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Critical behavior of the binary fluids cyclohexane-methanol, deuterated cyclohexane-methanol
and of their isodensity mixture: Application to microgravity simulations and wetting phenomena
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It is possible to adjust the density of cyclohexane by adding a small amount of deuterated cy-
clohexane. Then the mixture deuterated cyclohexane-cyclohexane-methanol can be made isopycnic.
We have determined the critical properties of this system and of the systems cyclohexane-methanol
and deuterated cyclohexane-methanol: coexistence curve, correlation length, and osmotic compressi-
bility via refractive index and turbidity measurements. For that purpose, a detailed discussion of the
validity of the volume additivity and of the Lorentz-Lorenz formula has been made. The main re-
sult is that the isopycnic system acts as a binary mixture for the phase transition properties as
shown by the P exponent and the amplitude combinations (Rt+R, '

) which exhibit the universal
values. Some aspects of microgravity conditions can then be created. We have studied in the iso-
pycnic system the phase separation at critical concentration; new features are found after a thermal
quench: macroscopic spinodal decomposition structures during the phase separation process and
macroscopic wetting layers in the final equilibrium state.

I. INTRODUCTION

This study is a preliminary step in the investigation of
phenomena encountered in fluids submitted to micrograv-
ity (MG) conditions, as they appear in space. It also per-
tains to the first part of a study of wetting phenomena
and phase decomposition of fluids —including liquid
metals —in a real or simulated low gravity environment. '

Since the earth's gravitational acceleration g affects the
fluids through the density p in the product pg, the basic
idea was to create a mixture where the density of each
phase could be adjusted to become as close as possible to
each other. For that purpose we initially considered a
mixture with components whose densities were nearly
matched, the cyclohexane-methanol system (C-M). Add-
ing a small amount of deuterated cyclohexane (C') allows,
in principle, the density of the C+ C' phase to be adjusted
to the M density. The density values are indeed in the
range

pc &pm «pc'
enabling the equality pc+c ——p~ to be fulfilled. A simple
calculation shows that a C'-to-(C+ C') mass fraction
(called c' in the following) of 12.8%%uo should fit this re-
quirement. We will see also that it is rather a concentra-
tion c =4.5% which makes the system isopycnic in the
critical region.

In order to maintain this density matching over a wide
range of temperature the thermal expansion coefficients
a=p '(t)p/t)T)z of the liquid phases should be as close
as possible. This condition is fortunately fulfilled by the
C, C', and M components.

However, strictly speaking, the (C+C')-M system is a
ternary mixture, and it is necessary to determine to what
extent it could be assimilated to a real binary fluid. Ex-

periments performed at the mass fraction c'= 11.6%
show that the phase-transition properties are the same as
if the C+C' mixture acted as a single component. Valu-
able MG experimental simulations can therefore be per-
formed in such a system, and we will see that new phe-
nomena, such as macroscopic spinodal decomposition pat-
terns and macroscopic wetting layers, can be observed.

This paper is organized as follows: Section II shows
physical properties of the C, C', and M components.
Section III shows the coexistence curve of the C-M,
C'-M, and (C+C')-M (with c'=11.6%) mixtures by re-
fractive index measurements. Section IV shows the
osmotic susceptibility and correlation length of the above
mixtures using a light transmission technique. Section V
shows the check of the critical behaviors (critical ex-
ponents) and of the universal relationships between the
critical amplitudes (two-scale-factor universality). Section
VI shows the application to the simulation of MG condi-
tions (spinodal decomposition process, wetting phenome-
na).

II. PHYSICAL PROPERTIES OF THE COMPONENTS

A. Chemical purity

The nature and amount of impurities is important in
the C-M system; impurities can induce a significant shift
of the critical temperature T, and of the critical mass
fraction c, . This effect is well known. The role of wa-
ter and acetone is dominant. We used the best commer-
cially available quality for the components without fur-
ther purification:

(i) Methanol. From Merck: the guaranteed purity is
better than 99.5%. The main impurities are ethanol (max.
0.1%), water (max. 0.05%), and acetone (max. 0.01%).
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(ii) Cyclohexane. From Eastman Kodak company: It
is of spectrograde quality, with less than 0.02% of water.

