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CHAPTER I

INTRODUCTIONK TO THE PROBLEM

The shock tube se known today consists essentially
of a constant cross section tube divided into two chambers
by a breakable membrasne., The chambers may be filled with 1
like or different gases al various pressures. It was first
used by Vielle' in Prance in 1899 about the time the first
wind tunnels appesred. Vielle's shock tube consisted of
a tube 22 mm, in diameter and 20 feet long whiech he filled
with air to a pressure of about 400 pail, Vielle measured
shoock velocities up to sbout twice the velocecity of sound,
In spite of his suceess with these experiments the method
wae completely abandoned until about 1940.

Little waz done toward the study of pressure waves
rele=sed by a bursting disphragm until Payman and Shepherdz

conducted a series of experiments to study the air flow

following the bursting of a diaphragm in a shock tabe.
They used eopper—!oil diaphrages to au:tain high air

pressures in the compression chamber of the tube.

1!. Payman and W, C, P. Sheppard, 'Bxploaion and
Shook %Waves, VI, The Disturbance Produced by Bursting
Diaphr.gms with Compressed Air," Proceedinga Royal Sooiety,
Seriss A, 186:294, 1946,

Ibid.’ po 293‘
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In 1943 Reynolds’ used the shock tube to produce

shoock waves of known strength for the calibration of
plezo-electric pressure gages which were to be used in
blast wave measurements,

In 1943 Smith? made an extensive study of the
reflection of shock waves, in which the shock waves were
allowed to strike an ineclined plate, His purpose mas
to study the conditions for the onset of Mach reflection.

Since 1950, both in the United States and Canada,
interest has increased in the use of the shock tudbe as
an aerodynamic wind tunnel.’ |

Bleakaey® and his co-workers are continuing the

study of Mach reflection, using a2 shock tube eguipped

with a Mach-Zehender interferometer.

Previous studies have been made of the shock wave
following the bresking of a diaphragm in a shock tube,
This paper is concerned with an investizetion of the
transonic flow following the shock wave and coantact sur-

face rather than with the shock wave itsell, with the

53. Lukasiewics, "Shock Tube Theory and Ap;liocations,®
1 _.mkusma& Seds. ¥epors 33,

Walker Bleskney, D. K, Weimer, and C., B. Pletcher,
ock Tube: A Pacility for Investigationa of Pluid

Dan~wi~s.' Beview of Sclentific Ingtruments, 20:807, 1949,
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3
purpose in view that the shock tube might be used as an

internititent wind tunnel in the mechanical engineering
laboratory.

A study of shock Sube theory indleates that, the
shock tube as an intermittent wind tunnel has both ad-
vanizges and Jdisadvanisges when compared to . the standard
wind tunnel., The principsl advantage 1s the sasze in pro-
duecing various flow Mach nuambers By seiting the pressurs
ratiec of the chasbers for the desired ¥aoh nunber flow
within the range availadble. A second advantege iz the
fact that the flow a$ sny particular station in the shock
tube starts 1nstsntaheouely. Thus, steady flow pasterns
may be stu@ied in the process of formation. DPrincipsl
diszdvantages are the Aifficulty of zeasuring forces
=nd Storques on models, the lack of time for soiablish-

ment of a desired flow im some oases, and the limit ¢f the

Mach number flow $o = walue less than 1.89 following the

primary shock mave.

P__u_x_:ggse g_{ g g_gg The purpoase of Nuadag 7
» shock tube was to give the Bntveraity another research

tool and aeaonstra.ian instrunont ror asrodynanic stuﬂiea

Vainoe the ;rasent wind tunnel is not auitsble tor high

velooity reasearch, I% was hoped that the shock tube
might, when calibrated against theoretic:l flow dats,






4
prove suitable as a teat facility., To determzine its use~-

fulness as such & Tacllity it was necessary to devise a
method for messuring loeal velocities, ianvestigate asize
effects of models in the flow and provide a check against
standard wind tunnel dasa., The shock tube was to be
built as simply =nd cheaply as posalble.

Shock tube flow consiste of a steady flow periocd
following the primary shock wave developed a% the bursting
of the diaphrage, and a second steady flow period follow-
ing passcge of the discontinuity or contact surface be-
tween the high and low pressure gases, Prelininazyvin~
vestigation indicated that 1t might be possible to measure,
by the use of wedges and airfoile, the flow in the cold
'gas foilbwing'the'ebhtéafAsﬁrfabe;' After iholéiabhrégs ’
is broken this region moves toward the low pres:ure end
of the shock tudbe followed by a pericd of steady flow.

The duration of steady flow is dependent on the sh#ck tube
length, the pressure ratio of the two gases, and the loestion
of the test astations,

In tﬁié study th§ bigh prcaluié acétion.of fhéraﬁgék
tube i= refe:red to as chc ehaaher, and tha low yraasura :
‘sgcvian as tha ehannal. Uhing sir as the gae in Yoth '»"r.

the chamber znd the channel, and pressure rastics up %o

€0, 1t was considered likely that flow Kach numbers of







\,
\
:

1.5 to 2.0 could be measured in the channel section.

Shock tube theory predicts a regiom of stexdy flo=
preceding the passage of the contaet eurface. This flow
region follows the primary shock wave developed when the
diaphrage is bdroken. A greater pressure ratio is neces-
sary here for a given Mach number than in the flow follow-
ing the contact aurfuce, and Sthere ls a much shorter period
of steady flow. The uprer limit in Mach nwumber is 1.89,
Using air as the gas in both the chamber anld channel, it
arpeared feasible %o obtaln flow Haah'nnmhsfs up %o 1.20
with a pressure ratioc of 150.

After a workable shock fube is accomplished 1t ia
neccssary to calibrate it for use as & teat Dfaclility.
Rather than go to the expense of an elsctronio method of
calibration of the flow velocity betwaen two points in the
channel, which would only indicate the velogcity of thﬁ
passage of the primery shock wave, plans were made %o
measure the angle of the bow wave on a wedge from shadow-
graph pictures. This meant that only supersonic flows
could be measured. It was felt,'hQW§v§i,'tha€'1f ﬁhéi.l
measured flows were consistent the eurve could b§ extra-
polated into the region below Mach 1.00.

It also appeared feasible to messure the ¥ach

wavelet angle at striations on a wedge, if sufficient

density were availlable, as a check against this bow wave
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moasurement. If the striation angles were viaible it would

be possible to measure loesal velocity om an airfeil or

to oheerve the effect on the air flow,

Pollowing the eczilbration of the shock tube with

o
Y

.casured velocities plotted against the pressure ratio,

. standard NACA airfoil for zhich wind tummel information

wos available might then be installed in the shock tube

and She aritical Hach mumdber determined,







CHAPTIER II

THE THEORY OF THE IDEAL SHOCK TUBE

Shock tube notation. Pigure 1 illustrstes sche-

matieally the shock tube after the Jdisphrags has been

brokea.

It ghoweg the tube of uniforz cross ssction,

closed at one end, this a gue-tight diaphrsgr and indl-

cates the pressures, velocities and speed of sound ex-

pected in esoh part of the shock tude.

¥
predicted
contaet  shock CHAﬂBEB

rfaoe o intensity

M = Mach flow

Pigure 1. Shock Tuds after the Diaphregm has
been Ruptured

R~ g

a8 preseure in the low pressure rcgion of
the shock tube

gas yreassure following the prizary shock wave

gaz pressure in the chamber or high preeauro
region of the shock tube nfter rupture of %the

dizphragm  (Abmospheric pressure for all btests

in this paper)
velocity of sound in the atationaiy gas

velocity of sound in the gas following the
primury shock wave
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that the gases in the chamber and channel obey the ideal - -

)~ welocity of sound in the gas following the
contact surface

d,- veloelty of sound in the high pressure air
before the diaphregm is ruptured.

