SCALED EQUATION OF STATE FOR FREON-113
NEAR THE PHASE SEPARATION BOUNDARY

A. D. Alekhin and Yu. I. Shimanskii UDC 535.532

The equation of state of Freon-113 near the phase separation boundary and the
behavior of a nonisotropic medium in a gravitational field near the critical
point are studied using data on the scattered light intensity.

In recent years, significant progress in theoretical investigations of phase transi-
tions of the second kind and of critical phenomena [1-3] has stimulated deeper and more
detajiled experimental investigations of different properties of matter in near-critical
conditions,

The progress achieved in this direction mainly involves the study of temperature
behavior of substances near the critical point. The study of field dependences of thermo-
dynamic properties of matter, which are no less important than the temperature dependences,
are performed much less often. The basic information is provided by methods using the
gravitational effects [4, 5], with the help of which the asymptotic form of the scaled
equation of state near the critical isotherm and critical isochore was checked experimentally
in [6].

According to the similarity theory [1-3], all thermodynamic properties of a substance
near the critical point are determined by the fluctuation part of the free energy of the sys-
tem

fo= AF (gT)™t = CV, R, (1)

Here C is a constant quantity; Vo and Re are the volume and correlation radius of an iso-
tropic system.

Starting with this relation, in order to determine the equation of state of a substance
near the critical point, experimental data are necessary on the field and temperature depen-
dences of the correlation radius Rc.

Basic information concerning the correlation properties of "a substance can be obtained
by the method of molecular light scattering. This method was used in the present work. The
object of our investigation was the single substance Freon-113 (C,F3;Cl; — trifluorotrichlo-
roethane) ., The experimental technique, which allowed studying the intensity of light scat-
tering at an angle of 90° as a function of the height of the system, and the method for
processing the experimental data are described in detail in [5]. The overall error in deter-
mining the intensity of single scattering varies from 2 to 6% depending on the temperature
t=(Ter — T)TEE. The critical temperature of Freon-113 was chosen as Ter = 487.1°K, at which
the phase separation boundary vanished, while the scattered light intensity at a height
where the critical density of the substance is realized attained its highest value. The
precision with which T., is determined in this manner is 0.01°. Near the critical temper-
ature, the substance was thermostatically controlled with a precision of 0.005° for a period
of 10~12 h,

We studied the height dependences of the scattered light intensity I(h, t) in the
region of subcritical temperatures t from 1,410™* to 5.107 and the field variable h=
pergHoPgy from O to 2:107°, as well as at the critical temperature. Here, Ho is the height
measured from the center of the layer of the scattering volume of height AH=5.10"" m to the
phase separation boundary, per and Per are the critical density and pressure., The data
obtained on I(h, t) were used for studying the correlation properties of Freon-113 near the
phase separation boundary.
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Fig. 1. Behavior of the correlation radius along the phase
separation boundary h=0 (a) and along the critical iso~
therm t=0 (b). Rc, m. '

A
Starting from the form of the correlation function given by Fisher [7]Kﬂf%: ;T;ﬁexp

(Ro-*r), the relation between the scattered light intensity and the correlation radius near
the critical point can be represented in the form [8]

R =,——l~— 1 _D 1+n/2_1 _0.5' @
¢ Bl B2\ I\

Here k= (41/A)sin(6/2); D is a constant quantity, which was determined from the experimen-
tal data on the scattered light intensity for two wavelengths of the exciting light X, =
5.461+1077 m and A, =4.358:10"7 m; and the critical index of the correlation function is
n=0.06 [7].

The functions Re(h, t) computed from formula (2) are shown in Figs. la, b and Fig.
2. 1In calculating R., we used the symmetrized values of the scattered light intensity I=
0.5[I(h<0)+I(h>0)]. The values I(h>0) and I(h<0) were chosen at heights that are
symmetrical relative to the height H=0, where the phase separation boundary is realized.

According to the similarity theory [1], the scaled equation for the correlation radius
can be represented as

R =tV (2), (3)

where §(Z) and Z=ht"2n/At are the scaled function and variable in the theory of similarity
{1]; An and Ay are the scales for the field and temperature variables (REl(t==O)’bh1/Ah,
Rz (h=0) v t*/At),

The values computed according to least squares based on the values of the correlation
radius given along the line h=0 (see Fig. la) and t=0 (Fig. 1b) are 1/A+=0.618 £0,017
and 1/Ah=0.,408 + 0,008, The form of the scale function w(Z)==(RCt1/At)“1 for Freon-113 in
the region Z™~10~' «1 1is shown in Fig. 3. The experimental points aredescribed by the
following scaling function:

w0

P(Z) = 2 2" & ay + a7 + 0,72, (4)

n=0
where ao = (0.446 +0,004)+10*° m™*; q, = (1.47 £0.07)-10*° m~*, and a,= (0.93 £ 0,05)-10*° m~*,

Substituting (4) into the equation for the free energy (1) and differentiating with
respect to the variables h and t, it is possible to study various thermodynamic properties
of the substance near the critical point.

Function (4) confirms the form of the scaled equation of state near a phase separation
boundary, proposed in [3], and permits analyzing some of the behavior of thermodynamic
properties of a substance in a gravitational field near the critical point,

It is known that the theory of similarity [1-3] is applicable only in equilibrium and
isotropic systems. However, under the actual experimental conditioms, the system being
studied is not of this kind, Near the critical state, due to the unbounded increase in
compressibility of the substance under the action of the gravitational field, the system
becomes nonuniform with respect to height. This nonuniformity can be eliminated by mixing
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Fig. 2. Temperature dependence of the correlation radius as a
function of the different fixed heights H near the critical point:
1) H=2.10"% my 2) 4+10° mg 3) 6.107% m; 4) 8-10"° m; 5) 10™%m; 6)
1,2:107% my 7) 1.4+107% m; 8) 1.6°107% m3 9) 1.8+10"2 m; 10) 2°
10~% n.

