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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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[. INTRODUCTION recedes through the cold fluid as the vaporization takes
place. Consequently, the vaporization process of a cold fluid
Let us consider the vaporization of a cold isolated superpocket in a high temperature atmosphere at moderate super-
critical fluid package at an initial temperatufg, instanta- ~ Critical pressures differs from a purely conductive heating
neously set into an unconfined, initially quiescent, atmo-Process(in which the mass flow produced by the heating is
sphere at initial temperatue,>T,. In a time scale much absent or negligible and still keeps some of the features of
larger than the characteristic acoustic time, the vaporizatioth€ subcritical vaporization process. As the pressure at which
process may be considered as isobaric. Unlike the vaporizdbe vaporization takes place increases, the maximum of the
tion process at subcritical pressures, the process at supercritilermal expansion coefficient decreases and broadens. Then,
cal pressures is a single-phase relaxation event. However,tge importance of the thermal expansion induced Stefan flow
large number of numerical and experimental experiences ofiecreases, and the heating of the cold pocket becomes gradu-
supercritical droplet vaporizatiotsee Refs[1,2] for a re-  ally a purely conductive heating proce@xuivalent to the
view) show that as the critical pressure is exceeded there af€ating process of a solid body suddenly immersed in a hot
no drastic changes in the vaporization dynamics. Both nu€nvironment
merical and experimental evidences suggests that at moder- The main features of the thin transition regidincation
ately supercritical pressures there still exist two distinguish@and thicknesswill be analyzed here. Also, the supercritical
able fluid regiongreminiscent of the liquid and gas regions Pressure range in which the transition between slightly su-
in subcritical vaporization separated by a relatively thin Percritical vaporization(characterized by the existence of
transition regionreminiscent of the liquid-gas interface but these two distinguishable fluid regiorend pure conductive
with a nonvanishing thicknesscharacterized by a relatively heating takes place will be discussed.
large density gradient. On the other hand, at very high super-
critical pressures the density variations produced by the tem- Il. TRANSITION LAYER TEMPERATURE

perature changes become smoother, and the two regions can i
no longer be distinguished. In these latter conditions, the WWhen the heating of the cold pocket takes place under
heating of the cold pocket becomes, essentially, a constagt!Percritical pressures, the intensity of the Stefan flow is
density conductive proce$8,4], in which the density varia- determined by the thermal expansion coefficient
tions introduce only a small correctidb].

The behavior at supercritical but moderate pressures _ E( ap
[6—8] can be explained as a consequence ofStefan flow p
induced by the thermal expansion in the relatively thin tran-

sition region where the thermal expansion coefficient reachegnherep stands for the fluid density;, the temperature, arfel
its maximum. The tern$tefan flowhas been chosen for anal- the ambient constant pressure. For illustration purposes, the

ogy with the subcritical Stefan flow, which is a consequencean der Waals equation of state will be considered. In that
of the density jump between both phases across the interfacgase 3 is given by

At supercritical but moderate pressures, the Stefan flow in-
duces a convective heat flow of the same order of magnitude

= 5T 1

1
p

2
(but in the opposite directionas the conductive heat flow. BTC:§V—, 2
Hence, the convective thermal flojproduced as a conse- 3MVE-3V+2

guence of the thermal expansion by heatitends to slow

down the heating process. The competition between the convherell andV stand for the reduced pressure and reduced
vective and conductive heat fluxes generates a thin transitiogpecific volume, respectively, afig is the critical tempera-
layer (where most of the fluid expansion takes plasghich  ture.
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Note thatVg and ®¢ are equal to 1 at the critical pressure
Im=1.

Ill. RANGE OF PRESSURES LEADING TO
SUPERCRITICAL VAPORIZATION

In the absence of external forces, the isobaric vaporization
process of interest here is governed by the continuity equa-
tion

% ¥ (p0)=0 5
5t TV(pv)= ©)
and the isobaric energy conservation equation

pCp

aT . . I
a—t-l—v-VT):V(KVT), (6)

FIG. 1. Thermal expansion coefficient of a van der Waals fluid - o .
(times T,), for reduced temperature®] between 0 and 4, and Wherev stands for the velocity field, the time,cp the spe-

reduced pressures between 0 and 3. Sed&q. cific heat at constant pressure, andhe fluid thermal con-
ductivity.
The produciBT., given by Eq.(2), is plotted in Fig. 1 as In the present single-phase thermal relaxation problem,

a function of the reduced pressure and temperature. At sufit€ dependence of the continuity equation on the fluid den-
critical pressures, and in the region corresponding to the ligSity may be translated to the dependence on the local tem-
uid phase is very small and increases as the boiling tem-Perature. Taking this into account, from E¢S) and (6), by
perature is approached. On the other hand, in the gas phasén€ans of Eq(1) it is easy to derive

presents much higher values, and decreases with the increas-
ing temperaturdindeed 3= 1/T for an ideal gas Hence, at V.v=—V-(«kVT). (7)
subcritical pressureg reaches its maximum at the vapor- ptp

liquid interface, where it shows a discontinuity consequence
of the density difference between the gas phase and the quh
uid phase. As the pressure approaches the critical pressurg
these maximum values ¢f at the interface tend to infinity at
both sides qf_ the mterfacé!lqwd aqd gak At pressures determining the importance of the thermal expansion in-
above the cr|t|call pressurg, is a continuous function of the duced velocity field.