[/~ weloeity of propagation of the primary shock
wave
Contaot surface - The contact surface 1s the region
of mixing gasmes at the disphragm that moves down
the channel following rupture of the diaphragm,
The density snd consequently the temperature
is different although the pressure remains the

same in this region. The gases following the
paasage of this contset surface are occled.

The process following the rupture of the diaphragn.
In anslyeing the proceas following the rupture of the
diasphragm, the atnnmptibna aru.médt thgt the dinphragn
is a plane barrier which disappears 1ne%antnn§o&aly,'hnd

gag laws,
When the diaphragm is suddenly broken 2 shock wave
is formed in the chamnel, or low pressure portion of the

tube, advancing along the tube awsy from the diaphragm,

The shook wave is eventually reflcoted from the closed
end of the tube. The bresking of the diaphragm also

causes 2 rarefszction wave t¢ be formed in the high pres-

-sure section of the tube,; a2nd moves back in the high: - - Yo R

sressure zas until 4t is reflected at the end of the

compression chamber. The sequence of events may be shown







in the following Way‘l
~ disphragm
2, | Fo b S g
sl o »f i P t breakin
Pﬁ ‘?1 : 0 4 o :
rarefaction
X et ; contact
MR S surface
2, \\ f — PR after breaking

rarefaction foot .~ primary
_~ - shock front

ﬁ;gion in which pressure is P,
velocity of gas is u, veloeity of
sound is 8gs and wvelocity of shock U.

Figure 2. Development of Plows following the
breaking of the Diaghragm o e : : : ;

From the Rankine-Hugoniot eguations we have the
relaticnship detween the particle velocity following the
shock front and the pressure ratioc %éﬂat the shock front.
This iss 2 3

Pl ¢ o (?f'“’>

e }" ) 7 A f .‘?’ ):l & =
where/?-~ pin*?p~ ngkande = particle veloeity following

~the shock front.

1c. ¥. Lampson, "Resume’of the Theory of Plane

Shock and Adiabatic Waves with Applications tc the Theory

of the Shock Tube," Ballistics Research Laboratory, Techni-
cal Note, No. 133:26<2Y, Aberdeen, ﬁazylan!,-I§56.
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The high pressure region in the chamber behind the
diaphrags is propagating s rarefaction wave because of
the relisf of pressure by the bursting of the disphrazm.
The velocity of the particles in the rarefaction wave

where the pre:sure 1is F) is given by K.L
-1 o) i
::+ //, e ’j -+ 4 [ (P
"/f/ 1/#) f’zr U= Setpet et

where 5 1s the pressure of the region into whioch the
wave advances and {, is the velocity of sound in this

region.
| fa:5>_ﬁl < B
How il 3 Oﬂf

s0 the esquation becomsso

o e i
Y <. o _(’%x . 5 S N I R o
U=~ =i Cat W 78 (1T - 2)

These two particle velocities must be egqual at
the disphragm after breaking; otherwise & looal region
cf vacuum or high pressure will develop in time, The
ares and particle velocity is the sare on each side of
the diaphragm but the density of the gases 1s different
easusing 2 discontinuity in both tepperature and density

but holding the same pressure. BSo, eguating the two

purticle velocitiea we have

200 (14— £T
a’.f—~/+—@’+/)ﬂ (v FL (yfi j
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Assume d,= (], which means that sufficient time must
elapse after adjusting the chamber pressures for the tem-
perature to equalize, Taking the square root of each side
of the zbove eguation we have

Euh . fa g B

VX[;-1+®4095

(1T - 3)
Assume )y = [/, 4 o then

o A ( |
V70 +5fg') / -LH (IX = 4)

B
G j:_w__
Y—("'_“/)

This equation then gives the ratio of preassures
in the chamber 2nd channel, before the dlaphragm iz brokea,

or

necessary %o establish a shock wive of preasureftravel-
ing down the tube, This relationship is plotted im Figure
3. Gee Table 1.

The pressure distribution in the Stube following the

breaking of the diaphrsgm is indicuted in Pigure 4, The
rarefacticon has = head pressure or leading point at the

chamber pressure while t' e foot of the rarefsction is at

‘the primary shock pressure of P ., Pigure 4 shows

the rarefaction both a8 to pressure and position with R
as the head, and P ag the foot. The foot of the rarefaction

moves into the chamber with the speed of sound . 'Q







TR

1
7
OCK S

i

=
o

2

Jo =
MY O

O O

<4 Al /| b
mn = £4

N b <

~
T

|

4
-
b i

t
S
— -
o)
2
2

-4 M\ =

-4 O\J

b







dgnLl ADOHS THI NI YHINONIHd TUASSHUL
¥ H0dId

13

om = SA®BM UOT40®IAJIEI PUR JNOOYS JULPTOUT 9Y3 uUsUMm saceddesTp

a

quepTouT oYy sessed ¥ s% apnjrudcUW UT S90NPaJ yooys-poyead oyl ‘FLON

pur Jooys
- JUT [

[
uodn aaem Nooys-degs

Jo pua uodn sutfeq oAty Yooys-paxead

I B Sl 5B e x
HOTJ Lpeays,
( et = -
*UITT LEW TATK A00US Deqrod ol M M-m &\
B poyowaJd 40U ST T2UUBYD 2028vJINE 3OEBLUOD.

ﬂOﬁwaQNM ayq JO pus pPa8sOTV ayj MH

&oam mcmmww\

e
s — #4
1 - - .f-rh
T T
oI e FOTT ApPwo3s
-IM T P
| M 10408 21 O] I o T )5 € R P mJ\\\\\

pPesOTO oyl SaYOEdJ aAnMm FOOUS JUSPTIOUT S0E JINE RJ0€3U0
usym surfeq ooys-dsys pajoeTiay ,

L

'90pJINS }0E3UOD
mo1J Lprags

et e Gt S SRS l
: JagE o
20®BJINS 30%T3UOD
9

g ! uo
*quOoJJ Mooys ayg yoroxdde 03 2
3 & AO0Y U3 Yox w #OTF Apregs,
L 10 el 'R | 2
*qu0xJ Xooys oyj3 yosoxdde 03 SUTSeQq, UOT308TFed a X qm
I31Je pue JOOUs al] ULY] J298€] SToABIR Y 99mJIns 30EBRUOD e
~H.dddwun;dmddlddﬂdudHQQMM1!4uwﬂHdeﬂuiaﬂm e O n Nm
Jo aangdnx uodn surfsq sAsm jooys-dess | %
hm 9ATM XOOUS pajoaTjed JoO | LA CA ;
Ci 4 < L= S - T T
uorjonpoxd J0JF TaUUBYO @3 JO pus pasold el hmpﬁrgc

T T T ——

8







14
The region between the foot of the rarefaetion and the

contuct surface is also one of uniform flow, :
The eritiosl pressure of the gas determines whether
the flow will be supersonic, sonic, or snbsanic.z This
is determined from
27

& b’*
/‘}_(zrﬂ/ ’ (11 - 5)

where Y= )4 for air Rn *} X(Z.‘I-) PXOL7‘7

N

" }i: 25 "H}then %o 5 .95 J/ng‘
From this then the foot of the rarefaction may move up~
stream, remain stationery, or move aowngsrqag,lﬁcpgad;gg.
upoh v}hether the pressure is gresater than, equal %o, or
less than the critical pressure,

