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1. SUMMARY

Calculations are presented which illustrate the advancages of
various tynes of multiple-diaphragm shock tubes over the sinpgle-diaphrapgm
conventional snock tubes  Shock tubes having a discontinuous change of
crosa-section at a diaphrapgm station or at any other position along the
tube are also considered.

2. Notation

a velocily of sound

A cross-sectional arsa of shock tube
CP specific heat at constant pressure
Cy specific heat at constant volume
1L Mach number

n nuiber of diaphrogmis in a multiple-daaphragm shock tube
P absolute pressure

kR the gas constant

t t1ae

T absclute temperature

u flow veloocity

U shock velocity; subscript corresponds to flow region
ahcad of the shock

x distance measured along longitudinal axis of shock tube
y Cp/cv? the ratio of the specific hoeats

oy By iy functions of shock Mach number Mg (see equations (5.9),
' ' (5.10) and (5.12)).

G/
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G the gain foctor (see Section 7«1)
¢ ) flow Mach number with respeet to the local speed of

sound (e-g-, Mﬂ = —:)
==

MS( ) shock wave propagation Mach number waitn respcect to the
spced of sound in the flow ahead of the shock front

(e.g., Msi = Ui/ba)
Dy  Ppressure ratio across a shock wave (> 1)
1
Pr <= Pon\j the individual pressure ratio across each diaphragm
/ of a mltiple~diaphragm shock tube

PO overall pressure ratio across extreme ends of any type
of shock tube

o oversll tcmperature ratio across cxtreme ends of any
type of shock tube

Subscrlpt a

14€33,4,5 etee adentify cuantities relatoed to ges in corresponding region
of shock tube flow (sce Fipures)

Spegial Non-Dimensional Notation

P

P = - n pressure ratio
Pn
I

T = == a tempersture ratio
Tn

3. Introduction

Daring tne pest decade the shock tube has becrmc accepted as
a tool of cerodynomic research: the extrume versoalility of snock tube
wnstallations has led to their use for the investigation of a variety
of gus—dynamic problumns. Increasing interest in hypersonic research
has stimilated the development of special ‘hypersonic shock tubes'.
These orfer a comparatively sample method whereby very high llach number
flows - with stagnation temperatures approximating to those of full-scale
flight - moy be generatud. In order to operate hypersonic shock tubes
satisfactorily, it 1s nocessary to produce shock waves which are
consrderably stronger thon the strongest obtainable fran a sample
'eonventional' shock tube.

Ref, 1 contains o resumé of the acrodynamic principles involved
in the production of very strong shock waves and very high Mach number
flows an hypersonic shock tubes; in particular, the 'double-diaphragm'
technique, which increases the maxamum attoinable shock strength for a
given overall pressure ratio across the extromo ends of the shock tube,
1s discussed an a prelimnary manner. In the present paper, the concept
of a mltipls-diaphragm shock tube is considered in greater detail; and
severzal types of double- and mmltiple-diaphragm shock tubes are

discussed/
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discussed and their performance evaluated. For completeness,
consideration is also given to shock tubes hawving discontinuous changes
of cross~-section. General formulae have been derived which are
applicable to any gas cambination in any type of shock tubes For
simplicity, these formilee have been evaluated for the particular case
when vy, the ratio of the apecific heats of the gases filling the shook
tube, is constant and equal to 144 aond when the initial temperature
is oconstant throughout the shock tube; that is, Ty, = 1, In this
manner the relative merits of the different types of muliiple-diaphragm
shock tubes are not confused by the effects of the use of different
2803,

3¢1 The Simple Shock Tube

Fig. 1 is a time~distance (t -~ x) diagrem of simple shock
tube flow and it illustrates the notation defined above in Section 2.
The theory of the simple shook tube has bean extensively treated,d
and, in tie present paper, equations cbtained direotly from such theory
will be quoted without derivatione The initial pressure and temperature
ratios, P, and T, respectively, across the disphragm are related to
the resultant shock Mach number M51 by the equatlion

2Y,
2y Yo = 1] { rye = A\ Mg = | v
ye +1 02 v+ Y, + 1 M
Sy
censen{3el)
where Py = B /I-’,_ = B,
and T = T/T, = T, by definition.

Equation (3.1) shows that, as Pyes00, the shook Mach number Mg
approaches a limiting value, given by

Y, +1 1 A+ 1 8,
My = e T,° = G‘!’.----) — ‘ZE . caeovs(3e2)
Yoy - % =178 n

For large M,,, the gas in the chember (region 4) must have 2 low
moleculayr weight, o low y, and as high a temperature as practicable.
Equation (3.2) illustretes the advantage of heating the chamber gas

and of using different gas combinations in a simple shock tube, As
previously stated, the performence of multiple-diaphragm shock tubes
will bs evaluated only on the asswmptions that ya = ¥y, = 14

and T, = 1. PFor the simple shock tube, with arbitrary P, and T,
we have from (5.1 ), if Y4 =z Yo = 1ebs

1
F - Z?E;-—:ni - '1-‘23 ( ﬁ;'-:-i) ’ . » (3 .3)
° 6 6\ U, /.

From equation (3.5), values of P, were oaloulated for a renge of values
of ‘T, (40 15 $n unit steps) and an independent range of values of

Ng t1 to 8 in Q4 steps). The general results are displayed in

Tafle I ant Pigi 8- Note tdmt, vhan P, 4is lerge (say > 10%), =
mall incFeath of 1, indesses the attainsble shook lach muber N,
appreciably, whereas a large increase of P, has only a smell effec

on/
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on M, . Thus one convenient way to increase the atiainable il for

a gived P, and the given initial condation Ty = 1 is to introduce

a device which effectively sacrifices pressure ratio P, in favour of
increased temperature ratio T_ : such a device is the multiple-diaphragm
shock tube, [A detailed discussion of the flow processes occurring

in these types of shock tubes is postponed to Section L.t ].

3+2¢ The Sample.Shock Tube - A Special Case

Let us consider the simple shock tube flow pattern given in
Fige 1. With the oxception of the acceleration region in tae expansion
wave, all the gas particles in the shock tube are at rest or in uniform
motion with velocity w,(= u,) towards the end of the channcl. Since
the gas behind the shock hes been sampressed, its teaperature T: is
higher than T,; and since the gos behind the rarefaction wave has been
expanded, its temperature T; 1s lower theam ;. Conseguently, a
discontinuity of temperature occurs at those cowncident points in the
uniform gas flow which were originally on either side of the diaphragnm.
This ‘'contact surface', or temperature discontinuity, causes the Mach
number M, of the flow between the shoeck and the contact surface to be
different from the Mach nuwber M, of the flow botween the contact
surface and the rarefaction wave.

