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ABSTRACT

The use *sf explosion waves in the relative calibration of a hydrophone
offers a new method of approach to the problems of response measure-

mento Application of this method to two standard hydrophones in the
frequency range 5-100 kc gives a relative calibration which agrees with

the relative calibration obtained by conventional con'inuous wave

methods.

The method may be applied to the calibration of projectors and other
linear underwater sound transducers. kore rapid analysis of the data

4s possible t.hroug7h the use of appropriate mechanical or electrical

harmonic analyzers. Restriction to the use of explosion waves is not
necessary as the method is applicablo with any transient.

The method also gives inonuratior concerning the explosion wave, if

the absolute calibration of the hydrophone is knowna
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i. IN1ROD.,UCTIO

Io The uE of tr'nM:5erts to calibrate h ydrophor is based ....
the mathomrtical the rM "' at the response of a I 2ear sys tonm to =ny
tranier dotcn.n' na ccx:,p2etcly its response to ary othr trorrsieit
as wt.l as its stoad c rvate or continuous v. e revponse. In tils z-a.
*oxft this prir-ciple is used to obtain the relative calibration curve

of two -tRad.rd tourma !ne tdr-hon.,. the results being cor -pwer
wi.th tho obtained b- the couvsntlc:al CiV method,, The explosior wiie
from a blasting cap wvn- used as a cowoveniert transient 6Lzico it i-
strongr, consisteot 5 axrI free .' electlrmognetic disturbances

2o The method can not yet be claimed to be as rptd at tLe UW
conpariso- me.thod unlr.,s m.echni cal ca- electronic haz io-t na.y;.,ore
are used0 iow,-ever, o. cillgrams of the rc.sponew of hydropkoile S LtrVk
by exp'losion V-E.VB sW; w many of .their characteristics qualitati'vey
just as the responses of electrical networko to sqnsaro wao
side pulses - with h oh 'the explosioa va;&e has much in counion- di.--
close cironit qualiti.;s (Bibliog. 1). I. tis ,ct.s. the expo,:ion
wave can be cotisidore i a tool of analysis, as iv .n clactrictA l rqu-n-e

•9ave 0 . The method out tined in this report can be et.ndC! to p!-jectorsor to ani " v .... &
or4 to anyetronwect. unioal system, wh-ch i- linecar

II. T71 EORY

3. The response of - linear system to eany type of wa-.e c.r b.
determined from Duhamel's integral if its response to a hicavisi! uni.t
functions or its indicial admittarce3 is kno'n. Ied ford and Freden-
hall (Bibliog 2,) give a method for determ.ining, by a graphio.t.l Q'. -
tion of this integral, the steady state serseitvity and phe.se :..:, of
a given system from its observed response to a square wcv 0  This
graphical procedure £ ugests tho following iethod fur dete nri r e

relative sersitivity and phase vs frequency curvec of t o systemnst,
and S2, by observKrig their respectiv. responses to ru- arbitr.ry a:'A
unknown trans iet e,

4. Assume that an additional structure B hav .ng the rrprm,
of transforming an incident unit function into an arbitrery t::anz Ltnt
irediatIly prccdcs each. syste. S(Sketch i). The re,-sx.c.se and .ims
of each .-such combination, B 4 S1 or D f S , to an Inido.. Cl o

Combination __f 3 o oscIliorapph

Combination 2 to oscillograph

Sketch 1
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as 3t,1 1.rei b'. th~e. r:o . CA .*':; C'r ."1 F '-:-.CdA. .0 [ d It.'cur-ve iy. the :.;o. rlov ,  . .', l' :.e i; £ n, r . ri

DItoro Any one point or ,.-:h . crve E,...i b" t Di rod',."t of .wo o -c.
tars, s)x -.(-.,r r(, : ),bre n() s-9 re
functions of thk- fireqrency -.nd repreoscnt the ef'.: ct. zensitivi, and
pha.e that the addltic'.n.l strtcture and each ryza'tn ;s 5ipctively have
on an iuoident sinucoid of £c'-quoncy 1). ence a'oint by point ratio
of the curves for the t.mo aozti-.mtions -ll give a curve ropresenting
the relative recponse anrd p ase difference of the two systems, sitce
the effect of th6 addit ional structure cancels. One can thus disperse
with-the artifice of the addi.tiona! structure B and merely spacify h t
the same transient be incident on both systems.

