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CONFIDENTIAL

FINAL REPORT oN SHOCK TUBE, PIEZOELECTRIC GAUGES

AND RECORDING APPARATUS

Abstract

|
: : : L
: The purposes of this. report are: (i) to provxde a manual covering the T_ﬂ
- design, operatlon, and calibration of a blast tube for producing shock waves ‘ B
‘of known pressure-time characteristics, (ii) to review the work done in

.;studylng the. response of plezoelectrlc gauges. subgected to step—;unctlon

~ shocks ih. a tube, and (iii) to describe the electronlc eqalpnent used to re«v’
"cord gauge outnut S S . ; :

. The report cons1sts of an 1ntroductlon and taree parts Wthh conualn o

the follow1ng materlal o ﬂT S . f B -

The Introductlon glves tha background o present tube vork in the"
form of a. brlef rev1ew aﬁd sumnary of an early report by George Reynolds.‘

Sec. 1 of Part I con31sts of a dPSCPlDtlon of the present blast tube B
which represents the final and compleuely satlsfactory results of two years
of -development. . This tube is more easily constructed, helds for greater
pressures, and is easier to operate than the orlglnal design. The present
design, being a great deal heavier, ‘réduces tube vibratlons,and the gauges :

'mounted in the tube give much better records., '

‘Sec, 2 of Part T discusses tube theory, In early fube work shock-wave
4pressures were computed from a simple theory of shock formation, The approx-
imate’ nature of this theory is discusseds A more accurate method of deterf

* - mining: shock pressure: is presented in which shock pressures are computed

. from-velocity measurements using thé pressure—veloclty equaulon., The: valid- S
. ity of “this equation for a real gas -1s discussed and a formula for the ef- —
fect of humldlty is derived, . : RS s

Sece 1 of Part IT descrlbes the method of measuring velocities with-
‘1ight- screens; ‘Photocells, and -a-spiral chronograph. A full discussion”is =~
presented of p0831ble sources of error. . S

Sec. 2 of Part II aeals with the results of ﬁe1001tv measurements Whlch
~are presented in terms of the percentage dsfferences between shock: pressures
computed from measured velocities and shock pressures predicted by the simple
, (aoprox1mate) theory of shock-wave formatlon. The pressures computed.from
~ velocities vary from 7 to 18 percent below the theoretical pressures over
the range of pressures. used,vhich was 3 to 21 lb/ln2 exCess pressure in the
shocks 1In general, the dlfference increases with pressure and dlstance down
Uw tube. '

Comparison of velocity results dbtalned at dlfferent times and in tubes
of different shape and tonstruction agree within 3,3 percent for shock-wave -
pressures from 3 to 15 1b/in% Effects of thickness of diaphragm, irregular-
ities in tube, extreme differences in room ‘temperature, and other variables

-1 - ooN?rhEﬁﬁfki
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are investigated. It is shown that if 'a few simple precautions are taken
shock-wave pressure will depend‘only on chanber pressure, so that in further

tube experiments and gauge calibration shock pressures may be determlned di~-

rectly from chamber pressures without measuring velocities.

Part III deals with gauge studies and recording apparatus. A descrip-
tion of various types of quartz gauges is given. Apparently erratic varia-
tions in sensitivity of quartz gauges were traced to temperature variations,
A wafer-type quartz gauge was developed that was not affacted by temperature,
The -sensitivity of many older tourmaline gauges varied with tcmperature
Whlle the sensit1v1ty of the newer tourmallne gauges did not. :

The character of" records given by ‘ourmaline gauges at various incident
and reflected pressures is discussed. It was found that the apparént sensi-
tivity of the gauges decreased as the particle velocity behind the shock
wave increased. It is suggested that ths gauge disturbs the streamlines and
causes a local reduction of pressure. The pressure bsing measurad by the
gauge is determined partly by the gauge and is not the pressure that would
act at the ‘same’ pomt 1f the gauge were not there.

Thc thlrd sectlon of Part III dascribes thas elﬂctronlc apparatus used
to record gauge output,

INTRODUCTION

‘Blast-tube work was begun at Princeton University in 1943 by George T.
Reynolds. The early stages of the work were reported by Reynolds1 and sub~
sequentaesﬁerlmentation has been reported in the Division 2 monthly series
of AES;V»ﬂ

brlefly in the various parts of the present report, it is not intended to

rcports. Although the results of the AES papers will be stated

reproduce“herc material that has been presented in full elsewhere,

. 2

1/ A preliminary study of plane shock waves formad cy'cufsting dia~-
phragms in a tube, by G. T. Reynolds, NDRC Report Ar192 (OSRD—1ST9).

2/ "Pre ssures behind a shock wave computcd from va locity measurements
1n the blast tube and the correctlon for- humldlty " by Wa Ts Read, 1ncludpd.
in AES-3 (OSRD-b,257) .

_ 2/ ."Determlnatlon of” shcckhwave'prSSure iﬁsthe blest tube as a func-
tion of compression-chamber pressure," by W, T. Read, included in AES—S,
(0SRD-L51L). -

' é/ "mffect of temperature en gauoe callbratlon " by W, T. Read, in-
cluded in AES-10° (OSRD-S‘lbh) |

CONFIDENTILL

““““““““




The following-is a brief outline of Reynolds! report by'scctionst

1. Introduction. An outline of blast—tube ‘history is given w1th"
" references tg g th‘ploneer work and racent reports by_P@yman
and Shepherd5 ‘ '

2. Ap aratus. Th° essentlal features.of- the tube are illustrated

' and the production of a shock wave by bursting a diaphragm is
‘described. Reference is made to E?b a53001ated eluCtPOﬂ“C ,
,aPParatus ‘and its charnoterlstlcs Cow ce i S

3.  Theo EX “Aa) A 51mp1v theory of the- formatlon of the sbock
- wave is given, From the theory an 2quation is derived rglat—
- ing shock=wave pressure to compression-chamber pressiurc.
-7 (b) The reflsction of the rarefaction from:.the clased end of i
.; -the comprb531on nhamber 1s treated by thb thﬁory of ad abat;Q“ .-
waves,

ﬁ'ﬁ;"'Procedufé';nd ra suits.”‘Aﬁgauéelcalibrétvd bf a semi¥s£§tic': :
©or method jgave pressure records i the tube  that agreaed with the 1
.theoretlcal uquatlon of snock pr@ssurv.as a. functlon of" chamber1¥

BV Lt . -

pressure.

‘ 'Rarefactlon vvloc1tles wors n»asurvd and explalnad by tube ‘ 1 o
-7 theory and:the. thzory of adisbatic waves, s

“Methods of eliminating air: lsakage in-quartz gauges are dig=-— . 7 .-
cussvd and 111astrat d by. osc1lloa;ams.

Slnce Rbynolds‘ ruport appbared advsncps 1n tubﬂ work have. b en, made
along four lines: (1) tube design has been improved (11) 2 more accurate
_ method of determlnlng shockawava prﬁssure has Obvn devblopad An whlob shock
pressures are computed from shock—front vcloclty mLasurempnts, (lll) tho -

studies of gaugv response under dynam1c loadlng Hﬂve been greatly thunded-

. and (1v) improvements have been made in ths associated electronic apparatus

for recording gauge output. Tube design and the nbral thaory of shocx?wave
' pressure determination are discussed in Part I. The technlqup and rlsults
;of'velocity measurements are discusSed”in Part”II.. ‘Part IIT duals Wlth.‘

'plezoblectric gaugﬁs and thu ﬂ35001qted bluct"onlc apparatus.

5/ Payman, Proc. Royal Society A 120, 90-109 (1928), s 4
‘é/ Payman and Shépherd; Paper A.C. 735 Physics/Ex 98.

: Z/ Thp measurombnt of transient stress, dlaDlaCumLﬂt and orbusurp, by
C. W, Lampsong NDRC Report A~73 (OSRD-756).
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I. -DESIGN AND THEORY OF THE BLAST TUBE
1. Tube design
The present calibration tube rppresunts the result of two.years of de-
velopment, durlng Wthh time a number of dv51gns and varlwtlons have beaen
tried, This tube has provcd satisfactory throughout a large number of cex—
periments extending from routine gauge calibrations dé&oci&tcd.with field

programs to laboratory studics of shock-wave phonomena by means of piezo-

_electric éaugés,, A photograph of th: entire tube is shown in Fig., 1. The -

interhal:crosé'section of the tube is a flat-topped circle to facilitate
easy mountlng of gauges flush with the inside of thv tube. Hero the tube is
set up for a calibration using refle cted prvssu 2s, that 1s, thv gauges are
mounted near the closed end of the expansion chamber, F'or'cal:t.bratlons using
,ihcident pressures, the gauges are mounted ncarér to the diaphragm and in
genefal the fore end of the ekpanéion'chamber is left open. VWhen incident
pressures are used the expansion chamber should axtend far cnough beyond the
gauges to prevent the rarefaction from the open end of the expanéion chamber
from reaching the gauges before the flqt part of the 1n01dent wave has
passed. This can be accompllshpd by interchanging the l°st two scctions of
the tube in Fig. 1. Since the szctions are bolted tegethor this can be done
readily; in fact the tube is designad so that several diffefent longths of
‘expansion and compression chamber can be obtained by propar combination o?
‘individual scctions. _ | _
Figure 2 is a'drawing of the knife section of the compression chambgr
(the second section of the tube in Fig. 1). ‘Figure 3 is a drawing of the
3-ft expansion-chambér:s*ction'60n£aining tha contactor for initiating the
horizontal swotep of the cathode-ray oscxllogrqph (the thlrd section of the
tube in Fig, 1), Figure L is a drawing of the port or gauge scction (the
- last section of the tube in- Flg. 1). The first and fourth scctions of the
tube in Fig. 1 may bp used in either the compression or expansion chambers,
- They .are- respeetively-3-and-& £t in lengthy ~-Figure S is a driwing of the =
clamps., These make it possible tp;qhgnge-th370¢1lophane‘diaphfagm between
shots with ease and rapidity, The ond plate of the tube is also h2ld by 2

31m11ar set of clamps so that it may be quickly rumoved bvtwuon shots for
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1. Shock~tube as.s;embly,.

