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Abstract

The article discusses the notion of a supercritical latent heat during 'pseudoboiling': Experimental, numerical, and theoretical evidence

show that the supercritical state space is not homogeneous, but can be divided into liquid-like and gas-like domains, separated by an

extension to the coexistence line -- the Widom line. The key concept are two limit states of ideal liquid and ideal gas, characterized by

constant heat capacities, and analyze the transition between them. Then, analogous to subcritical vaporization, a supercritical state

transition from liquid to gaseous overcomes intermolecular attractive forces, albeit over a finite temperature interval rather than at

an equilibrium temperature. This distributed latent heat is in fact approximately invariant with respect to pressure for (0< p<3p,,)

and is thus valid at subcritical and supercritical conditions. This view also changes the perspective on subcritical latent heat: while it is

an accurate representation of the required energy at very low pressures, the contribution of the distributed latent heat dominates the

equilibrium latent heat as the critical pressure is approached.
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1 Introduction

The supercritical state space has long been regarded as
a continuous domain, in which the differences between
liquids and gases vanish. However, experimental [1-6],
numerical [7, 8], and theoretical [9, 10] advances have
shown that distinct supercritical liquid-like and gas-like
regions can in fact be distinguished, separated by the
Widom line (WL) [4, 5, 11, 12], an extension to the coex-
istence line as illustrated in Fig. 1. Many definitions of the
Widom line, typically as extrema of the thermodynamic
response functions are used; here, WL refers to the locus
of supercritical states with a maximum isobaric specific
heat capacity.

WL of the liquid-vapor critical point are a general prop-
erty of pure fluids; their slope depends on the fluid acen-
tric factor [13]. Only the WL of simple fluids map accord-
ing to the corresponding states principle; a wide range of
fluids adheres to the extended corresponding states prin-
ciple [13]. The state space of mixtures depends on the van
Konynenburg and Scott [14] classification of the involved
components [15]: Mixtures of similar fluids (Type I)
exhibit a single common WL, while mixtures of dissimi-
lar fluids (Type I11) may develop several WL, correspond-
ing to the mixture components.
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Fig. 1 Structure of the fluid state space around the critical point
(T, p.,)- The supercritical domain can be further divided into a liquid-
like and a gas-like domain, separated by the Widom line (dashed). c,, is
the isobaric heat capacity nondimensionalized with its ideal gas value.

The existence of liquid-like and gas-like states at super-
critical pressures suggests the question as to whether a
supercritical state transition akin to subcritical vaporiza-
tion exists. Similarities have been observed in heat transfer,
where oscillations that can be attributed to boiling at sub-
critical pressure are also observed at moderate supercritical
pressure [16, 17] — so-called "pseudoboiling’. Pseudoboiling
is associated with the maxima in specific heat capacity
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and thermal expansion upon crossing the WL, causing a
delayed temperature increase and strong expansion when
heat is added, similarly to subcritical boiling [18].

The energetical characteristics of the transition remain
unclear. While there is no supercritical equilibrium state
with liquid and gaseous phases in coexistence, intermo-
lecular attraction cannot be expected to simply vanish by
increasing the fluid pressure beyond the critical point.

Thus, the purpose of this article is to explore similar-
ities between liquid and liquid-like to gas and gas-like
transitions at subcritical and supercritical pressure.

2 Results
The approach of this article is theoretical, based on classi-
cal chemical engineering approaches [19]. Reference fluid
data are taken from the NIST database [20] for argon.
The analysis starts by regarding the isobars of the spe-
cific enthalpy of pure argon shown in Fig. 2, where the
zero of the enthalpy scale is set at 7=0 K and zero
density. The subcritical isobars show the discontinuous
change from liquid to gaseous upon reaching the satura-
tion temperature, while all discontinuities vanish at the
critical pressure p,, and critical temperature 7. It is con-
venient to express states nondimensionalized with the
critical parameters, e.g. in terms of their reduced pressure
p, = p/p., andreduced temperature 7, =T/T, .

2.1 Pseudoboiling and distributed latent heat
However, Fig. 2 also shows that supercritical isobars
exhibit a region in which the specific enthalpy increases
disproportionally fast over a small but finite temperature
interval, sometimes called 'pseudoboiling' (PB) [21, 18].
The resemblance with subcritical vaporization is most
striking for the critical isobar, but the transition can still
be visually identified for higher pressures. The peak of
the PB transition [18], at which the isobaric specific heat
capacity ¢, is maximal, coincides with the WL traced by
the gray dashed line in Fig. 2.

