J. Fluid Mech. (1979), vol. 95, part 2, pp. 279-304 279
Printed in Great Britain

An experimental study of liquefaction shock waves

By GEORG DETTLEFF, PHILIP A. THOMPSON,¥}
GERD E. A. MEIER AND HANS-DIETER SPECKMANN

Max-Planck-Institut fiir Strémungsforschung, D 3400 Gottingen
(Received 12 September 1978 and in revised form 19 December 1978)

The existence of a liquefaction shock wave, a compression shock which converts
vapour into liquid, has recently been predicted on physical grounds. The liquefaction
shock was experimentally produced as the reflected shock at the closed end of a shock
tube. Measurements of pressure, temperature, index of refraction and shock velocity
confirm the existence of the shock and its general conformity to classical Rankine—
Hugoniot conditions, with a discrepancy ~ 10°C between measured and predicted
liquid temperatures. Photographic observations confirmed the existence of a clear
liquid phase and revealed the (unanticipated) presence of small two-phase torus-form
rings. These rings are interpreted as vortices and are formed in or near the shockfront
(~ 50 rings/mm? are visible near the shockfront at any given time). Separate experi-
ments with the incident shock under conditions of partial liquefaction produced a fog
behind the shock: measurements of laser-beam attenuation yielded the thickness of the
condensation zone and estimates of the droplet size (~ 10-7m).

1. Introduction

A liquefaction shock wave is a compression discontinuity for which the upstream
state is vapour and the downstream state is liquid. Viewed macroscopically, the shock-
front is also a surface of phase discontinuity.

The liquefaction shock is thus a new phenomenon, quite distinct from the well-
known condensation of vapour in an expanding flow, for example in a supersonic
nozzle (Wegener & Wu 1976; Blythe & Shih 1976, among many others): this form of
rapid condensation is invariably associated with a supersaturated state achieved by
adiabatic expansion. Under certain conditions it leads to development of a recom-
pression shock wave sometimes called a ‘condensation shock’. In order to distin-
guish clearly the subject of this paper from suchshock waves, we have chosen the distinct
name ‘liquefaction shock’. Unfortunately, the name ‘complete condensation shock’
was used in the title of the work of Thompson & Sullivan (1975), which describes the
elementary theory for the liquefaction shock.

“The definition for a liquefaction shock given above implies the complete liquefaction
of a superheated vapour, i.e. a complete transition from gas to liquid across the shock.
Depending on experimental conditions, it is of course possible that either the upstream
state or the downstream state, or both, consist of a mixture of both phases. In the
experiments reported here, all combinations of state have been found: the emphasis
is, however, on the complete liquefaction shock, and to a lesser extent on the partial
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FIeUurg 1. Temperature—entropy diagrams for regular and retrograde substances. (a) Regular
substance (water); (b) retrograde substance (normal octane). An isentropic compression cor-
responds to a vertical path with increasing temperature; an isentropic expansion corresponds
to a vertical path with decreasing temperature. The liquid, mixture and vapour regions are
designated by L, M and V respectively. C.P. designates the critical point. (Redrawn from
Thompson & Sullivan 1975.)

liquefaction shock for which the downstream fluid is a mixture of liquid droplets and
gas, i.e. a fog. In the majority of the experiments, the upstream fluid was a dry vapour.

The phystcal basts for the liquefaction shock. This can be easily understood, thinking
of the shock process as a roughly adiabatic compression. Such a compression will, if
carried far enough, inevitably lead to liquefaction of the gas, provided that the gas
temperature shows only a modest increase. This will indeed be the case if the gas
molecules have a large number of vibrational degrees of freedom (i.e. the gas has a large
molar heat capacity) so that the work of compression can be stored as internal energy
in the gas with only a correspondingly-small temperature rise. It is instructive in this
connexion to think of an isentropic compression in a perfect gas for which 7' ~ P¥-27:
as y-> 1, T -> constant. After the onset of liquefaction, similar arguments apply to the
storage of the latent heat released by condensation, i.e. the temperature rise will again
be small if the molar heat capacity is large.

The detailed calculations of Thompson & Sullivan (1975) yield minimum values for
the heat capacity which allow liquefaction. These are conveniently expressed in terms
of a standard heat capacity ¢, = ¢)(7,)/R, the normalized ideal-gas heat capacity
evaluated at the critical temperature for the substance of interest. Partial shock
liquefaction is possible for &, > 11-2 and complete shock liquefaction is possible for
&, > 24-1: the former value happens to correspond to sulphur hexafluoride SF¢ and the
latter value corresponds roughly to hexane C;H,,.

Substances with ¢, < 11-2, for which isentropic condensation of the vapour is only
possible in an expansion process, are referred to as regular: an example is water
H,O0 (¢,= 3-5). Substances with &, > 11-2, for which isentropic condensation of the
vapour is possible in a compression process, are referred to as retrograde: an example is
normal octane CgH,, (¢, = 36-8). Regular and retrograde behaviour are illustrated in
figure 1. It should be remarked that the establishment of a limiting value ¢, = 11-2 for
retrograde behaviour, and of similar limits, is based on the assumption of a particular
kind of corresponding-states thermodynamic behaviour, and therefore represents an
approximation. The corresponding-states model used is explicitly described by
Thompson & Becker (1979).

Virtually all previous spontaneous condensation experiments of which we are aware
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have involved states of supersaturation reached in an expansion process, using regular
fluids (mainly water) or, occasionally, slightly retrograde fluids (such as benzene), but
in such a way that the retrograde property was not relevant. These experiments extend
back at least to the time of Wilson (1897a, b): a useful summary for water is given by
Wegener (1969).

In view of this extensive experience, devoted exclusively to expansion condensation,
it is perhaps not surprising that the intuitively plausible possibility of compression
condensation is dismissed outright or regarded with scepticism. Landau & Lifshitz
(1959) make the following comment about the possibility of a liquefaction shock wave:

It should be emphasized that condensation discontinuities are a distinet physical

phenomenon, and do not result from the compression of gas in an ordinary shock

wave; the latter effect cannot lead to condensation, since the increase of pressure in
the shock wave has less effect on the degree of supersaturation than the increase of
temperature. ..
This argument corresponds to the physical basis discussed in the preceding, but is
incomplete, leading to an incorrect conclusion.

