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‘ This report which comprises the M.S, thesis of the
author describes research carried out in the Physics
Department of Lehigh University from June 1950 to
June 1953, The work, Jjointly supported by ONR and
the Physics Department, is part of a program of
study of transient flow of gases in a tube, The

§ measurements reportod herein were performed to ex-

: tend those reperted in Technical Report 2 which

appeared in the March 1953 issue of thoe Journal of

: i Applied Physics.,
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Abstract

Using a rectangular shock tube with glass walls, shock

propazation near the diaphragm has been studied quantitatively
by means of dou“le spark shadowgraphs, The crossesection of

the tube had dimenalons of 0,64 and 7.5 em, For positions be-

tween 100 and 250 hydrwulic rsdii from the diaphragm, shock

velocities were measured by timing the interval between the

sparks, wWithin this recion the shock velocity is greatest at

the position nearest tiie diaphragm, but not as large 2s pra-

dicted by 1deal thcorye.

INTRODUCTION

The velocities of shock travelling in a shock tube of

rectangular cross section .64 by 7.6 cm were measured in a

gseries of experiments to determinc the attenuution with travell/.

Tho shock voloscity decrocasod continuously with travel over tho

range studied by those mecasurcrnc-tz, which were made by timing

the arrival of the shoclz at opti-al detection stations locsated

at 50 c¢m intervala along the tube. These tests however did not

include measurements very near to the diaphragm., The tests to

bo described astudied the shock prepemation within tho 75 cm of

channel (250 hydraulic radii) nearcst the diaphragm,

1/ Re Jo Emrich and C. W, Curtis, Journ., Appl, Physics
24, 360 (1953)
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These measurements of shock velocity near the diaphragm
émplbygd a sectlon of channsl with plate glass walls., Spark
~shndowgraphg of the shock within the channel determined its
position and configuration at two successlve times, and these
times at which the sparks flached, together with the time at
whilch the shock arrived at an optical detection station at the
end of tho glass channel, were recorded on a chronograph.

The configuration of the shock within the 30 cm nearest
fhe diaphragm differs markedly from a plane shock._'In Figure
l, tracings of shgdowgraphsg/indicate the way in which the
1nitiélly curved shock undergoes a serles of Mach reflections
until a - nearly plane shock 1s formed., Since different parts
6f the éﬁock:frong,_g.g. the center and the_part adjacent fo
the wall, move with cifferent velocitics during this stage of
;fopagation,,Qelocity measurcments wore made only in the inter-
val from 30 cm to 75 cm from the diaphragm.

The study of shock propegation nesr the diaphragm by timed
spark shadowgraphs was proposed by . W, Curtis., %, R« Smith
ana R. A, Shunk constructed apparatus and perforimed a series
Qf<preliminary tests of the typo duseribed herein, and their
contributions to this work are rratefully acknowledged, R. M.

Wilcox also assisted in the construction of electronic equip-

ment .

2/ These shadowgraphs woro made by R, A. Shunk,
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APPARATUS AND METHOD OF MTASUREMENT

Figurc 2 shows the relative positioning of the apparatus
oxcopt for the pressure and cilcctronics equipmont, Figure 3,
which 1s a block diagram showing the sequence of oporations
for obtaining a rocord, !indicates theo functions of various

units and thoir intorconncctions.

Shock Tubce Thce chamber of the shock tube was constructed

of 3/4" by &" duralumin platce separatcd dby 1/4" Lucite strips
whosc s51des worc polishod to permit transmissicn of a light
peczay its cross sceticn was C,64 by 7.6 cm and length about
75 ¢me It was supportud on rolliers which permitted about one
Incn travel away from the channel for inserting a diaphragm,
A flango with ~n cval rroov: to reccivo a rubbor gasket ring
provident mecana to clemp togocther chambor snd charnol and to
sci:l the chamber when a dicphragm waa in placo. A slot in
the lewer plate corntzinzd = solenoid which, when cnerglzed,
thrust 2 sharp pointor against the dicphragm causing 1t to
rupture, At t'.¢ oppositc cnd of the chamber was a fitting for
conncct.ion to the prcssure systom,

The pressurc in tho chambor +.s raisod by use of & tire
pumo connected with rubber tuving to the chamber and tc the

pressurc mecsuring cdovicu. Fressurc was sot with an accuracy

of 0,01 atmos by using u closcd arm mcrcury manometor. Bofore

taxing a serles of volocity rosords, one arm of the manometer

*
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was calibrated for the particular pressure of interost by com-
parison with 2 hydraulic dead weight gago., Tho mancmeter
provided a simple and sensitive means for repeating the
initial pressurec sotting from onc trial to thc noxt, For

the setting of higher prosaures (above 45 psig) the dead
welght garo alone was used, Atmospheoric prur-urc was recorded
from a barometer,