Fig.
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Fig; 9. Gauge port section and reflecting end plate.

7

Fig. 10. Tourmaline gauge mountings.
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~-blowing . oub the ,shattered bits. of the” cullophanu scatterad throughout the
- expansion-chambere .. o o ST L LD Ut 0 T
Elgure_ézshows-thu:tWQ;chambers geparated for inserting the cellophanc
. ~diaphragme . Before the-shot; the pressure in“the“cémpréésion*chambnr'is
. ~raised to the desired valuc by admitting air from a comprossed ‘air tank
(Fig. 1) through the reduction valve. In Figs; 7 and 8 “the expansion cham-
~ -ber has. been disconnscted from.the clamps.to show the celléphane before and
5-;after~1t has. been shatterad by the knife, F1guras-9-andr10'shOW‘two'tourma?,
:;line;gaugeézbeing mounted in tha,gauge,sectidn;?fﬁ drawing of the mounting,
which censists of collars and port plugs, is shown in Fig: 11, Brass screw
collars are fitted onto the necks of the gauges with enOugh~rdeer tap§>‘
mmﬁpﬁedvaroundrthe-gaugernecks to make a snug fit, These collars are kept
.-on the gauges. at all times, and the field mounts of the gaﬁges’as'well as
. the: pert. plugs of the shock tube are designed to take this fitting. Thus
they may, be readily transferred from the ficld to tube for’cilibration.
Ports .in which g%uges ‘are not mounted are flllud by solid plates similar to
the one drawn in Fig. 11 but without the threaded hole in the center,
This blast tube differs from the original one used at Princeton in
sevéral'features, the most. outstanding of which is the much greater strength /
 and m3531veness of thv new tUbu.‘ Thv new design has four definite advantages <
" over the old: (1) thv absence of soldered seams in =1l but the.gauge port
\“sectlon greatly rbduced thv amount of work requirsd in construction; (ii) the
'  seamless walls, togother w1th thu,lmprovad design of the port section, make
v Nlt possibla to use ‘much hlghcr orussures, (iii) guartz. gauges. nounted
;Jtlghtly 1n the new tuuo glve very much better records:than. in the old tube
";ow1ng to the added stlffnoss prov1dud by the heavy StOul -insert . whlch tends
to rcduC° ‘fube vibrations; (iv) the new position of the knife makss it pos-
_'vsﬂolv for the knlfu p01nt tc reach the diaphragnm regﬁrdlu ss of the amoant of |
bulgmg- o , |
The most sxtlschtony dlaphragm materlal uscd to date is a commercial
product known as No«-600 MST-Red Zip Tapeé/ It is the custom at Princeton
to use 2 singls. sh~ét~o£«callpphane for pressures up to 25vlb/in? in the
compres31on chqmbul, two sheets from 25 1b/in2 to LO 1b/in%, threc sheets

8/ Made by the Dobackmun Cd., 3301 Monroz Avenus, Claveland, Chio,
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from 4O 1b/in? to 65 1b/in%, four. sheets from 65 1b/in? to 90 1b/in%, and
five sheets from 90 1b/in? to 100 1b/in% The present tube has not been used
above 100 1b/in? in the compression chanber, but computations from the
 strength and dimensions of the brass show that pressures up t0.350.1b/in? in
the chamber would not produce inelastic. deformation. - The excess shock-wave
. pressure produced by bursting the diaphragm at this compression-chamber:
~pressure would be around 50 1b/in? If the wave were reflected by closing
. the end of the. compression chamber, the excess pressure behind the reflected
wave would be approximately 200 1b/in?; this pressure would cause no in-
.elastid deformation provided steel rather than brass screws were used for
) fasténing the end plate. |

To. obtain high shock pressures it is advantageous to use reflected
waves rather than incident waves from higher chamber pressures since. the
ratio of :incident to reflected pressures increases with pressure while the
ratio of incident shock pressure to chamber pressure decreases,

The excess pressure in the reflected wave, P,., is related to the excess
~ pregsure in the incident wave, Pj, by
P, = 2P, {TPO i uPi]

]
1 7PO + Pi

L |
where PO is the absolute pressure aghead of the incident shock. In the ex~
periments reported here P, was atmospheric pressure.

' Thé pressure P. will act at the closed end of the expansion chamber
until (i)'the arrival of the rarefaction reflected from the closed end of
the compression chamber or (ii) the arrival of a secondary reflection from
the variable-density region at the boundary separating the gas that was
originally in the compression chamber from the gas that was originally in
" the expansion chamber, ' \.

~ The time E'betWeen the arrival of the incident shock at the closed end
of the expansion chamber of length Ly and the arrival of the reflection from
the gas boundary is given by ‘ |

L [y + 6\/ ‘;'2y + 3\\. ! 1T
t = = 1+ 4 Jag »
S\ Ty /N T =T T 8

o

whefe_x is the incident shoclt strength (that_is; ratio of absolute pressures
S o > '

ahéad of and behind the incident shock) ‘and a, is the velocity of sound in
the medium ahead of the incident shock. This time t will be the interval
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fvduring which the pressure at the end ‘of the tube will be P, provided that
the ratio of the length of the compression chanber, L., to the‘length of the

expansion chamber, L., is equal to or above a certa‘in'mini:mmi given by

Lc - 1 By + 6 / vy~ 1 \'
N 1 - =,
L. oG+ &) + h(y - ﬂ)( \ VT E &yl
which is necessary to delay the arrlval of the rarefaction wave frem the
4elOSed end of the compression chamber, . N
These formulas were derived from the simple theory of the formation of
the shock wave, but experiment has proved them quite adequate for design
purposes, ' '

2., Tube theory
' - The simple theory of shock—wave formation given in Seec, 3 of Reynolds'
_;reportl/ is:inadequate for several reasons, the chief of which are the fol-
lowlngo.:-; g B ‘ '
(1) The wave is not initially plane since the cellophane is. bulged
out at the time it shatters (Fig. 7). In proceeding down "the
tube the. wdve becomes plane ‘as the components of velocity normal
.»to the axis of the tube are- cancelled by multlple reflectlons
from the walls of the ‘tube. Thus “the - problem 1s orlglnally oL
three—dlmenslonal and becomes one-dlmen51onal only after the'f”“—
wave has progressed a certain distance down the tube. owever,
the slmple theory treats the problem. entlrely from a one- 'l‘
dimensional standpoint and consequencly represents only an ap—
. proximation. SR ‘o ' - .
(2):;Thefcompr3851on wave travelinz into the expansion chanbeflislr
.., ot initially a shock because the dlaphragm does not shatter
.1nstantaneously. However, thls compre331on wave will becomeha
shock after proca edlng a certaln dlstance down the exparision
chamber, Photographs indicate that the,WaVQ has become g plane
 discontinuity after progressing less tnan~3 ft' from the dia-
phragm, The final pressu*e in the step shock will depend on -
the process by which the adlabatlc wave becomes 2 dlsoontlnulty.
'However, in the simple theory no analy51s is made of thls ‘

process,,
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The closeness of thc approximation will be a measurc of the degreec to v
which the actual process of forma.lon of the shock wawve approaches the simple

1deallzat10n. Lt s _ : T e e ' LV
L d b -

The most dlrpct muthod of determlnlng shock pressures cons1sts of meas- -

'urlng tho shock-front va lo 1ty v and cgmputlng the.excass shock pressure P xﬂ
from the pressure-v»1001ty equation o . ’

in which PO is the pressgre_ahead of the shock, 7 is: the ratio of specific
heats, and a, the velocity of sound in the medium ahead of the skock.

Three questlons arise concerning the accuracy of pressures determined
in. this way. M

(1) The valldlty of the pressure~velocity cquatvion. This equation- is

.'derlvcd from the Rankine-~Hugoniot rclations and the-ideal gas law.™ The

Rankine-Hugoniot relations are the laws of conservation of mass, mementum,, i

and encrgy applied. to shock waves and are generally acceptadd without question. %
However, since the experiments -are done in air, whicHVjS'hot‘anfideal gas, - ‘
the assumption of the ideal gas law is to some extent guestionable. A sec~ s
ond approx1matlon to the. real pressurc~veloc1ty relation may be obtalned by '

using van der Wéals equatlon in the derivation insteadl” of. the ideal gas law.

- This will give the first~order correction term in the pressure~velocity re-

lation for a real gas.
- The derivation of the pressure-velocity relation using van der Waals
equation has already been_reported? The result of the derivation was that
the assumption of a "van der Waals" gas rather than an.idéal‘gas would
change the computed pressures by an amount within the experimental error of
blast=tube work., | ‘ : -
i (ii) ‘The determination.of age The velocity ®Bf sound ahead of the shock, - -

agy is determined from the formula

R

. . _\/OO ) . » - .
O a =2 |
° ¥ A

- 2/ "Pressure—vb1001ty relations for shock wavés in a van der Waals
gas," by W, T, Read included in AES-9 {0SRD-5011).
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where P,, 0,, and 7’ are the pressury, dun51ty, and ratio of specific huats,.

: ruspectively, in the medium ahesad of the shock. - .