5, The mathematical eA.pression for Duheol.'s L't.sgal yia ding
the respont;e to a sinusoik :,may be written in the form

kr) o t DT(- iA,v .QA ( 1)

when .,,r C.ore i(.) i. the respcn.-c to the si;rusoid of frtquoncy
)J=AO"a'E th1e time T, md A(\) is the .iial ad t, anceo a n the
present case, A(1 \) is t.he o.;ci .logren of t. . esponos of tfhe p
to the explosion Vive. Only tho abso]Lute ma.,nit'x--', a, phas dif-
ferences of the two -,y-tstnm- ar,- of .,nterot here a.n-d the L'actr EL'

can be eliminat,d.

1 --- J ?) dAo<6I, v' ,

6. The mathod of Bedford an, :"enhall is -;o carry out this
integral graphIcally by vectorial addi.tion of the aA'z at intewvals

A4t, the angle betw-een successive AA's being 360 x iAt. Theoreti-
cally the integration should be carried out to Infinity, or unti. l tho
tril of the curve returns permanently to the t axis, If one wis1e to
obtain from equation (2) the steady stata resporse , From a prc.Y Qial
vievrpoint this condition rmy be difficult to fulfill, Drnd Cuif'tic irt
accuracy can be obtained by integrating until the tall ap:r,.clies ,
constant value rear zero. In'practice al o, T must . .ess ... t
duration of the sw-op. 11' the oscillogrrn, ha net "settled down" by
the end of the sweep, then equation (2) obviously can not give a gocd
estimate of the steady state response in such a shrt interval.



A E ,d,.,.. WTa 4I (T . 2(a1,), .*'.o .. -t..iu" ) -Ku A,"W ,"

If A(T)= 0. an oquat!on of' hn .a., 4.mas (l) iN obtoineda with tho
ordinates themselves replacing e dif aference in ordinatec. If AT) 0
a corrective term. is necessary ? one is to otnin, the sae result as
with equation (2). In most of tie mechanical or eaeotronic metiods c,
harmonic analysis (Biblio, 3), an Jntegrel of the form appearing in
equation (3) is evaluatedo

III. APPARATUS

80 The two bydrophcrsas -rdiich were cowpwred -vre the lIEU. stcx..nda:,,d
tourmaline hydrophones OL-A--2 and OeA-3. Abeolte ct.!itratioac of
both hydrophones from 5 to 100 kc, based cn a. weighted absolute caiL:a-
tion of the standh,,rd OL-A-4 (bi4o-g. 4- and 5), are ahrm:i. in Plate 1
The weighted calibration of OL-A-4 is obtained from data taken at +thu
Naval Research Laboratory w;.d at .tha Mlountain Lakes s-ttion of the
Udrwater Sound Reference Lboratoritsand is considered Lere.rate on
the average within + 2/ db, w'i4:h any point within 4- 1.5 do. In addi-
tion to the comparison obtaine',2 fr-on the above abolute cal.brationz, %
direct C37 ccmparison of the t:n' hydrophones was made as an additiona.A.
check during the course of "this investigation.

9. A DuLont Type 172A. experimetal model, singl-seep zAhod-.-
ray cscillographlc assenbly w,-.s er,:ployed to record the transi-nt ,oitpq--
responre of the hydrophono to t,:.e explosion wave. The tine sceale orn
the oscillogrrans was obt:-ined by modulating the 3pot irtensity 'ib
voltn-ge of kLnown frequency0  (See Plate 5)° Ti rotage scale 'a ., j .
tained from frequent calibrrtio r hotographs of a zirausoid c C k..irr
amplitude from a standa-d b.cn-?.l -anerator.