The 7.6 cm channcl walls werc formod by twc pinces of
plato glass 1/4" by ¢" and 30" longe One of tho ,64 cm thick
walls was a strip of brass 1-1/4" wido by 28-3/4" long; tho
othor was a 1" wide strip of Lucite milled to tho +64 cm thick-
ness for 1its cntire length of 30", At tho end of the brass
strip a small 1-1/4 ty 1-1/4" Lucitc ploco was insertod as a
window for thc shock detection station., The inner surface
of the long Lucite strip forming onc wall was polishod with
fino grit emery paper and oil, and buffed to climinats
irrcgularities, The cuter odgo was also polished at oach end
to allow transuission of light beams usod f{or measuring pur-
posos.,

The brass and Luclte strips wero comontod to cne glass
plato with stationers rubbor ccmont which had been thinned
with 2 parts of bonzeno to ono part cement. Throo layors
wore appliod to oach surface of the joint and allo-ved to dry

partially., The strips were placed in accurato position on tho

3 T ST B M 96w e
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glass, heid lightly with C clamps which wore then tightoned
at intervals of about 1S5 minutes, Uso of thick rubber comont
rcsulted In a ceocting of non-uniform thickness; too rapid
application of prcssure with the C clamps squeczod tnc comont
cut so that a1 gas tizht sonl was nct obtalned, Tho othor glass
plate was comentod in place by a similar procodurc. Exccss
corment was romoved from thc inside of tho asscmblcd tube by
rubbing with a trass strip inscrtod at tho opcn onds,

Tho ond of tho channcl ncar the diaphreem was surrounded
with e 3-1/2" by 8" split woodon yoko which could bc clamped
against tho stccl flange of the chaumber holding thc rubber

gaskect for tho dlaphragm scal, This wooden yoke was set

al* AP ETer awovwr Cwn
- ha N oA Y —h A - &

v oaway cm tr~ ond of the glass section to peormit

the glass to cxert positive pressure against tue disphracm,
Slippago of tho wocden yoke on tho glass was prevented by

two U-shaped 3tocl strap3s extcnding thc full length of the
channel and surrounding it; thcse straps wcre fixed to the
yoko at tho open cnds of the U and presscd arainst thc cnds
of the glass platcs at the closcd onds of thc U. The stoel
straps woro soparatod from the glass by cardboard pads, and C
clamps at 4" intervals scrvcd beth tr halAd the strape to the
glass and to maintain pre¢ssure on the rubber socalcd joints

betweon glass and brasz and Lucitc strips,

Bofore tho yoko and stool straps were attached in tho

a.l
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final assombly, tho end of tho channel at tho diaphragm was
grourd flat and smooth with a belt sander. Carc was takon
to mako tals flst surface perpendicular to the insidc edgo
of Lhc brass strip und aiso to tire glass plates, This
agsurcd that the walls of the channel would bo perpendicular
to the disaphne~m and parallcl to thoso of the chambor when the
tubec was asseabled with a diaphragm in placc. The diroction
of motion of thc¢ belt was along the 6" dimcnsion of tho
glass so that chipping at the edro would not affoct tho soal-
ing at the diaphragm, Tho =anding ovcration causcd tho
Luclite to hoat and 3swcll so that after cooling a gap existed
at it3 end, This was offcctively filled with throe layors
of scotch cclliovhane tapo, carcfully fitted, and an oxcellcent
scal was always obtained,

Dowel pins in holes in thcwoden yoko &nd in tho stool
flergo of thc chaiber sligned the two sectlions of tho shock
tubo. Tho ond of tho charnol ncar tho diaphragm was supported
by chains from thc ceiling. Tho othor cnd was rlgidly supportod
by a wooden block festenod to a laboratory tablo,

Two Lucito scales woro fastencd along onc sido of tho
channol by means of small clips. Those transparont sgalos
providod tho rcferonco for dotermining tho position of the
shocks in tho photographs, The scalos wore ruled by use of

a spcctrographic cecmparator; & dot was scribed for ocach

millimotor and a lino for oach contimetor. Each scalc was

1o P T ve—

Yu
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72 c¢m long. Ono scalo was abovo tho channcl, tho other bulow,
and their shadows overlepped in tho photogrzphs, pormitting
the corroction for shock position duo to parallax, Tho divi-
sions on tho two scalcs wero 2ligned by obscrving thc .multiple
reflections of a linc of tho upper aczle in tho glass platos
tcnoath 1t and tho corrosponding linc of tho lower scalc,