(iii) Deuterated cyclohexane. From Centre d'Etudes
Nucleaires de Saclay (CEA-Saclay): the deuterated frac-
tion is guaranteed to be 99.7%. The water fraction is
lower than 0.02% and acetone is not detectable.

B. Density

The densities p of the components and their thermal
variation p '(t)p/t)T)z have been experimentally deter-
mined using the same batch as used for the mixtures.
Measurements have been performed with a commercial
densitometer. The principle is to measure the mechanical
resonance frequency of a U-tube filled with the liquid.
This apparatus needs to be carefully calibrated with two
liquids of different densities; we choose as standards wa-
ter, with density data from Ref. 6, and one of the com-
ponents, methanol, with density data from Ref. 7. The
sensitivity of such measurements is high and to ensure a
final p accuracy of 10 a thermal regulation of the sam-
ple to within 10 mK is needed. This was obtained by cir-
culating water from a thermostat (Fig. 1). Temperature
was measured close to the U tube in the circulating water
by a calibrated thermocouple; the other junction was im-
mersed in freezing water and its temperature was con-
trolled by a quartz thermometer. A final resolution of 3
mK was obtained for the temperature measurements. The
results for C, C', and C+C' at c'=5.5% are shown in
Fig. 2. The data for water and methanol are not shown
since they have been used for the calibration.

The data have been obtained in the T range 25—50 K
where the linear variation
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fits the data well. The temperature To was chosen to be
25 C. The values of the parameters po and po '(Bp/dT)z
are listed in Table I.
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FIG. 2. Density data of cyclohexane {a), deuterated cyclohex-
ane {b), and the mixture of cyclohexane and deuterated cy-
clohexane at the 5.5% mass fraction of deuterated cyclohexane
(c).

WB

Note in Table I that the experimental density of C' is
somewhat larger (=+3X10 ) than expected when con-
sidering the ratio of the molar weights. Indeed, deuterium
exhibits slightly denser electronic orbitals, which makes
the liquid somewhat denser than calculated.

We have also compared the C+C' density to that cal-
culated assuming the volume additivity. A discrepancy
appears, whose magnitude is about 0.5%. This is small
but well above the experimental uncertainty which we es-
timated to be within 0.1%. Finally a concentration
c'= 12.8% should make the density of the C+ C' mixture
nearly equal to that of methanol.

0.
Th.

F
:lI:lt.

FIG. 1. Setup for measuring the densities of the components.
%'B, water bath to thermalize the densitometer; PD, densitome-
ter; F, frequency meter; Tc, thermocouple junction; Q. Th. ,

quartz thermometer; mV, millivoltmeter.

C. Refractive index

The refractive index measurements have been carried
out using the standard method of the "minimum of devia-
tion" (Fig. 3). A high precision parallelepiped shaped cell
is filled with the liquid under study. This cell is sealed
with a Teflon screwcap. The angle between the windows
of the cell has been checked to be A =90'+3'. This cell is
supported by a rotary mount and is immersed in a
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TABLE E. Density and refractive index of the components. They have been fitted to the linear varia-
tions (1) and (4) in the range 20—50'C.

Component

C'
(99.7%)
C+C'
(5.5%)
C+ C'

M

po(25 C) (gcm )

0.773 542

0.887 173
0.884 24o'
0.777 329
0.779 03o
0.781 529'
0.785 208"
0.786 477

—1.277~10 '

—0.958 X 10

—1.236 X 10

—1.207)& 10

no(20'C, 6328 A)

1.423 50
1.42 356"

(1.4245)'

1.41943

1.327 11
1.327 00"

(1.3274)'

Bn (~ ))
aT

p

—5.500' 10-4

(—5.561 )& 10 )