Pigure 5a phows the pressure distribution when
the pressure is less them the critical and Pigure 5b when

the pressure is grester than the critiocal pressure. In
Figures 5¢ and 54, the movements of the rarefsetion, con- o

tact surface, and shock wave are shown,

%y, Geiger and C. W. Mautz, "Phe Shock Tube as
an Instrument for the Investigation of Transonic and Bx:per-

sonic Plow Patierns," gggggggg;g§ geseargg‘;gg§1§5§i7§g;
versity of Hichigan, Ann Arber, June, 43y FPe i5-1T.
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Pigure 6 shows, through z double exposure, the
complete flow in the shock tube. The air flows over a
3-degree steel wedge 2nd the primery shock wave mey be
seen about one third of the way down the wedge from the
lezding edge. A detzched bow wive may also be seen sbout
one-eighth inch in front of the leading edge of the wedge.
The detached wave is csused by the flow Mach number being
just under the speed of sound 0.98. From the second ex-
posure an atiached shock wave may be seen at She leading
edge of the wedge. The messured Mach flow was 1.3. The
second exposure was saken in the flow region following
the conmtact surface, The wake and expansion waves at the
corners sre due to be flow following the contact surface

4180,

Zhe flow field produced by 3 plame shock. The
pressures, [ and f? s énd the corresponding flow speeds,
), and |/, , on either side of the shock wave are related

by the Rankine-Hugoniot relation

I+l B
X;j “F

_% ¥ a’+’(P < (H-S}

where ¥" and \/ are messured wiﬁh-rouyect to the shock

front, and ¥y is the ratic of the apecific heats of the

gas, In the case of the shock wave procesding into a

stationary gas s transformation of the equation gives
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" FIGURE 6
DOUBLE EXPOSUEE Hpg 0.98, Mpy 1.3






of the eguation gives

“ .
U-u ~ 7;(_3_;3%5(%) 441 <)

where fa iz the pressure in the stationary medium, and

R is the pressure behind the shock wave, Adopting the

;notation
g=g= eegme, ¥

the eguation becomes

S Eobange
v/ =iy /'f%f “x (11 - 8)

?hé relation between the shock apeed,.LC and the pressure
ratio Qf , is (Appendix A, III - 5)

= V| =
Uf%V7 (11 - 9)

The celdulated data is shown in Table IT and a plot of
data may be seen in Pigure 7. : 5
Bquations (II - 8) and IX - 9) and the éxprcasica
for the ratio of the sound speeds 4 &né Cz'sre cémbiﬁsd
in Appendix IV té:kitn - = é






TETOY T

AT IYVY "IN ocyTydd o N
ViwvVvd ddliooddd Jdallw
" T T TTANTTA YA NIIC T .fniH_qu

C 4 A0Vl D vivldd

U Addw

—
,\/
'd  sanssead TBUUETYD
“d aJaJnssadd Jsqueyp
NCT gl o - AT - ~ Voo
06T Gel Q0T GL G ¢ )

e

ot e
()

67
O
-
- .,\x/;./-qv vUL







M=o 2(4-1) (11 - 10)

-

Yo /2 YT (=1 ++]]

where/‘/ is the Mach number of the flow, If the ratio of
the specific heats is taken as l.4 which is very nearly

true for sir, equation (ITI - 10) becomes

LR R AL
/\// A V 77/"%"'6) ( )

The dats hes been caloulsted for Table IIT and a plot
of the dats may be seen in Figure 8,

The flow faxlowing the contaet surfaee hag = Iaah'
number controlied hy thc apotd of lennd 1n tho aoalnd '
gas, The derivation may be found in Appendix V.

- 4 y—1 (7—1) -
Pqpc C%c V~2Lk; [/y{f+-D+IT 67 /) (AN

whereﬁdpp is the Hach nnn er of the tlow. It the ratic

of the speecific heats is saken as 1.4 for air (II - 12)

becones

Mee = - Bl {5 -~ 1%}

e =)

The date has been caloulsted for Table IV and a plot of







QJ ¢ ) 131..4

(ZH

nROTT

.:(FL,

fw\ Qv
1l vV U W

.‘-.
r..
T A

awv







the data may be seen in Pigure 9.

Reflections 2t the ends of the shock tube. C, W,

Lam§90n3 shows that 1f & shock wave of pressure ratio

‘j is reflected from o rigid wall, the pressure ratiec

1)

ir

i

of the reflected shock is given by

/%{r & ;} /,’ —+ L% fdn
71 ~ Y
The veloeity, L@, of this shock wmave with respect to the

(I - 14)

wall, in this case the end of the channel, 1s given by

Uy = g, 243F =i (II - 15)

VPFDIPIFD

where (], is the sound speed in the undisturbed ges. Por

air, with /,/ = peguation (II - 15) becomes

20+

. (IT - 16)
V706 F+1)

Lﬁr :fjg

3Lampsan, Ope 0lE.y PR 24~25;
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CHAPTER III

DESIGH AND CONSTRUCTION OF THE APPARATUS

The apparatus, ses Pigure 10, required for this
study conasisted essentially of (1) a tube divided imto
two parts consisting of 2 high pressure chasber and low
pressure channel; (2) vacuum pumps for obtaining the nec-
essary pressure differentials between these parts; (3)

devices for messuring these pressure differences includ-

~ing 2 barometer, mercurial mﬁneaeter, and a thermoneter;

(4) = dtaphragm for maintaining these presesure differences;

(5) a device for breasking the diaphragm $o initiate the
flow of gases into the chammel; (6) the photographie appa-
ratus for recording this flow; (7) the synchronising
mechanisnm for triggering the light source,

The tube. A4 wooden tube was first construsied out
of one inch plywood, with 2 x 8 inch inside dimensions
and adjusteble up to 24 feet in length, This proved un~
satisfactory since the leakage wes éxcessive Shrough the

- wood which resulted in inaccurszte pressure readings.

A rectangular steel tube of 4 fool flanged sections
wig then =ade of 7 inch standard steel channel w#ith a
1/4 inch steel plate welded over the open side. This tube
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was adjustable i length up to-22 feeti ) Dnc channel |
region of the tube included = two-foot test section at .
; &w&}&fmm &men&iﬁ the
section juncilons was mbm&am & 1/16 inch
‘Wk m m greased with cup gresse, The
_ ther with aix 3/8 inoh bolte,

- e on each aide and one each on the top anﬁ mm.

sgaeriny the TU8 m’kﬂ, =+ Window
Open | Msr H Channel ‘ Ol o ]Elom

m !J.EESE' Connections to the tube from
the vacuum pump &nd ‘msnometer wore made through the ena
piate of the charnel to preserve the interchengeability
of the sectiona of the ftube. Non-collspsing 1/4 inch
neoprene wes -gonnected with Schrader [ittings $o &wo -
holes in the end plate. Qm tube was ;onzzectoé tc the
mercurisl menomeier and one o, m JW pumps. Finch
cocks. on the neoprsne tubing were used Lo seal off the
the end plate although a double filter filled wiih apun
glass was installed to prevent particles of cellophune

GEYeETrsE,. T
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Two vacuum pumps were used, a USAP retary pung

cil-sealed and with an air-oil separstor for low pressure
ranid evaocuation, and = Cenco Hi-Vac two atage oii—aoalad
punp, The first drew a wvacuum down to about 2 inches of
zereury absolute, The second drew a vacuum down o about
7,1 inches of mercury absolulte, | :

Devices for messuring tesperaturea and pressures
A standard Taylor mercurisl Sherzometer faa used for
measuring the temperature of tThs alr flowing into the
shock tube.

