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INTRODUCTION

The study of second�order phase transitions and
critical phenomena in liquids still remains as one of
the urgent problems of condensed matter physics [1–4].
An infinite increase in the system correlation radius Rs
at the approach to a critical point leads to the appear�
ance of unique (singular) phenomena in condensed
systems, namely, an infinite increase in the compress�
ibility, heat capacity, heat conductivity, viscosity, and
the time to reach equilibrium of a system and also to a
considerable decrease in the macrodiffusion, thermal
diffusity, surface tension, and other characteristics of
substances in a critical state [5, 6].

These unique equilibrium and critical properties of
a substance in a critical state find wide practical appli�
cation in contemporary technologies [7–10].

Thus, for instance, supercritical extraction (SCE)
with carbon dioxide SC�CO2 enables the most com�
plete and fast recovery of caffeine, essential oils, radio�
protective and bioactive compounds, and many other
substances from vegetable and animal products and
increases the production of crude oil and its separation
from heavy fractions and metals in petrochemical pro�
cesses and many other fields.

The unique dissolving ability of SC�H2O is effi�
ciently applied for the purification of the environment
from industrial organic and radioactive waste contam�

inants, for the elimination of chemical and bacterio�
logical weapons, and the development of advanced
technologies for the production of new biofuels, which
is an urgent problem of contemporary power engi�
neering. SC�H2O is also intensively applied for the
synthesis of nanoparticles with specified properties.

Special emphasis should be laid on the great role of
SC�H2O in the nature. The formation of the Earth’s
crust, volcanic activity, the transfer and concentration
of ore�forming components in deposits, and many
others—all these phenomena result from the activity
of a supercritical hydrothermal fluid.

REGION OF CRITICAL FLUID PARAMATERS

At the present time, researchers of the critical state
of a substance consider it as a special aggregative state
[11, 12], namely, a supercritical fluid (SCF). However,
it should be noted that the term “supercritical fluid”
formally limits the P–ρ–T parameter region, in which
the unique properties of this “aggregative” state of a
substance are exhibited. Indeed, according to FTPT
[1–4], this P–ρ–T parameter region of the “new
aggregative” state of a substance belongs to the entire
critical fluctuation region. As follows from the Gin�
zburg criterion Gi � 1 [1–3] and numerous experi�
mental data [5, 6, 11], this critical fluctuation region is
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characterized by the parameters ΔP* =  =

0–10–1 � 1, Δρ* =  = 0–10–1 � 1, and t =

 = 0–10–1 � 1 and incorporates both
supercritical (T > Tc) and subcritical (T < Tc) temper�
atures (Pc, ρc, and Tc are the critical pressure, density
and temperature of a substance). It may be suggested
that the unique properties of this “new aggregative”
state of a substance will find their wide practical appli�
cation in the nearest future not only in the supercriti�
cal region of temperatures (SCF, T > Tc), but also in
the subcritical region (T < Tc). For this reason, the
“new aggregative” state of a substance with its unique
properties can be assigned to the entire critical fluctu�
ation region of temperatures T > Tc and T < Tc, which
we propose to name “critical fluid.”

In the scientific literature [13, 14], the wide possi�
bilities of the practical application of the unique prop�
erties of a supercritical fluid are argued by its relatively
low viscosity and high diffusion coefficient in the
supercritical temperature region. However, as follows
from FTPT [1–4] and the dynamic theory of critical
phenomena [15, 16], the viscosity of a critical fluid
(ν = 0.63 is the critical correlation radius parameter,
z = 0.06 is the critical viscosity parameter) increases,

and the diffusion coefficient D ~ ( ) ~ tν consider�
ably decreases at the approach to the critical state of a
substance. For this reason, comparing the mutually
exclusive conclusions [13, 14] and [15, 16], it is possi�
ble to state that the true mechanism of physical pro�
cesses in critical and supercritical fluids, which are
rather widely used in various technologies, unfortu�
nately, has not completely been clarified. However, the
understanding of the processes occurring in critical
media is very important for the comprehensive selec�
tion of engineering process parameters and the inter�
pretation of global natural phenomena in the Earth’s
crust.