5.506 &&
10-4

—4.045 &&
10-4

(—3.941 ~ 10-4)'

'From the C density assuming that the molar density p/~ remains constant.
"From the C and C' densities assuming the volume additivity.
'From the linear extrapolation of the 5.5% (C+ C') experimental values.
"Imposing the slope (Bn /8T)~ measured in Ref. 10 by interferometric means.
'From Ref. 9.

thermally stabilized water bath with accuracy 2 mK. A
slightly focused laser beam is sent through the cell. By
rotating the cell the minimum of deviation of the beam
can be determined, and using a straightforward geometri-
cal calculation one can deduce the corresponding devia-
tion angle D

The refractive index n is a function of 3, D~, and of
thc Iefractlvc index of watcI ng .

sin[(A +D )/2]
sin(A /2)

In order to use an analytical function for nq, we have
fitted the n~ data of Ref. 8, extrapolated at 6328 A by
using the Ref. 9 data. In the range T=14—100 C, the
following formula was found to hold:

n~ 1.331904—9.083——295&&10 ~(T To)—
[1+1.49864)&10 (T To)—
—2.479132&C10 (T To)]—

Th
REGUL.

He -Ne

I FT I

' Th

Pl

FIG. 3. Experimental setup for refractive index rneasure-
ments. I., lens; He-we, helium-neon laser; A, attenuator; Pl,
pump; FT, S-p, m water filter; Q. Th. , quartz thermometer; Th.
regul. , thermal regulation; WH, water bath; P, plane where the
beam deviation HI is measured.

Bn
n =no+ (T—To) .

BT (4)

The present work is in good agreement with a previous
study of the C and M refractive index by inter-
ferometry, ' where very accurate values for the slope
(Bn/dT)z have been determined. We have imposed these
slopes when fitting the data (Table I).

Note the weak lowering ( = —4X 10 ) of the C' re-
fractive index when compared to the C index. Since C'
exhibits a density larger than the C density this result
may seem paradoxical. However, let us consider the
Lorentz-Lorenz (LL) formula which connects the refrac-
tive index to the polarizability a and to the number densi-
ty per unit volume p/~ (~ is the molar weight):

2n —1 4m p (5)n+2 3

On deuteration the ratio p/~ increases by 0.3' (see
Table I); the lowering of n shows that the polarizability of

with To ——18.0859 C.
A check of the calibration has been performed by corn-

paring the refractive index of cyclohexane and methanol
with literature data extrapolated at the same temperature
and wavelength. The remaining discrepancies of a few
10 " are of the order of magnitude of the scatter of data
reported by different authors. This scatter can be at-
tributed in particular to the different levels of purity of
the components. Another check was performed with sili-
ca by sending the beam in the bottom of the cell.

To conclude, we have estimated the absolute accuracy
on n measurements to be about 2& 10; the relative ac-
curacy is larger, it is nearly 5)& 10

All results concerning the M, C, and C' components
and the C+ C' mixtures are listed in Table I. ln the range
investigated (T=20—50'C) the following linear variation
is sufficient to fit the data:
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C' is weaker than that of C. This is in agreement with
the lowering of the electronic orbitals, as noted above in
Sec. II 8 for the density.

III. THE COEXISTENCE CURVES

The coexistence curves have been determined, as in Ref.
11 for the C-M mixture, by measuring the refractive in-
dex of both phases in the inhomogeneous region. From
the refractive index the volume fraction or the mass frac-
tion can be deduced, using some assumptions which will
be discussed below.

A. Theory of the measurements

p„(I)—p, +B~t~(1+a~t )

+Fpt+ Gpt ' +Hpt ~+ . .

The sign + corresponds to the phases (u) or (1). The
fraction P, is the critical volume fraction, B~ is the coex-
istence curve amplitude, a& is the first order correction-
to-scaling amplitude. I"~, G~, and H~ are also
nonuniversal amplitudes. The exponents are universal
P=0.325, b, =0.50, and G. =0.11.

