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Supercritical vaporization: Distinguishable fluid regions
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The vaporization of a cold fluid pocket suddenly set into a hot, otherwise quiescent, atmosphere at super-
critical pressures is analyzed. It is shown that at supercritical but moderate pressures and high ambient tem-
peratures, the position where the thermal expansion coefficient reaches its maximum defines a relatively thin
transition region that separates two distinguishable fluid regions: A cold liquidlike region where the heat
transport is dominated by conduction, and a hot gaslike region where the heat transport is convective and
conductive owed to the thermal expansion induced Stefan flow.
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I. INTRODUCTION

Let us consider the vaporization of a cold isolated sup
critical fluid package at an initial temperatureT0, instanta-
neously set into an unconfined, initially quiescent, atm
sphere at initial temperatureT`@T0. In a time scale much
larger than the characteristic acoustic time, the vaporiza
process may be considered as isobaric. Unlike the vapo
tion process at subcritical pressures, the process at super
cal pressures is a single-phase relaxation event. Howev
large number of numerical and experimental experiences
supercritical droplet vaporization~see Refs.@1,2# for a re-
view! show that as the critical pressure is exceeded there
no drastic changes in the vaporization dynamics. Both
merical and experimental evidences suggests that at mo
ately supercritical pressures there still exist two distingui
able fluid regions~reminiscent of the liquid and gas region
in subcritical vaporization!, separated by a relatively thi
transition region~reminiscent of the liquid-gas interface b
with a nonvanishing thickness!, characterized by a relativel
large density gradient. On the other hand, at very high su
critical pressures the density variations produced by the t
perature changes become smoother, and the two region
no longer be distinguished. In these latter conditions,
heating of the cold pocket becomes, essentially, a cons
density conductive process@3,4#, in which the density varia-
tions introduce only a small correction@5#.

The behavior at supercritical but moderate pressu
@6–8# can be explained as a consequence of theStefan flow
induced by the thermal expansion in the relatively thin tra
sition region where the thermal expansion coefficient reac
its maximum. The termStefan flowhas been chosen for ana
ogy with the subcritical Stefan flow, which is a consequen
of the density jump between both phases across the inter
At supercritical but moderate pressures, the Stefan flow
duces a convective heat flow of the same order of magnit
~but in the opposite direction! as the conductive heat flow
Hence, the convective thermal flow~produced as a conse
quence of the thermal expansion by heating! tends to slow
down the heating process. The competition between the
vective and conductive heat fluxes generates a thin trans
layer ~where most of the fluid expansion takes place!, which
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recedes through the cold fluid as the vaporization ta
place. Consequently, the vaporization process of a cold fl
pocket in a high temperature atmosphere at moderate su
critical pressures differs from a purely conductive heat
process~in which the mass flow produced by the heating
absent or negligible!, and still keeps some of the features
the subcritical vaporization process. As the pressure at wh
the vaporization takes place increases, the maximum of
thermal expansion coefficient decreases and broadens. T
the importance of the thermal expansion induced Stefan fl
decreases, and the heating of the cold pocket becomes g
ally a purely conductive heating process~equivalent to the
heating process of a solid body suddenly immersed in a
environment!.

The main features of the thin transition region~location
and thickness! will be analyzed here. Also, the supercritic
pressure range in which the transition between slightly
percritical vaporization~characterized by the existence
these two distinguishable fluid regions! and pure conductive
heating takes place will be discussed.