*hotoccll Stationa, Tho first photcccll station providod

2 gipgnal 2t diaphregm ruapturc which startod tho delay circuits
end chronograph. A narrow light bcam passod obliquely through
tho dlaphrogm to «o G621-A photoccll., Tho sudden incrcasc in
light vwhen thc dinphrigm shattorod rosultod in 2 signzl from
thc photocoll xhich was amplified and transmittod tc a "gate"
unit. Tho "zato" unit becth shapcd tho pulso to a standard
form for transmission to tho dolay, and preventced lator signels
rcsulting from fluctuaticns in light intensity on the photocoll
from passing to and intorfcring with the dolay circuit,

Tho socond photocoll stetion at the far ond of thec channel
mcenoratcd threc sicnals at the timecs oech of two sparks rlashed
end at tho time the shock passod a knife edge cptical dutouctlion
station, Tho lattor wus one of the standard arrangomcnts of
threo knifo odgcs which prcovont a light boam from falling on
tho photocell oxcept during tho fcw microsoconds that a shock

is passing the plane of the knifo odgos.

Delay units, Tho dolay unita woro doublo triodo univibrators
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with variable rcsistanco and capaucitancc in ono arm, Tho
dcelayed pulsc from tho first univibrator was solectod, shapod,
and dclivorcd to a thyratron grid; it wes also transmitted

to a socond unlvibrator dolay unil of similas construction,
whoso output was applicd to a socond thyratron,

Spark Aasemblics., Exch of the thyratrons rcfeorred to

abovs dischargean s capacltor through tho primary of an autoe
moblle 1gnition coll., Thc voltarc pulsce Inducod in tho
sceondary triggorcd the :min spark., Tho construction ond wire-
ing of thc spark aseombly is shown in Figurc 4. The sparl:
sourcc conaistod of thrce clecctrodos wxially 2aligned in =
hollow Lucito cylindcr é/. The first olcctrodo 5 & brass
plug which scrcwed in an cnd plato to permit adjustmont of

thc olectrode spacing; tho sccond was an iron siug with a

pin 4t the ¢nd to slids in a hollow insulator of soapstono;
thc third clcetrodo was a stocl inscrt with ¢ 1 mm diamoter
holo through its ccnter, Light from the spark confincd within
thc sonpstonc cmorgcd through the 1 mm hole; the duration of
the spark was approximatcly 1 usce, and the intensity was
sufficiont to givc u shcodowgram through glass on F-l Kodebromidce
onlarging papor at a distanco of 100 cm,

Chronogruph. Tho timc intervals botwoon thce thrco signals

3/ Tno spark sourco dosign was furnished by D. E, Allmand and
Re Lo Kramor of tho Hydrodynamics Subdivision, Naval Crdnance

Laboratory, #hitc OCak, Md,
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generated at the second photocecll station were measurcd with a
rotating drum chronograph. In this chronograph; a timc base
oenn = cathode ray tubc sercon is photographed on 35 mm film
moving in 2 rotating drum. Lincar motion of the cathode ray
spot tfansvorsoly to the motion of the £ilm 1s synchronizod

tc a crysticl controlled oacillater for 50 psec; tho direction
of thu spot motion thon rcverses for 50 usoc, Timing morkers

A

at 5 psce Intersols and the signals to be timed def

lacot
spet in the dircctlon of film motion, Interpolation betwoen
timing morkers pormits the time Intorvils betweon the signals
to bo dctermined to within 1 psccs Tho cathode ray spot was

brizhtoned by the signal rcsultling from diaphraam rupturc and

[

remainad bright for just slightly loss than cne ravolution of
the drum, i1.c. 1/30 scc., A typleal chronograph rccord is
shown In Figurc 1 of the first refeurcnce.

s

Shadowgraphs, As indicated in Filgurec 2 tho spark sourcces

'

were pleced on tho floor 90 cm below the glass channel and
photographic papcr in a holder was placced 10 cm above tho
channel, A typlcal shadowgraph appoars in Figuro 5,

If tho spark flashcd at thc instant whon the shock was
dircctly abovo the spark sourco, i1.0., when the plane of tho
shock incliuded the source, the shadow of the shock was an ox-
tromely fino line., Usually the shock was displaced by a few

contimoters from the vertical through the source so that
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thc shadow consistod of ncighboring bright and derk linos.