Previous investigations. Saltanov, Tsiklauri & Shanin (1970) reported experimental
results on the shock compression of a very wet liquid-vapour mixture (water), with
condensation of the vapour fraction (~ 109,). In an experiment carried out at the
California Institute of Technology, Sturtevant (1970) found scattering of laser light
on the downstream side of a shock in Freon 113 (¢, = 17-4), indicating the presence of
condensate droplets. Dettleff, Thompson & Meier (1976) gave an account of prelimi-
nary experiments indicating the existence of liquefaction shock waves.

Among the several studies of particulate condensation in supersaturated metal
vapours, that of Homer (1971) isremarkable in that he apparently found condensation
of lead immediately behind a shock wave. The lead vapour was produced by pyrolysis
of tetramethyl-lead highly diluted in argon.

Aim of the experimental study. The experiments reported here had three main
objectives: first, the establishment of the existence of the liquefaction shock; second,
the determination of the extent to which the shock transition agrees with the predic-
tions of classical shock-discontinuity theory (i.e. the Rankine—Hugoniot equations) as
described by Thompson & Sullivan (1975), third, to observe whatever phenomenas
might arise in the shock process.

To a considerable extent these objectives may be regarded as having been met, the
first one in particular. It will be seen, however, that questions of interest remain.

2. Experimental arrangement

The experiments were carried out in a cylindrical shock tube. Following the sugges-
tion of Thompson & Sullivan (1975) the experiment was arranged to produce the
liquefaction shock as the reflected shock from the closed end of the shock tube test
section, as shown in the hypothetical z, ¢ wave diagram in figure 2. Because the
density in the liquid state (2) is large, the reflected liquefaction shock travels slowly
away from the end wall, reaching a maximum distance ~ 2 cm from the end wall.
Under these conditions, experimental observation of the shock is convenient.

Many experimental details not given here can be found in the work of Dettleff
(1978) and of Speckmann (1978).
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Ficure 2. Hypothetical z, ¢ wave diagram for the shock-tube flow. The closed end of the test
section is at the right. Arabic numerals designate fluid states. Other designations: I, incident
shock; R, reflected (liquefaction) shock; CS, contact surface; D, driver gas initial state. Not to
scale.
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Fieure 3. Observation section of the shock tube. The designations 7'1 to 713 refer
to the transducer locations. Dimensions in mm.

Shock tube. The driver section is 2:50 m long, the test section 2-426 m long. The shock
tube is made of brass, with a wall thickness of 5 mm and internal diameter of 80 mm.
In order to allow stable initial temperatures up to 7}, = 160 °C, the shock tube was
surrounded with electrical resistance heating wire and covered with flexible asbestos
foam insulation with a total thickness ~ 60 mm.

The diaphragm material was Dupont ‘Capton’ polyamide, in various thicknesses
and combinations in the range 25-300 um. Diaphragm burst could be initiated by an
arrowhead plunger mounted on the driver-section side of the diaphragm; this plunger
was released by an electrical signal.

Most of the measuring sensors are mounted in the observation section, which forms the
final 300 mm length of the shock tube, as shown in figure 3. Almost all of the shock
measurements, on both partial and complete liquefaction shocks, were carried out
here. Two distinct window arrangements are available for optical measurements and
photography: narrow side windows 12 x 180 mm permit a transverse view through the
observation section, and a large circular end window, with inner frame diameter 70
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Formula Name M T, (°C) T, (°C) P, (bar) €y pi(g/cm?)t
CoFis PP3 400 102 2415 19-2 53-9 1-84
CuFy PP9 512 160 3134 16-9 734 1-98
— FC40 650 150 277-0 14-8 90-0 1-87

T p; is the saturated-liquid density at 20 °C.
TABLE 1. Test fluids.

mm (in a few experiments, 50 mm) can be mounted as shown in figure 3 (b) to replace
the metal end plate (with this window in place, the test section length is reduced to
2-360 m). The transducer mounting locations 7'1 to 7713 can be used for pressure
transducers, temperature probes, or other devices.

Test fluids. Three different retrograde substances, all fluorocarbons, were used in the
experiments: CgF',, (ISC Ltd designation PP3), C;,F,, (ISC Ltd designation PP9) and
a substance of unknown chemical composition, but described by the manufacturer as
similar to (CFg),N (MMM Co. designation F(C40). The two ISC substances PP3 and
PP9 are cyclic compounds, perfluoro-dimethylcyclohexane and perfluoro-methyl-
decalin, respectively. Properties as given by the manufacturers are summarized in
table 1.

The advantage of using fluorinated substances is that they do not present any health
hazards and are not flammable; the disadvantage is their relatively high cost. With
reasonable precautions, there would be no difficulty in using hydrocarbons such as, say,
normal decane C,,H,,, nor is there any reason to expect that the experimental results
would be significantly different.

The majority of the experiments reported here were performed with PP3. None of
the test substances was of high purity. PP3 and PP9 consisted of ~ 90 9, of the nominal
compounds, the remainder being mainly related compounds with one carbon atom
more or less; virtually no hydrocarbons were present. No information was available
on the purity of FC40; there are indications (e.g. the vapour pressure) that it was low.
No attempt was made to improve the purity, by freezing or otherwise. Each sample
was degassed before use, by heating under intermittent exposure to vacuum.