10. A Dupont #8 electric blasting cap was used Lor the explcrim
source. The sweep circuit of the oscillograph was triggered by the
impulse from a hydrophono consisting of a single.Rochelle salt cryatal
mounted a few inches above and it± front of the hydrotono to be cs.lbrra ed
This distance corresponds to the initial straight part of the oscillo-
grate (Plates 5, 6) or the delay betveen the triggering of the sweep
circuit and the arrival Of the explosion wave at the hydrophorc.

11. A mechanical harmonic analyzer (Hibliog. C) was employed ar
one means of analyzing the oscillograme. Its distinguishing charactvr-
istic is iHs ability to analyze a curve of arbitrary base length.
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PM.C.. 1. . 1L , ' I L < .T , M!A-" A):l:- j , O , . . ! 0'',J ."1. :?kt-,

12. The hbyrophono to .. crlibr. ,ct.ut rd on the e .-s of" a
lengt,h of standard. " pIpe , wc. k.-xt.' . aproximr tsa.,  .dway bt',p.ii.eu
bottom and surface in water the do.t of a wUtoi-.h variad from 17 to 20
feet with i;h.e tide. The b!ati.g cap ..as .located 1G feet from the hy-
drophone. At this distarLo- '4tc echCe from >ott- ow and. &urface did not
arrive. until at least. one rdllisocr.-e had erlased after th.3 arrival of
the direct vave.

13. Two series of csuillora-rs wore made for each hydrophore,
each series consisting; o2 two grouis of' threa osillograms ec'h, two
modulated and one unn.odulatedo One group wat rude using a s.eep of
approxinately 200 )sec duration and the other usi.ng a sweeop .O either
400G or 1000 jasec durat'.on. The I000 O &se sO-e v as used in one
series of oscillograns (OL-A2). while the 400 ;.sec sweep was used in
the rr'waining series of oscillogrnwm,

14. A modulation .f'recuency of 200 ko, producing poXLt3 at 5 1.eec
intervals, was used on the 200 ant 400 sec sweps, and a modulation
frequency of 50 ko giving 20 geec intervals was usc-d on the 1000 j.-t.ec

sweep. As a further 'aid to mcasuer-Cint a time (x) axis w-as arplJBe to
each oscillogr-m before tt a eer. s:htter vwtcs closed. Azp d . itude
calibration oscillograv -i;.n-e taken fPalowing each explosion.

15. The effect of orientat-on o. the hydrop'hone rolative to the
direction of the e;plosiori was investi ated for argics up to 4 '0 °0
Typical o-cillograme are shown in Flats. 8.

16. The tscilogrxz; to to artalyzed were projected t:pon tho s(!.'OCxi
of a Recordax microfilm reder and treed upon thin papcr from vi hich
the measvrements were ,m.da. The stert of the shock w ,o wa loc-atcd
in the time coordinate ty mo.sur'ing back frcm a well oatab3.islcd nodi:la-
tion point on the oscillo~rra. Meauourefns of the ordltos in tt- ca-
of the 200 Jsec sw6e2 "ere made every /45oc .through apf ro.xime.vty to
first 40 Asoc, rharoin. the mest rapid fluctu'c cns in avplitd-a re-
curred. Thereafter the or-dLrates wero measured at 5 pAscc )zterval -
and also at awq maxima or Inzn.na, in the cases of the 400 P Stc or
1000 Mae sweeps, measurements woe made at 5 -or 20 pse intervalz,
respectively, after the passage of the nain peak. In the regi Oli o0f
the peak, axplitude changes occurred too rapidly wit-h these s-'.eps for
accurate weasuremets to be made.