Generally the accuracy is not good enough to distin-
guish between the behaviors
Therefore we will introduce an "effective" exponent co

with amplitude E~, whose range will be co=[0.5, 1].
Then Eq. (11) can be rewritten,

Let us denote by n„(n~) the upper (lower) phase. The
refractive index can be expressed through the LL formula,
known to be valid to within a few percent (Refs. 10 and
11):

2
nu (Ii

—1 4w
u (i)=, = (a &&)+a2&2) .

~u (1) +2
The quantities a, (a2) are the polarizabilities of com-

ponents 1 (2), and X, (X2) are the number of molecules
per unit of volume. We denote here the volume fraction
of component 1 in the upper (lower) phase by P„'

~~~ and
the corresponding volume fraction of component 2, P„~n.
Then (6) can be written,

1 2+u (!) +lou (I)++20u (I) ~

Here K; =(n; 1)/(n; +—2), with i = 1 or 2.
The next step needs the assumption of volume additivi-

ty. In the C-M system this has been verified to within a
few percent by density measurements

1 2
4u (I)+4u (I)

From Eq. (7) it follows

y„' (, )
—(Z„(,) —K, )/(K, —K, ),

enabling the volume fraction of component 1 to be deter-
rnined.

Note that the mass fraction c corresponding to the
volume fraction P can be deduced, without any further
hypotheses, using the relation

' = I+ (p~/p~ )(P ' —1) .

The thermal variation of p, /pz has to be accounted for.
The two assumptions, LL formula and volume additivity,
will be checked in the following for the C-M system.

B. Fit of the coexistence curves

We will now consider only the component 1=cyclohex-
ane and the superscript 1 will be omitted in the following.
With T the absolute temperature, and T, the critical tern-
perature, we will write the reduced temperature as
t=

~

1 —T/T, ~. The volume fraction or the mass frac-
tion is often considered as the order parameter of the
liquid-liquid transition; it is known' to follow a universal
behavior versus t,

0. (t) =A. +Byt~(1+&pt )+Ept"+ (12)

It is sometimes easier to fit the data with the two
equivalent expressions,

—,(P„—$()=Bpt~(1+apt~),

2 (4.+At) =P.+Ept" .

(13)

(14)

The variations of the mass fraction c vs t can be writ-
ten in a quite similar manner, with the critical mass frac-
tion c„andthe amplitudes B„a„andE„

c„~I~——c, +B,t~( I+a, t )+E,t
which can be written as

—,(c„—ci)=B,t~(1+a, t ),
—,(c„+ct)=c,+E,t

(15)

C. Experimental

%'e have used the setup previously described in Sec.
IIC. The mass fraction of the mixture has been deter-
mined by weighing with a resolution of 0.1 mg. Some
care was taken to avoid moisture and dust in the final
sample, namely, baking the syringes and the cells over-
night under vacuum and preparing the mixtures in a
dust-free area. Three samples have been prepared at the
following concentrations:

C-M, at the C-mass fraction c„p,——0.7103;
O'-M, at the C'-mass fraction c, p&

0 7410;
(C+C')-M, at the concentration c'=0.116 and at the

C+C' mass fraction c, p&
0 7100.

The temperature was lowered by steps. The critical
temperature T, was determined by the appearance of a
ring of spinodal decomposition in the scattered light after
a thermal quench of a few mK (see Sec. VI A).

The final states of phase separation have been estimated
by the disappearance of the droplets and inhomogeneities,
i.e., when the Quid becomes transparent. Close to T„
within a range of some 50 mK, the equilibrium times are
very long' and can reach 24 hours. These times increase
with the density matching of the components, and are
therefore maximum for the (C+C')-M mixture. Howev-
er, the density matching of this system at c'=0. 116 is not
as good as calculated, so the equilibrium times remained
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in a range comparable to those commonly found in other
mixtures. In this last system the denser phase was that of
C+C', which indicated that the density matching would
have occurred for a smaller c' value. We will see below
that this value is nearly c'=4.5%.

1.4200

D. Results

The refractive index variations are drawn in Fig. 4.
The measurements have been performed in both the one-
phase and two-phase regions.

1. Direct analysis of the refractive index

1.4025—

C-M
(a)

(i) In the homogeneous region T ~ T, the refractive in-
dex is expected to behave as

n =n+„+T,
a" t+Rt 1

BT

1.3850 —'

1.3675—

0

O~+~
~ ~ ~

~O
~~

Here n,+„v„(BnldT)z~, and 8 are nonuniversal ampli-
tudes. The t' behavior is related to the density anoma-
ly, whose amplitude is small in this system. ' Since ihe
exponent a is small (0.11), the uncertainty of our measure-
ments allows the following simplification to be made:

1.3500
22 29 43 T(C) 50

n =n,„„,+At .+ (19)

1.43

fl

.41—

1.39—

C-M

The data fit well this simple linear variation where n, pt
and 3 are the adjustable parameters. Results are reported
in Table II.

(ii) In the inhomogeneous region T & T, we will simply
apply the order parameter behavior [Eq. (12)] to the re-
fractive index. Indeed the refractive index variations are
relatively small and the coupling parameter (c)n /BP)
remains nearly constant in the T range investigated, as al-
ready noticed in Ref. 11. The refractive index is therefore
expected to exhibit the behavior

~0 + ~~ ~e ~
~ ~ ~ ~ oo— n =n, +B„t~(1+a„t)+E„t (20)

1.37—

1.35
8