The mbdlum ahe ad of the -shock in the blast. tube is a mlxture -of air and 

vwater,vapor., Lettlng.tha subscript a refer to air, the-subsqupt>g to water

; vapor;‘and the sﬁbscript 0 to the mixture we haves:

e
- SRR Pee
Py=P, +P =P |1+5|, .
. .. T a—l
SR - t1';jf§{ P
S &af@;%v-.%'

To determine 7, we use {hu r°1atlons ﬁb v Pa §'+3awb ‘and G —‘3/1(7- 1)
o - a

'where the C 's are SpulelC heats per unlt mass at bonstant volume,‘g is the,

gas constant and ¥ is the molucular walght. ;?

Substltutlng for the C ‘s and d1v1d1n0 b] R we obtaln;i B

L0, =1 "o, =) i wlly = 107

Using the ideal gas 1awiﬁp Rﬂﬁﬂ we have for 7

(o] .

T, O, - )PW"?

S ,.ij,".?r"‘*ﬁ;.

._70‘ T P
W / a_': LT

Since P 1s small in comparlson with P W Wlll drop secopd and hlgher-order
terms in PW/P « This gives for ag

My -1 i

7 P [ r A1 P
: aa 11y, W a W W
a = J 1 +551 = e + -— 1 }
° f a [. Ma. V'W 1 \\78. I, p;

-

J

Substituting the numerical values for the Y's and M's for air and water
_ gives

ro P
ao—'/ 2 i1 +01u9—-1

Pal

If ag 1is the.Velocity of sound in‘air at 0°C and for Zero_humidity we derive
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O' s’\/1 +§—7-3-[1 +o1h9—J :
where to (°c) is the temperature of the air ahead of the wave in the blast Y
tube., In the velocity experiments to was around normal room temperature, h .
This derivation hds assumed an ideal gas, However, the final result £S
would be unchanged if van der Waals correction terms were introduced since ?
the corrections in a, and ag would be'approximately equal and would cancel
for values of to around normal room temperature,
(1i1) The accuracy of the velocity measurement, This will be discussed
in Part II. '
It has become customary to speak of excess shock-wave pressure P as a
'“functlon onLy of excess compre331on-chamber pressure P.. Actually PO is in=- )
volved in the relatlon P/P belng a function of P /P The variation of P
with Py, for constant Py may be derlved as follovs‘ { .
' P (P V- OP
7T ,fKP‘;)",, ¥, " :
>
_af_rf EEfl:i{-‘]—Eg.i-\!_
P P, P IL P op | 5

."lalog'P'z .]'_ dlog P
.. 9dog P00 olog Pc.

Since o log P/o log Pc isdﬁear‘teAunity the percentage change in P will be a

small fraction of the percentage change in P In gauge calibration P, is

) atmospherlc pressure and will vary by verv srall percentages.f Therefore,

the change in P due to normal changes in P will be neglloible and ‘P may

Justlflably be regarded as a functlon only of P .

>

?P
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II. TECHNIQUE AND RESULTS OF VELOCITY MEASUREMENTS

Te Velocity techniques

The system ‘of measurlng shock ve1001ty'bj means. of schlleren pulsee has
av'been previously desCribed~9/ However ‘because of some changes that have

- been made ‘in the technlque in’ “applying 1t to thls partlcular shock tu%e it
seems adv1seble to outllne the procedure involved. " In Flgs. 12 and 13 A is
‘a sectlon of the tube hav1ng the same inside conxlguratlon as the rest of
ethe expen51en chamber. Four perte,mg,»gg c, and g, are‘arranged 1n,pa1rs at
right. - angles to the tube separated by 31 in. Flat glass windows & in. in
diameter  are fitted into the ports in such a way“as to cause as small a

- disturbance asvpossiEWe in the flow of the air inside the’tubei' ﬁiight'ffom
a vertlcal comled fllamentls colllmated:ulanarrowbeam.3/8 in. higﬁ‘eﬁd
",about 0,05 in. W1de by two vertical slﬂts, pasges” across the shock s

. through small -glass w1ndowsfand falls on & photocell’ (type 931), - A vertical
kﬁiféiedge“on ﬁhé~opposite side of the tube from the light source cuts. off
"/mostvef:the light beam. As the shock front'creeses‘it, the beam is réfracted

“slightly'anditheziight on the phqtpcell'momentarily:increases} ‘Thus an’
swéep- oscillograph and wide-band amplifier to be abart1.5 Psec (Flg. 1LY,
chrenograph whileé that from the second screen turns it off, The v51001ty of
“the shock is of’ course, the ratio of the distance between knlfe-edges to
the time measured by the chronograph."1o

_ These photocells are followed by a preamplifier E (Fig. 12) and a wide-

- Because of the distortion in time intervals in this instrument a blanking

’ - _;/ Photographic investiga tion of the reflectlon of plane shocys in
alr, by L. G. Smith, NDRC Report ArBSO (OSRD~6271) .

11/ A complete description of this chronograph will be found in Short
base line projectile velocity measurements, by Re. J, Emrich and L, A,
‘Delsasso, NDRC Report A-89. (OSRD-927). ‘

- 25 - CONFIDENTIAL

electriéal pulse is produced whose total duration has beéen found By a single—

The pulse from the first light ‘'screen-met by the shock is made to start the o

:baﬁd'amblifier to amplify the pulse sufficiently to operate the?chronogfaph;L(
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signal is applied to the control gri& of the cathode~ray itube to give a tim~
ing signal every 5 pseclg/

- Several factors in this procedure may lead to incorrect results and it
may be well to mention them here., First, the light screens must be vertical
(or parallel to the shock front), the two lights must give parallel beams,
and the knife-edges must be parallel., It is also necessary to measure
accurately theé distance bzatween the knife-zdges. ‘It seems also advisable to
cut off equal amounts of the beam before it strikes the photocell, Inasmuch

-as the nolse level of the photocells and amplifiers is considerable, it is
desirable to get as well-defined a beam as possible with practically no
scattering, , ; »

Mounting the lights and knife-edges apart from the tube eliminates

“heating of ‘the tube and, with'ﬁhe knife-edges mounted thus, they are not af-
fected by the recoils, It is necessary, however, to have the tube Eecure, s0

: tliilat the n'eiri'o’w windows will not move out of line when the t}lbe is f iréd.

It is also desirable to photograph the chronograph pattern %o facilitate~
easy reading of _the time interval. This can be done satisfactorily with
Super XX at f:6, exposing the film for just the initial flash of the cathode-
ray tube. The over-all accuracy cbtained by such a system is certaiﬁlyh“
within 0,1 percent of the true velocity. » |

" In the computation of the strength of a shock from its velocity it is
necessary to know the velocity of sound in air, correction being necessary

\for bothvieﬁﬂerature and relative humidity. A calibrated thefmomeﬁer.and_
thermocouples were placed inside the tube and removed just before the

" diaphragm was broken, Wet~ and dry-bulb thermometer racordings detérmined

- the relative humidity. An accurate measure of the pressure in the compres—

sion chamber was necessary and this was made by means of a multiple manom-

eter, which will be discussed later,

2+ Discussion of velocity results

With the apparatus that has been described, about 200 shots were taken
under various conditions and . at irregular intervals over a period from
June 26, 1945, until Aug, 21, 1945,

lg/ "Projectile velocity measurements with lighf screens and spiral
chro?ograph," by Re Jo Emrich and L, I. Shipman, included in CTB-9 (OSRD-
- LoLB).
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In tabulating results it has been found convenient to express shock-wave

pressures, computed from velocities, in terms of their percentage deviations

from the theoretical pressures given by the simple idealized theory of shock

formation discussed in Part I, It should again be mentioned that the theo-

retical pressures are only approximations and are not expected to agree with

pressures computed from accurate velocity measurements.
Recbrding shock pressures in terms of their percentage deviations from

the corresponding theoretical pressures makes it possible to present results

. in a simple nondimensional form and, at the same time, to indicate the de-

gree to which actual shock formation approximates the idealized picture,

In all cases pressures determined from velocities are lower than the

~ theoretical pressures. The recorded values of pércentage deviation repre-

sent percentages below theory and are, therefore, always positi§e.‘

(a) First set of, shots, =~ The first set of shots was made using

'alternately gither.a‘9-ft or 3-ft expansion 6hambef preceding the’§élocity
‘section (about 105 ft and L} ft, respectively, to the center of the velocity

baseline from the”diaphragm)¢ The shots were made over a compression—

chamber pressure range of 7 to 73 1b/in% and were done in a more or less

random order, which would give an indication of the scatter over -a period of

‘time, Curves 1 and 2 of Fig. 15 are plots of the data taken at 103 £t and

h%.ft,,respeftivelyirfrom_the,diaphragm,'showing the percentage difference
(1QO.AP/Pth) below the theoretical pressures computed from simple theory, as
a function of compression chamber pressure P,. The standard error for every
set of shots.is shown and is seen to be of the order of 1 percent. Smooth
curves are drawn through each of the two groups of data and’root-mean-square
deviations were computed for each of the curves, giving 1.4 percent for
Curve 1 énd 0.9 percent for Curve 2, From these‘smOOth curVeé, Table I was

prepared. The first column gives the chamber prassure Pg (ib/in?); the

~ second, the theoretical shock-wave pressure Pyy; the third, the measured

shock-wave pressure at 103 ft, Pig; and the last, at L ft, Pj. A plot of
these last three colums as a function of the. first, appears in Pig, 16, It
is quiﬁe evident that the differences in pressure between the two lengths
diminish as the pressure increases, the difference being 6 percent at the low
end and 3% percent at the high end,
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‘A;Cqmpanisén;Qf;these-resultS'withlthe“calibrétion‘of7L;:G. Smith's

- rectangular tubejo is of interest.