17. The observed measuement vere corrected to mid-screen pod'-
tion by application of experimentally determined corr-ection factor',
These corrections were found by applying calibrating sinusoidal volta ,.
to the oscillograph and measurinG the resultant doflecti on ampl1t:do.
at the various positions on the screen. It should be remarked that
these corrections should always be determined expe,-imertally, since
thy are asymmetric in x. and in addition are in a direction opposits
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to that to bt: e:pe.-tea on tL..: b&.i:) c:' sp.r s 0-
from o1-3 .f'3."llcram of 200 pcat. n ,-'Q n - rc.r ::sn of 400 or !U200 sIcrc.-
see swcep w,,re com-bind into one cu.r-.- t. LO r, r -l,.,., Lhe !s,.r'.:,. .x, rj'-r :

.ftrnshi).g t.he detais of the peak re-;4-, -lad the lcajr s:o.: ing t.
behavio in- the tail of the curve. Th.o ssuoh cur.v z., on: from cac srt,
or oscillogrwxs, -pmore olbtaiined for each hy-droplore~j Tht~z tweo:tons
relative calibi-ations rr 'vailable,

18. Three mwt.ods we's u.sed in arnalyzing the curve; a) grsphiel,
b) ix,'m2orica.l, and c) zn-chanical.

a) Gm.Phical - Libtf Trences in the ordinates were detery:inc'd fro.
the curve for ee 7 gsec through the first 200 ]J3,.Vo For
a given frequency v. at which the. re: pons; was to bo fou'nd
these diffeonces were added vectorially according to tihe
method of Fedford ard Frtdenhall, On.e asuc intrvai, were
used over the entire- region graphed a-t frs.-zeacies. abr"t.e .
kci and over the firtt 40 psec at Lreqwe:ieu fr'om 10 t," 50
kc. Intervals- greatar than I pAsee w_.re usedl in the ;vsgisi:;s
where the A.A.'s ,'e.o sw'all, thoughh t .:hGi.e it.tj-val w"e.
kept s erall nough 3'a th.at the angle. bct, en t)- ,c--nner4' ..- s
wee aewrer Ereater ti.an 3560, For case ia plottin, vaiuc. of
V givin.r, angles of 3600/n, n an ir'r, .,r- used,

b) Wun..rical -At ti.-:a h-I Al
) W c - At tb ,her frerq.en ies whore thers we-re 20 or

.ei vector additions per 3,;0c), all the vector; tn , givom
direction v,: d,.c'I algebraically and th, resultan4 , of .- :
comyonente thus obs;a.ined was de 'termined by tri gononetry. -
rmethod was much moro rapid than the gr iphic.l mi-ethod e..rdI -.2o-
eliminated errors due to graphing. At lower .requencies,>,,.-
ever, it .ecame cumar:onue because of the nuzaber of r-.,'c.ae-'-.
involved0

a) 1,echnical - A harsoxic analyzer w.rt iz ad rlhich ealul..te. an
integral of the LoW. (' Ac(ctw1 ciA , the inte'al ai
equation (3) of p..-xar'arph 7. In the oscllogr,;s .naiy ed.
the cur-tie had not rctu.rned to the t axl.o at te tinme T t,-
which inte ration u;as c!xrried, and the correction torm
Arr) E r t'' included. ' As & check. ad to rei.vc.:
any errors occurring bucaluse of the choice of th6 d.rect~on
of -tracing, each curve was traced by the Panalyzer both clc:c1."-
wise and counter-clockwise et each freq.ency. Since this
type of analyzer (5) is independent of the basline, it war,
possible to determine the response st frequerz.dea whih ";'.re
non-integral harmonics of the "tundamental" frequency of p od
T. This prop-rty of the analyzer, along writh the srnrinj.in
tine, made this method superior to the other methods employed.
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1%- The comp.-soxteatLtation of tne t,,c hydh'-:.,h.n. by .h.e
trl.wv ient illthoCd s -o;'m in Plate 2. Lso itide.i .re A', direct
CW ,un1.parison Ca. .librati-n ...-. the 4orpr;-4.on A-Aht .±eC- £ra. tle absol4t?
c-arLir:tons. The calibratk ,r agree "vey wr-.J ey.: L' ocC'e.ional
p.,inte. ,The agt'cor..snb bt';,.r. n th trrsnuar..Lt 1i,t'hCid ..- d tme dircc-c
CCT.lif.Jn Ls as g.;i a tn3 afrrcvuen'.t bc' te -11.ECt cu.z.t riton
and th,. -oPuip'irL c6 the~ a).ots. ca].bra.icu3

