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Critical point anomalies include expansion shock waves
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From first-principle fluid dynamics, complemented by a rigorous state equation ac-
counting for critical anomalies, we discovered that expansion shock waves may
occur in the vicinity of the liquid-vapor critical point in the two-phase region. Due
to universality of near-critical thermodynamics, the result is valid for any common
pure fluid in which molecular interactions are only short-range, namely, for so-called
3-dimensional Ising-like systems, and under the assumption of thermodynamic equi-
librium. In addition to rarefaction shock waves, diverse non-classical effects are
admissible, including composite compressive shock-fan-shock waves, due to the
change of sign of the fundamental derivative of gasdynamics. © 2014 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4863555]

Shock waves are observed in all typical states of matter, namely, in single- or multi-phase con-
ditions. These finite-amplitude waves propagate at speed higher than the local speed of sound, i.e.,
at supersonic speed, and produce a sudden variation of the thermo-physical state of matter; in gases,
the thickness of the transition front is comparable to the molecular mean free path (close to 20 nm
in air in standard conditions). In most situations, shock waves in gaseous, liquid, and solid media are
of the compressive type only, namely, produce an increase of pressure, temperature, and density of
the media, as observed in explosions or around aircraft flying at supersonic speed in the atmosphere.
Non-classical shock waves of the expansive type have been experimentally observed during
allotropic phase changes in steel.! Thompson et al.” and the sources mentioned in Ref. 2 document,
among many liquid-vapor phase transition phenomena, expansive liquid-evaporation waves.
Non-classical rarefaction shocks are believed to be admissible also in a current-carrying plasma.’

Ultimately, the nature of shock waves, i.e., whether the shock wave is compressive or expansive,
is determined by the value of the fundamental derivative of gas dynamics I,

_ p (dc
r=1+-(—1), (1)
c \dp/,

with p , ¢, and s density, sound speed, and entropy per unit mass, respectively.>* The fundamental
derivative of gas dynamics is always positive for common fluids like nitrogen and water in the ideal-
gas phase, assuming a constant heat capacity. As a consequence, in common fluids and in dilute
conditions, only compression shock waves can be observed. Particularly, the negative sign of I" allows
for the admissibility of expansive shock waves and even composite waves, such as compressive
shock-fans or expansive fan-shock-fans, see, for example, Ref. 4. These phenomena are referred to
as non-classical gas-dynamic effects and possibly include stationary rarefaction shock waves.
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The present study stemmed from three observations. First, experiments show that some thermo-
dynamic and transport properties, including the specific heats, diverge to large values as the critical
point of pure fluids is approached.®® This also implies divergence of the fundamental derivative
of gas dynamics I'. Experimental observations report on the divergence of the nonlinear acoustic
parameter, which is proportional to I', in the vicinity of the critical point .” Second, the three available
theoretical studies considering the gasdynamics in the close-to-critical region provide values of I
only for single-phase fluid states.'%~'> These studies confirmed that I" diverges at the critical point.
In particular, Ref. 12 shows that I diverges to positive infinity as the critical point is approached
from the single-phase side. Third, no experimental observation of close-to-critical flows is available,
with the only exception of the experiments of Borisov et al.,'” which unfortunately are at odds with
Emanuel’s prediction'? due to a computational error in Ref. 10.

This study considers the value of I and gas-dynamic effects related to its anomalous behavior in
the single- and two-phase vapor-liquid critical region. To this purpose, state-of-the-art critical point
models are adopted, under the hypothesis of thermodynamic equilibrium and assuming that the two
phases are homogeneously and finely dispersed. The influence of surface tension is neglected since
its value is very low within the critical region, where the fluid can be represented as an interdispersed
mist with no physically meaningful distinction between the liquid and vapor phase.

In the following, conditions leading to the occurrence of non-classical waves in the critical point
region are briefly discussed and the pre- and post-wave states of an exemplary rarefaction shock
wave and of a mixed shock-fan-shock wave in methane in close-to-critical conditions are reported
and discussed.

The divergence of thermodynamic properties near the critical point is usually described in
terms of scaling laws, since the Helmholtz free energy becomes non-analytic at the critical point
and therefore classical equations of state, e.g., cubic equations of state, are unsuitable to model
near-critical behavior.'*->* To determine properties in the near-critical state of pure fluids, including
I, we used the scaled fundamental equation of state formulated by Balfour et al.,"® see also Ref. 16
for the technical details. Such thermodynamic model is only applicable within the critical region of
so-called 3-dimensional Ising-like systems, i.e., systems governed by short-range forces. Plasmas
and vapor of metals and salts are therefore excluded.