Clearly it is possible to choose T, and T, such that
T, = T and hence Il = My af gases havang the same y Were
originelly on either side of the diaphragm. Thorefore, in theory, no
contact surface would be present and the duration of quasi~steady flow
would be increased. It should be noted that the flow in region 3 would
be turbulent since 1t has passed through the remments of the shattered
diaphragm; however, in hypersonic shock tubes this 'steady! flow is
expanded 1n a nozzle ¢nd hence [luctuations may be smoothed out o a
satisfactory level., Thas possibility is worth experimental investigation
since the duration of steady flow in a hyperscnic shock tube is very
lumteal,

The relations betwecen P,, T, and N moy be developed for
the specaal case M; = liz by using the following equations of simple
shock tube theary:i-

T Y, -1 .
“'i = (1 + -?‘"'""“"“ Ma) 00-000(3.}4-)
T, 2
vy, =1 v, =1
vy My? = mmmme J-i--— 32+
T, 1 2 L 2 :
- = S e S e E e S e ——— - a--ooo(jos)
Ti -yl + 1 ] 2
------ ) M,
2
,
] ~ 1 7F
i - 2 o 2 e N 2 .
and 3, = (Mg 1) | <y, M81 ; lr ; Mg? + 4
10-100(3.6)
Now, put 1, = Mg and T, = T, (note that this implies w1 = vy,
because ua = us so that as = 2,) and cambine the above equations

(344) to (3.6) to obtain:-

To/



To = T4y = Wap o« Tag o Tay N
- 2
(T Y ¥~ B
21y N2 - -“4—---—)’ el T 1) SRR PICHEERY
W R A2 '

\
which, usang (3.1), reduces to ’
- A7
2'}!1 4 y’. w] (yISi -1 ) Y.r -1
Po= {==== Mg = —w=- 1 4 mmmee— e S L
1 - -
Y, +1 Y+t v ‘I, A N /}_/?.i 2 \
e Y e ( g * 1)
Y, ~1 \Ik i 2 2 1
00010(3.8)
Ir vy, = y, = Tlek, (3.7) and (3.8) became
I - 2
\/(msi - )ig? o) e (R -y
TO o ey e gl'\:_ “““““““““““““““““ -0--:(3.9)
d%
and - r .
, gy =1 (i - 1)
g = | memme——- 1 ¢ mmmmecmmmeeem e | L0, (3410)
! -2 Y B
6 \ (7:%i - 1)(1\181 +5)

Hlence, usang Mz, ag a pwramoter, 2 wique curve of P, versus T,
can be dorived from equations {(5.7) snd (5.,10) for the Toanstant Mach
nuuber® chock tubcs Coaleouluted results orce given in Table 11 and
plotted a0 Fag. 2. It 1o pertinwni to note that an order to produce
strung shock waver Ty must be consider-bly larper then the values
nermelly criployed in simple shock subes, Fortunately, iae multiple
diaphragu teoinaque reduccs this dafficulty and further considcration
of thisy 'e-nstant lach nunber' shock tube 1s weeordingly deferred to
Scetion Gal.

Lo Inc Double Diaphrapgm Shock Tube - Kollected Shock Tyne

The reflected shock type of double-diaphragm shock tube is
shown in Fige 3; the primary shock 1l *, which 1s produced by the
rupture of diaphragm D;, undergoes normael reflection at diaphragm Dj
and lcaves the gas in region 4 at rest at an incrcased tompervture and
pressure (wath respect to its initial state in region 6)e After a
predetermined delay, draphragm D, is ruptured znd the ensuing flow
preduces a shock Mg , where My, » Mg,. Let us compare th: shock Mach
numbers produced in a deuble-diaphraga shock tube and in the equivalent
sinpgle-diaphrogn shock tube having the same overall temperature and
pressure ratiose In the double-diaphragm case, the prossure ond
tempeorature ratios across the second diaphragm Dy are p,, and Tay
and 1n the equivalent singlo-diaphragm case ticse ratios are p,, and
T,, respoclivelys HNow the rescrveir upstream of diaphragm D, has a

nressure/
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¥[t 15 convenicnt to label a shock with ibs corresponding shock Mach number .
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pressure s (< pg) and 2 temperature T, (> Te) due to the reflection
of the primary sheck Mg % and since we have previously noted that a
device which sacrifices pressure ratio for increcased temperaturs ratio
WLll produce an increase of shock Mach number, it follows that Mg, is
greater than the correspondang value for a single=diaphragm shock %ube.

L4e1 The Reflection of a Normal Shock Weve from a Rirad Wall

Before complete calculations can be made of the perTormance
of the reflected shock type of double-diaphrapgm shock tube » tne relations
between the sressure and temversture in the reservoir (region 4 of
Fig. 3) and the original conditions in the double~diaphragn cnamber
(region 6) must be determined, Now, frcm shock wave theory

P

b, = teye (XIIL R T2 1)
Yo + 1 ¥ o+ 1 (ve =1) 4> + 2
veeeea{lial)
wa  m, o e T MG n2 0 1 (206 2GS+ G
2 1r 2
O+ 1) s ceveee(la2)
when y, = tely,  (Lel) and (4e2) become
T -] |enf -2
p,, = _.___6__.... [-ﬁ;‘*:—.:_; cenera{le3)
and . (1g - 1)(1{8: v 2)
e T T a? ) vevene(liod)

Prom (4.3) and (4.4 ) calculations of Pre ond T,. werc made for a
range of 5. from 1 to 8 in 0.1 steps and the results are
reornduced as 1uble IiT.

Le2 Effect of Verzation of Internedrate Double-Diaphrarm Chamber
Pressurc (o = Fige 3)

Let us refer to Pige 3 and suppose the overall pressure ratio
acrcss the extremc ends of the tube Py = py, = 10° and the initaal
femperature is constant throughout the tube, that is, I, = 1,

From Table I we note that the shock Mach number Mg  corresponding to
Po = 10, To = 1 end a single diapnragm shock  tube 15 3485

How consider the eff'ect of the insertion of the second diaphragm D
and the variation of the intermcdiate pressure p o For example, iet
Dgy = 10°. Then pye 21s lmown since

Po = By o Py = 10%,
The corresponding shock Mach number Iy (= 2. 370} is found from the

general. (2o - T,) Table I. Then p, and Ty ere found from the
general reflected shock Table III; the numerical values are

Tas = 20e05 and T,o = 34236 Now p,, = Pace Pgs is
determined, and the fanal shock Mach number MS:.(z 5.223 15 obtained
by/

- - ——— o e - — T Y O P e e g e ot e e S e e A W

*See equations (4.3), (L4ek) end Table ITI.