Towards low temperatures, the liquid and liquid-like
specific enthalpies approach a limit which can be approxi-
mated as a linear function with

hy =hy, +c, ;T M

part -

with a reference specific enthalpy #,, and the constant
ideal liquid heat capacity c,,. Similarly, the specific
enthalpy of a perfect gas is

hg =c¢,icTs @
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Fig. 2 Specific enthalpy of argon as a function of temperature for (from
left to right) subcritical (p,={0.1,0.3, 0.7}), critical (dash-dotted), and
supercritical pressures (p,={1.5, 2.0}). Gray solid lines are the saturation
enthalpies, gray dashes mark the Widom line. Linear asymptotes are the
ideal liquid enthalpy /,, (blue) and ideal gas enthalpy 4, (red).

which is approached towards high temperatures. While
the constant isobaric specific heat capacity of the ideal
gas ¢, is a result of kinetic theory, the assumption of a
constant liquid heat capacity is merely an approximation;
in reality, the liquid heat capacity changes even far away
from the critical point, albeit slowly.

Along h,, only variations in temperature have an effect
on liquid and liquid-like specific enthalpies. Moreover,
h, approximates both saturated states at low pressures
(p, <0.2) and bulk liquid states away from the coexis-
tence line, c.f. Fig. 1. With two state variables fixed, T
and £, the thermodynamic state of a pure fluid in a single
phase is uniquely determined. As the enthalpy departure
from ideal conditions is caused by intermolecular interac-
tions, an identical departure is assumed to reflect a simi-
larity in molecular structure.

Then, states along %, share a similar densely packed lig-
uid or liquid-like structure, whereas states along 4, share
the ideal gas structure of isolated molecules. A transition
from the densely packed liquid state to the perfect gas state
will require energy to overcome intermolecular forces, at
subcritical and supercritical pressures. This is illustrated
in Fig. 3, which shows the molecular break-up of a liquid
during isobaric heating from a liquid state (7, < 0.7) to an
ideal gas state (T 7> 1). The transitional state is the mul-
tiphase regime at subcritical pressure, and an intermediate
state while crossing the WL at supercritical pressure. Thus,
isobaric heating processes from liquid and liquid-like states
to the sub- and supercritical perfect gas states are identical
from the molecular perspective. Energy is required to over-
come intermolecular attractive forces regardless of pressure.

In this sense, one can understand the required transition
energy at supercritical pressures as a distributed latent
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Fig. 3 Molecular structure between liquid and ideal gas limit states
at subcritical and moderately supercritical pressures. During the
transition, energy addition is required to overcome intermolecular
forces and to transform the molecular structure from the densely
packed liquid to the dilute gas.

heat that needs to be supplied over a finite temperature
interval, rather than at an equilibrium coexistence con-
dition observed at subcritical vaporization. The ideal gas
limiting state can be reached for reduced pressures p, < 3
[18], at higher pressures this similarity breaks down.

Closer inspection of Fig. 2, however, reveals that
instances of such a distributed latent heat can also be
observed in subcritical transitions. While the transition
from the ideal liquid to the ideal gas limit states occurs
instantaneous at very low pressures p, <1, the differ-
ence increases as the critical point is approached. Take
the isobar p, =0.7 in Fig. 2 for example, with a satura-
tion temperature of ~140K. Only about two thirds of the
transition enthalpy from /%, to A,; occur at the constant
equilibrium saturation temperature. An offset 6/, (T )
is found between the saturated liquid specific enthalpy
h, .., (T) and the liquid limit A, (T)

6h1iquid (T) = hL,sat (T) —hy, (T)7 ©)

and, likewise, between the saturated vapor specific
enthalpy 4, (T) and the ideal gas limit A, (T)

Sy (T)=h (T)=hy ,, (T). “

gas

The larger portion of the total required specific enthalpy
is supplied in the vapor after vaporization.

Figure 4 illustrates this distributed latent heat in terms
of the isobaric specific heat capacity. At very low pres-
sures, all of the vaporization energy is supplied in a Dirac
delta at the saturation temperature. Ideal liquid and gas-
eous conditions are attained immediately prior to and
after the transition. With increasing pressure, deviations
from the ideal heat capacities emerge on the both the lig-
uid and the vapor side of the coexistence line, c.f. Fig. 1:
the transition is distributed over a finite temperature
interval containing the saturation state at which the heat
capacity diverges. When the critical pressure is exceeded,
the Dirac-like contribution vanishes; all of the required
transition energy is supplied over a finite temperature
interval without any equilibrium state. The temperature
increase upon heat addition merely slows down when
crossing the WL.

The linear approximations of the ideal limit states allow
to calculate the distributed latent heat 84,, required to
transition between the ideal liquid and the ideal gaseous
state at a specific temperature,

ahdist = 5hL + 5hgas + 5hliquid (5)
with the classical (equilibrium) latent heat

h hL,sar’
and the real gas 64, contributions. This can be cast in

oh, =
and the contributions of the real liquid &4,

V,sat iquid

terms of the linear approximations for %, and 4,; as
ohy, = hO,L + (CpiG —CpiL )T' (©6)

Figure 2 shows that higher pressures result in higher
discrepancies between the equilibrium latent heat and the
distributed latent heat. The relation Eq. (5) is evaluated
in Fig. 5 as a function of temperature. Towards the triple
point, the phase transition completely occurs under equi-

librium conditions, i.e. 6k, =dh,,. The deviations are

list
more pronounced on the vapor side; generally, at a given

temperature, 8h,, >6h, At T ~145K, (T, =0.96)
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Fig. 4 Isobaric specific heat capacity in the vicinity of the liquid to gas transition at low and high subcritical and at supercritical pressure.