~~~
~ -o~ +—~~ ~

~ ~
~ ~

~ 0
~ ~

41 T ('C) 52

Note that this expression is somewhat approximate
since a number of approximations which are not well con-
trolled have been performed. We will discuss this point
later.

Instead of Eq. (20) we fitted the data with the two
equivalent expressions,

1,410

,' (n„n—~)=B—„t~(1+a„t),
—,(n„+nt)=n, +E„t".

(21)

(22)

1.395—

(C ' C')-. M (11.6'lo)

(c)

'~~ ~~~—
1.380— ~ ~ ~ ~

~W~ W~ ~

1.350
32 36 4I T ('IC') 52

FIG. 4. Refractive index data of the cyclohexane-methanol
mixture (a), deuterated cyclohexane-methanol mixture (b) and of
the 11.6%%uo mixture of the cyclohexane and deuterated
cyclohexane-methanol system (c). Both the one-phase and the
two-phase regions have been investigated.

The parameters n„8„,a„,and E„areadjustable. The
exponent p has either been set free or imposed at the
theoretical value 0.325. The exponent co was imposed to
be equal to unity. The exponent 6 was imposed to the
value 0.5. In fact we were unable to detect corrections to
scaling, and the results reported in Table II were obtained
with a„setto zero. This result is in agreement with the
study of the C-M system of Ref. 10.

The Table II results deserve some comments:
(a) The values of n+v, and n, do not coincide, as is ob-

vious from Fig. 4. This means that the mixtures were not
prepared at the exact critical concentration.

(b) The critical exponent p is found to be not too far
from the theory, especially for the (C+ C')-M mixture.

(c) The comparison with already published data for the
C-M system shows a remarkable agreement, except for
the p value that we have found to be slightly larger.

In order to compare the amplitudes of the coexistence
curves of the different mixtures we need to analyze the
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TABLE II. Refractive index fitted to Eq. (19) when T& T, and Eqs. (21) and {22) when T & T, . The values in parentheses have
been imposed in the fits. Corrections-to-scaling terms have been found negligible.