In the rectangular tube large pressure ratios were obtained for relar

wtlvely low pressure differences by evacuating the expansion . chamber. By

this technique pressure ratios were obtained that would have required 2200

1b/in? in the compression charber had the expansion chamber been left at

~ atmospheric pressure. The- velocities were measured at a distance of 6 ft

from the diaphragm. The value of sound velocity a, used by Smith was ap=-

proximately 0.5 percent low due to neglect of humidity and use of an incor-

rect value for the velocity of sound at 0°, Table II gives Smith's results

scaled to an. expansion~chamber pressure of 11,7 1b/in? and corrected for the

’leocity,of sound. In making the corraction, a humidity of 60 percent, con-

sidered reasonable since the experiments were performed in summer, was

assumed, The third column in Table II gives the daviation of Smith's re-

‘ sults. from theory, As in all references to deviations from theory5 it is

.understood that the deviations are measured. in thz négative direction;'that

is, experimental pressures are always lower: than theoretical.

Between compression-chamber pressures of 7 and 40 1b/in%¥ the results on

-the rectangular tube are within 3 percent of the résults obtainad at b% ft

in the-present tubes :Above LO 1b/in? in' the cempression chanber, the dié—

crepancy betwe>n the tubes is somewhat greater and at 70 1b/in% is around

A6 porcent -the rectangular tube -giving results nearer to the theorotlcal
_that is, higher,

*

Smith's. results were obtained without the use of a blanklng signal on

the chronograph. It is now known that this omission could cause as much as

0.3 percent error in the chronograph reading, This error, in turn, could
cause errors in pressure from 4 percent at 7 1n/in%? to 1 percent at 70 1b/in%
in the compression chamber,

Comparison of thz present data with the results of two previous programs
of velocity measursments in gauge calibration tubzes is also of value.,

In Septenber 19hh—¢~/ shock-front valoC1t1os were measurad at U3 £t from
the dlaphragm in a tube of the same internal cross scction as the present |
tube but of the older design and construction, The velocity-measurement
setup was the same as the present one except that narrow cellophanc-covered

slits were used instead of glass windows in the valocity section, Also, no
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Fig. | 6. Shock-wave pressure vs compression-chamber pressure in blast tube. ]
L

Confidential




~ . 33 -

CONFI

DENTIAL

Tablg: I, Theoretical and measured shock=wave pressures
- versus chamber pressurc. -

P ' Pip P, . I
(15/%n2) o (1n/5n2) (1b/3n2) (1b/in3)
1 © . 3.115 2,719 2,905
8 3.510 3.089 30271
9 3-885 " 3;&39. 3né1h
10 théo 3:783 3096h
1 li 620 Le112 1,294
12 L,980 el L.526
13.. 5.325 L. 750 L,9kL2
14 - 5,670 5,056 . 5.257
15 6,010 - 5,351 5,565
16 - 6,335 5.632 © 5.857
18 6.975 0,187 - 6,435
20 7.575 6.704 64990
22 8.17. 7.21 7.52
2l 8.7k 7,69 . 8.02
267 9,30 8,16 8.51
28 . 9.83 8.60° 8,98
30 10,34 9,03. 92 .
320 10.86 9.L65 9.86
. 36 T 11.82 10,26 © 10,71
Lo 12473 11,00 S M.L9
Ly 13.67 11.73 12,25
. L8 - 1447 12,41 12,94
52 ~15.27 13,04 13.62
60 16,81 14.25 1493
68 . 18.25 15637 - - 15,017
76 19,58 16.41 170l

#Shockéwave pressure at 103 ft,

(Y3

" Shock-wave pressure at L ft.

Table IT, Results in rectangular tube with evacuated expansion chamber,

Pressures scaled to an expansion-chamber pressure of 14.7 1b/in%

P, %mmk
'(lb/? 2y (1b/in2) " Percentage Below
o - -Theoretical Value
5,98 S 2.38 ) 18,85
8.75 3.6 8,95
12422 } h.67 7.52
16,6k 6,06 7.18
29,85 9,52 748
39.6L 11.73 7.2
230l 1k.37 7229
.77 17.60 6.68
100,14 21.6L 6.1,0
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blanking signal was used and the humidity was not measured, The results,
which were quite consistent over the range of pressures used (10 to 14 1b/in?
in the compression chamber), gave shock pressures around U percent below the
theoretical values. The correction for humidity would make the shock pres—

' sures approximately 7 percent lower than £heory. This agrees well with
present resulis.

In the September 19bh tests, shots were taken to determine decay of the
shock pressure for a chamber pressure of 10 1b/in2 The results showed only
0.6 percent decay between h% ft and 73 ft from the diaphragm. This is less
than woﬁld be predicted from present data which show L percent decay between
hl It and 10~ ft from the diaphragm at a chamber pressure of 10 1b/in%

In. December 19&&2/ velocities were measured using the same expan51on
chamber "and velocity section used in September with the present compre551on
chamber; Humidity was measured but no blanking signal was used, Table III
giveé tHe percentage deviation from theory for the December results together
with ihé corresponding deviations for the present data, The agreement at
the fouf lower pressures is quite encouraging, At the two higher pressures
Vthe De§eﬁber measurements of chamber pressure were made with an Ashton gauge
ofrthe Bﬁurdon type, which is less accurate than a manometer, This may
account dn part for the discrepancies (maximum of 3.3 percent) at the higher
pressuree.: In summarizing the comparison of@different calibrations at dif-
ferent times and for different tubes the following conclu ions may be drawn:
(1) For compréssion-chamber Dressures of 7 to Lo 1b/1n2 and at L% |

to 6 ft from the diaphragm all of the results on all of the

tubes used, including the rectangular tube, agree within 3.3

percent if the earlier results ars correqted for humidity. Of

the several calibrations the most recent is regarded as the

most reliable. -The earlier resﬁlts_are less “certain because

of the absence of a blanking signal on the chronograph,

" (2) For compression-chamber pressures from 4O 1b/in% to 70 .1b/in?

the most recent and only results are a maximum of 6 percent

below (further from theory than) results obtained at the same

pressure ratios using a rectangular tube with the expansion

chamber evacuated, It is not known whether this difference is

due to the difference in shape of the tubes, to the difference

"CONFIDENTIAL
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in initial expansion chamber pressure, or to some experimental

‘error.

(3) Recent results indicate a decay of shock-wave pressure of 3 to
6 percent between LF ft and 10% ft from the diaphragm. The

: reason for the decay is not known.

Some earlier results based

on fewer shots show a smaller rate of decay and suggest that

the decay may depend ‘on the tube,

Table?III‘.

Previous velocity m.easurem.entsw

conpared with présent data. .

-~ P i Pth 100887P
(1b/in%) (lb/in%) Prev1ous Data ~Present pava

7.62 301 T 743 S8
10,02 3,99 6.5 6,95
12,38 1,80 6.1 T2
.62 5.53 5.9 7.35

25.5 © 8,55 6:2 8.5
35.5 10,99 6.1 T9.35

*Paken from Table I of "Determination of shock-wave pressuré in the
blast tube as a function of compr3351on—chamber pressure, " by N T. Read,
included in AmS—S (oSrD=L51L)

C It iS’suggested that anyone construCting a blast tubo'(and‘not»dﬂéiring

to measure velocities) calibrate gauges at h- £t from the ﬁlaph”agm,where

the pressure is fairly el known and apparently 1ndepend nt of th= tube,

and then use the calibrated gauges 1o 1nvmst1gate the dlstrlbutlon of pres—-

sure farther down the expansion chamber.,

(b) Shots made to determine effect of varying number of sheets of

cellophane,

varying the

" made with a

3 pieces of.

also.1, 2, and 3 plcces (the breaklng p01nt of one piece was known to be at

about 20 1b/1n4). In none of these cases was the deviation in shouk pres- -

number of sheets of cellophane used.

pressure of 10 1b/in% in the comnressmon chanbar using 1,

sure observed: greater than 0,8 perc nte

-= Two groups of shots were mads to determ1ne the ‘effect of
Thu first 9 shots were
2, and
cellophane (3 shots each) and the next 8 were at 15 lb/ln. using

'.,iC"QQNﬁF:l'D‘E NTIAL
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. Note that the September testsg/ showed that when a large handful of
small pieces of cellophane was scattered throughout the tube the shock-wave
pressure decreased by 1.5 percent. From these experiments it was "concluded
thet bits of shattered cellophane should be.cleared from the tube frequently,

but not necessarily‘after every shot since the amount of cellophane accumu-

lating from a single shot is extremely small, =

The September tests also showed that when the 3-ft section ahead of the

‘velocity section was turned through‘éoc, thus introducing a pronounced
irregularity in the cross section of‘ﬁhejtube,_the.shock pressure decreased
by 3 percent, Since so large an irregularity caused only a 3-percent dis=-
' crepancy, itwas concluded that minor local 1rrecu1aritles would have a

‘negligible effect. However, it should not be concluded that a contlnuous

curvature in a long tube would have no effect- untll this’ questlon has been

fully investigated it is felt that care should be taken to make _the tube

stralght.
. ,The:December tests showed that shock—wave'pressure is independent of

tempefature.‘ It has also been shown theoretlcal 1y that varlatlons in the

_‘;carbon dioxide content of the air,.small dlflerences in. temperamurs.between

compression chanmber -and expan51on chamber (less than 5 deg C) and dev1atlons

‘of . the gir from an ideal gas; introduce - errors all less than 1 percent.

