) 9s2illaticn du he Ol-£=2 oscilloprem,
visible in the longer gweep, corresponding to u frequency of aboubt 1.6
keo A resonance has been found in this ragion in cthar Ol~a typs hy-
dropnones tastnd at the lows ' audlo irequenciss. Intoriecounse phencwsan
or beats of the csuoillations i1l Me notzd where witiple riscrancse
are prosent,

Z2i. The grephicel wethod of analysis exhibited shnsfacteristine of
the enalysis which wre not apparent from the otmer methols. [lats 7
shows a %ypicel graphical plet. The numbors cp the gragh indicale the
time interval in peec from the arrival of tie shwek froat. The chonse
of sign of the AA's &t sach maxinmum or minlmuar resultis i the formaticd
of cusps in the graph. A criterioa on hew fai- 4he irtegraticn should
be carrizd is given by the cuavergrpece of the weecturs in the teil of
the oscillogram. Inbtegration over 200 ez wes iouol to bz sulficient
at mosi frequenciec cnd 200 weec “herefore war chocon ss Lanc sisadard
time for use in thie investigation, At froqusneies of pronoucced re-
sonance the cusps ocourred moproximately svery LH0° 3f rowtion s
resultud in a seriec of semizircular segments the diameters of which
wore additive in the same direection. Cnuvergence was legs rapid in
these cases and the uncerteinty of the resulting rezponse was greater
ther. at cther frequoncies.

2%, As absolu’o calibrations for hoth Liydroplones wers kucwn,
the ebsolute pressurs: of the axplosion wave was calculated from the
hydrcphone response. Ths "calibrations" of the sxplosion wavs, ¢b=
taine¢ from eech hyérophone, are shown im Plates 3 ar¢ 4. These
curves cun be interpreted in two wmys. bathematically, encept for
constent fuctor, ,‘.//&j,;: s c=ach gives “hs absoluie megritude oi thne



Fourier transform of the derivative of the explosicn wave. Or if the
blasting cap is considersd as a linear projector wuich emits the actual
explosion wave when excited by a wnit function, then each curve gives,
st 8 funeticn of frequency, the amplitude of the CW wave develcped at-
the reference poini by the "projector" when excited by a CW voltage of
constant emplitude, The value of the pressure approsched at high fre-
quenciss by this curve is the value of the peak pressure in the explosicn -
wave; it iz about 3.7 x 105 dyn@s/bm? at 18 feet, & value in agrecment
with the pesk prescure weasured by more direct methods.

23, On trke assumption that the explosion wave obesys the exporentisl
lew of decay ¢~ “« , where T, is tha time constant of the exponential,
the pressuro should be {ulling off repidly helow a frequency v EZ!/QJr];
The theoretical pressure vs frequency curves (the pressure at high fre-
quencies being assumed correct) are also shown in Plates & amnd 4 for
different values of T, near the correct value (v 20 usec) for a #8 ecag.
It is seen that the pressure dses not fall off at the lower frequenecies
as tbe theoretical curves weuld indicate. Actually the pressure in the
%81l is believed to follow a t-4/%  instead of an exporential law, zo0
that the deviation of the observations from the values predicted by the
exponsntial approximation is in the right direction.

24, The oscillogrems of Plate 8 show that the effezts of rotatircg
the hydrophone relative to the direction %o tre =xplosion are a) %o
round off the main peak and increase the tire of rise, and b) to smooth
ocui the oscillatiors in the tail. The grephical analysis of an oscillo-
gram taken at an augle of ~15° showed the expected dacrease in the high
frequency sensitivity.

25. The trensient method of comprrison also gives the reletive
phase shifts of the hydrophcness and, if the shape of the explosion weve
is knowr,, the ebsolute pnhasé shiftwith ircquency cen bte dstermined,

The accuracy is not very high, $10°, tut this acditional datum is men-
tioned since relative phese shift is not easily determined by W methods

of comparison. . . s
’ T}i} bvwbm:%!““- ) S*%AQ' ﬁ§t14¢u1¢!©~¢-{ ’
vVi. SUMEARY AND CONGLUSIONS

26, The use of a transient in the relative calibration of e hy~
drophone is feasible and gives results which are in agreement with re-
lative calibrations ohtained with continuous waves. The use of axplo-
sion waves, or other types of trensiernts, can he extended to the rela-
tive calibration of projectors and other linear underwater sound trans-
ducers.

27, The calibration of an explosion wave or other transient by
means of a stendard hydrophone is illustruted, and this suggests the
possibility of utilizing a stendard transient ruther than a standard



Lydoeyhons for caliivations. s mueh quelivetive informmtion ecouseining
the perlormance of a unit can be obtelned from sn exsmination of su
oscillogrem of its response to an oxplocion wave, it is suggested that
explosion waves can he used as tools of enulysis in underwater sound
research in the same wuy bhat squire waves are used in investigations of
electrical systems, The method mey be adaptasle to the multiple testing
of similar units by conpa rison of the uniformity of their response
oscillograms.

28, A determination of the absolute pressure in the explosion wave
from a #8 blasting cap has been obtaeined from the responses of stan ndard
hydrophones. This pressure dces not decreasse in the tail of the wave as
much as the simple exponential theory indicates. The pesk pressure so
determined agreec well with that obtained by other methods.
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