It should also be noted that the essential experi�
mental and theoretical studies of the critical state of a
substance (critical fluid) concern spatially homoge�
neous systems [5, 6], in which the phenomenon of the
gravity effect is eliminated by stirring. However, truly
equilibrium systems are spatially heterogeneous under
the real conditions of a physical experiment in the
Earth’s gravity field [17–20]. Such spatial heterogene�
ity in an equilibrium state enables the measurements
of both the temperature and field (altitude) dependen�
cies of various properties of a substance in a critical
state under natural conditions.

At the present time, the problem of studying the
critical phenomena in spatially heterogeneous systems
in the Earth’s gravity field has gained special impor�
tance due to the intensive studies of the equilibrium
and kinetic properties of critical fluids under space�
flight microgravitation [21–24]. A demonstrative
example of the first similar studies is the program

P Pc–( )/Pc

ρ ρc–( )/ρc

T Tc–( )/Tc

Rs
1–

“Universal Furnace” completed within the Apollo�
Soyuz test project as early as in the 1970s [24].

In connection with the aforesaid, the further stud�
ies of the fundamental properties of critical fluids for
the use of their unique properties under both Earth
conditions and spaceflight microgravitation are cur�
rently topical.

FLUCTUATION STRUCTURE 
OF A CRITICAL FLUID

In view of the FTPT statement [1–4] about the
fluctuation structure of a substance in a critical state
and the fluctuation mechanism of the origination and
decay of order parameter fluctuations, this paper pays
special attention to the study of the structural charac�
teristics of a real heterogeneous critical fluid in the
Earth’s gravity field.

According to FTPT [1–4], a critical fluid repre�
sents a fluctuationally dispersed system by its struc�
ture, i.e., a gas of order parameter fluctuations, whose
size is characterized by the system correlation radius Rs.
The fluctuation component of the thermodynamic
potential of such a system near the critical point (T → Tc,
P → Pc, ρ → ρc) is determined by the relationship sim�
ilar to the ideal gas energy equation [5, 25]

(1)

In this formula, Nf ~  stands for the number of

order parameter fluctuations per system’s mole
instead of the number of substance molecules, NA is
the Avogadro number, R is the universal gas constant,
k is the Boltzmann constant, Zc =  is the

critical compressibility factor of a substance, and Pc,
Vc, Tc, and ρc are the critical pressure, volume, tem�
perature, and density of a substance, respectively. Rea�
soning from FTPT [1–4], the correlation radius is pre�

sented by the scaling relationships  =  =

 Here,  and  are the scal�

ing functions for the variables  =  and  =

 =  Δμ =  =

 = ΔP, t = , μc is the critical

chemical potential, and ν, ξ, β, and δ are the critical
FTPT parameters [1–4].

Along limiting thermodynamic directions, i.e., a crit�

ical isochor (  � 1, t > 0), a critical isotherm (  � 1),
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and a phase interface (  � 1, t < 0), the correlation
radius can respectively be written in the form [1–3]

(2)

As follows from Eqs. (1) and (2), the field and tem�
perature dependencies of the correlation radius of a
critical fluid Rs(Δμ, t), which characterizes the linear
dimensions of order parameter fluctuations, should be
classified among the structural characteristics of a crit�
ical fluid.

This fluctuation structural characteristic of a critical
fluid also determines its kinetic properties [5, 15, 16],
such as the lifetime of order parameter fluctuations

ts ~ , the diffusion coefficient D ~ , and the shear

viscosity ηs ~ 

The fluctuation component of the thermodynamic

potential  =  =  is
a basis for finding the thermal and caloric equations of
state for a critical fluid. Indeed, all the polynomial
equations of state for a substance along the limiting
critical directions, such as a critical isochor, a critical
isotherm, and a phase interface [1] follow from the
fundamental FTPT relationship (1) [1–3]:

(3)

These thermal and caloric equations of state for a
critical substance are valid in the parametric region of
ΔP* = (0–10–1) < 1, Δρ* = (0–10–1) < 1, and t =
(0–10–1) < 1.

The study of these equations of state for a substance
and its kinetic characteristics is one of the major prob�
lems of any physical study performed in the critical
region.

STRUCTURAL CHARACTERISTICS 
OF A CRITICAL FLUID IN THE EARTH’S 

GRAVITY FIELD

The above�described forms of the fluctuation com�
ponent of the thermodynamic potential  (Eq. (1))

Z1*

Rs
1– tνΦ1 Z1*( ) tν an Δμt βδ–( )

2n
;

n 0=

∞

∑= =

Rs
1– ΔμξΦ2 Z2*( ) Δμξ dn tΔμ 1/βδ–( )

n
;

n 0=

∞

∑= =

Rs
1– t νΦ1 Z1*( ) t ν bn Δμt βδ–( )

n
.

n 0=

∞

∑= =

Rs
3 Rs

1–

Rs

z
η.