.(¢) BEffort to measure velocity of shock reflected from closed end of

_‘tube. - For the next set of experlments the knife- edges were reversed and

an effort was made to measure the velocity of a shock reflected from the

closed end of the tube. .The expansion chamber used was 14 £t long, the com-

fpre531on chamber 5 ft and the center of the velocity basellne was 10“ £t

from the dlaphragm. These dlmens1ons were chosen so that the reflected
shock front had passed the second knife-edge some_tlme beforc ‘either the
temperature dlscontlnulty or the rarefactlon from the compresslon chamber
reached the knife-edge. ' T TR o .

| The excess pressure behlnd the reflected wave,.Pr,_is,related to the
reflected shock—front veloc1ty, Ve ‘hy4 |

: P + P, | 'lr Fu R T
6 sl E A L o
, P *. P 24 ’ _

where u1 and a; are, respectlvely, the particle velocity and the velocity of

i
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" sound behind the incident shock, P; is the excess incident pressure, and P,
is the absolute pressure ahead of the incident shock, In these experiments

P, was atmospheric pressure. . Since. ui and aj are given by

a 7 PO(7PO + 6Pl)’

0

'

z ‘ . . I‘ B
(ai> _ (:Pi‘fPojf ¥ Pi]
f— = ; T
. ?'0 ‘PO d ;_7P + 6Pi

where a, ‘is the velocity of sound ahead of the in01dent shock, we have for

P as a funetlon of V s Psy a,and P

o?
) 1 . VI‘ : o “7PO_+ Pi—g
o T B TEYy | 3, VGO T TR 5Py - .

The incident pressures were determined from Table I; PO and ao»werevdeter-
mined as in the previous experiments- and V was measured as described. in
the foregoing. The values of P obtained in thls way from 12 shots at 3
different pressures are recorded in Table IV as Pr(meas)'
- The foregoing formulas depend only on the Rankine-Hugoniot relations
and the ideal gas law. If, however, we add the condition that tne.partlule
velocity at the reflecting wall must be zero, then it is possible to derive

the following relation which does not depend on V,.:

: /7P + Lp)
P, = 2P| ms—a),
(713 * Py

Table IV, Velocity measurement of reflected shock-wave pressures,

Ps Pi P.r.(th)v - "Pr(meas,) o Pr(th) - Pr(mea.s)
(Ib/in3) | (1b/in%) | (Ib/ing) . (Ib/in%) _ . (percent)
9.33 3.57 7.85 7.8 + 0,02 C LT
k.7 5.2k 12,0 11,39 £0.03 5.1
19.1. 69 1 15025 0 | 14,29.£ 0,07 6.3
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Value_s_of,Pr determ%nad from_the P;'s in Table I by this formila are re-

' corded in Table IV as Pr(th)’ an? are around 5% percent above the corres-
ponding values of Pr(ﬁeas)' It is well -to point ouﬁ here that these results
are tentative and it is regretted that because of limited time more work was
not done to determine’this difference‘(if it is a real difference) over a

| Wide'rahge of pressures, expansion chamber lengths, reflecting walls, and so
forth,
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ITI, PIEZOELECTRIC GAUGES, ELECTRONIC APPARATUS, AND OTHER EQUIPMENT

- 1, . Characteristics of flush and wafer quartz gauges

(a) "Bnglish" gauges. —- The firét~quartz4pressure gauges‘usedvat the

Pririceton Station were similar in design to the gauges developed in Engiand,
pérticularlyfat the Road Research Laboratbry. >They consisted of a hea?y
steel case with a cylindrical well in which the crystals were set, covered
by a clesely fitting steel plunger. These gaﬁges have been described in

13/

more detail in previous reportss Their chief fault was air leakage around

the plunger; which required careful sealing of the face of the gauge with
grease, rubber diaphragms, or other means, since the edges of the quartz

crystals must be protected from pressure in order to obtain any response.,

(b) The Smith gauge. == The second general type of quartz gauge con-
structed at the Princeton Station was designed by L. G. Smith, to provide a
permanent S@alingféf the interior of the gauge from external pressure. This
‘was accomplished by adding a flange to the sensitive face plate of’thé gauge
andAplacing a rubbér gasket between the flange and the gauge body. Several
desigﬁs were developed, involving minor differences in such matters as the
number'and arrangement of the gaskets. A typical designiis shown in .Figs.
17, 18, and 19,

. The response of these gauges to shock waves was found to be subject to
vibrations of considerable magnitude, with a frequency of the order of 10 to
20 kq/sec, unless the gauges were carefully made and adjusted in assembly.
The contact between the crystal and the clectrodes is maintained in these
gauges by the.net pressure exerted by the compressed rubber gaskets and was
found to be quite critical, The easiest way of adjusting this pressurec was
found in practice-%o be the addition of 'layers of lead foil, from 0,001 to
0.005 in, thick, between tha elemehts of the crystal pile untilﬁazminimumwof
vibrations or "hash" was observed. Gauges<ﬁ?thisdesign,constructedwiﬁhbrass

- cases, werc célled type "S." A few gauges of the same design, but with

steel cascs, werc called typc "T.M

‘12/ The measurement of transicnt stress, displacement,. and pressure,
by C. W. Lampson, NDRC Raport A~73 (OSRJ-756); Small charge air blast ox—
periments, by G. T. Raynolds, NDRC Rzport 4-191 (OSRD-1518); and A.R.D. .
Explosives Report L8/LL. _ ' \
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A variation of the.design, labeled type "R," is shown in Fig. 20, . The
plug which screws in from the back allows easicr adjustmoent of the pressure
holding the crystal pile togethar, but also makes the gauge more subject to
changes in behavior, duec to possible loosening of the plug under field con-
ditions. An improvement is the incorporation of set screws to hold the plug
in position, which can be donc without difficulty.

Quartz gauges of these typcs were used in se?erql fizld programs at the
Princeton Station Proving Ground (notably the ground reflaction and liach re~-
flection 1nvest1gatlons——/) and in shock-tubv measurcments, Over a period
of months they were found to be subject to apparvntly erratic changes in
sensitivity when calibrated in tho shock tubli, the cause of which was not
deturminea until W, T. Rcad obscrved that the scnsitivitics of both quartz
and tourmaline gauges variced with temperaturs in some €ases as described in
aEs-1012/ '

Further investigétién of this phenomenon in the type "R" and type "S"
quartz.gaugos showed that the temperature dependoncs was not 2 direét func-
tion of tampuratur, but that hcating or cooling produced permancnt changes
1n the propurtl s of the gauge. (In thls respect the effect is differont
from that observed in tourmaline gauge Se ) TFigurc 21 shows the behavior of a
gauge durlng 2 typical scquence of te sts. It was obscrvad that tightening.
or looscning the gauge (increasing or decrcasing the static pressure on the
crystal pllu) produced changes in s’n31t1v1ty similar to thosc produccd by
temperature changes. Honce it is now belicved that the temperature offect
isiin'fact a static prossur: offuct, duc to changes in the static prassure
on the crystal pile produced by differcential oxpansion of the casc and the
components of thc pllv, combwnad with a packing of the lead=foil layers or
of tho rubber diaphragms, which makes the changes irrceversibles Since a

szarch of the llterature~has indicated that the piczoclectric constont for

'lg/ "Puak pressur: dependence on hclght of dvtonwtlon " by A, H, Taub,
included in AES-1 (OSRD-LOT76).

"Tmpulse dcp’ndanco on hslght of dbtonmulon n by R. G, Ston,r mnd A H.
Taub, included: in--AES-2 (OSRD-LIL7). - -« -

"Mach raoflection of shock waves from charges detonated in air," by.
R. G. Stonor, included in AES-3 (OSRD-4257),

lé/ MEffect of to mperaturs on glugs CallbrEClOﬁ " by W, T. Rpaﬁ in="
cluded in AES-10 (osm)-smh)

\
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- X-cut quartz crystals is essentially conetant over the range of temperatures
" and pressures ':'anolvedz6 it is clear that the variations observed must be
due to the mounting of the quartz in the gauge rather than to the properties
of the Crystal itself. A suggested explanation 1s that the static pressure
affects the contact between the quartz and the parts that serve as electrodes,
and alters in some way the magnitude of the effective charge collected. A
layer of 1-mil lead foil, at least, was always used on each face of the ‘
crystal io providenbetter‘mechanical-contact, but this may-not be sufficient,
Experiments with polished crystals and electrodes and with sputtered or
plated crystal surfaces.showed very little consistent improvement. Other
explanations, such as bending of the crystal from distortions of the case,
have also been proposed, but the phenomenon is apparently quite compllcated
and no completely satisfactory explanation has been found.

(c) The wafer gauge. —= With the idea in mind of produ01ng a quartz

'gauge that did not depend on a pressure contact between the crystal and the
,"eleotrodes, experiments were begun on a design originally suggested by
W. Bleakney. ©Since the dyp constant of quartz is equal to -d,, equal pres—.
sures en the X~ and Y-faces of a Quartz crystal produce no net charge on the
X-face. ﬂmstszmnmmhmmﬂgxe@dmdfM'ach@ﬂerX%mthw@lisa
guard ring to protect the edges of ths crystal from exposure to pressure,
while the X-faces are exposed., Through the courtesy of the R C.A. Labora-
tories et Princeton, several crystals had been coated with a copper layer
-plated on a baked silver surfacs, which could be soldered with Wood!'s Metal
without destroying the bond., A gauge design employing these crystals is
shown in Fig,., 22. This has been named the wafer gauge. o

In ‘assenbling thz gauges, the positive faces of two crystals were
first tinned heavily with Wood's Metal, using very weak hydrochloric\acid as
a flux, and sweated together by heating on a hot plate to a temperature just
above the melting point of the Wiood's letal, using a weight to force out the
excess metal, The outer faces of the two crystal piles were then tinned and
the edges of the crystals carefully cleaned by filing and rinsing with
" acetone or alcohol, followzd by distilled water., Using Wood's Metal and a

16/ See, for oxample., A. Scheibz, Piczoeldktrizitit des Quarzes,
(Dresden and Leipzig: T. Stelnkopff 1938); and A, Langevin, J. de Physique
et le Radium (7) 7, 95 (1936). o "
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. cool iron, a length of No, 2L bare copper wire was then solderéd to the “ex~

posed edge-of'the~joint-between the two crystals around the entire circumfer-
ence and allowed to extend for about L in. to form a lead to the center

) electrodes A length of vinylite insulation was slipped over the extending

rwire_and‘puShed dovin as close to the crystals as prossible., The edges of the

'pile were then coated with Duco cement, to complete the insulation of the
center conductor. Duco was chosen because it dries quickly and apparently
stands heating to the temperature required during the remainder of the
aséembly of the gauge (< 100°C). A coil varnish would perhaps have more
satisfactory insulating properties, if sufficient time were allowed for it
to dry without baking, since the crystals must be kept below the melting

- point of Wood's Metal at this stage.