Experimental procedure. The shock tube was kept continuously heated in order to
hold the steady initial temperature 7. After mounting the diaphragm, the test section
was evacuated to a pressure less than 10~2 torr. The desired quantity of degassed test
fluid was drawn into an evacuated sample bottle and weighed on a balance: the test
fluid was then drawn into the evacuated test section. Because the last portion of liquid
drawn into the test section could not be visually observed, it was not certain that all of
the measured mass m, went into the tube. The initial state (0) was therefore based on
the pressure F,, measured with a Kistler 7261 quartz piezoelectric transducer (decay
time ~ 30 min), and on the temperature 7}, measured with the temperature-control
thermocouplesin the tube walland with an independent miniature thermocouple inside
the tube; the measured pressure F, was found in every case to be consistent with that
calculated from the equation of state for By = Py(Ty, m,/V), where V is the volume of
the test section.

After the filling was complete and the triggering, measuring and recording devices
had been prepared, the driver section was pressurized with nitrogen driver gas from a
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mg, Py, Ty initial-state properties
P(t), T(t) static pressure and temperature

1) transmitted-light intensity in state (1)
i, Ve velocity of incident and reflected shocks
n index of refraction in state (2)

TaBLE 2. Measured properties.
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Ficure 4. End-plate measuring elements. (a, d) Iron—-constantan thermocouples. (¢} Iron-—
constantan thermocouple for the measurement of the reflected-shock velocity V.

storage bottle. Diaphragm burst was effected in some experiments simply by con-
tinuously increasing the pressure P, until the diaphragm burst spontaneously, in the
other experiments by piercing the diaphragm with the spring-loaded arrowhead
plunger. Following the diaphragm burst, the experimental events of interest were
complete and recorded within about 10 ms. About three experimental runs (shots) per
hour could be achieved.

Measured properties. Measured experimental variables are shown in table 2, all but
the initial-state properties being measured in the observation section. Not all of the
properties in table 2 were measured in any given run.

Transient pressures were measured by Kistler quartz piezoelectric transducers
type 603B, membrane diameter 3-5 mm; Vibro-Meter type TA-3C charge amplifiers
converted the piezoelectric charge to an output voltage signal. Transient temperatures
were measured at transducer positions T12 and T13 with iron—constantan thermo-
couple elements designed to produce the fastest possible temperature response con-
sistent with a lifetime of at least several shots. A proven element is shown in figure
4 (a), an earlier version in figure 4 (). Both designs used wires tapered by etching until
the small-end diameter was about 10 gm. The two ends were then welded together by
means of a current pulse to form the thermocouple. The response time of the elements
was more than 2 ms in air (P ~ 5 bar) and about 0-1 ms in the test liquids.

The transmitted-light intensity I(¢) behind the incident shock wave was measured
at the transducer position 7'1. The beam from a helium-neon laser (A = 533 nm, beam
diameter 0-6-0-7 mm) was directed through the narrow side windows, perpendicular
to the axis of the shock tube, onto a 2 mm diameter photodiode.

The velocity V; of the incident shock wave was determined from the P(t) signals from
positions 7't and T'3, and checked from time to time with the signals from 7'1, T2, T'3
and T'13. The velocity ¥, of the reflected shock wave could not be determined by this
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Fi1GURE 5. Measurement of the index of refraction »n by the altered apparent length L
on the face of an immersed wedge. .

method because of the limited distance of travel and because of strong boundary-layer
interactions ahead of the shock. Consequently, a special probe built for the measure-
ment of ¥, was mounted at position 713 as shown in figure 4 (¢). Passage of the incident
and reflected shocks over the thermocouple layer at the end of this probe produced
successive jumps in its output signal. Comparing the time of these jumps with the time
at reflexion, as indicated by the jump in the output signal of the pressure transducer
mounted at position 7'12, allowed the determination of the velocity ¥, (and, with
considerably less accuracy, of ¥;).

The index of refraction » of the fluid in state (2) was measured photographically
according to the altered apparent length of an immersed object, as shown schemati-
cally in figure 5. The value of n follows from the elementary formula

n?—1 = (a®—1)cos? ¢, (1)

where a = L,/L,. This measurement was made in relatively few experiments.

All of the time-dependent variable output signals (P,7T,I) were stored in four
transient recorders Datalab type DL 905, each recorder having a 28 x 210-bit y—¢
capacity. The recorder y(t) data were then plotted via an analog-digital converter with
a y, t plotter. Certain data were displayed on a storage oscilloscope.

Photographic apparatus. Various forms of photography were used in the observation
section. Photographs were mainly conventional, the visibility of the image depending
on the presence of phase boundaries, as in the case of liquid droplets in a gas.

Rolleiflex SL 66 cameras with 6 x 6 cm film format were used for individual pictures.
In a few experiments two cameras were arranged to make stereoscopic pictures. In
every case, two General Radio Strobotac flash lamps were used for illumination, the
flash being triggered through a variable time delay from a pressure transducer at
T1, T2 or T3. The time of flash exposure was registered in a transient recorder from a
photodiode signal.

Motion pictures were made with a Fastax 16 mm camera (maximum framing rate
~ 8500s~1) and two Variolux light sources. Synchronization between camera and
experiment was provided by initiating the plunger-actuated diaphragm burst from a
camera output signal which was automatically triggered after the camera start.

In all the photographic and optical observations, insulating covers remained over the
windows until about 30 s before diaphragm burst.
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3. Thermodynamic model

The property calculations used for comparison with and conversion of experimental
data are based on the ‘BWR 44’ equation of state (denoting a Benedict—Webb-Rubin
equation with 44 constants) of Yamada (1973) and were checked in some cases using
the virial-type equation of Hobbs (1976). The calculation of property jumps across a
shock flow from conventional shock theory with assumed equilibrium states upstream
and downstream of the shock (in certain cases, with assumed metastable states, i.e.
supersaturated vapour) was performed as described by Thompson & Sullivan.

In view of the stated aim to establish the existence of liquefaction, it is well to keep
in mind what a ‘liquid’ is. According to the conventional thermodynamic definition, a
liquid is the disordered homogeneous phase which exists at temperatures less than the
critical and densities greater than the critical:

T<T, p=p.

These conditions will be satisfied for a homogeneous phase if the pressure exceeds the

saturation pressure P,(7'):
T<T, P>PFWT).