The vositicn of the contoer of these linces is dotorminod rolative
to tiic shidows of both thc upper and lovwer trensparcent scales;
the verasce of tho two scnlo readings is the position of the
sheek recl~tive to olther of the accur2tely alignod =acalcs,

Cosition of Shock Detoction Station., The positicn cf the

knifc ovdge detoction station had to bo determined rclative to
trhc scalo appearins in the pnotogruphs. An coperational method
of ruing this detiramin<tion wai cnmploycd. The apark sources
and vhotcgraphic prper werc arranged to make a mcasurcmont of
thc shock velocity frem two shadowgrapns over an intorval of
about 10 cm just ~heind of the shock detcction station, Tho
shadcew of the sheck from the sccond spark was about 1 cm zhcad
of thc dctection statione Ry assuming that the shock noved
witn constant spccd over the interval betweon tho first chedow
and the dctection station, the mecsured velocity betweoen the
shadows and thce timc intorval measur.d dotwoon tho sccond spark
and th. dctoction station pulso permittoed calculation of the
pcaition of tho atation rclative to tho scalo cppearing in
tiio photograph, Three such acts of mcacurcmonts at cach of

t-o shotk strongths all indicatcd thc samo position of tho

detcction station within + 0,5 mme

RESTLTS

Four zroups of pcsition-time mcasurements wero made for

I S
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chambor prossurus 15, 30, 45, and 60 psig; channol prossures
‘woro atmosphoric, Thoso corrospond to prossure ratios PC/Po
= 2403, 3.02, 4.G9, 5.14 rospoctively., Actuclly P,/P, varicd
slightly from onc trial to tho next within a given group and
morc noticcrbly sc whqn ruis wors made on Aifferont days.

3

Bewover, the difforoncoes woro always small and an adjustment
of resulis to a common besis as dcescribed in th parasraph
following t'iw mext componsates for va;iaticns in initiesl
pressurc ratios.

In crder to attain ae nearly pcrféct diaphragm brcakago
as possible, diffcrent strongths of ccllophanc were usod at

the diffcront prossure ratios. The dicphragms used wore as

follows:

Ba/Po ~ Cellophanc Type and Trcatmong

2,03 . .0008" DuPont 300PHT, charrod at 250°C for 3 hours,
dchydrnted; vory fragilc, noar ultimato breaking
strength

3,02 . .0008"DuPont 300PHT, charrcd at 175°C ror 1 hour,
rc-hydrated at room humidity (50%); somewhat. bclow
ultimate strengtn

4409 .0008 DuPont 300PHT, uncharrc¢d, dohydrated; near
ultimate stransth

5,14 .0022" Dobeckmun laminatcd Red Zip, dehydrated; noar

ultimate strength
For cach triil, the positions and corrosponding timcs of
the shock at thrcc placcs werc recorded, From thesc the average

volocity over thrce intorvals wcro domputod, Corroctions for
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small lack of ?cproducibility from onc trial to tho ncxt wore
medo, _The positions of the first shock plcturcs were kept the
samce Then all’volocltios wore altored in such a ratlio as

te bring to a common valuo all avecrago vcelocitios over tho
ntarval from tho first shock picturo to the dctection station.
Varying the position of the shock for the second photograph

pornittod measureoment of avera~sc velocitles ovor difforent

ct

in urvals. By assuming tho avoragoe velocity cver an intorval
to be the volocity at tho mid-point, data for a vclocity-dis-
tanes curve were obtainod, '
Th¢ rosults appear in the graphs of Figurcs 6, 7, 8, and
~Da .Eac@ i1s a plot of snock Mach number vs, distance from

th dieghragmv»-By—using the ratio of the shock vciocity to

C

the sound speed in thce air anhcad of the shock, M = U/co, the
¢ffcots of variations in room temperaturc among trials is
oliminzted, The wvalue for sound spced is detcrmincd from tho
formla o = 347.4 [1+ (t-25.5)/597.2 } m/sce
ﬁhorq‘t'ié cohtigrado_gemporature dotcrminoed by a thormometer

in gqodrthofmnl contact with the mctal walls of the shock tube
chamber.r Tho shqif h&rizontal lino above the experimental points
ipdigatos tho valuergf velocity predicted by the idoal thoory

