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1« Introduction

The oonventional shock tube (Fig.t1) oonsists essentially of a
uniform tube divided initially by a diaphragm into two compartments
containing gases at different pressures, Vhen the diaphragm is ruptured
by means of a needle or an electric gpark, a normal shock wave moves into
the low~pressure part of the tube and an expension wave moves into the
high~pressure part. Between these two disturbances, there may be regions
in which the gas moves with uniform subsonic, sonic or supersonic speed
depending on the initial pressure ratio acroass the diaphragms The
duration of steady flow in these regions is limited to times of the
order of millisecoonds in tubes of reasonable length by reflections of the
shock and expansion waves from the ends of the tube.

Shock tubes have been used to investigate a wide range of
problems in fluid dynamics; for some of these they provide the only
convenient method of experiment end for others they are attractive beocause
of thelr reletive simplicity. For the examination of steady flow at high
lMaoh number the shock tube requires less power and is probably cheaper to
build than a wind tunnel of comparable size, but has the disedvantage
that the duration of steady flov is so short that it is difficult to make
observations.

The eguations describing the flow in o shock tube have been
given in several reports (Refs, 1~6), Hore we shall give only a brief
physiocal description of the flov and then pass on to consider some of the
problems which have been investigated by using shock tubes.

2 The Flow in a Shock Tube

The motion of the shocks and expansion waves in a shock tube is
conveniently described by reference to Fig.2 shere the time (%) that has
eclapsed since the diaphragm wes ruptured is plotted against the distance
(x) +that the wave has moved along the tube from the position originelly
cocoupited by the diaphragm. For simplioity we shall assuuwe that the same
gas was originally contained in the high~ and low~pressure compartments,
and that the temperatures in these compartments were initially equal.

¥hen the diaphregm is ruptured, a normal shock movcs along OA ;
ahead of this shock in region (1) the gas is at rest and behind it in
region (2) the gas moves with uniform velocity in the direction of the shook.
The gas in the high~pressure compartment cxpends when the diaphragn is
ruptured, and the expanaion is propagated in the form of a rarcfaction wave
of finite extert: The head OB of this wave travels with the speed of
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sound in the high-pressure conpartment. The gas is at rest in region (5)
shead of this wave; in region (L) it is accelerated in the direction of
notion of the shock wave, and acquires in region (3) downstream of the
tail OC of the rarefaction wave a uniform velocity egqual to that in
region (2) behind the shock. The tail OC of the rarefaction wave moves
with the speed of sound relative to the flow in region (3). If, therefore,
extends to the left (as showm in Fage2{a)) for subsonic flow in region (3),
and to the right (Fig.2(b)) for supersonic flow in this region.

Since the gas behind the shock wave OA has been compressed
vhile that behind the expansion OC hes expanded, the temperature in
region (2) is greater than in region (3). A discontinuity of tenperature
thus oocurs at a oontact surface OD (sometimes termed "the cold front")
which separates regions (2) end (3). 7The static pressures and velocities
in these regions are equal, and in each region the tenperature is uniform.
The tewperature discontinuity moves in the direction of the shock with a
velocity equal to that in regions (2) and (3), and there is no flow across
its

It is seen, therefore, that except in the expansion wave
(region (%)), the gas throughout the tube is either at rest or in uniform
notion in the direction of the shock wave, The atrength of the shock and
the Mach numbers ef the uniform flows in regions (2) snd (3) depend on the
initial pressure ratioc across the diaphragn., The Mach nunber of the {low
behind an isolated shock wave reaches a laniting velue for infinite shock
strength (static pressure ratio) vhich depends only on the ratio Y of
the speoific heats of the gas. For y = 1.40 +this liniting Mach number
1s 14894 In a shock tube the naximun gas velocity vwhich can be reached
in region (3) behind the terperature discontinuity is lover than that in
region (2) behind the shock because the terperature is lower. Since the
velocities must be equal on the two sides of the terperature
discontinuity a Zinit is thus inposed to the paxirmm shock strength and
the maxirtum Mach nusber behind the shocks For y = 1440 the ocalculated
values of these maxima are Lh.1L4 and 1,73 respectively. These values
cannot, houever, be reached in practice as they correspond to an infinite
initial pressure ratio across the diaphragne. Values for other initial
pressure ratios are given* in Table I, and 1t is seen that in practice
with ¥ = 1.0 the upper linits to the shock strength ond the Mach
nurber in region (2) arc probably of the order of 10 and 1.3 respectively.