Ly a further u‘ntcrpolatloné( Traom Table L. This procedurc azy be
reocated for values of pg; rangin, from P to py;  sumlar
caleulations gy be made for other valurs of PO. Faige & revroduces
the results of these calculations and 1t 15 clear that a conusadereble
merecse 1n the attazable shioek Maich nunber 1s possible b a sultable
ciiorce of the intermediate pressure ratio po,e

5« The Double-Diaphrapm Soock Tube - Unsteody lxpanglon Typo
L

Instead of rusturing the second diophragm Do by wn external
agcney aftcer tie full reflected shocn ovressure o, 15 reachod upstream
of the diajiragm as in TFig.3; 21t 1s possicle to make the dicphrogn Dy
so weak that it buruts wmedzately vheu the chocls ol strakes it
A dastence-time diagram for bhis nocrwd tyse of doublo-diaphragm shock
tubet flow s gaven 1n Fige 5e  Shozi M, shatters diaphragm Dy
on ampact, and the preswure retio n,, (related to wm,; end My )
across the rarefaction vave acceloratces the flow, in particular
Mg > M, o A relation is recwared botween M, o, 1y, ol iy, e Vhe
rélevant equations, obtained froua thue thosry of the saimple shock tube,
arg:-

Fron the mormal shock eqguationsi-

( 2},6 5 ‘)/U H']
D::(‘ = bl ksl St L{SG e rmmam——— AR (51'.1 )
' YS + ] }IG + 1
- 2 1'\
Yea oo Yy 7
le m (e e I\lSB -~ e ...ucn(5l2)
4, + 1 Vi 5
Ug u 2 i
—— e = e MS:L o —— u-.-o-(f’o})
2y a4 Y, + 4 ylsi_
u, 2 1]
I oo (5ud)
[ Y, - A ¢ “SJ'_J
E R b} ._11_
- _ i - H W R W oA, r
_— (3"[55 1) Y Moo ; L ; 1\156 + 1
srerselBab)
and irom the rarefaction wave equationsi-
Y=l Yo =1
- 1+ ==
2Ye 2
Pys = 1134 f Uy = Tmmmemee e e e 010-00(5-6)
ve = 1
1 + =—m——— LL;
c
(Note thab ¥s = ya = ys and yz = Yyile
Novr/



Now, since p;, = p,, 2Ys
YG - 1 ES""I
P+ ---2-—- My ;
By = Dyg + Doy « Dyg = | mmmmmmmcmmmne L e(5aD)
Ye ~ 1 !
1 + mm——— l\lI4 I
L ¢ K

PSi"bi = ?')2 ot-n(5|8)
2y,
2y, 4 Y — 1 Ve = 1 . Y =1
Where ¢1 = | meeme———— I\].SG e ————— 1T 4+ cmmema 414 EEE (5.9)
Yo + 1 Y + 1 2
2Ys
2y yy =1 Yo — 1 Ye =1
and by = e U - i 1 4 o 2 e eeee(5410)
vy + 1 % vy, + 14 | 2 ]

Also, from (5.3), (5.4) and (5.6), alter some reduction, it follows that

-1
Ys — 1 Yo ~1 ¥s + 1 &, 1 1
1 4 —————— M, = 1 = mmeme meeen 2 e s eese(5ei1)
2 2 Y+ 1 oa, . g
L 3 )
Yo =1
-~ ~ 1 + serm——— .'4.4
1 2
where _53 = MS - e e m—— . -000(5012)
S M,

liow, from (5.5), M; 1s knowm for a given I, and hence ¢, and g
are calculable for the given value of ui. . velues of $y and ¢a

are presented in Table IV for a range of il values from 1 to & in
0.1 steps. Then, from (5,10) and %5.11) 1t follows that

2yg
ar A -
' 2y, e a Y, =1 l, Ye=1 v+l a, iy, =1 Ye -1
Pgy 3 = ¢a = { === Mg, = === 1 m e e e ——om—— .
¥, +1 Yq+1 2¢p Yi+1 ag Msi
eres(5e13)

If (5413) 18 compared with (341) 1t 1s scen that the equations are of the
sane form and hence their solutions are simlar; in particular My as
the seme as for a single-daaphragm shock tube in which .

Fo = % ceee(5014)
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Although tie sled.3s of equation (L.i5) enables the effects of the use of
different gases in regious 1 and 6 of Fig. 5 to be evaluated, only the

sLple casc When vy o= Y, = 1ol and & = a 18 considered here,
<5
Phen T, 1is equivalent to -- &,° and P, is equivalent
o Py 56

Thwas 1t s posoible to egoleulate the performance of the unsteady
Xpanzion type of double-drapliragm sheek tube and to investigate the
e’f'ects of variation of the intermedinte chamber pressure ps for a
given overall pressure ratio P,. 4 cpecimen calculation rollows.

Refer to Fage 5, ond suppose Py = p, = 10" and
tlat T, = 1. Then, if' B, = 10° is assumed, it follows that
pre is known since P, = pyea pes = 10°.  The corresponding
shock llach number M-‘-"a ?: 24370} is found from the general (Py - TO)
Table I and ¢y and "+, are deturmined, corresponding to g, = 24370,
from Table IV, so that ¢, = &, D,y 218 known and thus the equivalent

2b

Py = ¢ = 2702.2 und the equavalent I, = --;-5- $2® = 3,038,

3
The final shock Mach number L[S1(= 5.1).) is obtained by a further
interpolation from Table L.

This procedure woas repeated for a runge of values of ps and
for various values of P, eand the results are displayed as Fige 6.
A couparison of Fig. 6 with Fi;. 4 demonstrates that this second type
of doutle-diuplraza shock tube 1g slightly less efficient than the
reflected shock type; for example, when Py = 104, p,, = 10%,
the former iype gaves 1., = Leik, the latter My, = 522, compared

[

with the single—daiaphremd value MS1 = 3.85.

6, Multiple-Daapiwagm Shoek Tuboes
Inspeotion of Figs. 4 and 6 shows tnet for maxumm gain of
shock Macn number Mg the iutermediate pressure must be approxiuately
the geametric mean of the pressurcs py snd p, where p,, = PQ.
Lience a multiple-daaphragm shock tube may be postulated with n diaphragms
and an overall proscure rutio Po such that

.PD = PIn 0000(601)

where Py ds tle individual pressure ratio across each diaphragm of a
maltiple~diaphrage shock tubc.

6«1 Darect Calculations ol Perfarunnce {ruia Tables I and ITI

Consideration is next given to the roflected shock type of
multiple~diavhragm shock tube; the flow pattern which occurs in thas
typical shock tube is shown in Fige 7. The computation of' the final
shock idach nuwaber Iy, is made in discrete steps; and each step is
identical with the procedure cutlined in Section 4.2. Fige 8 presents
curves of shock Mach number Mg, =2gaingt number of disphrogms n for
various overall pressure ratios Pg. It may bo noted that these curves
tend 4o woymptotic valuus ss 1 23 inerecascd: the gain of shock Mach
nuwaber is most warked for high P, wvolues. In the next section &
generalised anolysis 18 presented wlaeh derives approxamate asymptotes for
the (Mg - n) curved,

& 642/
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642 General Analysis

Consider a diapiragm separating pressures and
let 2 shocx n&m strike the daaphragm and be reflecte& Subsequently,
the diaphragm may be ruptured and so produces a further shock Mg
(as 1n Pige 3, where m = 6 and n = 1). Fram equations (3.1),

(Le1) and (4e2) the Followang general expression relating Moy Mﬁm
and po, may be derived.