II. TRANSITION LAYER TEMPERATURE

When the heating of the cold pocket takes place un
supercritical pressures, the intensity of the Stefan flow
determined by the thermal expansion coefficient

b[2
1

r S ]r

]TD
P

, ~1!

wherer stands for the fluid density,T the temperature, andP
the ambient constant pressure. For illustration purposes,
van der Waals equation of state will be considered. In t
case,b is given by

bTc5
8

3

V2

PV323V12
, ~2!

whereP and V stand for the reduced pressure and redu
specific volume, respectively, andTc is the critical tempera-
ture.
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The productbTc , given by Eq.~2!, is plotted in Fig. 1 as
a function of the reduced pressure and temperature. At
critical pressures, and in the region corresponding to the
uid phase,b is very small and increases as the boiling te
perature is approached. On the other hand, in the gas phab
presents much higher values, and decreases with the inc
ing temperature~indeedb51/T for an ideal gas!. Hence, at
subcritical pressuresb reaches its maximum at the vapo
liquid interface, where it shows a discontinuity conseque
of the density difference between the gas phase and the
uid phase. As the pressure approaches the critical pres
these maximum values ofb at the interface tend to infinity a
both sides of the interface~liquid and gas!. At pressures
above the critical pressure,b is a continuous function of the
temperature, which shows a clear maximum. The magnit
of this maximum is quite remarkable at supercritical b
moderate pressures, in fact it tends to infinity when the p
sure tends to the critical pressure from above. When a fl
particle heated at a constant pressure crosses this maxi
of the thermal expansion coefficient, it experiences a re
tively large expansion. This volume increase of the hea
fluid at slightly supercritical pressures induces an inte
Stefan flow.

The position corresponding to this marked thermal exp
sion coefficient peak at supercritical pressures defines
location of the transition layer. From Eq.~2!, the reduced
volume (VE) corresponding to the maximum ofb at super-
critical pressures is given by

VE5
~2AP1A114P!2/321

AP~2AP1A114P!1/3
. ~3!

Using the van der Waals equation of state, one finds
the reduced temperature of the transition layer is given b

FIG. 1. Thermal expansion coefficient of a van der Waals fl
~times Tc), for reduced temperatures (Q) between 0 and 4, and
reduced pressures between 0 and 3. See Eq.~2!.
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8 S 9

VE
2

2P D . ~4!

Note thatVE and QE are equal to 1 at the critical pressu
P51.

III. RANGE OF PRESSURES LEADING TO
SUPERCRITICAL VAPORIZATION

In the absence of external forces, the isobaric vaporiza
process of interest here is governed by the continuity eq
tion

]r

]t
1¹W ~rvW !50 ~5!

and the isobaric energy conservation equation

rcPS ]T

]t
1vW •¹W TD5¹W ~k¹W T!, ~6!

wherevW stands for the velocity field,t the time,cP the spe-
cific heat at constant pressure, andk the fluid thermal con-
ductivity.

In the present single-phase thermal relaxation proble
the dependence of the continuity equation on the fluid d
sity may be translated to the dependence on the local t
perature. Taking this into account, from Eqs.~5! and ~6!, by
means of Eq.~1! it is easy to derive

¹W •vW 5
b

rcP
¹W •~k¹W T!. ~7!

The divergence of the conductive heat flow produced
the temperature gradient acts on Eq.~7! as a volume source
term for the~thermal expansion induced! velocity field. From
Eq. ~7!, one can see thatb/(rcP) is the key coefficient for
determining the importance of the thermal expansion
duced velocity field.

Taking into account the thermodynamic relation

cP5cv1
bT

r S ]P

]T D
r

, ~8!

one finds

b

rcP
5S 12

1

g D 1

T S ]T

]PD
r

, ~9!

whereg5cP /cv is the adiabatic coefficient. For a van d
Waals fluid, the ratio is given by

b

rcP
5

1

Pc
S 12

1

g D V2

PV213
. ~10!