System Cexpt
+n expt

T& Tc

Bn (K ))
BT T, ('C)

nc

(f3=0 32.5, co= 1)

T & Tc

(P=0.325) (all free)

C+ C'-M
(11.6%)

0.7103 1.379 794

0.741p

0.710p

1.378 379

1.37945,

0.7106' 1.379 66'

—5.08 &&
10-4

—5.82 &&
10-'

—5.40 ~ 10-4

—5.SO ~ 10-4

44.826

45.474'

42.130

44.034

1.379 19
+0.00030

1.379 56'

1.377 45
+0.000 20

1.379 38
+0.000 02

0.071 35
+0.00040

0.071 5'

0.065 52
+0.000 30

0.070 57
+0.000 35

9.7~10-'
+1.4~ 10-'
9 43X10

9.96~ 10-'
+0.5~ 10
7.27X10 2

+0. 17X 10-'

0.334
+0.004

0 326'
+0.003

0.337
+0.002

0.322
+0.002

'From Ref. 10.

TABLE III. Determination of the C-M coexistence curve parameters. The data of different origins

have been fitted to Eq. (15) (sets a and b) or Eq. (16) (from ref1'active index). The order parameter is the
C-mass fraction. The values in parentheses have been imposed in the fit.

From
Eckfeldt
and
Lucasse'

Tc

45.1417
+0.0013
45.1417
+0.0013
45.1419
+0.0013
45.1424
+0.0016

0.715
+0.003

0.715
+0.003

0.715
+0.002

0.711
+0.002

B,
0.738

+0.02
0.718

+0.02
0.727

+O.OOS

0.725
+0.005

ac

—0.087
+0.13
(0)

(0)

(0)

E,
—0.36
+0.13
—0.36
+0.13
—0.36
+0.02
—1.05
+0.06

0.65
+0.12

0.64
+0.12
(0.65)

(0.325)

0.321
+0.007
(0.325)

(0.32S}

14.7

15.0

15.S

26.2

From
Jones
and
Amstell

45.600'
+0.001
45.600'
+0.001
45.600'
+0.001
45.600'
+0.001
45.600'
+0.001
45.600'
+0.001

0.720'
+0.004

0.720
+0.004

0.720
+0.004

0.720
+0.004

0.720'
+0.004

0.720
+0.004

0.781
+0.03

0.711
+0.03

0.788
+0.03

0.729
+0.01

0.770
+0.03

0.732
+0.01

—0.29
+0.15
(0)

—0.33
+0.15
(0)

—0.22
+0.15
(0)

—0.50
+0.20
—0.6
+0.2
—0.36
+0.03
—0.37
+0.03
—0.89
+0.07
—0.915
+0.08

0.77
+0.15

0.83
+0.16
(0.65}

(0.325) 186

0.316
+0.013
(0.325) 196

(0.325) 209

(0.325) 229

{0.65) (0.325) 244

From
our
refractive
index
data

(44.826)

(44.826)

(44.826)

(44.826)

(44.826)

(44.826)

0.6738
+0.0004

0.6749
+0.0004

0.6722
+0.0004

0.768
+0.006

0.752
+0.010

0.759
+0.003

—0.085
+0.05

(0)

—0.34
+0.04
—0.245
+0.006
—0.67
+0.02

0.76
+0.04
{0.65)

(0.325) 47

0.323
+0.003
(0.325)

51

(0.32S) 29

(0.325) 40

(0.325) 70

'Reference 3.
bReference 2.
'The fitting program could not give the uncertainties due to some problems created by an imposed range
for T, and c, . We have estimated the errors.
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TABLE IV. Comparison between the C-M parameters when using the C-mass fraction as an order
parameter. The C-mass fraction has been obtained: (a) from the direct measurements of Ref. 3 and
Table III, (b) from the direct measurements of Ref. 2 and Table III, (c) from our refractive index mea-
surements (see Table III), assuming both the L-L formula and the volume additivity, and (d) corrected
from these above (c) assumptions (see text and Table VI). The quantity 6 is the correction between the
direct measurements [Y(c)] and the refractive index ones [ Y(n)], such as Y(c)= Y(n)(1+5).