. w2 ) -1
Yy . Yol (Y1) My + 2 X, Yo
T I e e A
Y4 Ypti ()ym-1 ) Ims_1 - 2(}/ - ) Y1 Yt
s B ks e g S U S o ey iy W e R e A Bl i e S B S e e s ey H-l-—--l-ﬂ—b—--—v’-—--———'—-\- ----------------- 2
mn Ve~ N ( )/Iusm \‘Is; -1 ] ;n)irf:l'
1 = -—-—) ym-H —® ) emmerrpomnzme = e et S )
\yn-r1 \.‘Isn /\I S \jym—'1 ) J\J. —"(y'ﬁ -] )g !2(Ym"1 ) LIS;—(B-YIQ }J
hessn (6.2)

Hlow consider a shock tube having a very large number of diaphragms;
that 1s, suppose

Pm = Pn + dpy
and . cees(6a3)
My, = Mg o+ dgy
Bouation (6.2) stall holds but must be put in the form
P = 1 % %?E = funection of 1 + ifég .
Py y_

In crder to shorten the tedious reduction of (6.2) 1t has been assumed
thu-t ym = 'yn = 1 .J_;_ .

Then
Plog = 1] | Man 2 5
3 3
S Z¥f@;__i___§f§@___§: ______ - (644)
Pn'ln - 1 I B- 2 [ X ER] L ]
1 ﬂsm (ig? - 1)

2 Mg, ,\FWS; - 1) (gl + 2)

and, in differential form, after considerable reduction (6...) beccmes

apy,
1+ === =, (g,) ft o+ § (sy; dMg ] cees(6e5)
pn
B Mg+ 0 B (g ~ 1) i
where f.l (nsm) = | emwemm—— 1 = = ;e e
8 - 2 o \/(1,4,1 - 1)(1.15?11 + 2)
seea(646)

and/
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o [hlg, 70k - 1)
and £, (,‘lsml = { - i 4 I PR e iet=tci it 2
“nksm -1 21lsm\;(q_\13 -1 )(Msfn - 2) = Mg (M2 - 1)

eies(6a7)

sxominatilon of the functions 1) (I:IS) and. g (I'IS) led Lo thewr
revlacaamt by

T, (M) = 1.0
.0.-(6'8)
i
fzi(*s) T .
3L,

Caleulitod velues of Lae functions are paiven in Table V and the functions
and their cpprozamations e coaparce 7 opaleclly an Prg. 9.

Mhea, apgroxie tely,

d’i’ 14 ]!
T It ey
p L 2%
an 14 @1,
50 tnat - = — 0000(6.9)
p 3
On antegration, (0.9) becone s
) 14
1"-:':‘,]n‘,l_x = PO wen 0(601 O)

(Note 1t nos been assumed that M, a1ncreases as p dccreases),

17
AN : a
2ol m n N
:.I]__Jl., ',J_LC’ [\ "'"—\,i - —— = PI - "L)C) TR (6 -’]1 )
i D
3n jg)

Ti 1o s pestulaloed Bhet lhere as an egqual pressure ratio across each
diaphragm ol che mulizvlu-diaphragn shock tubc.

Souriaen (64100 shous that, arrespective of the number of
diapiragns used 1 o ailtaplo-dyolir ym shoel: tube, the ocscomn
nogsitble giock ilach nuber s a tuanction only of thie overall pressure
ratio aeross bue cnds of a shock tube. Caleulated volucs of MSI
for various F, are:-

. E, 10 17 400 10t S
y T B ) o |
} i.fLSﬂL':Lx 1 .Da'.{ 2.68 1{-.39 7.20 1 1 !79 l!

fhese mexumes values of I, are plotted on fig. 8 and the
afgreeecnt vath valacs caloulated from the geoneral Tables 1 and 111 15
very setaisenolory.

Delor  dascussmg the general rosults of tne precedang
scetbions 1% 18 conveaiont o conerdacr suock lubes aaving o dusconvinuous
chuanre ol croco-scetion oo doivplroge stateon or at «ny other position
alon: tne vube, «d vo caleulote the amprove wnis an waock lach nuaber
attainable by tiwese melinods. /

T
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7+ Shock Tubcs with Area Discontinuities

Modifications to shock tube geometry have been considered in
several roports€:5:6 and the general results are derived herewith for
conpleteness,

7+1 Arca Discontinuity at the Disphragm Station

To meke the most economicel use of the initial pressure ratio
across the diaphragm it is desirable to use a shock tube which has a
steady flow transitaon section from the chamber to the channel.
The most efficient conversion of heat erergy to kinetic energy is
du
required and it 18 known that the -ueniity -~ (which is a measure
da
of this energy conversion) is, for Mach numbers less than unity,
greater for a steady flow oxpansion than for an unsteady flow expansion.
In matnematical terms, Tor a steady flow expansion the energy equation is

2
————= g% 4+ u? = oconstant
y =1
,du 2 1
s¢ that { "') Z om mm——— -, ocon(701)
\da /steady y=-1M
For an unsteady flow expansion
2
—e——— 8 4+ U = constant
y ~ 1
e 2
and henece KSD = e emm—— . 00-0(702)
unstcody y -1

Honce 1t 18 desarable to use a shock tube where a steady flow expansion
acocleratos the "driver gas" {originally in the chamber) to a Mach
number of unity and then an unsteady flow expansion further accelerates
the gas to the velocity necessary to satisfy the veloecity boundary
condition at the contact surface,

Consider the shock tube flow pattern given in Fige. 10(a).
There is steady flow in the region @ to (I)* and unsteady flow in
the other regions. If the overall prossur€ ratio P, is such that
ig> 1, the steady flow expansion from region (5, to regian {) cennot
contanue after 2, = 1 at the diaphragm station; the tube 1s
effectively "choked" and a contoured throat would be necessary to
accelorate the stcady flow to i3(>1). Since no such throat is
present, a second rarefsction wave Ry must be formed whach accelerates
thoe flow fran ¥, = 4 at the diaphragm station to M; behind the
contact surfacc. IFf My< 1, the unsteady expension wave R; is
absent; furthermore if the area ratyo A61->30, M w> O and the
first rarefaction wave R, disappears.

Now, for a given shock Mach number g , let us compare a
non~uniform shock tube with the corresponding uniform sh?ck tube. X
Consider Figs. 10(b) and 10(c) where A,, = po and unity respectively.

