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1s  Introduction and Sumnory

Interest in hypersonic shoel tubes iz increasing both ian the
United States of Amcrien 15€53 and the United ¥ inguom 4s5 principally
because the shock tube offers the only simple method whereby very high
Mach rumber flows - with stagnation temperatures approximating to those
oi" fuJ};l-scalc flight - moy be generoicds The present paper gives a
resume of the aerodynmmic principl-s involved in the production of very
strong shock waves and very high liach mmbor flows; subsequently we
consider the effects of bhe devaiations from perfect gas theory which
ocour when strong shock waves are generateds TFanally, some calculations
of the flow durations occurring in hypersonic shock tubes ere presented
in tobular and grophical forme It s fourd that the anfluence of the
gaseous imperfoetions dis such that the flow durations are roducod; this
reduction 18 of the arder of 5% for very strong shock comditions,

2« fypersonie Shock Tube Plow

2.1 The Production of Very Strong Shock Waves

Figet ia a daaprom of the flov petterns whaich occur in a simple
conventional shock tube and it 1llustralos the notation uscd bolow and
listed in the Appendix, The ultimate attoinable pressure ratio,

P = i%o/po, across the diaphroagm 18 of'ten governed by consideratrons of
chambor strength and the scnsitavaity of the optical system used in the
working cection and will not normally cxeccd 1043 but, regardlcss of

the preease value of ', the shock Mach numbor V4 and shock strength

ps raprdly approach limating valucs as P < «. On the basis of simple
theory (seco, lor example, Refl.6) these maximum values as P - o arc
given by

2y v=1
Psr""—" +“"‘""""’ ---oo-o(2.1)
Y+1 ¥+
Y+ ‘5
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and V+: — ane oc-c--o(goz)
Y"'"I 30

where the cuperscript * refcrs to quantities related to the gas
initially at the higher pressure ain thoe shock tubce Thus, if air at
room temperature (y=te) is used on both sidcs of the draphragm,

Pg > 42 opd V> 6 as P doo.

Clearly, Tor large V , ?30 must be as large as possihle;
hence the gas in the chomber mist have a lov molccular weight and
as high a tempcrature as practicsble. It 1s dengcrous to heat pure
hydrogen and the requirements of high tomperaturc, high pressure and
low molecular weight sre best achieved by (1))
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(1) heating helium
or (ii) cxploding a combustible mixture of oxygen and nydrogen

i the chamber. In cithor case, the molccular weight of the gas in the
chamber may be varicd by the addition of natrogen; hence, although the

tube operates at o fixed diaphragm pressure ratio P ~ thus enabling o
standard procedure to be followed = the shock Mach number V + 18 controllable.

With the above techniqucs, it is possible? to opcrate the
constent-volume™ combustion type shock tube with Bo/Bo$ 6°6; this
corresponds to ¥V, = 16 whon P = 10+, If the diaphragm is ruptured at
the instant the mixture 1a the chember is ignited =~ the so-galled
‘constant-pressure! process in which the shock preasure ratio pg is equal
to the diaphregm pressure ratis P - results? are obtained which indicate
that & becomes very large ond Rg/ag =» °4 Th this manncr it is
feasible to gencrate, in air, shock Mach mmbers V, 2 25 nnd shock
strengths pg2 700 with practicable pressure ratios ccross the diaphragm.
The thermodynemics and acrodynamics of combustion shock tubes will be
discussed in a latar paper.

Another mothod/*8 whereby the shook Mach mumber Vv, my
be increased is known as the double-ilaphragm stcop=~type shock tube and
18 iliustrated in Fig.2, If the area rasio f!l/A is very large or the
dicpliragm Dy docs not shatter under the impact, shock S+ undergoes
normel roflcction at diaphragm D, and lcaves the gas there at rest
at an increased temperaturc and pressurg. Subscquently when diaphragm
D2 is ruvptured, eltho.,}f\' mechanically (& = &) or automatically by the
impact of shock 8¢ (& >4), the cnswing flow produces a shock S3
whosc Mach number 1s greater than that of shock S4. We have noted thot
vhen the diaphragm pressure ratio P is very lorge, a large incresse
in P dozs not alter the attainable shock Mach number V, oppreciably.
However, couation (2.2) shows that Vi 1is very sensitive to chaonges
in the speed of sounrd ratio across the dinphragm %g/ag when P is
laI'SC-

For a given diaphragm pressure ratic P and a given initial
temporsture ratio Toff, the double-diaphregm technique essentislly
arcrifices pressurc ratio in favour of increased temperature ratio.