-.-( .6 cilc.-'"xf o bol.h (L-A-.2 and §:'.L=.Ae5 r'X:-0nC for ,O0 /L' 8

.a-d 0. .4se swe.),-. are rhr'n ir, -'1, :cs 5 and 6, fu i esox.4nces wlich
.pear a irrecgida :.tiez in it' ca-lb: ,ti r ur'u s of' the hycrc 'b res

aupe.r E oSj]at,. in th" osc.liog1r Lm-s . Th:. pt;riod ot 'thy most
p:'rm int o ctl2 c atlcn T t Isa i.A-2 oecillogrcrir; v, Q-pprri.imA.ly 8

vsec c¢,rrespc..r. to a frequen.y or 125 ke, ,'rve; the ranige of' tle-
pr"Mas1en*,; analysiz;o :e most promiiaent oscillat-c23 .a I tha OL-A-43 osVLo-°
grnmnw have periots btiveen. 'i. and 16 sc ,'resfsc-r~din. to I'-oauen&.ci;
b ,-a,n 60 and Yl kc, This !s tLhn regic.rn cf ile;it Flt' tizi n n
the OL--3 calibration curm-3 (Plrte 1). There i i-..-. vc, y ,,n
period (approni.ately 600 .tyot Qe illaticin hcu -,-he A. scloraf
visible In the loro.6.r cirztvep, 'orrel;podihg to U ftreqJ,,.rcy *.f about l.6
kc. A resonance has been fo.nd in this rgion i-.. cthiu'r Ol.-A type hy-
drophones t'rr ted at the iowo' audI, freq.rerm.' l.'b:vric.-i.tc- oheronea
o1.rl., of the cj .lattonq :uj... ee t4.ts '-h'nci rt', b.p~e . ra.icee

are proerit.

2%. The graphical method of analysis e:hibit6 &hsfoxtor,-istce- oCf
the analysis which wcx re not apparent from thie ott:er r .thos L Plate ?
shows a ,ypical gr..-phical plot. The nunbn-sr: cn Th, ap..h in.,:"Jate ttt.,
time interval in peec frcm tho arrival of "he .flcc. frc..to The churay
of" si&gn o the AA's at each maxin-um or m i.ntirm: t-e:222.tv i". the fcr.Maticc".
of cusps in the graph. A criterion on hew fa;- i:hi t.-cgraticc .hould
be carried is given 'by the cc.i.nver.rcmce of the , t in ltueh tail of
the r:scillorrem' integr-atio'-, o14er 200 , e. wsc;n'C to be swM:icient
at martL fcequenciec rcnd 200 .tcrec therefore wa- chlk. rn a.- th- s.taa:ard

tlmd for use in this investi-atio, At froqunci-- 0,' pofn.cc,o Vd re-
sonance the crsps occurred aoproximatuly every ma0 .i roc.tci ,n ati,%
resultuc in a serier of semicircul.r segments -th, d0"ec3 cf which
were additive in the same direction. Convergenc -z. 1.as capi.d ;"Ji
these vases and tha uncertainty of the resulting ''ecpon-e %, r.reate'
than at other frequencies,