Table I

Calculated Values of the Shock Strength and of the

Mach Numbers in the Regions of Uniform Flovs ¥ = 1.40
Initial Pressure| Shock Strength FNach Nunber in1Mach Nunber in Region (3)
Ratio Across |[(Stetic Pressure| Region (2) Behind Temperature
Diaphragn Ratio) Behind Shock Discontinuity
1,0 1.0 0 0
10438 2489 0.71 1400
11,38 L83 1.00 1480
100 6.40 115 2.1
200 780 1423 2.96
L00 .35 1,31 3460
600 10,30 1430 4,00
800 10.90 137 5«29
1000 11450 139 L4453
For/
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For a given initial pressure ratio the ilach number is greater
(see Table I) in region (3) behind the temperature discontinuity than in
region (2) behind the shock becsuse the termerature (and therefore the
speed of sound) is lower. In theory the Maoh number in region (3) can be
increased indefimitely by raising the imitial pressure ratio, but in
practice a 1imit® is imposed by the nexinun temperature fall that can be
tolerated before the effects of condensation become seriocus. Also since
the gas behind the teuperature discontinuity was originally contained
behind the diaphragm, it is not certain vhether the conditions are
sufficiently uniform for experimental purpopes becausec of the non-ideal
way in vhich the diaphragm bursts.

The uaximun Meoh nunber behind the shock (region (2)}) may be
increased?,7 by using & gas of low y in the tube, If for reasons of
sinilarity it is neceasary to produce the shock and the region of uniform
flow behind 2t (region (23’) in air, it is possible? to increase the
naximm shock strength and the maxinum liach number by using a light gas
such as hydrogen or helium in the high-pressure conpartment of the tube as
this increases the maximm velocity which may be reached behind the expansion
waves If air flow is requircd in the umiform region behind the terperature
discontinuity, the initiel pressure ratio can be reduced? by using hydrogen
or heliun in the low~pressure corpartnicnt. The uses of gases other than
alr in a shock tube is ocorparatively sizple because the quantity of gos
involved is small, and because the tube rmst in eny case be free of leaks.

It is clear from Fig.2 that in an infinitely long tube the
duration of steady flow in either region (2) or (3) can be incressed
indefinitely by uoving the position of the working section. In practice,
hovever, the naximua duration is linited by reflections from the ends of
the tube of the shoock and expansion waves.

If the high-pressure end is closed the expansion wave is
reflected as a second expansion wave, The head of this wave moves along
BF (Fige3). As far as the reflection from the high-pressure end is
concerned, therefore, the moxirmm duration +t3 pay ©of the flow behind
the terperature discontinuity occurs at the point X which for subsonic
flow coincides with the position originally occupied by thc diaphragm.
The maximum duration %o pax of the floi behind the shock occurs at
the point ¥ . If the high-pressure cpd is open, the reflection takes
the forn of a compression wove which tends to build up into a shock; this
travels more rapidly than the expansion wave vhich would be reflected
from aclosed end, and leads to a reduction of the duration of stcady flow.

If the lowpressurc end 1s closcd, the shock weve is reflected
as a shocks I it is open and the flow behind the incldent shock is
subsonic, the reflection is an cxpansion which travels back slong the
tube less rapidly than the shock reflected from a closed end, If the flow
behind the incident shock is sonic o supersonic no reflection passes
back along the tube from an open end>, Thus if the effects arising fron
reflection at the low~pressure cnd erc to be ninimized it is theoretically
best to leave the end opens This is, however, inconvenient in practice
because it is usually necessory to use sub-atmospherio pressure* in the
low-pressure copartment in order to achieve the required pressure ratio
vithout overloading the diaphragne Iiost shock tubes' are, therefore,
oonstructed ath both ends closeds
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attributes this to the fact that the rarefaction wave is nmore complex than
assuned in the thuory, espeoially for large initisl pressure ratios (D 300 ).