A mercourilal baromater, measuring 20,%0’36'1hchaa
of mereury, sbaoclute, eas read for jressure meaauremaﬁts
on the chamber.

4 mercurial manometer, measuring 30 inches of mer-
cury, was oonnegted to the end plate of the channel section
of the shook tube %o measure the diffsrence botween the
rtzospherie pressure in the chamber sad the preéssure in
the channel, '

2he diaphragm. The diaphrags consieted of 4 thick~

‘nesses of 0.001 inch cellophone wound on an sluminum frame
and inserted between the gasketed ends of the chasamber and
chsnnel., It was found by experiment that 4 Shicknesses
of the cgellophsne would withstond any pressure used ceven
i? allowed to maintain high pressure differentials for

seversl hours.







Device for breaking the disphragm. The device &
for breaking the diaphrazm consisted of an *Exaoto® bld#!}ﬁ_{‘ 
mounted on an sre of 1/8 inch welding rod 3 1/2 1&0&&0

in length. This arm pivoted on a stand mounted inside

the shock Zube chamber and moved through an are to plerce

the diaphragz when actuated. During Oaiiy teata the diaphragm-
preaking device was sotusted by a :asll nalnnnﬁ& int it |
was found that the voltage surges 1nt¢:£ar!& '1th thn

operation of the eleotronic recording apsaraina. Iﬁ ﬂﬁt* ‘
sequent tests a lanyard run the length of the ahﬁlbcr.previd‘ , i

more satisfactory.

.Lammmmmmmm
Since the air flow in the shock tuha takpt plnna xa‘lgon i
than 0,1 seconda, recording of the flow &ata hr*-uahnaanal o ?1 ‘
or elsctronic means is necaaaary. Thus & phott&!aph%ﬁ
device was needed to study the }1aw ghanomens.. !hﬁ Shaﬁa!-
raph was chosen 8a the simplest and chaap&st tyye of
shotographic apparetus, The flow in the tube was directed
over wedges and other zir foil models ueﬁnaiﬁ 1n thO'éﬁsti
sgsotion in line with the shadowgraph li‘bi !enrut saﬂ S

?ilm., Pigure 12 shows a block disgram of the t:igg!mﬁl‘

(;r

ayaten,

The schematioc diagrsm of the light source can be

scen in Pigure 13. The eircuit consisted essentially of
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: & he gl S
a high voltage power supply, a condenser tﬁ'haiﬁ the
eleetrie:l charge, and a discharge vaenuafiihe for f’i&'
gering the spark. el .> ‘

The power supply wsed & 371 B rectifier. The baok
of capecitors equal in capaeity to 0.01 uiarofsrada was
avaiiable for 6 kilovolts, As a safety prceautiﬂu re-
sistors were in:stalled across the spark gap and trigger
tubs to bleed off the system when not in»npﬂg

The 4rizger tube, = 4035 hydrogen thyratros, is _,
jesigned to carry a current flow of 50 amperes. ”}Iehéagh i vfé
the capacitor bank probably discharges oovaral times that alp
current through the tube, the fiow has s durstion of shant
5.1 mieroseconds and no tube demsge hes resulted from
these brief overlosd eurrents. The duration of the epark
has been checked by a rotating_airrvr-ﬁa on the order Qf’f
0.1 microccoonds, 7 3

The spark head is a ®"Mycslex™ block naehsana for |
mounting and for the installation of tungsten tiya,to‘
carry the discharging ecpereage from the eapscitor bank,
Pigure 14 shows the dimensions of the gyart;hgaé-ﬁp used
sor this investigation. The block is mounted sufficiently
Par away from the chassis and conmponents o prevent aro-

600 volss, The operating volizge, however, was sbout

5000 veits for most pictures in this invesSigsilon,
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”.
The paralleling lens wzs a plano-convex 6-inch
diameter lens with 2 focal length of § 1/2 iﬁphoa;&\!héi
lens was mounted in a 6-inch stovepipe with & foecsl yo;nt

st the forward electrode of the spark gap.

The windows of the shock tube test section were
of 1/2 inch plate glass, 6 7/8 inches by 6 15/32 inches,
mounted flush with the inside wells. The windows were
supported by the top snd bottom of the dhﬁit«§u§a§.inﬂ 
the test model which was mounted betwsen th!l&» To ito«
vide 2 vsouum sesl the glass waa fitted into a recessed
area and sesled with "Permatex" Wee 2 in & seml-plsstic
q»ato, and e rnbberisod Tabric gaekyt.“  - |

The tant section of the shock tube was 2 f%ti 1«!8 .

with an inside width of 1.840 inches. - The wedge or air-
£01l model, machined to 1.840 7 gg% inches in widthy,
wes held by the pressure of the glass liaﬂﬂtn aftcr'baing
set in place with elear cellophane Sape iaanrtad betwueen

the glas: and the model.

The entire photographic eyatou was light-¢iaht from

- the light source to the film. Sheet tilu, 4 x 5, was h‘ld_
in 2 standard holdar set outside tha glass cppoultl the |
light source. The spark exposed the filzm, Eastman Super-
Panchro Press Type B and Royal Pan film were used, followed
b: normal development in D-19 developer. Figure 15 shows

g disgram of the light psth for shadowgraph photography.
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The synchronizing mechonlswy *oa
1ight source. A oryetal pickup with amplifier and delsy
system proved to be the simplest and least axpcnstvo ér##
chronizing mechaniam for the triggering of Ehcrah#do!-
graph light with the time of flow.

Pigure 12 shows the place of the pickup in the
system, In first $trisle an earp&onﬁ pickup wes used but
becauce of its orratic behavior it was diuaaxceda A aun11
loudspeaker was then msed with no better rlalltn‘ Tor
this study s barium-titinate orystal 1/2 inch in dismeter
and 1/4 inch thick was used. The erystal was silvered
on both Tlat surrucaa and was fastened to tha open aaﬂ i
o’ tho chaubsr tith siu-. k3 : £ b A

The anplifier is shown in the block éiagrua !1aura
12, Pigure 16 shows the schewatioc diagram of the rc;zmnuf-
coupled smplifier used to amplify the sound pulse from '
the bariump-titinate orystal. The circuit was simple in
that 1t used two stages of amplificetion with a single
68687. The 2321 thyratron was used for two reasons. !1:3#, ey

2 sharp ncgativo rFulse of at least 22 1/2 vvlto !aa nnctné
| to trigger the dulay.‘ Thia pulne was yoaaihlo taih tha |
action of the thyratron which provided a sharp voltage
rise when the flow begen, Seccond, isolation was needed
for the deley unit. When Sriggered, the thyratron com-

tinued to conduct until reset, therefore, = aingle pulse
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resulted from the ampiifier regardless of the number of
prulses received from the crystal pickup.