The critical properties P, p, and 7, of the experimental substance serve as essential
reference points for these conditions and will be indicated in the figures showing experi-
mental results.

4. Experimental results for partial liquefaction shocks

Condensation behind the incident shock I was studied. In these experiments, the
upstream state (0) consisted of superheated gas and the equilibrium downstream state
(1) varied from superheated gas to a gas-liquid mixture, with a maximum of 109,
moisture. The extent of liquefaction was thus minimal, with an expected downstream
state consisting of liquid droplets in gas. The test substance was PP3 in every case: the
three diffcrent sets of initial conditions used are shown in the first three rows of table 4.

In order to get some idea of the uniformity of the incident shock behaviour, its
position was recorded as a function of time at four different pressure-transducer
locations. The average shock Mach number was determined for each pair of transducer
locations, based on the difference in arrival time: the result is shown in figure 6. At the
highest Mach number shown, spontaneous condensation was observed in state (1)
behind the incident shock.

The effect of increasing the Mach number M; of the incident shock is to bring the
shocked state (1) nearer to the saturation boundary and then into the mixture region,
where spontaneous condensation is to be expected. Before a saturated state (1) is
reached, however, condensation is observed in the boundary layer in the form of a thin
layer of fog near the wall. Considering that the wall temperature remains close to the
initial temperature 7T, throughout the experiment, the layer of fluid immediately
adjacent to the wall undergoes nearly isothermal compression and thus, with increas-
ing M;, reaches saturation well before the bulk fluid in state (1): this situation is
shown diagrammatically in figure 7 (a). The thickness of the fog layer was measured by
directing and flashing a collimated light beam at location 7'1 through one of the side
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Ficure 6. Incident-shock Mach number M, as a function of distance L — =z from the test-section
end wall. Initial state: Ty = 130 °C, P, = 0-67 bar.

windows. A bright column was formed by scattering where the beam passed through
the fog layer: the height % of the column was then measured photographically through
the rear window. By flashing the light source with a measured delay from the time of
arrival of the incident shock, and making use of the measured shock velocity, the
distance d behind the shock corresponding to the measured height % could be deter-
mined. Results are shown in figure 7 ().

The thickness § of the momentum boundary layer has been estimated for comparison
with the thickness % of the fog layer. The Reynolds number du, /v reaches a value of
108 at a distance d ~ 3 mm behind the shock: the boundary layer can thus be con-
sidered turbulent over its length for this purpose. The expression of Mirels (1971) is

8 ~ dt(v,,/uy)t, (2)

where v, = p,,/p,, 18 the kinematic viscosity at the wall conditions (P, 7}) behind the
shock and u, is the bulk fluid velocity behind the shock. The value of 8(d) from (2) is
plotted in figure 7 (b) for the case M; = 2-4. Because this value increases with decreasing
Mach number, the predicted ¢ is greater for the case M, = 2-2, that is, the fog layer is
much thinner than the boundary layer. Bearing in mind that the thermal boundary
layer is necessarily similar to the momentum boundary layer, this would be expected,
since the bulk fluid is well above the saturation temperature in this case. These results
appear to be consistent with the light-extinction measurements discussed below.
Laight transmission measurements and the onset of spontaneous condensation. As des-
cribed in §2, measurements of the transmitted light intensity I(t) behind the incident
shock were made for a laser-light beam traversing the shock tube. A sample I(t) trace,
with the corresponding pressure records, is shown in figure 8. The sudden dip in
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Figure 7. Formation of a boundary fog layer. {(a) Temperature—volume diagram illustrating a
supersaturated state (1w) at the wall with a superheated state (1) behind the incident shock.
Heavy line is the shock adiabat, light line the isothermn 7' = 7', dashed line the isobar P = P,.
(b) Thickness % of the layer as a function of the distance d behind the incident shock,
T, = 130 °C, P = 0-67 bar. Solid lines are drawn through the measured data points for the fog
layer; the dashed line shows the estimated boundary-layer thickness for M; = 2-4 as described
in the text.

intensity at the time of arrival of the shock can be interpreted as a deflexion of thelight
beam by the shockfront; the following overshoot in intensity can be interpreted as an
increase in the transmission coefficient at the glass—fluid boundary due to the increase
in the index of refraction in the fluid across the shock. All of the measured intensities,
when plotted semilogarithmically against time, yielded approximately straight
lines, with the corresponding form for I(¢)

I/I, = e*t. (3)

The value of the decay constant £ is plotted against M, for the three different initial
states in figure 9. The initial straight-line segment in each of the #(4f;) curves, starting
from £ = 0, is interpreted as light attenuation (scattering) due exclusively to the
boundary fog layer, consistent with the already-mentioned optical observations of that
layer. The discontinuity in the slope of §(M;) is interpreted as the onset of spontaneous
condensation in the core flow. For comparison, the vertical lines in figure 9 show the
predicted Mach number M, for the onset of condensation from the thermodynamic
model described in §3.
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F1ourE 8. Measured transmitted light intensity I and pressure P ahead of and behind the inci-
dent shock as functions of time. Initial state: Ty = 130 °C, F, = 0-67 bar. Shock Mach number
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N x 107
My px (kg m~9) % 7 x 10%(m) (ma~?) A (mm)
2:5 1-63 2-7 81 6-3 20
2-6 3-26 5-0 87 10-5 10
2-7 5-57 7-9 9-2 15-1 5

TABLE 3

Estimates of the condensation history behind the incident shock. Based on the idea that
the decay constant £ in (3) can be expressed as the sum B+ fBer of a boundary-layer
and a core-flow contribution, Speckmann (1978) has estimated the droplet size behind
the shock. The model implied by (3) is that of an attenuation coefficient & which in-
creases from zero linearly with time, without ever reaching an upper limit: in conjunc-
tion with an assumed Rayleigh light-scattering model (see e.g. Born 1972; Kerker
1969), valid for A > r, this yields for the droplet number density N and droplet radius r,