Ff* NfkBTc( )/ PcVc( ) C0Rs
3– Δ μ t,( )( )

Δρ dFf/dμ; Δρ t( ) B0 t β
;= =

Δρ Δμ( ) D0 Δμ
1/δ

;=

dρ/dμ( )T d2Ff/dμ2 Γ t γ–
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d
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.= =

Ff*

and the equation of state for a substance (Eq. (3))
characterize spatially homogeneous systems. How�
ever, a critical fluid becomes spatially heterogeneous
along the height in an equilibrium state under real
conditions of a physical experiment at the approach to
a critical point (t → 0, Δρ → 0) due to an infinite
increase in the compressibility of a substance in the
Earth’s gravity filed [17–20]. The altitude and tem�
perature dependencies of the scattered light intensity
I(z, T), the refractive index gradient dn/dz(z, T), and
the density of a substance ρ(z, T) were studied using
different experimental methods, i.e., molecular light
scattering, refractometry, and slow neutron transmis�
sion. The experimental data on the gravity effect are
related with the altitude distribution of different struc�
tural characteristics of a heterogeneous critical fluid,
such as Rs, Nf, and Ff in an external gravity field h =

 (g is the acceleration due to gravity, z is the
height measured from a critical substance density
level), thus enabling the determination of the altitude
and temperature dependencies of the correlation
radius Rs(z, t) of a heterogeneous critical fluid in the
Earth’s gravity field.

Thus, the correlation radius Rs(z, t) of a substance
can be calculated from the experimental data on the
altitude and temperature dependencies of the scat�
tered light intensity I(z, t) by the known relationship
[2, 20, 26, 27] as

(4)

where Ic is the scattered light intensity at a critical
point (z = 0, t = 0), q =  is the trans�
mitted wave vector, λ is the scattered light wavelength,
η = 0.06 is the critical exponent of the correlation
function, and G(r) ~ 1/r1 + η [2].

The altitude and temperature dependencies calcu�
lated for the correlation radius of a heterogeneous sub�
stance (n�pentane) in the Earth’s gravity field by
Eq. (4) are plotted in Fig. 1 (see the color insert).

The dependencies of the correlation radius Rs(h, t)
along the thermodynamic directions, such as a criti�
cal isochor (z = 0, t > 0) (Fig. 1, curve 1), a phase
interface (z = 0, t < 0) (2), and a critical isotherm (t = 0)
(3) are described, respectively, by the relationships

(5)

where ν = 0.636 and ξ = 0.405 are the critical param�
eters [1–3, 28], r1 ≈ 3.8 Å, r2 ≈ 2 Å, and r3 ≈ 1 Å are the
amplitudes [26, 27], and h =  is the gravity
field variable.

As follows from these data, the correlation radius
varies within a range of Rs = 1–100 nm in the region of
heights z = 0–10 cm and |h| = 0–10–4 and tempera�
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tures t = (10–2–10–4). This neighborhood of a critical
point in Fig. 1 is outlined by curve 4.

Using these data on Rs(h, t) (Fig. 1), it is possible to
find the fluctuation component of the thermodynamic

potential  =  [20, 29], but this
requires C0 to be determined.

In this work, C0 is calculated using the equations of
state for a critical fluid in the form related, according
to FTPT, with the scaling functions of the correlation
radius (Eq. (2)). As follows from these relationships,
the equation of state along the thermodynamic direc�
tion of a critical isotherm (t = 0) has the following
form:

(6)

where D0 =   ξ = 0.405, δ =

4.64, and C0 = 

From this expression, the parameter C0(D0, d0) ≈
1.3 × 10–22 cm3 was found for n�pentane. This was
accomplished using the data of P–V–T measurements
[5, 6] and the scattered light intensities [20], which
enable the calculation of the two parameters D0 ≈ 0.77
and d0 ≈ 1.7 × 107 cm–1. The value of C0 was found

Ff* t h,( ) C0Rs
3– t h,( )

Δρ Δμ( ) dFf/dμ=

=  3ξC0d0
3Δμ3ξ 1– D0Δμ

1/δ
,=

3ξC0d0
3
; 3ξ 1– 1/δ;=

D0/ 3ξd0
3( ).

close to C0 ≈ 10–22 cm3, which was theoretically calcu�
lated by Yukhnovskii [30] for CO2 by the method of
collective variables.