The schematic Gisgram of the delay oirsuit is
shown in Pigure 17, The pulse from the thyratron )
received on the cathode of 1/2 of the 6SHT used as o
dicde. The voltage was adjusted to a fixed level by the
25K ohm helipot. The adjustment of this voitage was
eriticsl im that it determined the delay time. The volt=
age was sdjusted from 36 to 228 volts for full coverage
of the delay. PFlow travels in one direction only through
the diode, therefore, ell positive pulsoi are rejected. '
The negative pulse caused the G3A7 te cuboff and st the.
seme time cut off the other half of the 6SN7. The delay
RC network of the 39200/ capacitor and 1.8 megohm resistor
determined the time of voltage buildup until the 68A7 con-
ducted, The plate voltage of this tube was determined by
the helipot setting. The delayed pulse was taken from the
ecathode of the 68AT and amplified by the tub—ctagc ampli-
fier of the 12AU7. Two stages were necessary in order to

give a positive pulse on the grid of the oubput Shyratrom,
The 2D21 thyratron was equipped with an 1nﬂ1nttar to chow
when it was oconducting. It triggered only once but kept

conducting until reset., The voltages were eritio=zl and

the power supyrly for the delay circult wes regulated only
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CHAPTER IV

TEST PROCEDURE

Asseambly of the shock tube. The sections of the
ahock tube were lined up and bolted together, The test
section wus checked with = square with respect to both
the floor and the spark light source,

Assembly of the gellophane disphragm. The eello-
phane was ocut and wound around the aluminum frame te glive
4 thicknesses, and the frame iﬁa#rted between the chamber
and channel of the shock tube., The top and bottom bolts
were snugged down and the alignment of the two sections
obsarved, The eide bolte were then dr:wn down =nd tighten-
ed followed by the final tightining of all bolts. Im-
proper adjustment of the gaskeis or bdolts czused the cello-
phane to be strained and to brezk,

Caleulations made for dods desired. The barometer
was read aadAccrrqctign; made tor.the;tpassrainxn, -From
this corrected reading a value was cslomlated for the
pressure needed in the chennel and the delasy setting nesded

in order to obtain the desired results.

Vacuum drawn. The low-vacuum pump was started and

vienus was drawn on the channel segtion until sbout 22
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inches of mercury 28 shown on the manometer. If further

vacuum was needed for the pressure ratio desired the small
Hi-Vac pump was put into operatioa. The two puamps were
not opersted at the same time, When the pressure was
within sbout 1/2 inch of the desired pressure in the
channel, the amplifier, delay unit, and syark light source
were turned on. When the desired pressure had been reached
in the channel the vecuum pump was switched off and the
high voltage aprlied to the spark gap to ready it for
triggering. | |
Eglgggzzgg‘gzggggiga; A test triggorjhg pulsa'waé
arplied to the amplifier to make certsin that it would
operate satisfaotorily. The amplifier and delay were then
reset ready for the trigger pulse., The manometer was
sealed off from the shock tube after a final reading. _!ht
film wss installed in the holder, and the cover slide on
the film pack raised. The lanyard operating the éiaphragNn
bresking device was then pulled to break the nellaphanc ‘
The sound from the breaking opsration travwlod down tho
steel tube to the barium-titinate cryatal pdotnp,‘saa
amplified, delayed the amount calculated, and the lpari
discharged exposing the film. The slide was immediately
closed over the film, The time involved between rounds

varied from 20 to 30 mimuten. If during the triggering







42
cycle an unexpected voltage surge took place the delay

system might be unreliable 2nd that round rejected.

Maintenance, Between test runs the tudbing to the
filter for the vacuum pumps had to be blown oclear of
shattered cellophane. After from between 20 to 25 rounds
the bmok plate of the tube had to be taken off and the
racked cellophane rexoved. Also, the test section had
to be dismantled and the plate gless windows cleaned, The
entire tube was not purged of cellophane particles exoept
at this time and frequently bits of cellophane may be
seen in the flow ztream in the shadowgraph pictures,

After aprroximately 100 rounds had been fired the
spark head had to be disascembled and cleaned, 4 5/64
inch drill wes run down the passige in order %o ¢lean it

of tungsten particlea,






CHAPTER V

CALIBRATION OF THE APPARATUS

Delsy unit cszlibration., The delay unit was eali-

brated by the use of a Textromic 514 D Oseillgﬁegpa, with !

a Krohn-Hite push button oscillutor Model 440-4 used to

calibrate the oscillosecope sweep. The delay unit and 'fjv _
the oscilloscope were triggered with a 22 1/2 volt battéry. :

Pigure 18 shows & plot of the calibration curve #ith the
voltages used at the high and low ends of the illippi}
See Pigure 17 for the schematic diagr:m on Sthe delay

unit.

Velocity messurements in the shock tube. Since
the shock tube was designed to be used for aerodynamic

investigations, it was of first importance that the tlew‘
becone stabilized at sny desired Mach nnmher. !he u;t-
fulness of the tube was determined by tho 4uratien of .
constant flew. :
Shoak tube Shadry seadicss a cobatenk Fim CorIewe
ing the primary shock wave of 800 microsec;nﬁs at Mach
1.15 with 2 pressure ratio of 100. The theory =lso pre~

dicts a constent flow for approximately 2900 microseconds

following the comtact surfsce. OSteady flow following the
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primsry shock wmuve was about 300 Eierosoocéds‘ua shown

in Pigure 19 and Table VI. A ateady tlow tollo!iﬂt th’ ;;gf

contact surface did not sectually occur althougl Vﬂlaaity_7 4%

measurements could be made up to about 2000 microseconds
after passage of the contact surface., The dllny unit 5
was designed to provide for o maximum delgy ttla of 3800
nicroseconds, and about 1300 mioroseeaada wnrc regnartd
from the pickup trigger until the cantnot -nrthas hal
passed the test window, After the contact lﬁrxlcl haﬁ
passed the test sectiom, the meagured flow v;leeiticn :
dropred off as the delay time was Xnnreas;é._ A% this 5
pressure ratio elther the rlow volocity dlcroaacﬁ vith
longer time gelay or the flow could mot stabilize bemn
the test section was oo close to the diaphragm. '

According to the ideal shock tube theory, stoaty‘
fioe of sbout 2100 microseconds was predicted ﬁnllnwing
the primcry shock wave, and 2 steady flow of 3300 niaro—
seconds wos predicted following the °°5'§9‘_'§3§?°9 at
a pressure ratic of sbout 40. The flow Magh follo*ing
the primary shock wave wes found to be about 1.6@. The
flow E&ch fOlLGilng the oontact aurrace waB fonnﬁ to bo
about 1.75 and it d4id not seem to attenuate #ith time as
had the flow Mach following the contact surfage &t a

pressure ratio of 100.
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The predicted @“gh nunber was obisined from the

originszl shook tube j essure retic, 2nd was calculated
by use of the ideal s.ock tube theory.

The measured Mach number was calculated from the
attached shock wave zngle and in this paper is deaignatcd
as ¥m, Honvicous flow wes assumed in the calculation.

Yhen the wedge of half-angle Owas placed in the
flow stream, the messured Mach number for steady flow was

ohtained hyl

suere s was the iaclimation of the bow-wave in the direction
of the flow &s indicsted in Pigure 20, ‘ R

Pigure 20, Shock Wave Attsched to Wedge

Several wedges with different total aﬁglts were
used in esrly experiments. A soft wood wedge decame
battered immediately. A hardwood wedge wis used Tor some
time but éventuslly beceme battered from cellophane psrti-
cles. An aluminum wedge of 18 1/2 degrees included =ngle

1y, W. Liepmenn and A. E. Puckett, Int tion

of Aergdynamics of & Cozpressible Fluid, (Hew Iorks
John ?giey and Sons, %nc., 55475, Fr. 51-58.
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w25 8leo used but the leading edge became rough and had
to Ve rEsHEIPENeE meversl tises.  For THAG) valnpity nna§ﬁ:i->7
ments a hardened steel wedge was accurately grouhﬂ\tb 2
total angle of 3 degrees. Using this wedge, and with the
assumption that 1,400 for air, eguation (V-1) can be

written
fvn) - L
Ny nA o
; Sin“a . C:031%S Pl
| Jsin’a (ToRp ey e s
This equation was plotted and the graph used to read Mg.