Nr® = It (4)

where the constant of proportionality ¥ depends on the value f determined from
figure 9. Equation (4) is clearly incorrect for large times, since it predicts that the mass
density of condensate p, ~ N3 grows without limit. This corresponds to the absence of
a finite lower bound for I(t) in (3), reflecting the inability to measure small light inten-
sities with the measuring device employed. If, however, one assumes that (4) holds up
until some large time f; at which condensation is complete, with the density of conden-
sate p,, predicted by the thermodynamic model, then (4) together with mass conserva-
tion can be used to predict numerical values for N and r. Arbitrarily setting ¢, to 0-5 ms
yields the estimates shown in table 3, for an initial state {, = 130 °C and F, = 0-67 bar.
In table 3, the third column indicated the mass per cent of condensate in state (1). The
quantity A, intended as a crude measure of the thickness of the condensation zone,
shows the distance downstream of the shockfront at which the transmitted light
intensity has fallen to 10 %, of its maximum value. These results are in fair agreement
with detailed calculations of nucleation and droplet growth (M. Bratos 1978, private
communication).

Quite aside from the limitations of the measurements and models described, it
should be borne in mind that these estimates apply to the feeble end of the liquefaction
shock spectrum. It may be expected that the structure of a complete liquefaction shock
is qualitatively different.

5. Experimental results for complete liquefaction shocks

Complete liquefaction behind the reflected shock R was studied. In order to show the
transitions, with increasing Mach number M;, from a single-phase gas — gas shock to a
gas — mixture shock to a gas — liquid shock, measurements over a corresponding range
of ‘shock strength’ M, will be reported. The emphasis, however, is on the experimental
confirmation of the existence of a complete liquefaction shock, that is, a shock transi-
tion from superheated gas (1) to compressed liquid (2).

The various test fluids and the corresponding initial states used are shown in table 4.
More than 80 9%, of the runs were made with the substance PP3.
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Substance T, (°C) F, (bar) my, (8)
PP3 130 0-51 73
130 0-67 99
130 0-99 149
PP3 80 0-24 38
PP9 130 0-24 43
FC40 150 0-33 73

TaBLE 4. Fluids and initial states.

Py (bar) = 0-99

P, (bar)

0 1 | i
1-0 1-5 2:0 2-5 3-0
My

F1aurE 10. Pressure P, downstream of the incident shock and upstream of the reflected shock as a
function of incident-shock Mach number M; in PP3. Solid curves represent the calculations.
Transverse marks on the curve indicate the onset of spontaneous condensation in state (1).
Data: o , F, = 0-51 bar; (J, B, = 0:67 bar; O, P, = 0-99 bar.

For purposes of the liquefaction shock experiment, the incident shock should bring
the test gas to a slightly superheated (dry) state (1) in motion towards the shock-tube
end wall. Such a state is indicated in table 5, which shows a typical sequence of states
for the case of complete liquefaction: the properties shown for states (1, 2) are calculated
properties. A comparison of the measured pressures P, behind the incident shock with
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State P (bar) T(¢C) T, (°C) p(kgm=3) ¢(ms~!) u(ms?l) Mg

0 0-67 130 90 8-33 89-3 0

243
1 4.02 158 155 55-6 88-2 i85

2-19
2 24-0 229 — 1190 — 0

TasLE 5. Typical sequence of states (PP3).

5 bar

712
50°C

T13

AP AAANAA_ e AP fo0P

_[ Il bar

T1
‘ Il bar

T3

F1eURE 11. Pressure and temperature histories with complete liquefaction. The pressure P, and
temperature 7, are indicated by T12 and T13 respectively. T1 and T3 show the pressure out-
side of the liquefaction shock region. PP3, T, = 130 °C, P, = 0-67 bar, M; = 2-40.

the calculated values is shown in figure 10. For sufficiently large shock Mach
numbers M, the state (1) becomes wet, as discussed in §4 and shown in the figure.
The onset of condensation in state (1) is not manifested in the pressure measurements
themselves.

Directly measured properties. The pressure F, and temperature 7, were measured at
positions 712 and 7'13, respectively, in figure 3. Representative pressure-temperature
histories are shown in figures 11 and 12. The arrival of the incident shock at the end wall
is signalled by the abrupt rise in the signals 7712 and 7'13. There follows a plateau,
indicating the state (2) behind the reflected liquefaction shock: the length of this
pressure plateau corresponds approximately to the time duration of the liquefaction-
shock phenomenon. The arrival of the contact surface (and corresponding fall of the
inflowing momentum, because the density p; < p,)is then signalled by a rapid fallin the
pressure, temporarily interrupted at the saturation-pressure level.



An experimental study of liquefaction shock waves 293

P_r (TZ’

T12—

T13

Sms

Fiaure 12. Pressure and temperature histories with complete liquefaction. PP3, T, = 130 °C,
P, = 0-99 bar, M; = 1-95.

50 T T T

40 - o /[

P (bar) = 0-99 0-67 0-51

P, (bar)

FicURE 13. Pressure P, downstream of the liquefaction shock as a function of incident-shock
Mach number M; in PP3. Solid curves represent calculations, with transverse marks indicating
the calculated onset of condensation and of complete liquefaction. Data: A, F, = 0-24 bar; O,
P, = 0-51 bar; (3, Py, = 0-67 bar; O, P, = 0-99 bar.
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FicUre 14. Temperature T, downstream of the liquefaction shock as a function of incident-shock
Mach number M; in PP3. Solid curves represent calculations; the points of discontinuity in slope
represent the onset of condensation and of complete liquefaction. Transverse marks indicate
the onset of condensation in state (1), Data symbols are as in figure 13.

Large-amplitude oscillations in the pressure F, are observed. It is probable that the
oscillations in figure 11 are due to ringing of the observation section: a similar oscilla-
tion, which has nearly the same frequency and propagates away from the end wall
with a definite velocity, is seen in the signals 7'1 and 7'3 from the side-wall transducers.
The large-amplitude pressure peaks near the end of the liquefaction plateau seen in
figure 12 were characteristic of early experiments.