*This could, preswubly, be achieved wath on open cnded tube by attaching a
rclatively large airtight surge tank to the end of the tube.
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For a given position of the vorking section the duration of
steady flow nay be lindted by the passage through the working section of
the tail of the expansion wave, the terperature discontinuity, or the head
of the reflection fron either end of the tube, Vhaich of these disturbances
actually iaposes the linit depends on the initial pressure retio and on
the position of the working section along the tube. The theoretically
optimua position of the working sectlon can be calculated readily, but the
choice of position in a gractical shock tube is also influencedby the
following departuresh,7: from the conditions assumed in the theory.

Since the diaphragm bulges before being ruptured and does not disantugrate
instantaneously a plane shock wave 1s not forned at once. Experimental
evidence shows that the unifornity of the shock and of the flow behind it
inproves as the shock moves along the tube; for observations in the flow
behind the shock the minimun distance betueen the disphregm and the
working section shogld be from 10 to 20 tiies the grestest dimension of
the aross seotion?,®,7, The temperature discontinuity is in practice a
regron extending over = length vhich may be about 6".

In order that the position of the working section may be moved
so that it is near the optinun position for each set of initial condations
vhich ore to be used, it is usual to construct the shock tube of several
short interchangeable sections. ’

Most shock tubes are of uniform cross section over their vhole
length, but calculstion shows? that the initial pressure rotio across the
diaphragn can be reduced by using & larger cross section for the high-
pressure than for the low-pressure chauber, The reduction is not, however,
very large and it is not yet known hov rmch of 1% can be realized in
practice.

3»  Instrwentation

The techniques used for making observations in a shock tube are
rnore elaborate than those conmonly used in wind tunnels because the flows
are either unsteady or, if steady, of very short duration.

The time secale required for many of the measurements may be
provided by means of a drum careraZ,8,10,11 shich rotates at a constant
known speed and photographs the screen of a cathode-ray oseilloscope
connected to pressure pick-ups, or to "light soreens” (dee below), which
indicate the passage of a shock wave or other disturbance past a
poarticular point along the tube. As an alternmative to this nechanical
vethod, the tine bose 12y be EEOVided by clectrical methods involving
crystal~controlled oscrllator or eleotronic interval counters. With
such nethods the shock velocity can be measured very accurately (to
within 0,023),

The passage of the shock wave past a given point along the
tube is conveniently indioated by s "light secreen"Z,4,7, This is in
effect a niniasture schlieren systenm vhich esctuates a photo-multiplier
valve. The apparatus is set up so that vhen the density in the tube is
unaiform all light is cut off by a knife edge, When a shock wave enters
the optical field the bean of light is deflected away from the knife edge
and an electrical signal is produced by the photo cells This signal
2y be used in taiming the nmotion of the shock, or it nay be fed through
an adustable delay circult and used to trigger a spark light-source
vhich photographs the flows in the regions of uniforn velocity which
follow the shock dovm the tube. An albernative method!2 depending on the
change of electric current througha glow discharge when the shock wave
passes has been used in casces tvhere the density in the tube is too low for
"1ight screens® %o be effective.

The/
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The tiuwe at which the diaphragn is ruptured may be indacated?
by projecting a beam of light along the axis of the tube fromn a source
at one end onto a photo cell at the other. VWhen the diaphragu is intact
the bean is interrupted, and a signal is produced by the photo cell when
the diaphragm is eliminsted.

Since the duration of flow is short, optical methods of
observation are widely used in shock tubes, 1The direct-shadow and
gschlieren nethods are useful for indicating the shape and position of
shock waves and other flow phenoiena, and the interferometer enables the
density to be neasured quentitetively., Apart from the synchronization
of the light source the arrangenent of these techniques is the sane as on
a wind tunnel.

The "wave-speed ceapera"!3,14,15 14 a useful instrument for
obtaining a continuous record of the motion in a shock tube. It consists
eggentially of a continucus-illwiinetion schlieren or direct-shadow
systen by which the flow is observed through a pair of long nerrow windows
running parallel to the axis of the shock tube, The schlieren image of
the flow 1s recorded by a drwn camera which produces, in effect, an
x,t diagran of the flow similar to those sketched in Figs. 2 and 3.