Figure 21 shows this graph. This graph shows thet the

lower the measured angle the higher the Mach number., Note

that the steepneas of the curve doorasoéa w!ﬁkvdoa@iiiin;'
Maok nmuber until at 77 degrees the curve again swings

upward, At that point the Kach number was 1.098. ,ﬁo i

mezaurement of the Mach number was poaaib1;“$clow 1.098

since the bow wave detached at any lower Mach flow. After

the leading edge of the wedge becnme slightly roughened

from the baitering of celloéhane particles the shock

detached st Mach 1,12 and measursment of the angle becomes

diffienls. » ‘

" In order to obtain the shock wave én&iefaé a funetion

of tize, it was necessary %o take a series of pietures,

using the same pressure ratio, The spark delay was varied

for each piecture. The resulting shadowgrams might be

compared to & high-speed motion picture of a single shook

WaEVE .
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The variation between the measured laﬁﬁ nnabar } f{;; o

of the flow following the primery shock wave and the prnn
dicted Mach flow may be scen in Figure S, It sas found
tihat the Mach flow clossly followed that predicted by

the theory between 1.10 and 1,18, This reglon was of

little use, however, since the ﬂnréticn of Tlow was only

about 300 microseconds, Above Mach 1.18 the 3anstﬁyfa!

-ir was not sufficient for the use of shadowgraph piotures.

The variation between the measured Mach nusber of

the flow following the contasct surface and the predicted
Mach flow mey be seen in Figure 3, The flow oan‘nnt tn

preaicted sgourately at pronauro ratiot greater %han 49

or with ¥ach nusbers greater than 1.75. Below 2 praauur. ; *1 H

ratio of 25, results ars not obiaineble beomuse of TG RO

limitations of the yrasent slecironie delay system tq

2800 microseconds,

Heasurement of the shock suve angle. man&lc
formed by the atiached shock :ava,j%@h was -naaureé Qir'&tn
ly from the photographic film. The method thllgw!d a8
4o méasure the largest included angle to ﬁn&rﬁjﬁ‘hQIQf'"
degrze. The error involved in ome-hall degree meagure-
ment ot%/B varies with the ¥ach nurber as csn be seen

in Pigure 21, The higher the Mach number the ateeper

the slope and the greuter the errcr. The measurement
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was difficult both when the Mach number wés sm&ll and
when the shock $ube and apark source were not perfectly
aligned. When the Mach number was low the bow waves were
ragged, curved, and sometimes double.

Pigures 22 and 23 show the three-degree wedge with
the attached shock wave at twe different Mach numbers.
Here the wake as well as the wavering shock lines are
visible.

It may be conoluded from the dala teken at-pointa
between 1,10 and 1,18 Mach flow that the =ctual flow Nach
number woes slightly low due to energy lost in shattering
the callcphane\&iaphr&gnz or from boundsry losse¢3 due
to the wells of the shock tube.

°%. W. Geiger, C, ¥W. Msutz, The Shogk as
Instrument for Investigation g{,grugggggg igé eyraonic
FLiow F&tterng, nezring Besearce nstitute, Universiily
of Michigan, Ann Arbor, June 1%49), pp. 86-88,

53. J. BEnrich, C. ¥, Curtis, "Dissipstion of &

Shock Traveling in a Tube,® The Physieal Review, 773573,
Febog 1:'50-
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m;;m m mlmaw u;:u;; ﬂ vnas mtaﬁ that
the saw xarka. on %f,&u Qt m m}g:? wqggjc e&uuﬂ !a.ah
mﬂe;a %o be dmmiﬁ, I} npngd tﬂnﬁh}t that velocity
might be nomm from those wavelet ang 88,

Siyia mll p&ﬂgn out that &koﬁ_@o is fomed
when @articlu of gas at supersonic w}-eegght. etrike
surface roughnesses in passing over an gbjeat Xn. tho, _f_}.en__
pathe . The Maoh wayelet may be ceen in some shadowgrajp h

achlim pictures Mm Mﬁt; is iaft;oianu Eis

,,,k,ap,. .

,".-‘.

T T & r.-..// —gﬁn , ‘— Sasmcitr Spiah
se8s 15 o5 Sa 0 . ?dhl?i‘“ (ﬂ ':v I’ .

Mlocal .Sm//

Sibert® says ﬁm oné Wiy of aetarmining the Much
mbsr s to maﬁfrﬂ ‘the angii ‘botween « Wesk sbéck ‘and
the d‘irect:.bn of a@fi'hn aléhg’a ?9&3' aﬁm and then

e ———————— LS Uhe ot

= lMQ He Duwinne.
(Iet ‘!ork: YcGraw-Hill B

ga%z 33 lfé“rold' o 81"!) r‘k, e
Yorks.. Preatice~Hall, InGe,.




"
s St

ais ey _ ? taa{ég 5e ':&ya ;‘zglea.eg ;g ;mm m. |

;qmwmﬁfﬂ!{g g;zmmm M
e ahg-ﬁ agtrioly mersiides bas

wtm gm of &313’51!29 s&iﬂﬁ@% o4d. bezy umﬂﬁ

- ﬂdm M Las Q.Sau tﬁ-fﬁ?&! M mwus m
= : \' 3 =

sno fadd -eges S’mﬂa

: “(ﬂ

k-
e




—

eit:u The distortion
of the shock waves in all four pictures seems %o indic:te

$h8 jossibilities

o B F

i

$nch striation
W none., This wss attributed to the rougher scoring
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aotuf or s sertes of 30 51
] tahuhto& ruhlta. H.pru 26, 2‘?‘,
esentative results,
» Prom this series of pictures
veloeities can be aatisfaetorily measured on m&oh by a
striutm amu tht m&ﬁ at W nzxt loeal velooity

catision: BN mz'm"“

33ibert, op. elt., pp. 85-86.
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can be determined '”ﬁ&fmafmaqﬁﬂon 1? the
area at tﬁi‘u@ﬂdﬁoﬁi&fﬁ u’mﬁw tf ‘the puuﬂisé

4 mm‘g: thcvamimw be rm in Appendix VI,
The wedge used mm» mt- had s presented.ares

in cross seetion ﬁ l-nﬁw 4neches, The shock tube
gross uotiml ares was 11.270 square inches. The indi-

ated m Msr‘ a" mm*enstta{am ih ‘this duct
tnm m outicsl syead, ﬁacﬁ 6.5’7 atm noﬁol,

= "'Z-'- -.‘

is'uoeeded a shook wave fmeé on the mdel. An the “Mach
mﬁcr of tho flow wus farthtr }.ncrauﬂ m shock extended

K - , El e
‘ ._~=.~ B '_'!"’.4-&

oo Ok ashat W éa- fza strm and £inally reached

’iuéé &

m tcy and ‘wuon wall: of tht m 'eh’ ‘the wind tunnel
' :Lu Sgofined as the fiow Ksch M&r

1 é“e
i f‘;“ u},,-:_‘{ St~ 3 2364

nt thich tho M nu utm&aﬁ mhm: aeroas “the
gies T ERemity

funnel at the model. ihaa this ocourred, essemtially somic
speed exl st the model hﬁﬁ@g“ﬂ%m%oa above