The transition region expands to finite temperature intervals with increasing pressure. Red: energy required to overcome the potential

energy between the molecules; Blue: energy contribution to increasing the temperature of the fluid.
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Fig. 5 Equilibrium latent heat and distributed latent heat contributions.
The required energy to transition from the ideal liquid to the ideal gas
at a temperature 7 is split in three contributions of equilibrium latent

heat 64, , the ideal liquid to real liquid 04, transition, and the ideal

gas to real vapor transition 4, , calculated from Egs. (3)-(6).

as

the contribution of the nonequlibrium heat addition
exceeds the equilibrium latent heat.

Beyond the critical point, 64, =0, and all contributions
are from the distributed parts. With the WL approaching
the ideal liquid limit, the liquid contribution in Fig. 5 van-
ishes at ~ 200K.

2.2 Caloric equivalence between subcritical and
supercritical transitions

So far, the discussion focused on the different energetic
contributions necessary to transform a closely packed lig-
uid to a dilute gas in which molecules do no longer inter-
act with each other. However, there are also similarities
between subcritical and supercritical transitions between
liquid and liquid-like states, to gaseous and gas-like states.

The ideal limits of an incompressible liquid and an
ideal gas share an important characteristic: enthalpies in
both are assumed to be essentially pressure-independent.
This implies an interesting corollary: when the end points
of a heating process are pressure-independent, then, every
process between both states is likewise pressure-indepen-
dent. Specifically, there is no difference between subcriti-
cal and supercritical transitions.

Figure 6 illustrates this. All shown isobars with reduced
pressures between 0.1 and 3.0 converge towards the ideal
liquid limit 4, (T) at low temperatures and towards the
ideal gas limit A, (7) at higher temperatures. For exam-
ple, a transition from a liquid at 7 =100K to a gas at
T >500K requires approximately the same increase in
specific enthalpy for all isobars shown.
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Fig. 6 Specific enthalpy of subcritical and supercritical isobars (solid
lines) and corresponding compressibility factors (dotted). Pressures
from left to right p={0.1, 0.5, 0.7, 1.0, 1.5, 2.0, 3.0}. All enthalpy isobars
for 0<p,<3 approach a linear liquid and a linear gaseous state towards
low and high temperatures, respectively. Ideal gas conditions with
compressibility Z~1 are approximately reached at the intersection of
the limit lines.

The cross-over of the linear limits predicts an upper tem-
perature bound on the existence of a transition. For argon,
it occurs at approximately 360 K, compare also to Fig. 5.

For the investigated pressure range below a reduced
pressure of 3, this point coincides with another feature:
Fig. 6 also shows the compressibility factor of the isobars
as a function of temperature. The compressibility factor is
defined as the ratio of the actual pressure in the fluid to the
pressure an ideal gas would exert at the same conditions,

Z=p/pRT, (7

with density p and gas constant R. The compressibility
factor is unity in an ideal gas and attains a different value
in real fluids. Figure 6 shows that ideal gas conditions are
in fact reached at the temperature of intersection of the
linear limits at 360 K, corresponding to a reduced tem-
perature of 2.4.

2.3 Accuracy of the linear transition model

The question remains as to whether the linear transition
model in Eq. (6) has any practical relevance in describing
real fluid transitions. As noted, its validity is limited to
cases in which a liquid at subcritical or supercritical pres-
sure is heated to a gaseous state if both start and end state
are sufficiently close to the linear ideal liquid or gaseous
states. On the liquid side, this is fulfilled as long as the
temperature is sufficiently below the saturation tempera-
ture. On the gaseous side, Fig. 6 shows that heating beyond
the cross-over temperature of the ideal asymptotes yields
ideal gas compressibilities.
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Fig. 7 Error from approximating a real fluid heating process from a
100 K liquid to a higher reduced temperature by the linear limit model.
At a reduced pressure of 3, heating to a reduced temperature of 3 yields

amere 5 % error compared to evaluation with the NIST database.
Lower pressures result in a lower required heating temperature to reach
an acceptable error.

Such limitations do not restrict the model to academic
cases: It is indeed relevant for processes in which the pro-
cess endpoints are sufficiently far away from the transition
temperature, such as in injection or combustion problems.

Figure 7 shows the difference between the linear model
and an evaluation using NIST data for the illustrative case
of a start temperature of 100 K. Plotted is the error as a
function of the end temperature of the heating process. For
areduced pressure of 3, the error is 5 % if the heating pro-
cess reaches a reduced temperature of 3. Generally, the
accuracy increases as the pressure is lowered. E.g. at a
reduced pressure of 0.1, heating to a reduced temperature
of 1.2 is sufficient to reach a deviation of a mere 1 %.
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