The inner éurfaces of the two copper diaphragms were then tinned with
Wood!'s Metal and one was sweated onto the guard ring, tovwh;ch the stem had
already been fastened with ordinary solder., The amount of tinning on the
diaphragms and the outer faces of the crystal is quite critical, since there
. must be enough to provide an all-over bond between diaphragm and crystal,

~yetb ﬁot so much that drops squeecze out and fill the 'space between the
crystal and the guard.ring,-shorting-the gauge by making contact with the
cgnter'electrode. The Duco covering helps prevent this, For the final

assembly,

the crystal pile is placed in the gauge with the lesad wire threaded
~ through the stem; the second diaphragm is put in place; ‘and the whole gauge
- 1s put between two cylindrical blocks with flat ends having the same diam—
~eter as the dlaphragms to insure all-over contact, A weight of about 25 1b
is piaced on the upper block, The whols assembly is then heated to a tem=
‘perature slightly above the melting point of. Wood's Mctal (70° to 100°C) and
then allowed to cool with the weight in place. - An chmmeter connicted across
the gauge terminals during this phase of the procedurc will show whathar the
gauge becomes shorted during the heating.
‘ The last step in th: construction of tho gauge conuists of touching up
the joint around the diaphragm with oxtra Wood's ietal applied with an iron
- to insure a complete scal,,after which the cxcess is filed off and the gauge
polished. to a smooth contour, Photographs- of gauges in the various stages

of assembly are shown in Figs. 23, 2k, and. 25,
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.Tests in the shock tube of thes first of thesevgéuges aséembled éhowad
| several faults. Several vibration frequencics were apparent, one of somg=
vwhat less than 1 kc/sec, and the others of the order of 5 to 15 ke/scc, The
latter particularly depend on the alignment of the gauge relativg to the in-
¢ident shock, varying in amplitude frdm about. 10 parcent of the defl:sction
amplitude when the gauge is placed accurately side-on, £0 aboﬁt SO‘porcont
for a gaﬁgefrptated 159 from the side-on position, A rotation of as little
. as 2? fromltha-éptimum alignment makes a noticcable diffsrence in the ampli-
tude of the vibrations., ) i | _

"+ The lowest frequency of vibration was thought to involve bending of the
;steﬁ;where it joined the. gauge, since the first stem dosigned was much
thinner at this point than the on: shown in Fig. 22. Th: heavier ston re-
duced this trouble. When second and third gauges were made, carc was taken
in assembling thc crystals to line up ths optic (Z) axes of the crystals
1(Whi¢h lie parallel to the X—facés) paralizl to cach chef in one gauge, and
at right angles in another., Thc gauge with the Z-axes parallcl was found to
be less subject to vibrations and teo pressurc on the supposedlj insensitive
parts of the case than the other gauges. While this is not a conclusive

- test; it.isjén‘indication that this oricntation of the crystals may be |
preferable.. >- | .

The crimp pressed into the diaphragms, partly to make it zasier %o
wgénter:ihe‘orystals in aésembling the gauges, was also found to be important
in making the gauge inscnsitive te prossure on tho odges of the ring. The
,criﬁp‘gpparontly}halps.isolate the crystals from shearing stresses produccd
by deformations of the guard ring. A gauge assemblod with flat diaphragms
praoved to bg very sensitive to tapping on the edge, as sensitive in.some’
spots as on tha¢§aces thomsclves.

The sgcond fault, observed in the first wafer gauge, was an upward
.slope in the top.of the rasponse curve when a flat—topped prossurs wave was
applicd. This was found to be a pyroclectric offsct, resultingrfrom the
heéting of‘the thin copper diaphragm in the high-tomperaturs region follow=
ing the shock, -A rough computation iﬁdicated that a temperature risc of
15 deg € at the surface of the crystal was possible aven with a shock of
only 3 or L 1b/in? Bxpansion of the diaphragm would produce a tension along

 the Y-axis of the crystals which would add to the charge obscrved on the
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X-faczes, A sharp pulsz could 2asily be observed by sweeping the gauge
rapidly through a bunsen-burn:r flame. An insulating layzsr produced by dip-
ping the gauge several times in rubber cemont eliminated this offuct satis=
factorily., Later a coating of Bostik cemont applicd by dipping was also
used, providing a much ncater covering.

A scrics of measurements of gauge scnsitivity as 2 function of shock
pressure, using both direct and reflocted shocks, was made in thoe same mane-
nor as will be described in Scc. 2 of this Part for tourmalin: gwpgas. The
results for two gauges arc shown in Fig. 26, There is considerable scatter
in thesc measurcments, and 'y intorprotation of tho rasults must be made
cautiously. It docs 2ppsar, however, that the variation in gauge constont
with pressurc is more ncarly the same for dirccet and roflocted shocks than
in the casc of tourmaline gauges. Thus the gauges apparcntly have an in=
herent nonlinearity while the suggested nonlineority duc to the Bernoulli
effoct (ses bolow) is much roduced, as would be expected since the wafor
gauges arc considerébly better streamlined than arc the tourmnline gruges.

One series of tests was made with the best wafer gauge that was con—

structed, to check variation of sensitivity with tempsrature. The gzauge was

calibrated with several shots at rcom temperature (about 26.&00) and then
immersed in a bath of melting ice for 8 min. It was then raplaced in the
tube and recalibrated as quickly as possible, a ssries of shots being taken
at frequent intervals as the gauge returned to rcom temperaturc, Thase re=
sults are plottad in Fig. 27, where thz ordinate is.th: ratic of gauge

sensitivity k, at time t to the sensitivity k_ determined immadiately before
t - Y o 7 .

- the gauge was cocled, plotted against time in minutes, counted from the re-

moval of the gauge from the bath., It is apparent that the cxtrems changes
in sensitivity with tomperaturc observed in the "R" and "S" typz gauges have
béenvcliminated in the wafer gauge,

In othcr respects, the wafer gauge comnarcs not unfavorably with ths
carlier quartz gauges, and whil: it has not becn subjected to any ficld
tests, it is felt that it at loast offers a promising basis for further

development, : .

2. -Rosponse of tourmaline gauges

Ten tourmalin: gauges that gave good or fairly good racords in -the blast
tube were calibrated over a range cof tomporatures betwoen 10% and L5°C,
AL
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Average changes in sensitivity k with temperature varied from 2,3 %/deg C to
no change at all over the entire interval, In every case where a change
occurred, the k decrsased with increasing temperature., There was no corre-
lation between the excellence of the records ziven by a gauge and the con-
sistency of its calibration at differsnt temperatures.

Four new tourmaling gauges of the cantral brass~tab design shown in
Fig. 28 (gauges No. 973, 1000, 1001, and 1003 made by the Stanolind 0il and
Gas Company) were calibrated at three different temperatures. The records
from these gauges were exceptionally good and the results for the most part
were quite consistent, There was no evidence of variation of géuge constant
with temperature,

The fact that the gauges of newer design gave a constant calibration
suggests that the effect of temperature on tourmaline gauges is character-
istic only of old and much used ones, or of gauges of inferior design or
construction. However, of the older tourmaline gauges, those showing a

emperature effect were in no way distinguishablz from the ethars except by
actual calibration at differsnt temperatures.

The influence of temperature on gauges will affect the results of a
field program in two ways. (i) There will be random scatter in.recordad
pressures throughout the program, duz to shot-to-shot variations of tcmpera-
ture, (ii) Sincs it is improbabls that the gauge calibration for a program
would be done at exactly the average tempsrature of the prassurc measure—
ments, there will b2 an error in the bost=fit curve or curves for the pro-
gram, The magnitude of this latter systematic crror will dep:nd on the dif-

grence between the calibration teomperature and the average toemperaturs for
the pressure measurcments.

(a) Character of riocords given by quartz and tournaline gaugss at high

incident and rcflocted pressures. —— After the construction of the present

tube (Figs. 1 to 5), which can take much highor pressurcs than the original
design, the first‘oxperimcnts to be performed were tests of both quartz and
tourmalince gauges over a wide range of pressurcs, Both incident and re-
flected prassurcs wers usced, the incident pressurcs ranging from 3 to 20
1b/in? and the reflected préssurcs from 4 to LO 1b/in?

A great differcnce was noticed in the behavior of quartz gauges in the

old and new tubes. In the old tube it was nocessary to mount thoe gauge as
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loosely as possible in the tubc to obtain traces that wers at all satisfac~
.tory, ‘In the now tubz, which is much morz rigid and more massive (bscause
of the solid picce inscrted to give the noncircular cross section), almost
vibrationless records were obtaincd by clamping the gauge rigidly to the .
tubc, . : ‘ ~ -

The  older tourmaline gauges, gave vory irrcgular patterns whon sub jacted
to high incident prossurcs. However, the same gauges gave oxcellint racords
for much highor reflected prossures. This wéuld indicate that the irrogular
pattprns given by tourmallnv gauges arce duc, not to t hi high pressures but,
perhaps, to the hlgh partlclv vv1001ty since’ the particle velocity bahind
‘thy 1n01dcnt shocks incrsascs with shock prossurae whllu the particle vvloclty
\b”hlnd rbfluctvd sh;cks 1s zero for all prossurcs. ' .