temp.erature., whu:h ShOV.VS a clear maximum. The magnltude Taking into account the thermodynamic relation

of this maximum is quite remarkable at supercritical but

The divergence of the conductive heat flow produced by
e temperature gradient acts on Ef). as a volume source
rm for the(thermal expansion inducguelocity field. From
Eq. (7), one can see thag/(pcp) is the key coefficient for

moderate pressures, in fact it tends to infinity when the pres- BT [P

sure tends to the critical pressure from above. When a fluid Cp=C,+ _(ﬁ) , (8)

particle heated at a constant pressure crosses this maximum P

of the thermal expansion coefficient, it experiences a rela- .

. . . . ne finds

tively large expansion. This volume increase of the heateg

fluid at slightly supercritical pressures induces an intense B 1\1/9T

Stefan flow. P =( - = ?(ﬁ , 9
The position corresponding to this marked thermal expan- p-p Y p

sion coefficient peak at supercritical pressures defines t
location of the transition layer. From E@), the reduced
volume (Vg) corresponding to the maximum ¢f at super-

r\‘/?/here y=cplc, is the adiabatic coefficient. For a van der
Waals fluid, the ratio is given by

critical pressures is given by B 1 ( 1) V2 10
(2\/ﬁ+ /1+4H)2/3_l pCp Pc Y HV2+3.
= : )
B T2V + V1+4m)Y3 Recalling that in a supercritical fluid the factor{1/y)

is always of order unity, the order of magnitude®f(pcp)
Using the van der Waals equation of state, one finds thas determined by the factov?/(IIV?+3). This factor is
the reduced temperature of the transition layer is given by plotted in Fig. 2 as a function of the reduced temperature for
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10l ] A decreases in one order of magnitude. Thus, for pressures
v2 //"’— Mn=1 below roughly 1.P., the vaporization dynamics is analo-
V243 [ ] gous to that found at subcritical pressuresit without va-
0.8 4 s porization latent heatand, for pressures above roughly
4.5P., the Stefan flow is negligible and the heating of the
0.6 cold supercritical pocket is a purely conductive process.
’ The temperature that defines the position of the transition
o Hn=2 layer may also be defined as the temperature corresponding
0.4 — to the inflection point of8/(pcp). Taking into account that
1=
/ //ﬂ =4 ﬁ B 2
0.2 4 / — —_— pCp P B &In—P &InC—P
— — —|— ==\ B+ +\ B+
o i )
T (12)
o 1 2 3 4 s 6

in the supercritical pressure range in which the liquidlike and
FIG. 2. Factov?/(I1V2+3) of a van der Waals fluid as a func- the gaslike regions may be distinguished, the té@hdT in
tion of the reduced temperature for several supercritical pressureg(. (12) dominates largely over the others. Therefore, in the

See Eq(10). pressure range in which the transition layer exists, the tem-
- perature corresponding to the inflection point @f(pcp)
several supercritical pressures. coincides with the temperature at whighreaches its maxi-

As it may be seen in Fig. 2 that at supercritical but mod-mum value.
erate pressures there exist two distinguishable regions sepa-
rated by a relatlvely thin transition layer. On one hand, 8\ THERMAL THICKNESS OF THE TRANSITION LAYER
densel(liquidlike) region can be seen at low temperatures. In
this region, which is the supercritical prolongation of the The thermal thickness of the transition lay&T() is the
liquid phase, the thermal expansion induced fluid velocity isincrement of temperature aroufi¢ needed for the thermal
negligible. There, the thermal expansion induced convectivexpansion induced convective term in Ef) to become of
transport is negligible as compared to the conductive heahe same order of magnitude as the conductive term. Thus, at
transport. On the other hand, a lightgaslike region may temperatures below roughl— ATg/2, the heat transport is
be recognized at high temperatures. Here, the thermal expademinated by conduction with a negligible convective heat
sion induced velocity field is much larger than in the liquid- transport induced by the thermal expansion; whereas for
like region, and both the conductive and convective heatemperatures above roughlg+ ATg/2, the heat transport is
transport terms must be retained in the energy conservatioagbnvective and conductive. Inserting E@) in Eq. (6), the
equation(6). These two regions are separated by the transienergy conservation equation may be written as
tion layer, where a strong variation g (pcp) takes place.