Far/

*The smooth change of aroea shown in Fig. 10(a) would became a sharp
discontinuous change in practice - this does not affect the subsequent

an&lySiS .
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For any Mach muber M, bohind the cuntact surface the diagrams of

the flow in the channels of the two shook tubes are identical.e Henca
any advantage due to the use of a non-uniform tube arises from the flow
in the chamber sectiom,

Now, for the steady flow expansion, Fig., 10{b), since ¥ = O,
it follows that
Y
Y ~1 y-1
v 2
(PSI.‘. )Ae1=’33 = 1 + ""5"" 1\& .ooo(?.j)
y -1 o
and (TS4)A31:CQ = 1 + --5*" Mi . --ao(?m#)

Further, for the unsteady flow expansion, Fig. 10(c)

»

y =1 2 |~~-
(P64 )Aﬁi_—..j_ = /\1 + -_5-- h‘4> Y-l o-ac(7.5)
Yy =1 3
and (TB‘)A81—1 = (‘1 + —-5-- M4> - .,..(7.6)

Note that, since T, is independent of Ag,, it follows from (7.4.) and
(1:6) wnad (@), * F (@Y, -
61

A'Si"i

Now, since M;¢ 1 and since P, is independent of Aei’ a zaan factor
G(31) may be defined as

- - Y
y - 1 3 fmm—-
o] (1 b om——— 1\14) y-1
A 2
G - ——Ei— S1=1 = | mmeemsscee e ———- uonq(?o?)
Lpsﬁ,]_ﬁ_ Y = 1
1 4 m—— M, ? y
- 2 - -
+ 1\ y=l
When M, = 1, G has a maximm value - equal to G——-—) -
2
and if Y = 1.1}.
Gmu = (1 .2)'35 = 1.893. .c..(?.B)

Thus, to produce e given shock Mach number Mg, the ratio
Ps1 for the non-uniform shock tubs is smaller than that for a uniform
shock tube: or, in other words, for the same overell pressuro ratio P,
the non-uniform shock tube produces a stronger shock than the uniform
shock tube. If the general ocase (Fig. 10(a)) where Ay, is finite
and greater than unity is reconsicered, a general expression for the
gain factor G is obtained in terms of M, and I where Mz is
related to Az, by the steady flow expansion equation

Ass/
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M, [ 1+ 2y = 1) 157 (7.9)
- | o - - - sea s 709
SRR PRy

The effects of the rarcfaction wave R, may be incorporated in the
rroceding analysis by noting that

PBS o 1 4 mem—- MS 1-00(7010)

oL
1+ My =1)5® 1+ 3y -1)u| | ¥

S DL A KA LSRR
1T+ 3y = 1) W2 |1+ 3y =~ 1) %)

To sum up, if A1 1 then G321 for a given Msii further uf i 31
G is a function of 4gy bubt andependent of pei1, Dut, il Ms <1,
G is a function of pgy; and Ag,.

In the present context the moxamim advantage to be obtainsd
from the use of non-uniform shock tubes is requared; it is thercfore
assumed that Y¥3>1 and honce M. = 1. If vy = 144, the equations
(749) and (7+11) becae

15+ 02
Ay, = == ] emmmene cenn(7412)
Mg 6
5+ 1,2 8.8
B.nd G’ = 6 --"""‘"-':""' . (AR X (701 3)
(5 + 35 )°

Equation 87.12) is plotted as Pig, 11(2), cquation (7.13) 1s ploitoed as
Fig. 11(b) and Fig. 11{c) 18 & cross plot - from the previous two
figures - giving the voriation of G with Agse

Finally, the performance of this ftype of shock tube ey be
camputed.  Given A5y, the gain factor G 1s known from the curve of
Fige 11(c); this gain is achieved provided 31, The problem then
reduccs to an equivalent uniform shock tube problam whoere the overall
pressure ratio 13 GP, ond the overall tcmperature retio is

y=1

GY T.% Honce the maximua possible gain or il for a given P
and T, will be obtained when M, is caloulated from equation (343)
i the forn 1

- ~7
Tlg® - 1 f (1.2 7))~ fx2 -1
14893 Py = { =meiemen i ety G eas{7414)

—— O e T Sk e /L e oy e B o s e e T S S S T S i . e e iy e - —

*From (7.3) to (7.7) inclusive, Gnax = 1893, and
¥
G’ma:\:y = 142
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A curve of I, for a non-uniform shock tube was calculated from (714)
for various 50 and T, = 1. This curve is plotted on Fig. 12 for
comparison with the double and multiple-diaphragm types of shock tube.

7.2+ Ares Discontinuity at a Point along thes Shock Tube

Let us consider the shock tube illustrated in Fig. 10{(d).
Suppose the area ratio Agy 1s very large and let the shock Hg,
hit the area discontunuity, This shock will be reflected, lcaving
region @ at rest; subsequently a steady expansion occurs and the
problem s oxactly the samc as that treatod in Section 7.1 above - the
gain in shock Magh number i1s thus rclated to the Gain Fastor G.
If the arees ratio 4g, is not infinite the reflected shock is not so
strong, ¥ # O =and the possible goin is thercfore reduced.

It may be noted that the delay required before the breokege
of the second diaphragm of the reflected-shock type of double-diaphragm
shock tube (see Section l;.g may be roduced to zero (that is, breakuge of
diaphragm by shock impact) if there is a consaderable area decreacc ot
the sccond diaphragm station. In this manner the analysis of Section L
may be applied to a multiple-draphragm shock tube if there is a larpge area
decrease at a diaphragm which is broken by shock wuapact, but vaithout
sucl area decreasc the analysis of Section 5 must be used.

8. Special Types of Shock Tube

8.1« The Constant Mach Number Shock Tube

In Section 3.2 consideration was given to a special type of
simple shock tube in which the Mach number of the flow between the shock
and the contact surfacc 1s the same as the Mach number of the flow
between the contact surfaco and tho rarafaction wave, Such a shock tube
posscsses the important advantage that tho available testing time ias
increased by a factor of about 7 for the very strong shock wave casc;
in particular, this improvement in testing tine would easc considerably
the formidable instrumentation problems encountered with hypersonic shock
tubes.,

It has been noted that to produce strong shock waves in o
simple shock tube, the initial teiaporaturc ratio T, rust be considerably
larger than the values normally employed. Since the multiple-diaphragm
shock tube effectively exchanges a decrense of pressure ratio in faveur
of an increase in temperature ratio, thu variables Po and T, across
the final diophragnm may be adjusted to give a final 'constant lMach number!
shock tube flow. Consider the reflected shock type of multiple-diaphragm
shook tube shown in Fig. 7 and let shock M be roflected from diophragm
Dy in the usual mammer, It may be oalculg.gced that if the pressure ratio
Pes is about 1.0 %o 1.5, deponding on Mg, oconditions in the final
channel will satisfy the 'constant Moch number! case; that is My o il
It is therefore suggested that only a minor mismatch betwoen Mz and Ma
would ococur if Pz, = 1.0, Hence, in practice the required final
shock Mach number M would be produced and then subsoguently the shock
tube flow would be converted to the 'oonstant Mach number' condition
by the addition of a further diaphragm with zero pressure difference
acroas it.

8.2 The Performance of Diaphragms having Zero Pressure Differoence
Across then

Consider a shock weve of shock ilach number M., which is
roflected fraom a diaphragn having zero pressure differcnce across it,
Subsequently let the diaphragn be ruptured and let the resultant shock Mach

number be Mg9 .
Frony/
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Fronm the general forrmle (6.4) with dp = 0 and y = 1.4,
it follovs that

8
-__;_--— ---i---'— = LX) (8.1 )
g2 -1 Mg? + 5
Let l'fsi))‘l and I‘.:Sa = 3151 + dMSi>>1 so tnat
M, 2 7
"‘"‘S""E - 1 - "“"s-g [ --0(802)
81‘{% M'Isi-
Now suppose gy = Kig,, cee(B43)
2
k c 7
then (852) ylelds ——— = <1 - 5 a-c(8.l{-)
8 L
whach is satisfied by one real value of k, that 1s, k = 1.01525
k = 1.01525. e+ (845)
Thus, in the lumt as Mg >> 1, the goin of shock liach number by tins
method is 1.5e., Now consider equation (6.5), with dp = 0, naucly:-
1= £, (4g) {1 - £ () aLy] , +ee(8.6)

and refer to Table V where I, (M) and fp(M,) are tabulated.