Gauges of the new central brass-tab design (Fig, 28) give much better
records for incident pressures than did the earlier gauges. 'This is prob—
ably'because of the added stiffness in the neck of the gauge. These gauges
give almost perfect records for incident shocks below 10 lb/iné excess pres-
sure. For incident shocks between 10 and 15 1b/in% the records are quite
readable but slant downward. Above 15 1b/in% the records.become more slanted
but are generally usable., At or aroﬁnd»20 1o/in% in the incident shock i£
ig almost impoésible\to obtain satisfactory records. In all cases the
oscillogfams are measuyed to the interssction of the initial rise with é
line througﬁ_the mean of the gauge vibrations (see Figs. 29, 30, 31, and 32),
The huﬁp atffhe'end of the stop in Fig. 32 is‘a:reflection'from the gas |
boundafy.. J

Both quartz and tourmaline gauges gave steps with somewhat fouﬁded
corners for high reflected pressures., The amount of rounding increased with
pressure. No satisfactory explanation of this effect has yet been found.
It was thought that the rounding might be due to deformation of the %—in.
brass end plate, whichvwould cause a temporary relief of prassure at the end
of the tube. However, this exﬁlanation was refuted when the same rounding
~ was observed with a 5-in. steel end plate.

(b) Response as a function of pressure lavel, — Four of the new brass—

tab design gauges wers calibrated over a range of both incident and reflected
pressures. Three shots were taken on cach gauge at cach prﬁssurg. The

averages of the three detarmlnatlons of k are plotted against prussu“e in
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Figs. 33, 3L, 35, and 36. The results show that k decrsases with pressure
when incident pressurzs are used but is almost constant with pressure when

~reflected pressures are used.

e

Again the effect of particle velocity is suggested. The pressure that . ot

is used in computing the gauge constant is determined from the chamber pres- X
sure and from a plot of shock pressure versus chamber pressure based on
velocity measurements. During the velocity measurements no gaugés are in
the tube, Thus the pressures used in computing k's are thes pressures that
would be produced if no gauges were in the tube, However, the presence of
the tourmaline gauge projecting into the tube will distort the stresmlines
and cause a local variation in Uressﬁre at the gauge., Thus the pressure .
actually acting on the gauge is not the pressure that would act at the same

point in the tube if no gauge wers . there and it is the latter pressure that

v.ls detcrmlned in velocity measurements and used 1n computing gauge constants.

' . Since the presence of the gauge will increase the 1ocal particle vkloc—

1ty, accordlng ‘to Bprnoulll s theorem the pressure on uhs vauge will de-

' crease.. - This, will make the gaugs appear to be less scnsitive at higher *
pressures, which-is actuallj ‘what is observed——/

v ' For reflected pressur s there is no particle velocity, and no Varﬂatlon *
in gaqge sensitivity would be expected., »
- Thé foregoing: eyplanatlon in terms of distortion of streamlines and

‘ Bornoulll ¢ffect is admittedly speculative but it accounts Wpll for all the
'known facts, and in any case it secems very probable that the response of. a
gauge that projects into the tube is significantly affected by particle

velocity,

L]

lZ/ These results arz confirmed by blast~tube results at the Under—
water Explosives Rescarch Laboratory (U.E.R.L.), "Characteristics of air=
blast gauges: Responsc as-a function of pressure level,"” by A, B. Arons,
C, W. Tait, G. K. Fracnksl, and K. il, Doane, included in AZ5-8 (ObRD—hB?S) x
Air-blast expvrlments by U.J.R L. indicate that the response of the gauges
to shock waves in the tube is substantlally ths same as to the "frea—air!
shock wave produced by high pr1051ves.‘ Sae "Characteristics of air-blast 4
gauges, II: Response as a function of prossurc lavel," by C. W. Tait and o
W. D, Ksnnudy, included in AES~-11 (OSRD=5271). A tha OPuthIl treatment of
this problem is presented in "On the estimation of porturbations duz to flow ‘ Yy
around blast gaugzs," prepared for the Applied Mathematics Pancl, National :
Defense Research Commlttoa, by the Applicd Hathematics Group, New York
University,
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This conclusion is supported by tests of a tourmalinc .gauge that is
mounted flush with the tube wall and therefore dozs notv disturb the shock

wave. The results of tests of this gauge over a range of incident and re-
‘flected prassures are plotted in Fig. 37, The agrooment betwecen the‘points
obtained using reflocted pr—ésur 2s and the points using incident pr:ssﬁras,
and the lack of dependence of both sets of p01nts on prassurc lovel 1n~1"ate,
“the con51stuncy that can he obtained when gauges arc not subjected bo any

normal components of particle velocity,

3. Elzctronic apparatus

The essential apparatus contained in the prosoent singlo-swoop cquipment
used for mecasuring transicnt- prvssurvs is shown in ng. 36 and consists of
ths following piccas (numbered as in Flg. 38) ‘

1. Timing oscillator )
2 Czli%rﬂtion unit and distribution pancl
3. A four—ch“nnal pro-amplificr
L. Four "modifisd" DuMont 175A Cﬁuhodenrwy 0501llogr1phu
5. Four camera boxaes
6. Power supply for: pra—ampllflers )
T« The trlgger circult for baam 1ntvn°1fwcqulon and
o sweep cireuit
© 8. Initiating trigger C»rcult qnd c1rcu1t feor Qulxylng
o the calibrating relay’ = ,
9, :Firing circuit
10, .Intercommunication set
11." Motor gencrator for converting 2.6 to d c. for thv
camera solbn01ds S L !

Fey

“Most of these or similar plQCJS ‘have becn dsscribed in a provious ruportlg/ ‘
‘hence only radical changes in 2ach will bc discussed in dotail.

(g) Pre=amplifier scction, == The pre-amplificr scction (sca Fig. 39)

consists of two amplificr stages proceded by cathode followers dircctly

‘ , g _ o
coupled to the amplificr grids, 2 cathode~followsr output stage, and -~ phase-
inverter stage for inversc foodback.  The advantages of cathode follovmrs

9
~between amplificr stages are}%

1§/ The measurasment of transient strass, displacement and pressure, by
C. W, Lampson, NDRC Roport A-73 (OSRJ-750).

12/ Ultra~high~frequency techniques, by J. G, Brainerd (Van Nostrand,
1942) pp. 221-222. ' '
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(a) a high input resistance to the amplifier allowing the usc of-
larger grid-lcak resistors to obtzin larger tim: constants,

-

(b) a low input capacity allowing the use of larger amplificr
" plate loads for the sam: freoquency rosponsc,

The advantages of the feedback cifcuit arc?o

(a) a greater frequancy range,
(b) 2 greater stability of amplification,
(c) a smller amplituds distortion,

Measurements made with the gain control sct at 2 mmximum (minimum fexdback)
indicate a frequency responsc that is essentially flat in the middle range,
‘falling off 3 do (approximatcly 30 percent) a2t 0.1 cycle/scc at the Low end
. and 3 db 2t 150 ke/sec 2t the high

times) and a maximum distortionliss output of about 2 v peak in sither dircce

, with 2 22in of 48 db (approximately 250
tion. An attenuator with approximately 2 db per step is made by varying the
inverse fcodbacks It is thus frequency-discriminating, the worst rosponse
being that described.

' There ar: some disadvantages to such a videc ffcqucncy band, nomely, in-

croased noise (tube, resistor, and microphonic), greater drift, and 2 longer

"

. time to come to equilibrium aftor thé'disturbahce. Tube ana resistor noisc
were reduced to a minimum by carcfully sclocting the tubes 2nd resistors for
the first stage. Microphonics wors roduced by using spscinlly constructed o
shock-mounts for this stagec. Drift was reducgd'éonsiderqbly.hy using a well~-
regulated power supply (sce Fig. LO) and by using a 1ine—rcéu11ting trans—

forme ?1

Thc‘péwer supply was constructed with four scparate rogulators in
,-anticipation. of power supply "crosstalk'" between channcls, but this was
later found to be unnecessary. It was found a2 wise measurc to wait -bout
30 scc after cach shot and about 2 or 3.min ~ftcr a "shunting condcnser"
[sce Fig. L1 and Scc. 3(c)] was changed to maks cortein the amplificr had
. returned to cquilibrium,

(b) Vortical-axis amplifisrs, == Becaus:s of time comstant and voltige— o -

lincarity considerations it was found necessary to rovise slightly (sce Tig.
h2) the vertical—axis amplificrs in the DuMont 1754 cathodz-ray oscilloscop:s. "

After this revision, the oscilloscopes were used almost continuously from

20/ Ref. 19, pp. 104-113,

|
|
|
»
|
\
\

21/ 115-v, 2-kw; constructed by Raytheon Mfg. Co,

CONFIDENTIAL




© o

L

Pressure in the shock

Fig' 371

‘;61"

P (lo/in?)

5

X

©

Reflected
Incident

N

[2S]
»
o

4 5

6

7

8 910

k (1 b coulombs/ Lb/in?)