The measured pressures P, for all of the PP3 experiments are plotted as a function
of the incident-shock Mach number in figure 13. The pressures shown were determined
as the mean pressure of the plateau, discounting systematic peaks such as those at the
end of the plateau in figure 12.

The agreement between the measured and predicted pressures in figure 13 is
reasonably good, but there is no vivid indication of the onset of condensation and, at a
larger Mach number M;, of complete liquefaction. The measured temperatures 7}, are
more satisfactory in this respect, as shown in figure 14. For any given set of initial
conditions, each calculated curve has a distorted, angular S-form: the lower and upper
bars of the ‘S’ correspond to states (2) in the dry vapour and compressed liquid states,
respectively, and the steep diagonal corresponds to liquid-vapour mixture states. The
vertical separation AT between the upper and lower bars is a rough measure of the
latent heat L ~ c, AT. The sequence of experimental data points is geometrically
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Ficure 15. Pressure P, versus temperature 7, downstream of the liquefaction shoek in PP3,
Calculated results lie on the dashed vapour-pressure curve and on the solid lines. Data
symbols are as in figure 13.

Pressure

Temperature

2ms
Ficure 16. Output temperature signal from the thermocouple probe designed to measure the
reflected shock velocity Vg, with the simultaneous end-wall pressure signal used to establish the
time of arrival of the incident shock. PP3, F, = 0-67 bar, T, = 130 °C, M; = 1-78. The small
circle on the T trace indicates the arrival of the reflected liquefaction shock.
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Ficure 17. Reflected liquefaction shock velocity ¥, as a function of incident Mach number
M; in PP3. The solid curve shows the calculated result for P, = 0-67 bar, T, = 130 °C, with a
transverse mark indicating the onset of complete liquefaction. Data symbols are as in
figure 13.

similar to the calculated ‘S’ curve. The existence of complete liquefaction states along
the upper bar of the ‘S’ thus appears to be experimentally verified, but with a devia-
tion (~ 10 °C) from the predicted end temperature 7.

We cannot offer a definitive explanation for this deviation. It seems likely that it is
due mainly to inaccuracies in the (estimated) material properties of the test sub-
stance: the essential parameter L/c, depends on the slope of the vapour-pressure
curve and the volume change on evaporation (via the Clapeyron equation) and on the
heat capacity, all of which are inaccurately known. A further inaccuracy lies in the
equation of state, which is not accurate at high densities. It is, in any case, considered
unlikely that the large temperature deviation is attributable to measurement error or
to non-equilibrium effects.

The achievement of measured complete-liquefaction end states is indicated clearly
in figure 15. By definition, the compressed-liquid states lie above the vapour-pressure
curve and to the left of a vertical line 7' = T, = constant.

The velocity of the reflected liquefaction shock was measured with the probe already
described (figure 4c¢). A sample output trace from the probe is shown in figure 16. The
resulting velocities are shown in figure 17, and confirm the theoretical prediction fairly
well.

Index of refraction n, was measured behind the liquefaction shock as described
in §2.

Determination of the density p,. Indirect measurements of the density p, behind the
liquefaction shock were made in three (nearly) independent ways.
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Fioure 18. Liquid density p, as a function of incident shock Mach number M; in PP3. ], from
measured shock velocity, equation (5); O, from measured index of refraction, equation (6); A,
from equation of state with measured B,, T}; , theoretical prediction.

The first method uses the measured shock velocity V in conjunction with the con-
tinuity condition across the shock, which yields

pe = p1(uy [V +1), (5)

where p; and u, can be calculated from the measured properties M, F, and Tj,.
The second method uses the measured index of refraction n, in conjunction with the
Lorenz—Lorentz equation

ni—11

—_ - 6
s (6)

LL

The Lorenz-Lorentz parameter ky; is nearly constant for non-polar fluids, with
deviations of the order of one per cent (for an explicit treatment, see Olson 1975). To
this approximation, k;,;, can be taken as a material constant which can be found from a
simultaneous determination of the density p and refractive index n. For the test
substance PP3, the saturated-liquid density p = 1-840 g cm~3 at 20 °C with a corres-
ponding index of refraction 1-28 yields the value &y, = 38-14 cm® mol—? (this ‘average’
value was determined with the same Strobotac white-light flash source used in the
shock-tube experiments).

The third method uses the thermal equation of state to calculate p(F,, T;) from the
measured pressure and temperature.

The three distinct experimental determinations of density are compared with the

“theoretical curve in figure 18. The dispersion is very large, but all methods yield

density values within the liquid region.

Photographic observations. Using the equipment described in §2, conventional
photographs and motion-picture films were made through the circular end window.
The various lighting and camera arrangements are shown in figure 19.
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FiGure 19. Schematic diagrams of the various lighting/camera arrangements used for
photography. Ca designates the camera location.

The most important photographically observed results can be summarized as
follows:

(i) A clear phase, interpreted as a liquid, is observed in region (2).

(ii) Torus-form two-phase objects (rings) appear in region (2) and appear to be
formed within or immediately behind the liquefaction shock.

(iii) The shock-tube boundary-layer vorticity in the test gas becomes concentrated
in a large ring, interpreted as a vortex, surrounding region (2) at the end of the shock
tube. This corner vortex is the dominant visible structure in the shock—boundary-
layer interaction.

(iv) In the terminal phase of the liquefaction, a small ring (ii) is naturally selected
and grows rapidly on the shock-tube axis until it meets the growing corner vortex (iii).

(v} The region which includes the shockfront and the phase transition, roughly
designated as the shockfront, varies in appearance from smooth to rough and feathery,
depending on the substance and experimental conditions.