Parameter
Y

Eckfeldt
and

Lucasse
(a)

Jones
and

Amstell
(b)

Average of
(a) and (b)

From ( n)
(c)

~, ('C)
cc

(~=1)
B,

(/3=0. 325, a =0)

45. 142
0.715

0.727

—1.05

45.600
0.720

0.729

—0.91

45.371
0.7175

0.728

—0.98

44.826
0.675
0 704J
0.759

—0.67

6.30
1.92"
4.25

—46

(a =0)
0;321

+0.007
0.65

+0.12

0.316
+0.013

0.77
+0.15

0.323
+0.003

0.76
+0.04

volume (or mass) fraction variations. Before that we will
check in the C-M mixture the assumptions of Sec. IIIB
which allows the connection n /or -n cto be-made.

2. Comparison of the C-M coexistence curves
using refractive index or direct measurements

The LL formula and the volume additivity have been
checked as follows. We have fitted the coexistence curves
of Refs. 1 and 2, where the mass fraction was directly
determined, to the behavior (15). We have imposed in the
fits the exponents p and 6 at their theoretical value 0.325
and 0.5. The exponent u, as the amplitudes c„B„a„
and E„were left free. The results can be found in Table
III. The values inferred from the two studies are in excel-
lent agreement.

We have also applied Eqs. (9) and (10) to the refractive
index data in order to infer the mass fraction, which has
been fitted to the behaviors (16) and (17). The results are
shown in Table III and can be compared to the direct
measurements (for the comparison, Table IV is helpful):

(i) The values obtained for the exponents p and co are in
good agreement and very close to the theoretical values
P=0.325 and co=2P=0.65.

(ii) The amplitudes exhibit some differences. In Table
IV we have made visible the relative deviation 6 of an am-
plitude obtained from n, i.e., Y(n), or directly from c, i.e.,
Y(c). The deviation 5 is defined as

6=[Y(c)—Y(n)]/Y(n) .

This deviation remains small for both B, and c„but
reaches nearly 50% for E.

Nevertheless we can reasonably expect that these devia-
tions will remain almost constant when comparing the
different mixtures, and that valuable relative comparisons
will be possible.

3. Analysis of the C-M, C'-M,
arid (C+C')-M coexr'stenee curves

We have applied Eqs. (9) to analyze the volume frac-
tion, using the behaviors (13) and (14). The amplitudes
$„8&,and E& were left free, and the exponent /3 was ei-
ther left free or imposed. The exponent co was set equal to
unity.

The results of the fits are reported in Table V. It is
clear that when cyclohexane is deuterated, not only T,
changes, but so do also all the amplitudes. The relative

TABLE V. Coexistence curves fitted to Eqs. (13) and (14) with the volume fraction |/ as an order pa-
rameter. Both the LL formula and the volume additivity have' been assumed. The values in
parentheses have been imposed in the fits.

System

C-M
C'-M

(C+C')-M
(11.6%%uo)

r, ('c)

{44.826)
(42.130)
(44.034)

(co = 1,/3=0. 325)

0.6760+0.005
0.671+0.001
0.6775+0.0002

Bp
(P=0.325 )

0.755+0.003
0.713+0.002
0.752+0.002

Ep
(co = 1)

—0.695+0.022
—0.642+0.026
—0.968+0.020

0.323+0.003
0.326+0.002
0.322+0.002
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sures the level of accuracy of the assumptions concerning
the LL formula and the volume additivity.

IV. OSMOTIC SUSCEPTIBILITY
AND CORRELATION LENGTH

0.9

—1).6 '/o

0.2 0.4, 0.6 0.8

We used light scattering techniques —more precisely
light transmittance measurements —in order to obtain two
basic critical properties, the correlation length and the
osmotic compressibility.

FIG. 5. Variations of some critical amplitudes versus the
C'-to-(C+ C') mass fraction in the critical mixture (C+ C'}-M.
The values are reduced to the C-M system.

change however remains small (see Fig. 5). Note that the
values found for the exponent (3 in Table V are very close
to the theory 0.325.