The reservoir, behind diophrogm D, has a pressure Do’ (€ Bo) and a
troperature T (> o); the ircrease of temperature has a much greater
cifect than the decrensc cf pressure and hence the shock Sz is stronger
than the shocx 84,

If 2 =4 and the shook 84 shatters the diaphr~gn Dy on
impact, a sample rarcfaction woave only will arisc. The full gain
obtsianbie from the double-diaphragm method will not then be rcaliscde

Experiments arc procecding! in the United States of America
to develop o diephragmlicess shock tube where strong shock vaves are
preduced by the direct discharge of high voltoge cleectrical wnergy
through the gas in the chamber.

2e2 The Production of verz high Mach Number Flows

In the above scetion we have considered the generation of very
strong shock waves; but the Mach mumber M of the flow behind a
shock does not increase without 1limit as the shock Mach mmber Vi is
inercased, Trom simplc shock tube theoryd , the relevant equations
connceting V, and M are:~
u
aO/

*he diaphroom is rupiured whon the combustion of the gases in the
chamber 1s carplotes
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Turther, we delane o strong shock vave as one vhich gonerates sup.rsome
flow e }u.nd 1t when 1t pvopsagotes anto car at veost;  that 1s, Tfor o
strong shock: viave, the shock Mach mumber Vo must be greator thon

2,07 = ceo cquaticn (2.5) waith N = 1,

Hyversonic Ulew (acfaned tn the presont sontoxt by M>5) may
bo g'cn;r,,t.,d in o shock tube 1f the suporsomec {low hohind o strong shock
wWove us expanded in o davergent nozzle. Hovever, the strongth of the
prirary siock vave will decrense during i pagssnge through the
dzvergont scetron - in an annlogous manner to the dseay of o cylindrienl
bi~art wave - and honee, to maintain flow eguilaibrium, o sccondary shock
wave of anereosiry strength is formed by the coalinuous daffraction of
the pramrry shock throvsh the diveegent chamnel.e In general, o sccondary
contact surioce or coutret rogron of cntropy grodients vill nlso be
formed 1n the difirncticn process; both this and the secondnry upsire:
facing shock wve will be swept dovnstream alter the primary downstresm-—
facing shock wrre, A region of ste~dy flow at high Moch mumber is
estoblished in the hypersome working scetion unizl the arrival o. the
pramary contact surfrce, Ultimatelv the strength of the seconlary shock
is such that it becomes stationary with respect to the wells of the
shoelr tube; 1t zs then ecuivalent to the starding shock observed in
underexpanded Clow in o nozzie.

2s  The Dur~tion cf Hypersonic Fiow in a Shock Tube

Y

3¢1 Ideal Shock Mube Flow

Figes 11lustrates those features discussed above of the flow
in the chunnel of o hypcersonxc shock tube; +the extent of the hypersonio
flow r.gion 1s shaded. Clearly the maxamum duration Ty of hypersonic
Tlow ocowrs ot the positiont xy ; hovever, we assume TieT  where
T 18 given by ,
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and vhers L o1s the length of the const'nt ~rca channel Tror the
duophragm D to the cntronce of the div-rgent nozzle. I+t should be
noted that the lengih o. the chamber mist be cuch thrt the reflected
head of the rarefoction wave docs not overt~ke the sramaryv contact
surfoee bet'ore the entronce to the nozzle section: -nd, further, the
lenpth of the 'hyverscnie! channel N mus® be chosen so thet the
retL.ctel shock wove {rom the end of the chennel does not interfere
v.ith the hypersonie flow region. Wor the latter consideration, when
V,>>1, the reflectea shoct velocitv tends to one third of the

cor: esponding inciient shock veloclty: hence we determine that the
length of the ‘hyrorsonic' chamnel H mst be greater than 2T,