As the pressure increases the transition layer becomes oT - - 1. .
wider, and the relative importance of the convective term —+v-VT==-V.v. (13
linked to the thermal expansion induced Stefan flow de-
creases, as may be seen in Fig. 2. The ratio between the
characteristic values g8/(pcp) in the hot />1) and cold
(V=1/3) regions is roughly given by

In the absence of buoyancy for an initially quiescent fluid,

and assuming that the thermal expansion induced velocity

field is directed along the temperature gradient, the tempera-

ture increase across the transition layer needed for the ther-

A= [IB/(PCP)]®>1~ 2_7 (11) mal expansion induced convective term in Ef3) to be-
[Bl(pCp)]lo<1 Im come of the same order of magnitude as the conductive term

is given by
The liquidlike and gaslike regions remain distinguishable

as long as the ratid is large as compared to unity. As a ATe=1/Bmax (14

consequence of Eq(11), the transition between the

convective-diffusive vaporization dynamidgharacterized where 8,4 iS the value ofg at the transition layer. There-

by the existence of two distinguishable fluid regipasd the  fore, the transition layer thickness vanishes at the critical

purely conductive dynamics, reached at very high supercritipressure as a consequence of the critical divergence of the

cal pressures, occurs gradually. The reduced pressure thtermal expansion coefficient. Then the transition layer con-

which this gradual transition takes place may be roughlyeys in a continuous way to the physical liquid-gas inter-

estimated byll,,=3, which is the pressure leading o  phase at the critical point. On the other hand, as the pressure

=10. Moreover, the amplitude of the pressure range wher@creases the transition layer becomes wider according to the

this transition occurs may be roughly estimated &},,.x  decrease of the maximum ¢@f. From Egs.(2) and (3), the

=3. This is the increment of pressure arodig, in which  thermal thickness of the transition layer is given by
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FIG. 3. Transition layer reduced temperatuf@z) (solid line)
and bounds of the transition laye@E—AOg/2, Oc+AOL/2)
(dotted ling as a function of the reduced pressiie ordinates,
together with the vaporization pressufthick line) of a van der
Waals fluid.

ATE=TC4—VE(V—E—1 . (15)
The ratio between the transition layer thickness
Ax=ATg/ ( aT) (16)
X= el ——
or T=T

e

and the characteristic heat conduction length in the(gas-
like) region,

7

is given by

AX/L=ATe/(T,,—Te). (18)
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van der Waals fluid are plotted in Fig. 3 as a function of the
reduced pressure, together with the subcritical equilibrium
vapor pressure. The transition layer may be seen as the natu-
ral extension of the vapor-liquid interphase in the supercriti-
cal phase. Nevertheless, it is important to remark that the
supercritical transition layer separates two regions of the
same phase of the fluid.

V. CONCLUSIONS

The heating of a cold fluid pocket suddenly set into a hot,
otherwise quiescent, atmosphere at supercritical but moder-
ate pressures is explained here as a consequence of the Ste-
fan flow inducedby thermal expansigrin the relatively thin
transition region located where the thermal expansion coef-
ficient reaches its maximum.

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

The competition between the convective and conductive
heat fluxes generates the thin transition lajyeinere most of
the fluid expansion takes pla¢avhich recedes through the
cold fluid as the vaporization takes place. Consequently, the
vaporization process of a cold fluid pocket in a high tempera-
ture atmosphere at moderate supercritical pressures differs
from a purely conductive heating process and resembles the
subcritical vaporization process.

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

Based on the behavior of the thermal expansion coeffi-
cient of a van der Waals gas, it is found that the transition
between the supercritical vaporization and supercritical con-
ductive heating is a gradual transition that takes place in a
pressure band located roughly betweerPl.aGnd 4.9 .

In order to focus on the main qualitative aspects of the
process under study, and to be able to derive some analytical
results, the present theoretical analysis has been performed
considering the van der Waals equation of state of a pure
substance. However, the same analysis may be perfofated

As long as this ratio remains a small parameter, the rang ot nymerically using any specific equation of state of in-

sition layer may be considered as a thin inner transition lferest. By means of the corresponding states theory, the
gion, \INh'Ch .p.IayS thﬁ rolehof rtlhe 'phyS|fcaI mterfacg ml SUtl)'quaIitative predictions of the present model still hold, during

critical conditions. Thus, the heating of a supercritical coldy,e thermal relaxation period, in the case of vaporization into
pocket set into a much hotter atmosphere at supercritical buf multicomponent mixture. However, the dependence of the

moderate pressures is similar to a subcritical vaporizatioyica| pressure and of the critical temperature with the con-
process, but without latent heat nor surface tension. Notwith

. . " . .centration of dissolved vapors will have a very important
standing, in the subcritical vaporization process, the transizgract in that case.

tion region where the Stefan flow is generated belongs to the
microscopic scale, while at supercritical pressures this region
has a macroscopic thickness which vanishes as the critical
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