Pressure neasurements in a shock tube are difficult because of
the transient nature of the flow, but have been successfully attemptedl®
by using a piezo-~electric pick-up. The accuracy with which absolute
pressurescan be measurcd in this vay is not yet known, however, and it is
probable that the interferometer provides the best means of quantaitative
neasurenent in the flow fieid. Density neasurements have been madel? by
neasuring the corona current between the point of a wire and a co-axial
ring placed in the shock tube.

The instrurmentation may Le suaplified bg an aerodynanic nethod
of triggering and velocity measurenent describedlS by Hertzberg and
Kantrovitz.

La  Practioal Details

The cross~sectional shape of a shock tube depends largely on
the work for which it is to be uscd., Ixcept in specizl cases a rectangulor
shape is preferable to a circular one as it facilitates the use of the
gchlieren and interferometer techniques. The waxamua size of the croas
section is mainly deternined by the loads on the diaphragm which is
usually made of cellophane. If the tube is verg small, on the other hand,
the effects of viscosity may be appreciable?9,20 and 1t may slso be
difficult to moke optical observations. Sizes varying from about 3" diz.
to 18" x 4" have been built, and a size of about 7" x 2" appears to be
popular for o ge.eral=purpose shock tube,

The length of the shock tube depends on the work to be done and
on the time required before the flow is affected by reflections from the
ends of the tubes ILengths varying from a few inches to 50! have been
used, and a2 length of about 15' seems popular. It has already been
nentioned that the tube is usually constructed with several short
interchongeable lengths so thet the position of the working section and
cther components can be altered,

The tube mst be sufficiently rigid for the walls not to vibrate
under transient loading, and to withstand the pressures which are applied.
It should be free of leaks so that it can be evaouated or filled with gases
other than air. With alr as the working fluid, the usual practice is to
obtain the required initial pressure ratio by using atnospheric pressure in

the/
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the high~pressure compartment and evacuating the low-pressure compartment.
The internal surfaces of the tube should be smooth, and care should be
taken that discontinuities do not ooccur vhere the individual sections
JOin-

Models of aerofoils and other bodies placed in shock tubes must
be sufficiently strong to withstand the starting loads and the inpact
of fragments of the shattered diaphragm., In most cases, 1% is apparently
not difficult to obtain sufficient strength, but when the leading edge of
the model is sharp it is necessaryh to nake it of toughened steel to
proevent damage.

B The Uses of a Shock Tube

The shock tube is a highly versatile apparatus and has been used
to investigate 2 wide range of problers irn fluld dynamics. These include:~-

(1) The Growth, Structure and Motion of Shock Waves

The shock tube provides the most convenient means of investigating
these subgects which are of considerable fundsmental and theoretical
interest and have practical applications to, for example, Civil Defence
problems, Examples of the study of shock propagation and reflection are
described in Refa. 8, 21, 22 and 23, and examples of the refraction of
shock waves in Refs. 24 and 25, 7The diffraction of shock waves round
obstaocles has been investigated in Ref,26, and in Ref.27 photo-elastic
nethods were used to determine the astresses set up in the obstacle. Shock
tubes have been used!Cr11 extensively to calibrate blest-preasure gauges.
Problems of interaction?® may be studied by using the reflections from
the ends of the tube or by using two or more shock tubes in conjunction.

The study of the growth of shock waves is difficult in a
conventional shock tube because the disphragm bulges before bresking, and
does not break unifornly, but succesaful ftests have been made?? in a tube
in vhich the shock was produced by accelerating a relatively massive
piston. The thickness of shock waves has been exanined30 by en optical
nethod involving the measurement of the reflectivity of the shaock front.

Exanples of the use of shock tubes to study detonation processes
in corbustible gases are given in Refs. 13 and 15

(ii) The Study of Condensation Phenomena

The condensation of water vapour in rapadiy-expanded air has
been studied3! in a shock tube by using 2ir with accurately known hunidity
in the high~pressure coupartments Vhen the diaphragn was ruptured the
presence of condensed moisture was detected by an optical methed in vhich
the light scattered by water droplets was chbserved and recorded electronically.
In addition to their fundamental interest the results are of wvalue in the
design of supersonic wind tunnels,

(iii) Gos Behaviour at Very High Temperatures and Pressures

Tepperatures at which the effects of relaxation time and of
dissociotion and ionization moy be lmportant can be reached in a shock
tube. So far, little has been done on this application but some
prelininary experiments have been reported by Perry and Kantrowitz32 and by
Petschek33, TFPerry's apparstus (Firgl.l) consisted essentially of a 3" dismeter,
15" long shock tube fitted with a unit A shaped like a teardrop at the
low-pressure end. The plane shock wave formed when the diaphragn was
ruptured passed round the channel between the "teardrop" and the wall of the

tube/
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tube and formed a cylindrical shock vhich converged towards the axas.