Recalling that in a supercritical fluid the factor (121/g)
is always of order unity, the order of magnitude ofb/(rcP)
is determined by the factorV2/(PV213). This factor is
plotted in Fig. 2 as a function of the reduced temperature
6-2
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several supercritical pressures.
As it may be seen in Fig. 2 that at supercritical but mo

erate pressures there exist two distinguishable regions s
rated by a relatively thin transition layer. On one hand
denser~liquidlike! region can be seen at low temperatures
this region, which is the supercritical prolongation of t
liquid phase, the thermal expansion induced fluid velocity
negligible. There, the thermal expansion induced convec
transport is negligible as compared to the conductive h
transport. On the other hand, a lighter~gaslike! region may
be recognized at high temperatures. Here, the thermal ex
sion induced velocity field is much larger than in the liqui
like region, and both the conductive and convective h
transport terms must be retained in the energy conserva
equation~6!. These two regions are separated by the tra
tion layer, where a strong variation ofb/(rcP) takes place.

As the pressure increases the transition layer beco
wider, and the relative importance of the convective te
linked to the thermal expansion induced Stefan flow
creases, as may be seen in Fig. 2. The ratio between
characteristic values ofb/(rcP) in the hot (V@1) and cold
(V.1/3) regions is roughly given by

D[
@b/~rcP!#Q@1

@b/~rcP!#Q!1
.11

27

P
. ~11!

The liquidlike and gaslike regions remain distinguisha
as long as the ratioD is large as compared to unity. As
consequence of Eq.~11!, the transition between th
convective-diffusive vaporization dynamics~characterized
by the existence of two distinguishable fluid regions! and the
purely conductive dynamics, reached at very high superc
cal pressures, occurs gradually. The reduced pressur
which this gradual transition takes place may be roug
estimated byPmax.3, which is the pressure leading toD
.10. Moreover, the amplitude of the pressure range wh
this transition occurs may be roughly estimated bydPmax
.3. This is the increment of pressure aroundPmax in which

FIG. 2. FactorV2/(PV213) of a van der Waals fluid as a func
tion of the reduced temperature for several supercritical press
See Eq.~10!.
02630
-
pa-
a
n

s
e
at

n-

t
on
i-

es

-
he

i-
at

y

re

D decreases in one order of magnitude. Thus, for press
below roughly 1.5Pc , the vaporization dynamics is analo
gous to that found at subcritical pressures~but without va-
porization latent heat! and, for pressures above rough
4.5Pc , the Stefan flow is negligible and the heating of t
cold supercritical pocket is a purely conductive process.

The temperature that defines the position of the transi
layer may also be defined as the temperature correspon
to the inflection point ofb/(rcP). Taking into account that

rcP

b

]2

]T2 S b

rcP
D5

]

]T
S b1

] ln
b

cP

]T
D 1S b1

] ln
b

cP

]T
D 2

~12!

in the supercritical pressure range in which the liquidlike a
the gaslike regions may be distinguished, the term]b/]T in
Eq. ~12! dominates largely over the others. Therefore, in
pressure range in which the transition layer exists, the te
perature corresponding to the inflection point ofb/(rcP)
coincides with the temperature at whichb reaches its maxi-
mum value.

IV. THERMAL THICKNESS OF THE TRANSITION LAYER

The thermal thickness of the transition layer (DTE) is the
increment of temperature aroundTE needed for the therma
expansion induced convective term in Eq.~6! to become of
the same order of magnitude as the conductive term. Thu
temperatures below roughlyTE2DTE/2, the heat transport is
dominated by conduction with a negligible convective he
transport induced by the thermal expansion; whereas
temperatures above roughlyTE1DTE/2, the heat transport is
convective and conductive. Inserting Eq.~7! in Eq. ~6!, the
energy conservation equation may be written as

]T

]t
1vW •¹W T5

1

b
¹W •vW . ~13!

In the absence of buoyancy for an initially quiescent flu
and assuming that the thermal expansion induced velo
field is directed along the temperature gradient, the temp
ture increase across the transition layer needed for the t
mal expansion induced convective term in Eq.~13! to be-
come of the same order of magnitude as the conductive t
is given by

DTE51/bmax, ~14!

wherebmax is the value ofb at the transition layer. There
fore, the transition layer thickness vanishes at the criti
pressure as a consequence of the critical divergence o
thermal expansion coefficient. Then the transition layer c
veys in a continuous way to the physical liquid-gas int
phase at the critical point. On the other hand, as the pres
increases the transition layer becomes wider according to
decrease of the maximum ofb. From Eqs.~2! and ~3!, the
thermal thickness of the transition layer is given by

es.
6-3
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DTE5Tc

9

4VE
S 1

VE
21D . ~15!