The value obtained for C0 allows us to plot the sur�

face  =  [20, 29] (see Fig. 2 in the
color insert).

Using the surface  (Fig. 2), it is possible to
calculate various thermal and caloric properties of a
heterogeneous critical fluid, such as the density Δρ =

 the compressibility βT =  the

entropy Δs = , and the heat capacity C
v
 =

Using the surface  (Fig. 2), it is also possible to
determine the number of “drops,” i.e., clusters of
order parameter fluctuations per mole of substance

from Eq. (1) as Nf =  = . The
results of such processing are shown in Fig. 3 (see the
color insert).

This qualitative characteristic of a critical fluid
[5, 25] (n�pentane) along the limiting thermodynamic
directions of a critical isochor, a phase interface, and a
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Fig. 1. Three�dimensional surface of the symmetrized correlation radius Rs(h, t) = [Rs(h > 0, t) + Rs(h < 0, t)]/2 of a heteroge�
neous substance (n�pentane) as a function of height z and temperature ΔT = T – Tc.
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critical isotherm can be correspondingly written in the
form [20]

(7)

STRUCTURAL CHARACTERISTICS 
OF A CRITICAL FLUID 

ACCORDING TO NEUTRON
AND OPTICAL SPECTROSCOPY

The further analysis of the structural characteristics
of a critical fluid can be performed using the experi�
mental data of optical and neutron spectroscopy from
the works [31–35] and the results of theoretical calcu�
lations [10].

According to the data of double�differential cross
sections for the noncoherent scattering of slow neu�
trons by water near a critical fluid, it has been con�
cluded in the works [31, 32] that their structure can be
described by the sum of two “gas�like” and “liquid�
like” components. The double�differential cross sec�

Nf 2.9 1023t3ν
; Nf× 2 1024 t 3ν

;×= =

Nf 2 1025 h 3ξ
.×=

tion of supercritical water consists of the double�dif�
ferential cross sections for the scattering of water mol�
ecule monomers on an ideal gas (ρg � ρc) and the dou�
ble�differential cross sections of scattering on liquid
water, which is no different from subcritical water (ρl =
(2–3)ρc).

These conclusions made on the basis of neutron
spectroscopy [31, 32] are confirmed by the optical
spectroscopy results [33–35] obtained for water by IR
spectroscopy and Raman light scattering. These works
point out that the supercritical water phase has both
“gas�like” and “liquid�like” spectral characteristics,
thus indicating the existence of local rarefactions and
compressions in the supercritical fluid.

The results of experimental studies [31–35] are
confirmed by the conclusions of the theoretical work
[10], according to which “the critical state is a random
state, in which half of the local volumes is strongly rar�
efied, and the other half is compressed by nearly two
times with respect to the critical density (“fifty�fifty,”
since local density fluctuations do not change the total
number of fluid particles).”
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The mentioned areas of local rarefication and
compressions of a substance near a critical fluid with
ρl ≈ (2–3)ρc agree with the notions about spatial scale
invariance near a critical fluid [1], when the deviation
of the local density in the correlated volume of a large�
scale order parameter fluctuation is comparable with
the average system density parameter itself [32].

From the obtained result ρf ≈ 3ρc it is possible to
draw the conclusion that the substance density attains
the liquid density ρl ≈ 3ρc far from the critical temper�
ature at a critical substance temperature Tc inside fluc�

tuation volumes νf = , and the pressure in these
fluctuation formations Pf may exceed the critical pres�
sure Pf > Pc. In other words, the intermolecular inter�
action forces in these fluctuation formations also con�
siderably increase.

According to the dynamic theory of critical phe�
nomena [15, 16] and the existing experimental data

[5], the lifetime τf ~  of such local fluctuation for�

mations in the critical region of temperatures t < 10–2

attains τf ~ 10–6–10–8 s. An order parameter fluctua�
tion decays in a certain lifetime τf. In this case, sub�

4/3πRs
3

Rs
3

stance molecules fly away from each other at high
velocities vf, which considerably exceed their thermal

velocity vf � v =  to group into a next
order parameter fluctuation in some other place.