Note thet if My < 2,077, d&i; 1s negataive; if 1My = 2,077,
dilg = O and if M > 2,077, diig is positive.

Alternatively the increments in shock Mach number dig iy be
calculated directly fraa Tables III ond I: thesc results are given in
Table VITI., These coalculations show that

1f Ny < 2.67, & is negative
1f I, = 2667, diiy is zerc
and if Mg > 2467, diy is positive.

The anconsistency between these two wethods is presumably due
to the asswiption that diy 15 infinitesinal an the therry but finite
in the tables,

The results for mmliiple-diopnragni shock tubes noy be sumarised
as follows. Let the number of daiaphragas n be very lorge so that tic
prossure differcnce dp across cach diaphragm 1s small, If dp £ O,
the mexdmua attainable shock Mach number Mg increases as n  increases
to a lumt which is a function of ihe overall pressure ratio across the
extrerne ends of the shock tubes If a shock of Mach number greatcr than
2.67 is allowed to strike a series of diaprragis cach wath zero pressure
dafference across it, then the neximanm altaincble shock Mach number
increases without larat. On the othor hand, if the initial shock Mach
nunber 1s less than 2,67, shock decay will take place.

803/
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8.3 Duration of Flow in iultiple Diaphragm Shock Tubes

The available flow durations may be calculated by standard
methods1; the multiple daiaphragms may be conveniently grouped ncar the
high pressure end of the shock tube since the flow duration merely
depends upon L, ilg end (see Fig. 7) according to the equation

2 o e e . eeee(Ba7)

9. Discussion and Conclusions

9.1 Resumé of Results

The maximum possible gains in shock llach number I, over that
obtainable using a simple shock tube with the same anitial condations
are illustrated in Fig. 12 und Table VI for each type of modified shock
tube dascussed in this paper.

It 13 c¢lear that shock tub:s with area diszcontinuities arc not
of much practical use when the overall pressure ratio P exceeds
10° (say})) the 1nerease of shock Mach number thus obtained i1s small
whilst structural costs would became prolabitive even for modorube area
ratios., The double-diaphragm technioue eppears to be extrerncly simple
and offers a considerable increase of shock Ifach number; in practice the
unsteady expansion type would probably be used since i1t does not require
the electronic delay equipment needed for the reflected shock technique.
In view of the very large gawns of shock Macnh number indicated by the
theory of multiple draphragm shock tubes with hipgh overall pressure
ratios, there is a need for experimental investigation of thesc types of
shock tubes.

9.2 The Performance Calculations

The Tables and Fagures in this report have been calculated
from perfoct gas theorye This amplics that, in crder to avoird the
offeccts of dissociation (above 3000°K) and 1on:.sat10n (above L500°K),
the caleculations of P, from equation (3.3) must be restricted to
Mg 1> 8.0 and T ‘* 15 asoumng T4 = 238°K 1initially. Thus
Ta.blt, I does not Involve appreciable errnrs duc to gaseous imperfections.

Unfortunately it 18 not possaiblce to apply the general results
of the Tables to cases where y £ 144, but the calculation of the
performance of shock tubes using any other possible gas combination or
combinations follows from the general formulae which have been derived
above.

9.3 Conclusions

From tho performancou calculations for miltiple~diaphragm shock
tubes presented herein, it is concluded that an experimental investigation
of these shock tubes would be valuable. Attention is drawn to the
'constant Mach number' mode of operation of shock tubes: this fecaturc
of mltiple-diaphragm shock tubes may be a usceful addition to the
hypersonic shock tube technique.
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ratio T,

....19_
APURIDIX

Interpolation from Table I to Determanc Mg

Gaven the anitial overall pressurc ratio P, oand temperuture
across a dicphragm, the shock Mach nunber My which 1s

produced when the diaphragm 1s rupturcd may be calculated as follows,

As an exarple of the methoa f anterpcl:ition, cancider the casc

P, = 42,513, T, = 2.496.
From Table I, from the colwms of Ty,
o= 2 o =
= 5.5 P, = 3L,003 s = G Py o= 36,26k
= 5.6 Py = LH,H13 iy = fao o= 44,690
= 5572 P = 42,513 |Henee lig = 06,0716 2, = L42,513.
Then Ty = 2.0 My = beb72
T = 340 M, = 64576,
Hence Ty

1

64070,

and Pq

24496 ..
42,513 givos  llg

This method of successaive lanear interpolation was chechod wnd

found accurate to 1. for tho antervals given an Tablc 1.

T4 I/



TABLE I. [Bquation (3.3)]

Values of P, for Independent Ranpges of If, and T,

\10
MS\ 1 2 3 4 5 6 7
1.0 1.0 1.0 1.0 140 140 1,0 1.0
141 145612 . 1.4599 1175 1.3928 143763 1e364 143552
142 2.3532 | 2.,0616 149460 1.8806 1.8295 148060 147823
1.3 34516 2,8368 2.6Ch9 24776 239, 243349 242902
A 4.,9580 3,8236 3418 3.2003 3.0605 2.9620 28880
1.5 7.0020 50684 Lo 1., 0681 348512 3.6990 3.5858

| 1.6 9.75T 6.6270 5.620L 5e1033 L.7823 445595 113950

I1.7 134453 845656 7.0763 643295 54872L 545584 5.3277

. 1.8 18,389 104966 8.823L 77760 71416 647120 643982

L 240 334713 17.562 13 o400 114459 10,319 945601 9.0154
2.1 45,342 22,021 164354 1377 124283 114299 104595
2.2 60.797 27.470 19.852 16466 144538 13.278 124385
2.3 81360 34,128 23,982 194590 17+123 15.527 14,406
24 108477 42,248 28.857 23,210 20,080 18,079 164680
245 145.35 524137 344594 274393 23458 20.966 19,236
2.6 194,32 644183 41,348 32,213 274307 21,.,229 22,109
2.7 260,11 75 .851 49,282 37.780 31.688 27.908 254323

| a9 168,99 11844 69.527 51550 42,328 364724 324949
3.0 632,60 14492 82,357 60,010 L8704 1,965 37440
3.1 856 .51, 17721 97.525 69.739 56.020 47.858 L2043
3.2  1165.3 216.62 115.01 80,896 640253 54468 48,026
343 159346 264..72 135.67 93,706 73.582 61.876 5l 241
3h  2992.7 323,60 159.90 108,41 8ol 704179 61 W1 44
345 3041.5 396,03 18844 125434 064112 79504 68.846
346 4239.6 LBL 16 221,70 144e59 109456 89.902 71374
3.7 597001 592096 260.8‘}. 166.77 ; 1211-081 . 101 .55 . 86.848