There was 2 window ot the end of the tubc, and it was found that sufficient
luninosity wes produced near the ccntre of the converging shock to be
observed visually and photographed, Schlieren photographs of the shock
were taken by polishing the end of the "teardrop" so that light was
reflected back through the flow onto the knif'e edge of the schlieren
apparatuss For shocks in argon measurenents of the conductivity in the
region of the converging shock indicated the occurrence of ionization,

(iv) Steady Flows

As desoribed in section 2, there are %0 regions in the flow
in vhich the motion is steady, ond the use of these regions to examane the
flou past aerofoils and other bodies hos recently received considerable
attention®, Most of the observotions which have been reported2,l,6,3l
have been made in region (2) (seec Fig.2) behind the shock wave, and it
appears that the copdations here are in practice both uniform and steady.
With air as the working fluid the Mach number awvnilable in this region
nay be varied in practice fron zero to about 1.3. The Mach number behind
the temperature discontinuity on the other hand, can in theory be increased
indefinitely but the few observationshs 31330 which have been reported in
this region suggest that the flov is less uniforn thon benind the shocke.

Except at very high liach nwbers the Reynolds nurbers of tests
at a particular Mach nunber behind the terperature discontinuity are of
the same order as those obtained in a wind tunnel with intake conditions
gimilar to those in the high-pressure corpartuent of the shock tube.

The Reynolds numbers of tests behind the shock vave are considerably
lowert,

Water vapour present in the air is unlikely to eondense in
the flow behind the shock because the texperature is high (see also below).
Except at very high Mach nurber the possibility of condensetion behind
the temperature discontinuity is sainiler to that in a wind tunnel operating
with intoke conditions equael to those in the high-pressure compartment of
the shock tube. It is, however, easler to dry the air in a shock ftube then
in a wand tunnel because the gquantity of eir involved is smaller.

It has been reported34:36 that choking at free-stream Mach numbers
close to unity does not occur when o model is placed in & shock tube and
that tests may, therefore, be made at transonic speeds, Further vork
appears, however, to be necesaory before the utility of tests of this kind
can be assessed particularly as the difficulties of preventing shock
waves reflected from the walls fron straking the nodel are probably similar
to those in a wind tunnel.

2 The linitation fo the Mach number ihich can_be _reached in air
behind the shook wave has been overcome by Hertzberg37!58 by placing a
diverging nozzle upstream of the worliinz section of a shock tube, When

the flow is supersonic behand the shock wave reflected waves are
continuously formed as the shock travels through the divergent nozzle and
these ocoalesoe to form a secondary shock wave, VWhen the gtrength of the
main shock wave is correctly chosen this secondary shock is swept

downstrean and, after its passage, steady {low is established in the working
section., The Mach nuiber of this {low depends on the entry Mach number

and on the area ratio of the nozzle. Using this arrangenent Hertzberg

produced/
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*por a detailed theoretical study sece Refs. 2 and 3.

*For example with M = 1 =nd stmospheric initial conditions in the high-
pressure compartment, the Reynolds number per foot behipd the cold front is
T2 % 106 whilst {thet behind the shock -.ave is 0,4 x 103

L
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produced a Mach number of 4.2 in air and he suggests that considerably
higher values are possible., Since the terperature bchind the shock is
relatively high, the teohnique has the advantage that difficulties
associated wath the liquefaction of fhe working fluid are less severe
than in & vind tunnel.

In addition to observations in steady flow it is possible in a
shock tube %o examine the development of a flow accelerated rapidly from
rest, Some preliminary observations of the development of the laminar
boundary layer in the region behind the shock wave are described”’” by
LObbl
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