By applying the scaled fundamental equation of state, we found that I" diverges to large positive
values as the critical point is approached from the single-phase side.'® More specifically, along the
dew-line as the critical point is approached,

. sat [T -T.7" . T-T;
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where P%(T) is the saturation pressure at temperature 7 and the subscript ¢ indicates critical point
values. The critical exponent « of the fundamental derivative of gas dynamics is computed as a
combination of the isochoric critical exponent «, the saturation critical exponent f, and the critical
isotherm exponent §,as k = (8§ + 1) = 1 — o = 0.890 £ 0.003. Therefore, « is a universal constant,
since «, B, and § are universal constants for all fluids belonging to the class of 3-dimensional
Ising-like systems. Similarly, along the critical isochore in the single-phase region,
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The divergence of T in the single-phase critical region is in agreement with Emanuel’s result.'? In
the vapor-liquid equilibrium region, our calculations yield that along the critical isochore, as the
critical point is approached, I" diverges to negative infinity as

T T,

lim T'(pe, T) o lim — —00. 4)
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The above power-law dependence is also universal, i.e., valid for any pure fluid.
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FIG. 1. Left: Definition of the critical region in terms of the parametric coordinates 6 and r, valid for the universality class
of 3-dimensional Ising-like systems. Right: Lines of constant fundamental derivative of gas dynamics I" in the vapor-liquid
equilibrium region of methane near its critical point, illustrated in the pressure-specific volume diagram. The equation of
state is that of Kurumov ef al.'®> The shaded region is the T' < 0 region. The gray circle indicates the vapor-liquid critical
point. The dotted lines are lines of constant vapor mass-fraction .

The consequence of negative I" values in the two-phase vapor-liquid equilibrium region is that
expansive shock waves are admissible, among several other anomalous phenomena including mixed
or split waves, in the two-phase critical point region.

In Figure 1 (left), the critical point region according to the model proposed by Kurumov et al."?
is described in terms of so-called parametric variables r and 6, where r gives the “distance” of a
given thermodynamic state with respect to the critical point and the variable denoted by 6 gives the
location of the thermodynamic state on a line of constant-r, such that & = —1 is the dew-line and 6
= +1 is the bubble-line (—1 < 6 < +1). In Figure 1 (right), the value of T" is depicted for methane
(CHy).

Since the exponent k introduced here in (2)—(4) is a universal critical exponent, we conclude
that expansion shock waves are physically admissible in the vicinity of the critical point region for
all typical fluids, including, e.g., argon and other noble gases, simple fluids such as water, nitrogen,
or carbon dioxide, and organic compounds such as alkanes and ethers, olefins, and paraffins.

In order to determine the fluid states complying with an admissible rarefaction shock wave, the
conservation laws of mass, momentum, and total energy are applied across the shock front. Under
the assumption of thermodynamic equilibrium, the relevant equations are the Rankine-Hugoniot
jump conditions, that is a nonlinear system of three algebraic equations relating the pre-shock values
of the density, pressure, and fluid velocity (state 1) to the corresponding post-shock values (state
2), for a given shock speed. Admissibility conditions are subsequently verified in order to ensure
mechanical stability of the shock front, and to break the time symmetry. Admissibility conditions
are: (i) the speed-ordering relation, i.e., Ma; > 1 > Ma, (the Mach number, Ma, is the ratio of the
flow speed in a frame of reference moving with the shock wave with respect to the local value of the
sound speed), and (ii) the second law of thermodynamics which imposes an entropy increase across
the shock wave, i.e., s, > 51, see Refs. 17 and 18; note that s, ~ s for weak shock waves.

The solution of the Rankine—Hugoniot system of equations is usually visualized in the specific
volume-pressure thermodynamic plane, where all possible post-shock values of the pressure can be
drawn as a function of the post-shock specific volume, for given values of the pre-shock pressure
and specific volume. This locus is the Hugoniot curve or shock adiabat. For a given shock speed, the
unique post-shock state is located at the intersection of the Hugoniot curve and the so-called Rayleigh
line. The latter is obtained from mass and momentum conservation across the shock surface. The
speed-ordering relation and the entropy inequality are then employed to assess if such a shock wave
is admissible. More specifically, if the Rayleigh line connecting the pre- and post-shock states in a
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TABLE I. Thermodynamics conditions leading to the formation of the single rarefaction shock wave in Figure 3 and of the
composite wave in Figure 4. The Mach number is computed in the wave reference.

P v T

State (bar) (m3/kg) (K) r Ma
Rarefaction shock wave 1 45.50 0.00764 190.21 —2.30 1.0017
2 43.74 0.00809 188.95 0.379 1.0000

Mixed compression wave 1 44.00 0.00750 189.13 0.288 1.002

2 44.73 0.00732 189.66 —0.198 1.000

3 45.34 0.00717 190.09 —1.400 1.000

4 45.96 0.00702 190.53 12.00 0.692

specific volume-pressure diagram is located completely above the corresponding Hugoniot curve,
the wave is a compression shock wave. Conversely, if the Rayleigh line connecting the pre- and
post-shock state is located completely below the Hugoniot curve in between these aforesaid states,
the wave is an expansion shock wave, see Ref. 19. These two conclusions additionally require that
the derivative (3 P/de),, with e internal energy per unit mass, is positive at the post-shock state.”’
According to experimental evidence, this condition is fulfilled in the thermodynamic domain of
interest here. The post-shock state is determined without considering the effects of viscosity and
thermal conductivity, since it is independent of the dissipative mechanism, even if the shock wave
is dispersed, see Ref. 21.