TABLE‘ I (contd.)/
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TA3LE T (contd. )

Fod
)

1 2 3 4 5 6 7

: 348 8LBE.2  727.10  306.82  19.,20 142,07 114,58 97.383

: 345 12198 892,62  360.92 221436  16..55  129.15 109.06
L,0 17750  1097.5 42i.52 254485 183.55  ALBML. 122.03

; FA 26145 135148 LYo k2 293,26 2082 163.66  136.38
k2 39122 1668.4 587.76 337.38 236455 16L.02 152,

: L3 59519  2063.3 692,056 380407 268.29 206,77 169.57

| ledp 92275  2559.4 8152l 446430 30,20 232,23 109,50
a5 141622 3182.6 961495 513430 344768 20l.63  211.26

: Lo 3968.7 11338 590445 390,76  292.45  235.34

f hef 4967.0  1338.7 679418 Q42,73 327.2 2601499

: 4.3 6235.9 1582.5 781,53 50106 307,70 291453

i 49 7859.2  1872.9 899.68 568.0h  Li2.10  32h.23

I 5.0 S9L7.8  2219.L  1036.0  643.5% L51.85 360,57

i 541 126L8 26333  1193.5 729,06 517.45  400.85

; 5.2 16153 3130.2 137549 826.0¢  57%9.7h 44543

: 5.3 20745 3726 1557.2 936203 6L9.L5 45.00
545 3L503 5309.7 211643  1203.1 315,03 61077 |

. 5.6 45513 6357.7 2hh6.9 13648  C13.24 673.52

. 57 5992l 7628.6 2832, 154846 10234 75353
548 79512 HT75.8 3281.3 1758.2 11246,5 836436 |
5«9 106379 11065 380644 19973 120547 929,60
6av 143599 13378 L120,4 227041  1LB4 7 103245

. 6.1 16225 513849  2581.7 1616.9 11471
Ge2 19770 59640  2938.7 181L.3  1274.5

‘ 6e3 24073 6977.9  3346.5 2036.4. 111643

' 6okt 29475 BILB. 381Lk.5  2286.,6  157h.2
645 36224 0530.4 4352.1 2747.0 1750.1
6.6 INN STl 14469 4563,6  2587.7 1946.2
6e7 55358 13110 5680,2 330942 2165.1

T T BB T (contas )/
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PABLE I (contd.)

3y ~2 3 b 5 6 7

6.8 6886.. 15518  6500,0 3654,9 2409.5
649 86083 18173  7hhled  4115.7  2681.9
7.0 108137 21465 8537.6 1637.8 2986.9
744 25409 9801.5 5230,0 3327.8
142 33 11270 5902.1 370947
7e3 35867 1297%  6665.h L1371
Tkt 42772 14956 753Lek  L4615.8
7.5 51168 17266 8525.8 5153.8
746 61195 19908 962647 5741.0
Te7 73848 23128 1094 643549
7.8 89153 26835 12456 119944
7.9 108011 31192 14109 8059.8
840 131364 36327 16Q4,  5029.0

TAEBLE I (contd-)/
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TABLE T (contd, )}

o B B o !

i
| N |
" 8 9 10 11 2 a3 a5

| 1.0 1.0 1.0 1.0 1,0 1,0 1.0 1.0 1.0 |
P 143475 143415 143363 145318 1 43281 143247 143247 1.3190
9.2 1.7635 1.7479 17347 147226 1 7404 14,7056 146982 16916 |
{ |
’ &

1.3 242546 2.2258 2.2015 241810 241635 2.1479 2.4347 2.1217
1ol 2.8295 2.7824 2471433 2.7098 2.6812 246562 2.6319 2.61L46
15 34973 34259 343667 33107 342736 342364 342037 Se17k4
1eb 4..2672 L1647 443796 4..0079 369477 348946 348475 3.8011 -
1a7 21495 5.0079 143907 Le 7931 L..7089 L5366 LeD135 L.oi7
1e0 641574 549666 5.309L 56779 545664 5470 5.3864 535114
149 7.3036 7.0512 6.9276 66733 645275 65005 642930 641964
i 240 846009 Ca27h5 8.0095 7.7892 7.6019 I SE] 73017 717

2.4 . 10.066 9.6495 9.%118 9.0339 3.7967 3.5963 8.4203 842662
2.2 11171k 11 e191 10,763 104420 104125 9.8732 9.6568 9.L657
2.5 113.568 12.915 124391 114959 114596 14 4263 14 4 021 10,757

2. 115.6L3 14..838 14e190 13466k 134222 124846 12,521 12,236
L 2,5 1174963 16,980 1647194 154552 15,018 11,562 114169 13.823
. 20.553 19360 18,410 17630 164993 16 16 15.976 154566
2e7 2342 21,959 20360 194$53 19,164 184511 17+953 17.468
2.8 264655 24926 234567 22 461 214585 204776 20,113 194541
2.9 . 30.227 284166 264543 25.238 244160 23425C 2244753 21,739
3,0 = 34192 314748 29.828 28.288 27.018 254551 254024 21,4252
34 38,593 354697 33006 31,632 304148 28.502 27.637 26,923
342 L3450 40,061 37415 354290 334563 324113 304880 29,818
Se3 18.862 414864 I.770 390307 374289 354609 3le186 32,963
34,00 5h.823 50,156 464549 134685 L1.355 39.16 37774 564364
3.6 68,703 624375 57526 534700 504608 43,01 45,876 L)y . 029
3.7 764702 69405 634815 594408 55 «851 524916 50.442 LB4333
3,6 55.64) 774138 704696 654631 614555 584198 554379 524966

TADLE I (contd, )/
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TABLE I {contd. )

i

S 8 9 10 1 11
440 106.25 94.927 86414 79.787
Lo 118414 105412 95.389 87.819
he2 131428 116432 105.18 964573
L3 14,3458 128.59 115487 106408
L5 172.18 156476 140429 127466
L6 103,47 172.89 150415 139,87
.8 2:1.93 20%.91 185,80 167.59
4.9 263489 231.05 203,79 183422
5,0 297.21 254.27 223,40 200,21
5.1 328445 279.64 241,78 218.70
5.2 362.581 307.241 268.05 238.72
5.3 400,58 337.83 293,40 26045
5ok 442,26 37113 321.06 284406
5.5 L2847 L07.61 351415 309.67
5.6 538.75 47453 383.99 33743
5.7 594438 491,27 419476 367462
5.8 655,76 539413 458473 ;00432
59 723.40 591 .49 501417 L35.88
6.0 797.92 648.97 547.40 475440
6ot 830,07 711.86 597.84 516420
6:2 970.77 780.80 652.79 561 o644
6.3 1070.8 856439 712,76 610,88
Sakh 118142 929.27 778,09 664440
6.5  1303.3 1030,2 849.39 722.19
Oe7 158648 1239.2 1011.9 853.97
6.8 1359.2 928,39

1 751 -ll—

11 Qe

i

et p——
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TABLE T (contd.)/

12 13 1 15
67.745 | 634926 60,722 57.996
7hhBO 70123 664502 6341
81.780 | 764847 72.726 69.248
89.715 . Bh4e113 19474 75550
98.305 i 9M.974 86.733 82.307
107.62 | 100.47 9k..582 89.596
117.72 | 109.66 103,03 97.458
128,57 : 119.61 112414 104489
140,50 | 130.33 121 496 114..97
153232 | 141.90 132455 124472
16722 | 15442 14395 135.22
182425 167.90 156420 146,50 |
198.51 18246 16942 158459
21612 198.18 183,62 17160
235415 215.13 198,92 185454 |

. 255,75 233,42 215,38 200,54 |
278.01 253412 233.07 216,62 |
302411 274439 252413 233485 |

., 328.18 29730 272457 25240
356428 32240 294,62 272425 |
386481 348.67 318.27 293,53 |
419,70 37741 A3.73 b4 !