22, As absolut'e calibrations for both ]hydrop).oies were kncwn,
the absolute pressu..', of the explosion wave was calculated fron the
hydrophone response., The "calibrations" of th6 -.ixplosion wave, ob-
tained from each hydrophone, are shown in Plates 3 .r'c 4. Themes
curves ca: be inte;.preted in two wys. kathenatically, e:.eept for a
constaii; f'actor, I . each gives t;h6 absolute magnitude o" the
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Forier transform of the de--rivative of the e:%plonicIn wave. Or if the
blasting cap is considered a;. a linear projector which exalts the actual
explosion wave when excited by a unit function, then each curve gives.,
as a functizn of frequency, th? amplitgde of the M'W wave de..veloped at*
the reference point by the "projector" when excited by a CT! voltate of
constant amplitude. The wnlue of the pr-ssure approached at high fre-
quenciss by this curve is the va'ue of the peak pressure in the explosion
wave; it it about 5.7 x i06 dynoes/ 2 at 18 feeo, a value in agreement
with" the peak pres ure reosvred by more direct methods.

23. On th asumption that the explosion wave obeys the e.rponential
law oI' decay £" - , where Tw is the time constant of the exponential

the pressure should be falling off rapidly below a frequency J zFr,
The theoretical pressure vs frequency curves (the pressure at high fre-
quencies being assumed correct) are also shown in Plates 3 and 4 for
different values of Tc near the correct value ('.-20.asec) for a #8 cap.
It is seen that the pressure does not fall off at the lower frequencies
as the theoretical curves would 4tdicate. Actually the pressure in the
tail is believed to follow a t- instead of an exponential low, uo
that the deviation of the observations from the values predicted by the
exponantial approximation is in the right direction,

248 The oscillograems of Plate 8 show that the effect of rotating
the hydrophone relative to the direction to the P:-posion are a) to
round off the main peak and increase the tine of r-se, and .b) to smooth
ouW' the osoillatiors in the tail. The graphical aalysis of an oscillo-
gram taken at an angle of -l:o showed the expectt-d dacrease in the high
frequency sensitivity.

25. The transient method of comparison also gires the relative
phase shifts of -the hydrophcnes; and, if the shape of the explosion wave
is knov,, the absolute phase shiftwith frequency can !e determined.
The accuracy is not very high, +100, but this addit: onal datum is men--
tioned since relative phase shift is not easily detertined by O methods
of comparison. 4,4

VI. SUYEARY ANb CON-LuzIOns

26. The use of a transient in the relative calibration of a by-
drophone l feasible and gives results which are in agreement with re-
lative calibrations obtained with continuous waves. The use of explo-
sion waves, or other types of transier, ts, can be extended to the rela-
tive calibration of projectors and other linear underwater round trans-
ducers.

27. The calibration of an explosion wave or other transient by
means of a standard hydrophone is illustrated, ana this suggests the
possibility of utilizing a standard transient rather than a standard

-7



the purformance ot' a uni.5 can be obtained from an examination of au

oscillogram of its response. to fir a..,xploc.ion waec, it is suggested that
exploion waves can be used as tools of analysis in underwrater sound
resea reh in the came iy hat s.qu re waves are used in investigations of
electrical systems. The .thod,. ay" be adaptale to the multiple testing

of similar units by comparison of the uniformity of their response
oscillorams.

28. A determination of the absolute pressure in the explosion wave

from a A blasting cap has been obtained from the responses of standard
hydrophones. This pressure does not decrease in the tail of the wave as

much as the simple exponential theory indicates. The peak pressure so

determined agreec well with that obtained by other methods.
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TYPICAL OSCILLOGRAMS
OL-A-2

200A SEC SWEEP
MODULATION FREQUENCY 200 KC

400oo SEC SWEEP
MODULATION FREQUENCY 200 KC

PLATE 5



TYPICAL OSCILLOGRAMS
OL-A-3

200j4 SEC SWEEP
MODULATION FREQUENCY 200 KC

400JU SEC SWEEP
MODULATION FREQUENCY 200 KC

PLATE 6
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400#U SEC SWEEP

RESPONSE TO TRANSIENT VS. ANGLE OF INCIDENCE
OL-A-3
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O

PLATE 8
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