These results are described in more detail in the following. A sequence of motion-
picture frames, showing the entire liquefaction history, is shown in figure 20 (plates
1 and 2). Frame 1 corresponds to a time shortly before the arrival of the incident shock:
the absence of any backscattered light, i.e. of a visible fog, is characteristic of a dry or
supersaturated state (1). The incident shock is reflected between frames 1 and 2. Small
rings described in (ii) above can already be seen in frame 2: some are observed to grow
with time. The large corner vortex described in (iii} above can be seen in frame 5 and
becomes larger thereafter (note that the inside frame diameter of 70 mm is smaller than
the shock-tube inner diameter 80 mm). In frame 8 a ring near the shock-tube axis
has been selected and thereafter grows rapidly until it meets the corner vortex ring
(frames 8-11). In frame 12, liquid is no longer visible. The arrival of the contact-region
between driver gas and test gas is placed between frames 11 and 12, based on the
pressure record in figure 11.

In the following plates, t; designates the time after the arrival of the incident shock.
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The appearance of the small torus-form rings behind the liquefaction shock was
unexpected. There are several reasons for believing that these rings are, in fact, vortex
rings. This hypothesis is supported by the following qualitative arguments.

(i) The visual impression is that of a torus, rather than, for example, that of a
spheroidal ‘droplet’ or ‘bubble’. This impression is especially strong in the stereo-
scopic photographs.

(ii) Thering-vortex form with a visible two-phase core is consistent with the dynam-
ical pressure distribution in a ring vortex.

(iii) The observed flow patterns and inferred growth and decay of the rings are
similar to those found in ring-vortex experiments. In particular, a period of initial
growth and ring fusion followed by wave-form instability and subsequent decay is
observed.

These effects can be seen in figures 20-23. Figure 21 (plates 3 and 4) conveys a visual
impression of the rings under three different conditions of illumination. Figure 22
(plate 5) shows rings at an early and at a mature stage of development. The vortex
rings found in our experiments are believed to originate as small rings (d < 60 gm) in or
immediately behind the liquefaction shock, and to grow, fuse and then decay as they
move away from the shockfront, such that a few rings survive to full-grown maturity
(d ~ 4 mm). Vortex-ring growth was verified by multiple-exposure photography.
Many cases of apparent fusion, as described for ring vortices by Oshima & Osaka
(1975), can be seen in figure 22 (a); decay, including a few cases of apparent wave-form
instability, as described for example by Liess & Didden (1975) and by Maxworthy
(1977), can be seen in figure 22 (b).

Various photographs not reproduced here indicate that the creation of very small
rings in or near the shockfront is a process which continues throughout the lifetime of
the shock.

A rough estimate of the vortex-ring strength can be based on the idea that the visible
outer boundary of the ring is near the vapour pressure of the fluid in state (2), at least
in the early part of the life of the ring. Assuming steady inviscid flow external to this
boundary (i.e. outside the visible ring) yields for the tangential velocity u, at the
boundary

up ~ 2(By— Py) /s (7)
where P,,, can be estimated as the saturation pressure at 7. For the range of pressure
differences P, — P, from 2 to 32 bars (see e.g. figure 15), this yields values of u, in the
range from 20 to 80 m s~1; for a core diameter of 40 xm, the larger velocity yields a
vortex ring circulation ' ~ 10~2m?2s~1, somewhat greater than that of a smoker’s
smoke ring. The assumptions here are tenuous and this estimate should be used with
caution.

The three-dimensional arrangement of rings behind the shock can be seen in the
stereoscopic pictures in figure 23 (plate 6) (some individuals have the ability to view
these pictures as a single three-dimensional image, from a distance ~ 10 cm with the
eye relaxed; otherwise, some type of viewing device is necessary). The larger rings are
clearly seen to lie well above a background of small rings.

It was found that the ring objects could be artificially produced by cementing small
obstacles onto the inside surface of the end window. For example, a thin wire bent into
a V-form and fastened with the sharp vertex of the V pointing towads the diaphragm
of the shock tube produced repeatable rings centred on the vertex.
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Fi1cUre 25. Inferred structure of the shock—boundary-layer interaction régon
under conditions of complete liquefaction.

Three pictures of the shockfront under various experimental conditions are shown
in figure 24 (plates 7 and 8). The L-shaped template in figure 24 (a) was cemented to the
inside surface of the window, in order to gain a rough visual impression of the shock
‘surface’ by projecting a shadow onto it. The upper and lower arcs seen in figure
24 (b) are unexplained. In figure 24(c), the visible structure has become rough and
feathery, this effect tending to increase with increasing moisture content y in state (1),
upstream of the shockwave. The feathery ‘front’ in this case appears to run ahead of
the shockwave.

Shock-boundary-layer interaction region. The interaction of the shock-tube boundary
layer and the reflected liquefaction shock produce a complicated three-dimensional
flow. Interaction flows of this kind are already familiar for reflected shocks in gases,
where the thickness of the interaction region is found to increase with decreasing ratio
of specific heats vy, as discussed by Davies & Wilson (1968) and by Honda et al. (1975).
This behaviour can be associated with the large density jump across the shock (for
v —> 1) and is thus consistent with the enhanced interaction effects found in our experi-
ments.

A schematic reconstruction of the interaction flow is shown in figure 25. The main
liquefaction shock divides into two branches near the wall, forming the ‘A-shock’ or
‘bifurcation’. One oblique-shock branch extends far upstream. Vapour from region
(1) is compressed by this shock into a wedge-shape region as an opaque two-phase
mixture: the outflowing mixture is assumed to roll up into the corner vortex. As
pointed out by a reviewer, an outward radial flow would be consistent with the
presence of the corner vortex and its image in the end wall. The direction of any such
radial flow could not be established on the basis of the experiments, however. A re-
circulation region or ‘separation bubble’ lies upstream of the corner vortex, geometri-
cally consistent with the flow deflexion of the leading oblique shock.
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Ficure 27. Pressure histories near the shock-tube end wall during the liquefaction. PP3,
T, = 130 °C, P, = 0-67 bar, M; = 2-4. For transducer locations, see figures 3 and 25.

A photograph of the ring-shaped region referred to here as the corner vortex is
shown in figure 26 (plate 9). It is convenient to think of this vortex as the captive
counterpart of the well-known vortex ring expelled from the open end of a shock tube,
following an outgoing incident shock (Elder & de Haas 1952), which isin turn basically
similar to the ring produced by a conventional vortex generator (e.g. Maxworthy
1977).