She. mmfmmm& acted like a nozzle
mmmm ummm mme data taken
~yoo . Pigure 30 shows e hnm shock mave atiached to the

model, Pigure 31 shows the lembis shoeks slightly _more
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mary shock wave i'css past the tip of the wedgo and the
r-ﬁ,actig m;lacn frcnytl;ia um oaject. In Pigure

R

mnum e! mamm phekasram 'ﬁ ma not be
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d;taam Mt&n can adgnt on a
For Mach numbers greater than Mty # blmzt-noead model
will cause a detached shock wave. The detached shock
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wive is ;tablt‘
: &
11 =t zero

x wave has ;rcuod
in both pilotures, Figure 40 was saken sbout 100 micro-
seconds after passage of the primsry shock wave and Pigure
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0009 airfoll | A angle o ag sok of 4 éémo.a.
hook was min; agéiiut the flow at a flow Mach of
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CHAPTER VIX
SUMMARY OF RESULTS

In this inveatigation the flow in the cold gas bée-
nind the contact surface was found to follow the theory
within 10 per cent up to Mach 2,00, Beginning at pﬁeacu:o
ratios of 50 and above the flow became erratic. it ap=-
rears possible that the test section was too ¢lose to
the dlaphraga for o full development of stesdy f10w¢

The flow following the primar. shoek wave and be-
fore the contact surface had arrived mas iﬁvestigatad.v ;
Over the range covered, the flow velogity was within 5
rer cent of that predicted. This range wes extremely
iimited, however, being between Mach 1,10 and 1.15. Above
the ¥ach 1.15 no shadowgraph pictures could be obtained,
probadly becsuse the density of the zir in the channel
in a shadowgraph study, The duration of the flow in this
range of ¥aeh 1.10 %0 1,15 was found to be only sbout 300
microseconds instesd of the predicted 800 microseconds.

4 veloelty calibration wzs made in the flow region
following the primary shock wave and slso in the flow

region following the contact surfece. A 3 degree wedge
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made of hardened steel was used in both invbatigafiona.
The difference between the predicted Mach flow and the
ictual measured flow in the region following the primary
shock wave 41d not exceed 5 per cent. The veriation was
more proncunced in the flow region following the contzot
surfuce where the difference was as high as 10 per cent,
but this regiom was usable only with flows up to Mach 1.75.

The measured Msch flow wa: always below the predicted
Kach flow, This may have been caused by a failure of the
diaphragm to burst inastentaneously or by attenuation rom
the wall boundary layer of the shock tube. Bither, or a
combination of the two, could cause thts,r!ﬂﬁoticnffrua'_‘w
the theoreiiesl. No attempt was made to daierminaxthg
¢ause. PFollowing the contsot surface the Hsek flow'#as
16 per cent below the predicted Nach flow of 2.44, spd
seemed to attenuate rapidly as the delay time was increased.
It is possible that this attenuation was due to lack of
time Tor proper development of the flow at this pressure
~r2tio of 100, Attenuation wss slight at Mach 1.75 at a
prassuré retlio of 40, This will besr further investi-
gation,

In tests made on the J-degree steel ﬁaaga’an agree-
ment of 2 per cent waz found in the messured bow wave angle

and the Kach angle formed by s stristion on the wedge,

Local veloecity is in agreement with the theory. A striation
J ,













CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS

The shedowgraph method of phosography has definite
lizitations in high-speed velocity research. A change
in density gradient csuses the light rays to either con-
verge or diverge, ané hence produces eithor an inerease
or 2 decrease 1in light intensity on the screen., The
method is not completely satiefsctory unless the flow
centzine steep density gradients. Where weak shooks
occur snd density gradiente are not stesp eﬂan;h ac re-
sults may be obassrved., It was found that above Mach 1.18
in the flow following the :rimary shook wave, density was

not sufficient %o indicite any results,

Conclusipons. The shock tube as preosently avail-
able is a satisfactory teat fucility for limited exyeri-
mentation, Plow valocitias are available from scnio or
Mach 1.00 to about Mach 1.75 with the shadowgraph mesho
of observation in the flow region following the contact
surfaoe,

Triggering of the spark-delay system from the
sound waves through the shock tube is satialactory since

the results were consistent and predictadle.
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TABLE II

PRESCURE HATIO KECESSARY #OR VARIOUS RATIOS OF SHOCK
FRORT VELOCITIES TO THE CPEED OF SOUND IN THE GAS

U . ALl iy
"L

= _ Hz041 -

A= 45 7
E;«¢f/
PFrimary Shock Trimary Shock
Chamber Pressure Yelooity L/ Chember Preseure _ Veloocit
Channel Precsure Veloocity Eiénnaf.ﬁra&surc elooity ,
FZ ef Sound WS of Sound “2
= = : S—— Ry
0.0 o e 61.48 B
1.00 1,00 102440 2439
2431 1.19 137 .20 2.48
434 1.36 174,50 257
727 1.51 222450 2.65
11.33 1.65 276 .00 : 273
16,90 1.78 350.00 2.80
A RS L SR o 1 R T T R R T
33.58 1.20 547.00 2.96

45.70 2.105







TABLE III

PRECSURE RATIO NECESS:REY FOR VARIQUS SHOCK TUBE STREIGCTHS
AND PREDICTED HACH PLO¥S POLLOWING THE
PRIMARY SHOCK PFRONT

Shock Pressure Predicted Shock Pressure Predicted
Strength ~Channel Mach Flow Strength anne Mach Plow
o Preggure Pressure
EAE AR s L e s
S — B m—

0.0 0.0 o 5.5 61.48 1.07
0.5 D.32 - 6.0 81.10 1.11
1.9 1.00 0.0 6.5 102.4 1,15
1.5 2.31 0.31 7.0 137.20 1.19
2.0 4.34 0.47 7.5 174.50 1,22
e9 T.27 Q.62 8.0 222.50 1.25
3.0 11.33 .73 8.5 276,00 = 1.28
3.5 16,90 62T et NEe 1,30
4.0 244,10 0.30 Ga5 442,00 1.33

4.5 33.58 0.96 10.0 547.00 1.35







TABLE III

PRESSURE RATIO NECESS:RY FOR VARIOUS SHOCK TUBE STRENGTHS
AND PREDICTED HMACH PLOYS POLLOWING THE |
PRIMARY SHOCK PRONT

BRE Y & o 1, 5%
M=z S - i )
P J 774 (rg+6) b Mps Y35xT 2

Chambher 3 o ;w" “e} I s
Shock Pressure Predicted Shock ressure Predicted
5

Strength ~Channel Mach Plow Strength Hach Plow
2 Pressure Pressure

"1 f; “5:“ | /’V//-“-'J '/7 : ‘g—— g_, T M PS
3.0 0.0 ——— 5.5 61.48 1.07
0.5 0432 -— 6.0 81.10 1.11
1.0 1.00 0.0 6.5 102.4 1,15
1.5 2.3 0.31 7.0 137.20 1.19
2.0 §.34 0.47 7.5 174.50 1.22
2.5 7.27 0.62 8.0 222.50 1.25
3.0 1133 0.73 8.5 276,00 1.28
3.5 16.90  0.82 9.0 . 350.00 1,30
4.0 24.10 0.90 3.5 442,00 1.33
4.5 33458 0,96 10.0 547.00 1.35