That is, H> &UT tesesay (3-2)

where 1 we vraumory shock wave velocily srd 7 18 the durntion of
hyperson.c flow, The Jongth of' the ch.mber may be determined by
sb-ndad moh, onotetsd srzcamen crlcul-tions anazenise thah thas
dimencion 1o asu-clly less Ahexn 20 “uet. For strong shock waves

(v, >>1), sce aquation (2.6),

3
ua F U,
anvl hence, .rom ousionn (3.?), Ve have
L L
T = == =
5U Vo:
5 5V, %o

T we assume oy, = 1120 ©t/sec, the festing ture per foot of cannncl 1s
given approxinntely by

T 0.179
- = mil.zeeconds reavan (3.3)
L v

+

A more cccurate relation for the zderl tosting time may be obtained by
the use of equ-taon (2.3) rastand of (2.6): in this ceze

T 1 1 1
il oy I R
(RS v+- -+

Relotions (}.5) ol (5.&) ere plotted an Mip. for o range of values
of V,.

3¢2 The Affccts of the Non-Perfect Gas Paramecters: Variable

Speerlic He-t; Dissoczasion and Ionigeticn

The crfccts of varzable specific heat on shocks propagoted
1nto air at ~trioogheric temper- turcs and pressures have been considored
by Fecker, Purkh-_ it and Bothe rnd Toller. Their results are
summarised in Rof .9 and plotted, using shock tube notation, in Fig.b.
The shock chn. ~cteristics begin to deviate appreciably from adeal
theory “hen tho shock Mach numbor V,  excecas 4o Dissociotion and
1onisation become npprecanble vhen V. >8 and V, >11 respectively;
and they were laken anto account by Burkhardt in %he calculations
prescnted 1n Fag.5. e denote by ™, u*, 7, ¥¥ the volues of the
parametlers of stote beohand astrong snock weves when the effects of
gaseous Liperlicelions are prosent.

23 uxporirent~l Fcsults

Yoy obsorvationg of the flow behind very strong shock waves
hrve beon mede;  poeasuromentcs 20 flow Mach nunber M by Herizberg,
quoted by Dodge in Refet, we given in Table I for o range of valucs
of V_ ond Uor tuvo nbsolute channel pressures  Poe

3¢l Correlntion betucen Expeoiment and Theory

In the present secetion an ttempt is moade to correlate the
experumental resulis of Hertsberg with en cpproximaote non-perfect gas
theory. ror resl imperfect gases, equntion (3.1) must be replaced by
T

L



T 1 1
- = e - verveseeees (345)
L u* U

where the vanlue of u* is, as yet, undetermined. Suvpose the relntion
(243) holds for real saoes;  thoat is

u* 2 | 1
e I A vererannes (3.6)
By Y * l, v,
u’\‘ )""‘1
Then we my Wl‘ite s = ———— R EEE TR (30?)
1 VAER!

where ¥Y* 1s the cffective ¥ of the renl gos. TFurther, let

U—U* *EE A E P ren (5-63)

vhere the variztion of k with ¥V 18 given by Fig.3. Then, from (3.8)

u* Uk - 1) ~u
- = | e ———— seravhen s (3-9)
u ku
Equate (3.7) to (3.9), put ¥ = 1. and rut u = 30. [A good
approximetion only 1f V. > 10 - sec Section 5.1.] Hence we obtein
6k + 1
y* = e sssvsnwrye (3-10)
Ck = 1

The variation of ¥* ith T* end V, is shown by Fig.l, vhere
equation (3.10) is comp” red with st'mLtcrd dtab,