Fig. 3. Form of the scale function L[)(Z)==(Rct1/At)'1 near the
phase separation boundary: 1) t=5,2.10"%; 2) 4.5.107%; 3)
3.65-107%; 4) 2,77-1072; 5) 2,25-107°, y(2), m,

the substance, But, such a mixed isotropic system will already be in a nonequilibrium state
and after some time will again pass into an equilibrium state, but one which is nonisotropic
with respect to height. In our opinion, in order to study the thermodynamic properties of

a substance near the critical point it is useful to study this particular nonuniform, but
equilibrium, state of the system. A mixed nonequilibrium system can serve as an object of
study of the kinetic properties of a substance.

The nonuniformity of the system with the height of the specimen is created by the
gravitational field. However, the thermal fluctuation motion of the molecules strives to
destroy this nonuniformity. For a system with large linear dimensions, the gravitational
effect predominates over fluctuation processes. However, in small systems, density fluc~-
tuations (especially near the critical point) completely destroy the gravitational change
in density within the linear dimensions of the specimen being- studied. On the basis of
available experimental data, it is possible to calculate the linear parameters of such an
isotropic system in a gravitational field for which the theory of scale transformations
will be directly applicable. For this it is necessary that within the limits of the linear
dimensions L, of the specimen, the gravitational change in density does not exceed the
magnitude of the density fluctuations in the substance [<(Ap/p.)¢”]" 2zz(Ap/pcr)gr, i.e.,

kgT 172 dp
( 11/30 Pcrﬁ?") >p°r_aH L. (5)
Here, Vo =L3, and' By is the compressibility of the substance.

According to experimental data on the gravitational effect [4], light scattering [5, 9],
and P, V, T measurements [10], near the phase separation boundary pgp+dp/dha107%*t~"; P, By~
10"2t~Y. Then, on the basis of (5), we find that Lo <(10~-°tY/3) n,

The analysis made above shows that, near the phase separation boundary in the tempera-
ture range t=10"°, a system in a gravitational field with linear dimensions Lo » Re is com—
pletely isotropic. The correlation radius of such a system in a gravitational field and the
correlation function G(r) are spherically symmetrical. Scaling laws [1-3] can be applied
with complete justification to such systems.

However, it is necessary to note that under actual experimental conditions the linear
dimensions L of the specimens being studied significantly exceed the parameter Lo, In such
systems, the action of the gravitational field leads to density nonuniformities with respect
to the height of the specimen. Then, the fluctuating part of the free energy of such a non-
uniform system in a gravitational field must be represented in the form
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where Vo =L3 is the volume within which the substance is completely isotropic; S is the
cross—-sectional area of the specimen, Substituting the series (4) into relation (6), and
integrating with respect to the volume V>» Vo, the center of which is located at a height
H/2, we obtain
‘ 3/8; N z"
for = CVt zbnn—+—1—. (7)
n=0

3 2
Here, bo =go, bi=3gi1q0, and by = 3a2a?,.

Taking into account only the first two terms of the series (7), we can conclude that
the free energy of the nonisotropic system near the phase separation boundary (0<Z« 1) in
a gravitational field equals the free energy of an isotropic medium in the same volume V,
each point of which is characterized by the field variable Ap=(u — poluoe  =—h/2 (uo is
the value of the chemical potential p on the phase separation boundary itself).

The fluctuating parts of the free energy of the system in a gravitational field near
a critical isotherm and isochore were studied previously in [11],

The gravitational demsity change of the substance near the critical temperature has
an 1mportant effect on the experimental measurement of the boundary curve p(t). Usually,
in such investigations, the densities of the existing phases are equated to the average
density p =M/V of the specimen.

On the basis of the equality 3f/8H= (p — lc)/p ), the average density of the speci-
men in the gravitational field can be representeg as
H
- of .
14+ H*y ——dH |.
o=t 1 [ | ®)
0

Near the phase separation boundary, according to (4), the derivative df/dH= 3Ca,a2tB(1+
a

75‘2),whilethe critical index is B =3/Ar+Ap/Ar. On the basis of the measured values of
1

Ay, and At, the magnitude of the index is B=0.34. Substituting the derivative df/dH in (8)
and assumlng that the den31ty of the existing phases is determined by the relation Pe=p,
(l-FBt ), where B=3Cg.10, after integrating we have

B G2 Z

(0—po)pg = =B (9)

ay

Under actual experimental conditions, when H=10"% m, the case Z=<10"*«1 occurs
only for t=10"", Under these conditions on the basis of (9) the difference between p and
pec is 0.2%. 1In order that this distance not increase for t « 1072, it is necessary to
decrease significantly the linear dimensions of the specimen being studied., TFor t=<10"7
and H~10"® m, when pemper, While Z» 1, the effect of the gravitational field will lead
to the fact that (p — pc)ogy will attaln a magnitude $3-1072,

The calculations performed above lead to the conclusion that in measuring the boundary
curve p(t) near Tcr the equality p=pe cannot be used. In order to study the density of
existing phases (h=0) near the critical temperature correctly, careful measurements of the
entire density profile are necessary for small field deviations from the phase separation

boundary. Such experiments are possible only with methods using the gravitational effect
phenomenon [4].
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