The pressure distribution on the wall near the end of the observation section is non-
uniform, corresponding to the three-dimensional interaction flow. Pressure histories
are shown in figure 27. The approaching incident shock is first registered by transducer
trace T'4, which also shows the arrival of the upstream branch of the reflected shock.
The falling pressure following the arrival of the incident shock here is not observed in
the upstream transducer trace T'3 (see figure 11), but is observed at positions 7'5 and
T8. Interchanging the pressure transducers (with amplifiers), for example between
positions 7'3 and 7'5, did not alter this result. The pressure distribution near the end
wall is almost axially symmetric, as indicated by comparative traces from symmetri-
cally placed transducers (not shown). The traces from transducers 711 and 712 show
an approximately uniform pressure distribution in the neighbourhood of the shock-
tube axis, consistent with a one-dimensional flow model for this region. On the basis of
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continuity, however, a low-speed inward displacement of liquid would be expected
during the liquefaction phase, leading to a reflected-shock velocity V, somewhat
greater than that predicted by a one-dimensional model.

6. Concluding remarks

It appears that the liquefaction shock wave does exist in a form consistent with
classical shock-wave theory.

The variety of associated phenomena found in our experiments was not antici-
pated, nor has each one been thoroughly investigated. The existence of the small
shock-associated ring vortices, in particular, has been inferred rather than proven (in
fairness, it should be mentioned that an earlier identification of these objects as
‘bubbles’ met with little objection!).

Accepting the plausibility of this inference, one naturally seeks a mechanism for the
generation of the vortices in or behind the shockfront: is the liguefaction shock wave
perhaps unstable? Instabilities leading to non-uniform flows behind the discontinuity
have been observed in detonations (White 1961) and in ionizing shock waves (Meier &
Sandeman 1975; Glass & Liu 1978). A theoretical basis for instability in the present
case is not clear. The possibility of shock splitting, associated with the discontinuity in
slope of the isentrope at the saturated-vapour boundary and first suggested by Bethe
(1942), falls outside the range of the experiments reported here (see also Thompson &
Sullivan 1975), nor was it observed.

A simple physical argument given by Y. B. Zel’dovich suggests a basis for non-
uniform flow. The shock is not a true discontinuity and must have some small-scale
internal structure. There is, however, no continuous sequence of homogeneous thermo-
dynamic states connecting the equilibrium end state (1) and (2), as there would be for
gaseous argon, for example (the absence of a continuous sequence of states is associated
with the region of thermodynamic instability in which (0P/dv), > 0). Thus, states
(1) and (2) are connected by discontinuous states similar to dropwise condensation.

The resulting situation of large density differences in a region of strong pressure
gradient (deceleration) and condensation may well be unstable. Formation of a locally
dense region — effectively, a droplet — would lead to the formation of vortices under the
action of the shock pressure gradient, as predicted by the vorticity-growth equation

D w VP xV
ppylo) = (5.v)u-5F

where w = V x u is the vorticity and viscous terms are omitted for clarity. This is
qualitatively similar to the vortex formation observed when a liquid drop falls onto a
liquid free surface. A rough order-of-magnitude estimate from (8) of the resulting
vortex-ring circulation yields a result of the same order as that previously found from
velocity estimates. The vortex thus developed has a flow through its centre directed
towards the end wall: this sense of rotation is consistent with the amplification of an
initially small vortex near the shock-tube centre-line, induced by the flow field of the
corner vortex, as displayed so strikingly in figure 20. The entire question of shock
structure, possible droplet formation and vortex formation remains to be investigated.

; (8)
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theoretical calculations and to H.-G. Wagner for the donation of the original shock
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Ficore 20(a). For legend see plate 2.
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TicurE 20. Consecutive frames 1-14 from high-speed motion pictures. Initial state in PP3:
Ty = 130 °C, Py = 0-67 bar, M; = 2-4. Time interval between frames 0-137 ms. The irregular dark
region on the left side is a crack in the glass window. Arrangement B. Window frame diameter
70 mim.
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Fraure 21. Ring objects behind the liquefaction shock under various conditions of illumination.
PP3 with Ty = 130 °C, P, = 067 bar, M; = 2-4. (a) Lighting arrangement B, ¢ = 0-54 ms.
Window frame diameter 70 mm. (b) Lighting arrangement D, ¢z = 0-40 ms. Window framnc
diameter 50 mm. (¢) Arrangement C, t; = 0-26 ms. Reference line length 10 mm.
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Fi¢URE 21 (b, ¢). For legend sce plate 3.
DETTLEFF, THOMPSON, MEIER axp SPECKMANN



Journal of Fluid Mechanics, Vol. 95, part 2 Plate 5

Ficure 22, Ring objects at short and intermediate times after reflexion. PP3 with T, = 130 °C,

Ly = 0-67 bar; M; = 2-4. Arrangement B. (a) tp = 0-03 ms, referenee line length 5 min.
(b) ty, = 0-3 ms, reference line length 10 mm.
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fa)

Fraurr 24. Liquefaction front with various conditions. (a) PP3, Ty = 130 °C, P, = 0-99 bar,
M; = 2:05, equilibrium moisture y, = 159%. Lighting arrangement B, left-hand light only.
Frame diameter 50 mm. (b) PP3, T, = 80 °C, P, = 0-24 bar, M; = 2-70, y, = 169%. Lighting
arrangement B. Frame diameter 70 min. (¢) FC-40, Ty = 150 °C, Py = 0-33 bar, M; = 2:50,
Yy, = 279%,,. Arrangement B. Frame diameter 70 mm.
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FiaUure 24 (b, ¢}. For legend sece plate 7.
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Fraure 26. Oblique view of the corner vortex structurc. PP3, Ty = 130 °C, P, = 0-67 bar,
M; = 24, tp = 0-73 ms. Arrangoimnent 17,
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