Vie may now compuve " apuroxiumete non~-iderl theorelical Mech
mrber Mp* of the quesi-~gtend;, ({low behind the shock wave.
ML

u* n¥ o yr
Now I* = M4 ey == il, —-J—--- sassinens (3.11)
1 as u Ny*T*
Y 1 yT
or, using (3.7) N crersnnes (3412)
y“«-_r.'i y"-’l#

where My wvalues are given in Teble I Tor srecitied V,, and
corresponding values of T*A' nad Y ¢ ore obteined from Figs. 5 ond 6,

The calculated values of flov Mach muber Mp* are comparcd
with the experimental values Mp in Toble I, i1t is clesr thut the values
are in fair agrecrment., However, two foclors, vhich are not tokeninto
account in the theoreticol analys:m will have a considerable elfect on
the experiment results, The growth of boundary layers on the walls of
the shock tube my b ¢ shown” to cause an accelerotion of the contact
gurface (velocity u) as it progresses down the tube; hence one might
expect that the observed” Mach number would be larger than the theoretical
value. Moreover, when the shock wave 1s very strong, considerable heat
trensfer must occur from the intensely hot gas behind the shock to the
cold walls of the shoc!- tube; this effect would chuse o smnller Mach
nurber M 1o be observed than predicted by theory. It might be expected
that for small V,_ the cccelerction elf:ct 1s nredominant; whilst for
large V, the heat trensfer crateria do of prame importence. [ Teble I
shows thot the voriation of 15 1o con-~astent with the above vemo rks.,)

+ At some dastance rom the diorlra, 1 section.
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Thus, if it ware possible to corrcet the MY values far the sbove

effects, we might find good agreement betwcen theory and experaments

245 Colculation of Approximate Non-Idecal Flow Dur~tion

Ve m~y now cvaluate (3.5) using the value of  defined
by (3.9); this should give an approxamotc upper limit for the flow
duration (see Section 3.1).

Uk - 1) +u
From (3.9) W = and hence, evaluatang
k
T k 1
(3+5) we obtain -z - N R RT)

v o]
L 2V, (k-1)+ 3, - ‘7+) v,
where Xk is defined by (3%.6) and is related to V, as shown in Fig.5.

Caleulnted £low durations trom equation (3413) are gaven in
Fig.y and compared with velues obt-ined from equations (3.3) and (5.14.).

4s Conclusions

The double-diaphragm, compustion-typce shock tube may be used
to generate shock Mach mmbcors Vg220; subscquently the flow behind
the shock may be exponded to yield a short duration hypersomic fiow with
2 stagnation tanper~turc cpproxamating to that of full-scale flight.

The influences of deviations from adenl gas theary, which ocour
when strong shock weves nre generatcd, arc considered and these are
shown to reduce appreciably the avail-ble testing tames; this reduction
is of the order of 50k for very strong shock conditions,

APPRNDIX/
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TABLE 1
Thook Flow Flow Mooh Mow
Mnsh Mach Nusbor Mo.oh
Nutber * Nutber Mg Numbex:
v, | (18eal) |__ A (Non~ideal
My : Chamel Frossure Goas
Po Po MT*
76 mm Hg : 7+6 mn Hg
rl#'l 3 e

L 1.5, 1-64 1 .6!+ —
5 . 1.66 4.80 1,80 1.7
6 ; /N 1,96 1.98 1.88
7 ; 1.78 2,10 2,16 1.97
8 i 1,80 202 2432 2.06
9 | 4,82 2,38 i 2.48 2,17
10+ 4,83 2,50 | 2.62 2.30
1 1.8, 2.6% , 2,76 2ed43
12 1.8, 2¢73 2.87 2.56
13 1.85 2,82 ‘ 2.98 272
14 1.86 2.H 3.06 2.88
15 1.87 2.98 Jeils . 307
16 1.87 2.0 3,20 ' 3.2
17 i 1.88 %408 Se2y . 3435
18 1.88 i 3412 3,28 3448
19 1.88 : 3e13 3430 3e59
20 189 |, 3eik 3432 3069
| 1.89 3e13 3432 378
22 1.89 3,12 3432 3485
23 1.89 b e 27 389
2{» 1.89 - I 3.17 3.91
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