The ratio between the transition layer thickness

Dx[DTE /S ]T

]r D
T5TE

~16!

and the characteristic heat conduction length in the hot~gas-
like! region,

L[~T`2TE!/S ]T

]r D
T5TE

, ~17!

is given by

Dx/L5DTE /~T`2TE!. ~18!

As long as this ratio remains a small parameter, the tr
sition layer may be considered as a thin inner transition
gion, which plays the role of the physical interface in su
critical conditions. Thus, the heating of a supercritical co
pocket set into a much hotter atmosphere at supercritical
moderate pressures is similar to a subcritical vaporiza
process, but without latent heat nor surface tension. Notw
standing, in the subcritical vaporization process, the tra
tion region where the Stefan flow is generated belongs to
microscopic scale, while at supercritical pressures this reg
has a macroscopic thickness which vanishes as the cri
pressure is reached from above and which becomes wid
the ambient pressure is increased.

The transition layer reduced temperature (QE) and the
transition layer bonds (QE2DQE/2 andQE1DQE/2) of a

FIG. 3. Transition layer reduced temperature (QE) ~solid line!
and bounds of the transition layer (QE2DQE/2, QE1DQE/2)
~dotted line! as a function of the reduced pressure~in ordinates!,
together with the vaporization pressure~thick line! of a van der
Waals fluid.
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van der Waals fluid are plotted in Fig. 3 as a function of t
reduced pressure, together with the subcritical equilibri
vapor pressure. The transition layer may be seen as the n
ral extension of the vapor-liquid interphase in the supercr
cal phase. Nevertheless, it is important to remark that
supercritical transition layer separates two regions of
same phase of the fluid.

V. CONCLUSIONS

The heating of a cold fluid pocket suddenly set into a h
otherwise quiescent, atmosphere at supercritical but mo
ate pressures is explained here as a consequence of the
fan flow induced~by thermal expansion! in the relatively thin
transition region located where the thermal expansion co
ficient reaches its maximum.

At supercritical but moderate pressures, this thermal
pansion induced Stefan flow produces a convective heat
of the same order of magnitude~but in the opposite direc-
tion! as the conductive heat flow. Hence, the convective th
mal flow tends to slow the heating process.

The competition between the convective and conduc
heat fluxes generates the thin transition layer~where most of
the fluid expansion takes place!, which recedes through th
cold fluid as the vaporization takes place. Consequently,
vaporization process of a cold fluid pocket in a high tempe
ture atmosphere at moderate supercritical pressures di
from a purely conductive heating process and resembles
subcritical vaporization process.

As the pressure at which the vaporization takes place
creases, the maximum of the thermal expansion coeffic
decreases and broadens. Consequently, the importance o
Stefan flow decreases, and the heating of the cold po
becomes gradually a purely conductive heating process.

Based on the behavior of the thermal expansion coe
cient of a van der Waals gas, it is found that the transit
between the supercritical vaporization and supercritical c
ductive heating is a gradual transition that takes place i
pressure band located roughly between 1.5Pc and 4.5Pc .

In order to focus on the main qualitative aspects of
process under study, and to be able to derive some analy
results, the present theoretical analysis has been perfor
considering the van der Waals equation of state of a p
substance. However, the same analysis may be performe~at
least numerically! using any specific equation of state of in
terest. By means of the corresponding states theory,
qualitative predictions of the present model still hold, duri
the thermal relaxation period, in the case of vaporization i
a multicomponent mixture. However, the dependence of
critical pressure and of the critical temperature with the c
centration of dissolved vapors will have a very importa
effect in that case.
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