“of shock tube flow for thc pertinent valuo of PE/PQ 4/, The

»sclid'diagonal lino 33 =n cxtrapolation from thc moasurcments

I/ Ticakncy, #olmor, and Flctchor, Rov. 5C1. Instr, £0, 807
n-',(1949)oquation'glo)
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of Emrich and Curtis &/, In thoso casos whore the P./P, valuo
for their datz dlffers slightly from that upplying to tho
prosontly rcportod rcsults, 2 dash:d line is elso drawn in to
indicato tho difforcncos in Mach numbor to bo cxpoctod on this
account, Tht¢ vortical intcrvals nssociatcd with tho mecasurced
Mach numbors ure ostimatis of the indofinitcncss corising from
orrors in rcading tho rccorus alonc¢; thoac rcfloct a possidble
crror of + 1 usce in cach timo interval moasurcmcnt and of
4043 mm in ocach distanco intcrval measuroment, Such orrors
aro prosumably random.

Thc possibleo sourccs of systomatic orror in Macn number
dctecrninations arc in distancc and timo intorvals and in sound
volocity. Variitions of Mach numbor with travel might also be
influcnccd by a non-uniform cross soction of thc shock tube,
The 1atter influcnce is bclicved to bo small ainco caroful
measurcmcents of the glass walled channel z2fter asscmbly
indic~tcd changcs in cross scectiocnal aroa in the diroction
of propnsntieor of lcss than 0.2 porcont. Tho tronsparcent
plastic ccalzas were found to have chenged dimonsion «ftor thoy
wero rulod, but apprepriatc corrocticons were made to bring tho
scalo rcacdings intoe conformity with on accuratcly ongravod
stocl scelo. Tho time base in thce chronogrnph is known with
grecot nccurncy by comparison with timo signals broadcast by
atat ion WV, Tho largest systematic orror thant mey bo present

is cssocioted with tomporature grodionts oxisting in the glass
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welled chamber, Caro wns $akon to kcop hoat sourcos such as
lanmps nnd oloctronic dovicos ns distant as possidblou and to hove
lamps on only for tho minimum timos nocodod during cach trial,

If vonporaturc difforoncus along the channol of as ruch a3 3
Contigradec dcgrocs wero prosont, thoso difforoncos would reflcet,
througic the sound spoud valucs, changos in Mach numbcr with
distanco of 0,5 porccnt. Unfortunatcly tho magnitudo of this
sourcc of orror vias not rcalizcd during the tcats a2nd no

moasurcmonts of tcmperaiturce gradionts woro mace.

DISCUSSION OF RISULTS
Thc purposo of thesc tosts omploying spark shadowgraph
mcthods was to cxtond moasuromonts of shock vclocity beck
as noar to tho diaphragm as possible for comparison with

mc.surcments madc in the samo sizc tubo at roletively groat

distancos from thc diaphragm, Shock Mach numbors mcesurod
at 75 cm from thce diaphrzgm by tho two mothods diffcer sig-
nificantly in tho cuso of tho two higher starting prossuro
ratios Pc/Po' Thus, it doos not soom possiblo to intorprot
thoso vclocity loss moasuroments by spark shadowgraphs as
moroly oxtcnding tho ocarlior measuromcnts.

Wo havo no ¢cxplanation of the discropancy notod in tho
procoding paragraphe, Tho most apparont difforcnco in the
apparatus usocd for thc two moasuromonts i1s in the shock tubo
walls; tho glnss walls aro poorcr hoat conductors und supor-

ficirclly ~ro smoothor than the duralumin walls,
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The obsorvation from thc moasurcmonts at grcater distcnces
from tho diaphroagm that shock velocities docrecase continually
with travol suggoestcd thet, if thoe volocity could bo moasured
near onough to tho diaphragm, tho valuo prodictod by the
1dozlized shock tube thoory might bo found, Theso moasurce-
monts by spark shadowgraphs indicato highor vclocitios noaror
to thc diaphragm but the 1doal thoory valuc is not attained
by the time 2 roasonadly plane shock has formod,

As o final obscrveotion from those moasuromonts, it may be
notod that strongor shocks loso volocity loss rapidly. This
is in contradiction with thc rasults obtaincd at largor dise
tonces from the di~phragm. It may bc thet waves rcsulting
from tho diaphragm rupturo procoss continue to strongthon tho
shock over tho rogion studicd and counteract to somo oxtont

tho wall dissipation which tonds to docroase tho shock volocity,
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