These velocities in CF�H2O attain vf � 105 cm/s.
To estimate a certain value of such molecular velocities,
let us engage the results from the work in [8], in which
the formation of Al2O3 nanoparticles in CF�H2O was
studied. The performed calculation shows that such a
process requires the kinetic energy of water molecules

Wf =  in the decay of an order parameter fluc�
tuation to be higher than the sublimation energy of
one Al molecule. Since the molar Al sublimation
energy Es = 301.7 kJ/mol [8], the velocity of CF�H2O
molecules must be vf ≈ 106 cm/s. Then the kinetic
energy of a CF�H2O molecule must be Wf ≥ 10–11 erg,
which is much higher than the thermal motion energy
of molecules WT ≈ 10–13 erg.

Relying on this model for the origination and decay
of order parameter fluctuations in a critical fluid, it is
possible to hypothesize that just high energies and
velocities of substance molecules (vf ≈ 106 cm/s) are

3RTc/M( )1/2
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mvf
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likely to be the main reason for the appearance of the
unique properties of a critical fluid in their practical
application [7–10].

CONCLUSIONS

(1) In this work, different structural characteristics
of a heterogeneous substance (n�pentane) have been
studied near its critical vaporization temperature on the
basis of experimental data obtained from the study of
the gravity effect, namely, the altitude and temperature
dependence of the scattered light intensity I(z, t). We
have studied the field and temperature dependencies of
the correlation radius Rs(h, t), the number of order
parameter fluctuations Nf(h, t) per mole of substance,
and the fluctuation component of the thermodynamic

potential  =  = 

(2) The field and temperature dependencies and
the structural characteristics of a critical fluid Rs(h, t),

Nf(h, t), and  provide a possibility to define the

equations of state for a substance Δρ =  and

 over the entire fluctuation region of a

critical fluid in both the subcritical (t < 0) and super�
critical (t > 0) temperature regions and to determine its

kinetic characteristics, such as the viscosity η ~ ,

the diffusion coefficient D ~  and the lifetime of

order parameter fluctuations τf ~ 

(3) The found structural characteristics of a critical
fluid, namely, Rs(h, t), Nf(h, t), and  provide a
possibility to estimate the substance density ρf ≈ 3ρl

inside a fluctuation volume νf =  The exist�
ence of such high densities in a critical substance state
(critical fluid) is confirmed by experimental data of
optical and neutron spectroscopy.

(4) From the obtained result ρf ≈ 3ρc, it is possible
to draw the conclusion that the pressure P inside fluctu�

ation volumes νf =  at a critical temperature Tc

for the substance considerably exceeds the critical
pressure (P � Pc). In other words, the intermolecular
interaction forces in these fluctuation formations also
considerably increase. In this connection, substance
molecules fly away from each other at velocities which
considerably exceed their thermal motion velocity
upon the decay of order parameter fluctuations in a
certain lifetime.

(5) These molecular velocities of the substance were
estimated using the results of experimental studies on
the formation of Al2O3 nanoparticles in CF�H2O. The
velocity of CF�H2O molecules (vf ≈ 106 cm/s) in the

Ff* h t,( ) NfkTc/ PcVc( ) C0Rs
3–
.

Ff* h t,( )

dFf*

dμ
��������

dρ
dμ
�����

dFf
2*

dμ2
���������=

Rs
z

Rs
1–
,

Rs
3
.

Ff* h t,( )

4/3πRs
3
.

4/3πRs
3

origination and decay of order parameter fluctuations
was determined from the molar Al sublimation energy
(Es = 301.7 kJ/mol). From this result it is possible to
draw the conclusion that sufficiently high velocities of
molecules are likely to be the main reason for the
appearance of the unique properties of a critical fluid
in their practical application.

(6) Relying on the presented experimental data on
the structural characteristics of a critical substance
state and the propagation velocity of critical fluid mol�
ecules after the decay of order parameter fluctuations
(vf ≈ 106 cm/s), it is possible to conclude that the
unique properties of the gas phase in a critical fluid
and a subcritical temperature region (t < 0) will also
find their successive practical application. In this case,
the use of the gas phase of a critical fluid may be very
efficient in connection with this state being character�
ized by a lower viscosity and a higher diffusion coeffi�
cient in comparison with the supercritical temperature
region at ρ = ρc.
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