Table I reports the fluid states computed with the above procedure and resulting in a rarefaction
shock wave and in a composite compression fan-shock-fan wave. Fluid states are depicted in
Figure 2 in the volume-pressure thermodynamic plane.

A near-critical rarefaction shock wave can be appreciated with the aid of Figure 3, depicting, in
addition to iso-I" lines of negative value, also the pre- and post-shock states in the pressure-specific
volume state diagram of an exemplary fluid, namely, methane. Figure 3 presents an illustrative sketch
of the same two-phase shock wave of Figure 2 (left), in which the curvature of the isentropes, Hugo-
niot locus and dew line is exaggerated. In terms of dimensional values, the calculation performed
with the scaled equation of state of Kurumov et al.'? for methane as a test fluid gives for pre-shock
state 1 a pressure of 45.50 bars, a temperature of 190.21 K, and a vapor fraction @ 1 1. A possible
post-shock state 2 corresponds to a pressure of 43.74 bars and a temperature of 188.95 K. Moreover,
state 2 is characterized by a post-shock Mach number equal to one and a vapor fraction of 0.763.
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FIG. 2. Fluid state in the volume-pressure plane, see Table I, for the rarefaction shock wave described in Figure 3 (left) and
the composite wave in Figure 4 (right). Note that the composite wave is a compressive wave.
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FIG. 3. Tllustrative sketch, not to scale, showing the shock adiabat from state 1, its curvature, and the Rayleigh line connecting
pre- and post-shock states 1 and 2 related to an admissible rarefaction shock wave according to Figure 2 (left). Also shown
is the x-t-plot and a snapshot of the flow field in a shock tube at time ¢t = ¢* at the corresponding location. RSW is the
abbreviation of rarefaction shock wave.

This shock wave originating at state 1 displays the largest possible pressure change, namely, 1.76
bars, and the associated pre-shock Mach number is 1.022, according to the procedure described in
Refs. 19 and 22. The entropy jump equals 9.15 x 107> J/kg K. The fluid states are gathered in
Table I.

A second example of an exotic wave field of the compressive type is illustrated in Figure 4.
Here a composite compression wave is shown consisting of a non-classical compression shock wave
with a post-shock Mach number of one, followed by a non-classical compression fan. At a certain
thermodynamic state 3, the wave speed is such that coalescence of the wave occurs and a second
shock wave is admitted causing phase transition 3 — 4. For methane an example of such a composite
wave field features the calculated states reported in Table I. Note that state 4 is in the single-phase
dense gas region and that a very small entropy difference is observed across the two (weak) sonic
shocks, namely, s, — s; = 2.30 x 107> J/kg K and 54 — 53 = 1.55 x 1073 J/kg K.

Similar qualitative results can be obtained with other fluids, such as carbon dioxide and water.
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FIG. 4. Example of a composite compression wave displaying a non-classical compression shock wave (1 — 2) with a sonic
post-shock Mach number (May = 1), an isentropic compression fan (2 — 3), and a second non-classical compression shock
wave (3 — 4) with a sonic pre-shock Mach number (Ma3 = 1). State 1 is in the vapor-liquid equilibrium region with I' > 0
and state 4 is in the supercritical or dense-gas region with I' > 0. Also shown is the x-t-plot whereby the compression fan
is bounded by two compression shock waves, and a schematic representation (snapshot) of the flow field in a shock tube at
time ¢ = r* at the corresponding location. CSW is the abbreviation of compression shock wave.
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It is relevant to the present work that Mujica et al.’ reported measurements of the nonlinear
acoustic parameter, which is proportional to I", as close as 0.2 K to the critical point of CO,, that is,
at the reduced temperatures 7/7, = 0.9993 and 1.007, and along the three isochores p/p. = 0.97,0.95,
and 0.905. By comparison, the reduced density and temperature of state 1 ahead of the rarefaction
shock wave considered in our work are 0.8049 and 0.998, respectively (0.4 K from the critical point),
well within the experimental capabilities demonstrated by Mujica e al. Moreover, in the work by
Carles? predictions from the Navier-Stokes equations complemented with a linearized equation of
state are shown to correlate quite well to experimental measurements of acoustic waves generated
by thermal inhomogeneities. This physical model is based on the assumption of thermodynamic
equilibrium and local homogeneity.

As a final caveat we wish to indicate that, due to phase transition, the shock wave shall be
dispersed. In particular, transport properties also exhibit anomalous behavior due to criticality, and
the shock-wave thickness is expected to be of the order of a few centimeters, see Ref. 10.

We conclude that according to the predictive scaled fundamental equation of Balfour et al.,”
two-phase rarefaction shock waves are physically admissible in the close proximity of the vapor-
liquid critical point. The scaled fundamental equation is based upon the renormalization-group theory
applied to the universality class of 3-dimensional Ising-like systems, and therefore it is valid for any
system governed by short-range forces. As a consequence, this new fluid-dynamics phenomenon is
theoretically expected to occur in all typical fluids. The obtained results are qualitatively independent
of the details of the system, e.g., molecular complexity.
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