TABLE IV

FRESSURE RATIO NECESSARY POR VARIOUS SHOCK TUBE STRENGTHS
AND PREDICTED HACH PLOWS POLLOWING THE
CORTACT SURFPACE

M = glaeh & rXﬁE_
ISR Af = e, = ). 86
CIPC T Y7y ) = (44=1) ;g Tre Fova =
5 ’L ._4\51 7
Chamber s dhan Ser
Shoeck Pressu Predicted Shock a Predicted
Strength EF‘unne% HMach Flow Strength a“nne Msaoh Flow
Pres }::mre Pressure
ngo D 3 v Ay g
7 "“L 2] / /p(f,. /)/ ), "E:' e i i) Pe
¢ Q?’ {J‘-G S 505 61'48 Qom
4.5 6,52 Y- 5.0 81010 2.25
1,0 1.00 Vel 6«5 102.40 2.45
1a5- 2e31 Je28 7.0 1%7 .20 2.65
2ol 434 0.59 75 174 .50 2.84

2.5 7427 0.75 8.0 222.50 3.04







TABLE V

CALCULATED DATA FOE MEASUHED MACH FLOW AS TAKEN FROM
ONE-HALF BOW VAVE ANGLE NEASUREMENTS

M = / 5 & / i3 ;
ot Ies N8 oo (Fee . 0lAX0EEE Soch
L.‘ g ¥ —/" 5 C’,._ _/’—53 /3 .‘-‘éé) }/ & é:,;.._ i = \;2?.5
= — Sm——
Cne-half Keasured One~nalf Heasured
Jow E%ye Angle %achFlow Bow ?a%? Angle Mach Plow
¥ Mm ,_4[ ]v’”
10 6.33 50 135
15 4.11 55 1.26
20 ' 5.07 60 1,19
25 2.46 65 1.16
30 2.07 70 i.1)
35 1.80 75 1.10
4C 1.60 80 1.10
45 1.46 85 1.17
— e e e e e

HOTE: Prom 77 degrees on the shook wave will be
detached and no meassursments csn be pade below 1,098 Magh
flows SrERs e A : ET T Rt i L e B
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A el Satdrede 1/
A ¥ /
or
: 2 [
Vo Rl 5 a4 (AI-4)
Jr vy 20 Y &
:nd multiplication of (AI-4) by Vp + 1 &ives
Vo =V E AR -;»%L g (AI-5)
g LN ! NAY S5 .

Equating this value of %f;. L;Lto that obtained directly
from the energy eguation givea

‘f“\ . \ / Iv\ ‘;- \ »
; Yo ,,; i _é__v_ — do | — ‘g lg A ..Pe_. (AI-6)
\_/’, f J. :: ft J , /g //

¥1ng use o” the continuity eguation, this may be written
.-'4 O P P ! =
x Jo <4 3 gty fi o/

\._,_,

from which

® g/ ’, 3 5 T - e o i
SR SRR R e
FARREE” S o 1 B o (a1-8)

which is the ?ankine-ﬁugcniot relation for air,

5@ and %’are velocities of flow relative to the
shoek front, For later reference, the transformation to
: coordinate system in which the gas ahead of the shock

front is stationary is affected by







=







APPENDIX II

DERIVATION OF PRANDIL'S RELATION

A
Vs "'//“'ac#

If a is the criticul sound speed, defined as

or

the value at which the sound spesd and the flow speed

become equal in an expansion from a reservoir, the energy

equation (AI-3) may be written

&

Putting

(a1-2),

o i

/A
& &

P,

)

>

Vi, ’_;" Z P | 7 B S UD A o ~N\
,’j,/; : ‘{; + /“/C?z\ - 'Ik/ (/ .‘,}L.‘ "') L/

O - Faigt - By o
REFVi+ Hlac)

s e dor HHEL ARyt
Y ik 2 -1 Tor 2
W BT A 5, Wy : /.
o o 7 ; o A e
, i—1 i

these valuea for p., ¢ into the momentun sguation
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APPENDIX IIX

DERIVATIOR OF THE PORMULAE POR THB SPEED OF A SHOCK OF

PR

“"'.1
]

S5SURE RATIO y, PROCEEDING INTO A STATIONARY

r

GAS, ARD POCR THE FLOY SPEED BEHIND THE SHOCK

The energy equaticn,

£, 4/
¥ g o i
< g “~( =)

5

on division by 1/2 v°, becomes

¢ o £ 5 "‘2—
(Lﬁlw‘ Y41 [ Qe
] / f—t AV (AITI-1)

Y

IT v is considered the flow speed upstream of a stationary

shock, as in Appendix I, this is

RS O e e
s («a/ REy X/
(#3 o
(GerNo y=t [ 5 il e v
( bg ; y+ L/'4 =7 ML; LT{ '( FAIII“&)

s B T el R

An alternate expression for (acr/#o)“ is obtained from

the Rankine-Hugoniot relation (AI-7), and Prandtl's Relation
(ATI-3)s

V Vel Q) _ B+
R — / A / ey — 7____!1“_, (AIII-3)

| # L dae %"‘{_{/ % P!
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APPERDIX IV

DERIVATION OF THE EXPRESSION FOR THE MACH NUMBER OF THE
FLOW BEHIND A SHOCK WAVE WHICH MOVES INTO
A STATIORARY MEDIUM

The ratio of the sound speed ahead of a shock front

to that behind it is given by

L L _\[BZ
‘ P

({, by \ ; 3 (ATV-1)

By means of Bquation (AI~7) this may be written

gl A

Q- Bz (a1v-2)

th the flow speed given by Bguation (AIII-6), the Mach
fumber is given by

=l - U a . =10 / P
RN v i )

—

ek

(AIV-3)

RIS }/7 f“f g+ 514
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APPENDIX V

DERIVATION OF THE EXPRESSICN POR THE MACH NUMBER IN THE

ol

PLO¥ BEHIRD THE CORNTACT SURPACE IN THE SHOCK TUBE,
¥HEN AIR IS USED IN BOTH CHAMBERS

The sound speed in the air behind the contzot

surface is given by
l / A
SRR >N
Q, o =K1, —t—) C)Ot’.—?)’l (aV-1)
From Equation (AIII-6)
B) 754 ek I
—&4 il f %L—_l l/j+
Gl }/(yw)(w;HQJ
or

\T
o
3
11
L
NsT

E = R o - ﬂj‘ "'"f -‘:’! (Av"z)
okl

with (AV~1), this gives

s .
_?j;bhﬂ /— Z (av-3)

y};+1;ﬁy}/
Therefore the Ev”h number i given by
,l,,-s»"'- L) (1) :







PRDED
- ‘ A ls el

DERIVATION OF THE EXPRESSION FOR THE CHOKING
THE 7LOW IN THE SHOCK

HMACH NUMBER IN

Sibertl developes the

106

V1

following equation stating

that Al is for the flow in the tube and A2 is for the
flow at the model.
T -/ V- )“f[
] + L2405\ AL
hm3< . fﬂ: ( : ; ra JHHEAQ“‘l (AVI-1)
| v Y[ A2
A Bl W T R
f‘Or (¢ "’jz of-
A N A‘{‘ L:)‘
_!A’,",," 15 /"r .~J’_7L __{....; \3‘
A M T G (AV1-2)
4, becomes H,, 2nd M, becomes unity since the flow at the

model will become unity Hdsch,

A
...,{Lli T e VA _./I—A - L..a g a‘{
A Groz i)

since the ares of the ﬁodel,

the tube

is egquzl

',

to the sres

{(AVI~3)

A _, taken from the sres of

o
at the model -
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