Y 455436 408435 3107 340.96 |
493.86 LA Tl 400,50 367.23
535.50 L77.68 432411 395445 |

. 530455 516452 166412 425,69
629.28 588434 502,73 153,08
681499 603436 541 495 492.86 !
739,01 652402 58h.2h 530413 |
800,70 740 629,65 570+14 5
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TABLE I (contd.)

8 9 10 1 12§ 13 14 15
: 193305 1 194141 | 12057 | 1009.2 . 867.30 ; 760,90 : 678444 ° 613,00
21354 | 163549 i 13160 : 1097.1 ° 939.64 ; 821.86 730.98 659.01
2358.5 | 179562 ; 143645 : 1192.5 | 101748 887.61 - 78743 . 70843t
2605.9 | 1970.2 | 1568.2 : 1296 : 1102,3 | 958.55 | 848417 : 761.23
2879.6 : 2162,5 | 17120 : 1540942 | 119440 : 10349 | 913439 . B18.0,
3183eh [ 237l i 186946 ': 153147 : 129342 | 1117.5 = 983.57 ; 878.92
352048 | 2607,2 : 20416 . 1665.0 | 1400,8 | 120646 | 10591 ° 9hhe27
38812 i 2B55.5 i 222341 i 180542 | 151246 ° 1298,9  1137.2 : 1011.3
L311.8 i 3Mh6ah i 2535.8 1 19684k | 1643e3 . 14066 | 1228,1 ; 1089,5
v 47756k | 3458e3 1 2661,0 ; 21L40.6 . 1780,2 ; 151846 : 13220 : 1170.2
P 5290, | 3801.8 i 2931.2 i 2328,0 | 192842 - 1639.6  1423.L ¢ 1256.7
{ 5863.8 | 418tel | 3178.7 : 2532.5 2088.8 . 17704 1532.6 | 1349.6

TABLE 11/

..gz..
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TABLE IT

Velues of P., T, and 1, for the
‘Conatant linch Number'! Shock Tube

| e U
! o Eqn-I()g.*ao) ; Eq.n-%?-&’)

. ) S
3 1 1 1

5 2 15,443 244,00
|3 554584 le332

| 4 122492 64952 |
? 5 216442 104294
6 333.60 142370 |
* 7 475,00 19.171
L8 63567 24716

| 9 827.L8 30,98

i 10 1028,2 38,009
Y 12582 15.810

i 12 4510.6 544259

TABLE III/
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TABLE III

The Reflection of a Shock Wave from a Rigid Wall

H

: P ' Tas
® Eane(he3) " Eqne (k)

-

il

Pas Tae
® Eqne(4e3) : Eqne (bek)

1

i

1,00 1,000
161 0 15397
1.2 24231
1.3 3.1082
1o | L1669 -
15 ¢ 54250
1.6 ' 6.8932 .
1.7 85791
148 ., 10489
1.9 . 12.629
2,0 15.C00
241§ 17,607
2.2 . 20.450
243 . 23,530
24 . 26,846
2.5 H 30-#00
2.6 34,189
2.7  38.214
2.9 ' 46.952
340 51.667
3+1 564609
342 . 61,776
303 67.1 65
by 72778
3.5 . 784609
3.6 ' 84.600
3e7  90.923
3.8 | 974403
3.9 104,10
4e0-:111.00
#.1 :118-11
he2 §125.hh
ba3 $132.97
deedi 140,74
#u5- 148065
4e6.: 156479
Le7 5165o1h
448.1173469
ke | 18245
5‘.01.”191 40

1000

141319
1 42634
13974
1.5355
1.6790
1,8287
149853
2.,1L92
2.3207

2.5000
2.6874

248830
340869

3.2992 !

345200
34793
349873
Le2339
4..5083
L7551
5.0258
5.3072
5591k
58963
642004

6.5206
648460 .

741802
745231
7:8750

8.2357

846052

8.9835 .
9.3707 .

9.7668
10s172
10,586
11,008
11440
114880

540
541

542
5.3 .
5l :

545

56 .

5«7

548

549
640

Bel |
6.2 !
6e3 ¢ ‘
-5 ¥ £1.7
645 |
646 .

6e7

6.8 °
6e9 :
7.0
701

7e2 .

13

Tolt
Teb |

7e6

Tol -
78
749 ;

840

10
1"
12
13

14
15

16
17

18
19 ;
20 |

191 .40
200,55

219.45
229,20
239415
249,29
259.63
270.16
280.89
291 .61
302493
L2
325475

349433
361 42
373469
386416
398.82
411 .67
42)..71
43794
451,37
464498
L78.78
492.78
506496
52133
535.89
550.65

i 708463
885 4.0
1082,.3
51295-3
152845
176042
2089.7
1 2339.9
2647.8
297443
331946
368345

209.90,

' 11,880
: 124329
12,787
13,254
. 134730
© 14215
i 14709
i15.214
+ 15,722
© 16243
L 16,4772
P 17310
v 18.412
18.977
! 194550
P 20,133
i 20,724
b 214324
{21.933
. 22,551
; 23.1?8
' 23,814
2l.4458
T 254112
- 2577k
H 26.&45
. 27.125
27814
. 284,512
" 29.219

. 364775
" 45.220
© 5leb617
. 64776
. 75887
87.888
: 102468
414,56
129,22
C144.78
[ 161422
" 178456

-

[ TR B S . I _

TABLE 1V/
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TABLE VIT

Gain in M. due to Rellection of a Shock from a
Diaphrasm having Zero Pressure Difference across it.

To= 1
dig
MS1 Msa (Tables I and IIT)
1.0 1.000 0
15 14 ~0.009
2.0 1.981 -0.19
25 2,497 -0,003
3.0 3,006 +0,006 1
305 3051 5 +0eO 5 !
L0  4.024 +0a 024, -
: Le5 4533 +0,033
5.0 5.0L3 +04 Q43
55 D5ab57 +0,057
| Very Very 150
| large large (Theory)
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Fig. b.
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Fig. 10 (a&b)
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