Confidential

Linearity test of flush tourmaline gauge 938,

Confidential




"uoT3e3ls 3UTPIOdAI afnen -gf °FTJg

J03BISUE3-J00UW Ow=(]

998 UOTTBOTUNULOOJIONUT

FTNOITO SUTITY

£LeTex JuryBaqITEd

J0F LeTsp pue 3InoIro Je85Tay SUTYETHTUL
Toato deens puw Jo38TJq weeg

*TT
*0T

*8
A

JotJtrdue~oad Joy £1ddns Jemog

Xoq sISUR:

ydeaBoTTTO80 JUSTSUBI],

JepJrrdue-axd Teuusyo-Imoy

Teued UOTINATIFETP PUB 3TN UOTFBIQTLE)
J038TTE080 Supwi],

*9
*9
¥
*€
*c




r~
I o
z R
s m .
o | <k
=B *ae7z7Tdwe Teuueyo-¥ e Jo TeuUwUD 8UQ “6¢ °ITJ &
,
o\
O
. N




+r\W[ " —
¢# N 3
\, , M.,
v // \
+ T =
e A Ao \ - |
A * Loy q ,, V ‘ ; . AVASIL
, ‘STINNVHO A0} ] ‘ - SR\ eea
S0 AvloL ¥ / = -
HAO3 ITNALNCD _
_ OO0k oY °Yg|
oL T T T
2 oblai rmor._.ur
L0000 L 00060 L ;
o [ T swions svewws s
P o &MN.NUL.. |
TVOILNDAY v A0 3INO




Confidential

+

[o/0}]

oo\

OO\

00y 001 Cov OOy OO

QoY 00V

B WY OLMM .T_u IL‘. ﬁ WW;&Z TaWY Wr H .H.‘H_ ‘ Waﬁhﬁz._ k_
. = I |5 e | LTk P RT
SEYSRSIN , NEY Hw.r — b
.- 5 ' _ T l6 ST T loe o
== 07 hloa = |n N 0=
Y ' o 5 PR _.
y e - x T.llno — |» : m
— A — o — &
FCCS RN 2o R.ﬂﬂom _ W
T S 1, |
izl °4 Joozb Jooz
AN~aa oL
*r—=_ m
e, — ° , .
g _
H‘“ _ w
2
+ * Inm | H i |
{1 [ L L LIt} | W
‘BinoN | __ 1. L cL e ey
a1 [T rr CLep ey
~ ' [ tL et ey W
| L tecrc Cf 4
| _ L [
_ —
N o — - e } 4~ MH
.c..>\0<nw\m<> T ‘rf i

-y

]

Confidential

————




. . o . .,;.e ) - - . v . - j
j - - - e . e N - - ° - ° 0 " /h -

SNLYYVAdY d3IIMS-3TIONIS HLIM Jd3SN HAVEOOTIIOSO LINIISNVYHL v 'Old

. ToNVIONGNT SNILYSNIAWoD v,
“LTENT W,

> o
prail b J—
TT Lroe
A’ 4 4 x 4
! { ¥
A‘ ."m \\lﬁ:d&. VNG DaAW S0 _ ke “"%
™ ﬂ.l.m 5 hoor- . T 3 10aRLZ
H_yllnwm 24 S0l |JMo : L5 b4 B $ 4
: s sa B 1ad
3 3¢ % 8] »lf i x
o “| \ | . Ny 20 {veye
M 28 ﬂ INANV A
LvN 301 M_ ™ ﬁ
3 8z a iy
| 8 _ 1 1 =
© A i hﬁ. [4 ¢
¥ 1 T
mu N o
T2 L pg] 3N 3- 3 )3 A 4 <=
L u. 3 > 4 N = /] 3
= = 2 > 2 b ¥4
‘oo % 3 8 3= oo .w .._T.lﬁ
> b £3
< = |
— == >
oy, { X d y ]
) #:Jm — |
Fron 3 S S —
o i _
oLl oy A ,
L ) [
nw 3n
98| 4098 H - I7 |
. X Qrz AOOE
DN DRD (A= 2s1

CONFIDENTIAL




- 67 - © CONFIDEWT IAL

December 19kl until‘the~present‘time. ‘The circuit indicated in Fig. L2 has
a time constant of 0.5 sec (d0wh.3'db at 0.3 cycle/sec) and is down 3 db at
about 150 kc/sec at the high end. It is linear within 1 percent over the
deflection of 1% in, on either side of the center of the cathode-ray tube
and within + x5 oercent over 2,3 in, This is at 2OOC, but at higher tempera-
'ﬁtures (35 C) greater dlstortlon was observed. ~Hence as 1oné ae the deflec~-
'tlon was kept to 1ess than 1 5 1n. ‘at normal temperatures, no error in meas—
_ursments due to ampllfler nonllnearlty occurred. Used with the pre-amplifier
‘that has been descrlbed at the max1mun gain setting there 1s an input volt~
age sen51t1v1ty,ofv9C{ﬁﬂL/1n., a noise level of about 0,1 in. (on the
osc1lloscope) aﬁd an over-all time constant of about 0.k sec and a high-

) frequency response (down 3 db) of about 100 kc/sec. The Z;axis was also
»Lmodlfled 1n order that its. tlme constant be comparable with the V-axis.
Otherwise it is essentlally the same as the original DuMont - Clroult

(c) Calibration unit. —- The calibration unit (Fig. L1) consists of

‘ approx1mately the same c1rcu1t as that discussed in the report on the
';Prlnceton moblle 0501110gfaph10 1ab oratory—g : The standard condensers are
arranged in 30 steps to give from 100 to 10 0G0 pHcoulombs by using 3 capaojty
‘ steps and a volta ge d1v1dor of 10 steps. This charge is placeo across shunt—~
.capa01t1os of from O 01 Pf 10 2.5 pf in logarithmically 1ncr°a51ne steps of
approx1mate1y a 2 1 ratio per step. Pote nulometers (SOO-ohm) are placed in
series with the line to compensato for its 1nouctanco. The charge is put
suddenly on the condensers by opening a relay WhWCh'ShOTt—CWrCU1tS tha

applied voltave.' ThlS relay is. 1ncoroorated in the "1p1t19t1ng trlgger
701rou1t" (Flg. h3) w1th a suwtablo circuit to delay its operation, These
circuits, or:51m11ar ones, are de sorlbed in 2 previous report on this equip~
mentgg/ | |

(d) Trigger circuit. -— The trigger circuit for intensifying the oscil=

loscope beam during the sweep and the sweep circuilt 1tse1f (See Fig. L) are
also quite similar to the original circuits described in .an carlier rvportg%/
~ The sweep circuit was mooliied sllghtly by dlschwrglng the condenser through

a pentode in which, as is well knowm, the.plaue current is essentially

22/ Mobile oscillographic 1aboratory; by C. W. Lampson and if. Bleakney, -
NDRC Report A-307 (OSRD-L570),
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independent of plate voltage. This gives a much more lincar swecp, which
was measured to be linear within 1 percent over 2 in, of the oscilloscope
SCIrecne

(e) Timing oscillator. —- Sincg the carly sine-wave calibration

systcm-/ was abandoned, it was found convenicnt to use a different timing
oscillator. A fixed frequoncy standard giving frequencies of cither 1000 or
200 cycle/sec was built (see Fig. L5), and since sinc waves were no longer
necessary a "plp—01rcult" synchronized with_the oscillator was incorporated
which gave smallﬁpulses of approximately O.1-mscc duration., A conventional
transitron 050111ator circuit was usod and, 2lthough cmploying only an

“ordlnary tunsd 01rcu1t it was:found to give’ 2 constant froguency within 0.1
pefcont over 111 the temperature. rangs normally found in the lwboratory.

(f) Campra boxes. .- In order to photograph thc oscillograph traccs,

 four camera, boxbs were constructed (sce Figs 38) using Foth=Derby. cam:ras
with f 2 5 l nscs and 127 Super XX film., The shutters of thesc cameras werc
operated by solvnolds ﬁll onqthv sam: d-c sourcc, 2 motor-generator unit,

(5) Flrlng c1rcu1t -— A firing circuit (Fig. L6) is used in conjunc-

tlon w1th th3 31ngle-swuop apparﬂtus whan measuring prossurces produced by
>luctr1c111y pxplodud chirgvs. It consists mersly of two rolays with appro-
;prlatc dulay clrcults, onz, to initiatg the swecp, and the othor, dlSCharoh
the dvtonator. .Elthar ralay can be dylevd as much as 50 mscc and “would To-
peat to better than 1 mscc. Tt was discovered, however, that A varittion of
as much as 3 mscc in the tims of detonation of the chargc could be recordad
becéuse.of variation in construction of the various blasting caps uscds

(h) Intercommnication system, == An intcrcommuriication system was

- used whengver measurements in the ficld were made, to coordinate work in the

fiezld with that in the laboratory.

L. Other'equipmanﬁ

In addition to the blast tubce and clecitronic apparatus, it was found
expedient to usc two additional piacés of zquipment that are deemed
important enough to describe bricfly herc, ’

(g) The film-rcading box. == To facilitate the reduction and analysis

of oscillograph rccords, a special film~reading box was designed to cnlarge
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(¢) Interior view

Fig. 47.

() &ide view.

(d) Projector in use

Film-reading box.
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oscillogramé briginally photegraphed on 35-mm and 127 Super XX film, En-
largements of 7.8 times, 12,6 times, and 23,1 times were effected by the
choice of the proper enlarging lens. Essentially the'optical arrangement
consists of a No, 2 photo-flocd lamp as the light source, a pair of condens-
ing lenses, film holder and film, enlarging lens, reflecting mirror, and
opal screen upon which the oscillogram is projected.

Measurements may be made directly from the opal screen image or, if
permanent records are desired, from suitable tracing material such as "Koda-
trace" upon which a copy'of the oscillogram is drawn., The latter is the
method employed when impulse data are desired and a convenient size is
needed for accurate planimeter measurements. (The impulse, of course, is
proportional to the aréa undér the force~time record.) Figure,h7 shows
front, side, and interior of the filmrreéding vox-used at Princeton from
September 19LL until the present time and also shows the same box in actual
use.,

(E) _The multiple manometer. =~ For accurate measurements of static

pressures, it was found necessary to use manometers. To prevent the
necessity for an exceedingly tall manometer to measure high pressures, a so- S
called "multiple manometer" was used. The Princeton design consisted of
three mercury manometers connected in series, the first to the second and
the second to the third, and coupled by distilled water. This gives'épproxi-
mately one-third the deflection produced in a single mercury manom:ter for

an equivalent pressure. The manometer, as shown in Fig. U8, measures pres=
sures up to 90 1b/in2 to within 0,05 1b/in2