4. Corrections to obtain the critical mass fraction

C BC
Ce =Cexpt +

3pz
c nexpt) (23)

Here c,' is the corrected critical mass fraction and
(Bn/t)c) is the slope at (T„c,), derived from Eqs. (9) and
(10),

an «'+»'
=(Kt —K2)

Bc 6n,
(24)

L

The results are listed in Table VI.
It is interesting to compare these estimates with the

value found in the volume fraction fit (Table V). For that
purpose we have estimated the mass fraction c, through
Eq. (10). The results of Table VI show a constant and
systematic deviation of about 3%, which therefore mea-

From a practical point of view, it is important to infer
from these measurements the critical mass fraction with
the maximum reliability. For that purpose we have
developed a correction procedure where the LL and
volume additivity assumptions have little effect.

We know the experimental mass fraction c
p&

of the
system under study, and the corresponding refractive in-
dex at T, (n,+„~„from Table II). From the refractive in-
dex fit below T, one deduces the critical index n, (Table
II). Since the difference between n, and n,+„~„is small one
can write

A. Theory of the measurements

~= ( —1/l. )1nu (25)

allows two properties of the fluctuations to be determined:
(i) The amplitude, related to the turbidity amplitude.
(ii) The size, owing to interference terms which appear

because the light wavelength becomes comparable to the
fluctuations extent.

A good approximation of the correlation function of
the concentration fluctuations is given by the Ornstein-
Zernike function,

(5c(0)5c(r))= Bc

C)P

e
—r/g

k~T (26)

The variable r is the space coordinate. The parameter g
is the correlation length of the fluctuations and exhibits a
universal behavior near T, (Ref. 14),

(27)

The exponent v =0.63 is universal, and go is a
nonuniversal amplitude.

The osmotic compressibility (t)c/t)p)~ T is the inverse
derivative versus c of the chemical potential difference

The large concentration fluctuations which take place
near the liquid-liquid critical point of a binary fluid make
the refractive index fluctuate in space and time (if the re-
fractive indices of the components are different). The
coupling parameter is the derivative (t)n/Bc)z T Lig.ht is
strongly scattered by the fluid; it is the classical critical
opalescence. The light scattering attenuates the incident
light. The measurement of the transmittance u in a sam-
ple of length l., or equivalently of the turbidity r such
that

TABLE VI. Determination of the corrected critical mass fraction c, by correcting the Lorentz-Lorenz formula and the volume ad-
ditivity hypotheses (see text).

C

System cexpt
+ bn expt n, b dc

dn
C

cc —c, Cg
C

C-M
C'-M

{C+ C')-M

0.7103
0.7410
0.7100

0.6722
0.6963
0.6775

1.379 794
1.378 379
1.379 457

1.379 19
1.377 45
1.379 38

10.69
11.12
10.73

3.16)& 10
3.43 ~ 10-'
3.17X10 '

0.7038
0.7307
0.7092

'From P, from Table V and calculating c, by means of Eq. (10).
From Table II.

'From Eq. (24).
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FIG. 6. Experimental setup for measuring the turbidity. L,
lens; He-Ne, helium-neon laser; P, pin-hole; A, attenuator; M,
mirror; P&, pump; FT, 8-pm water filter; Q. Th. , quartz ther-
mometer; PD~, PD2, calibrated photodiodes;, Th. regul. , thermal
regulation; WB, water bath.
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where the quantities p, ; (i = 1 or 2) are the chemical poten-
tial of the components, and p'; the value at T, . The
osmotic compressibility exhibits a universal behavior, '

C+
t r (28)

()p ~ kg T

Here y = 1.24 is a universal exponent and C+ is a
nonuniversal amplitude.

The turbidity r is related to both g and (Bc/Bp)~ z. by
the classical expression'

r=r, (1+t)t rG(X)+r&,

where

FIG. 7. Turbidity ~ as a function of temperature: (a) ~ in the
cyclohexane-methanol mixture; (b) 0.1~ in the deuterated
cyclohexane-methanol mixture; (c) 0.01~ in the 11.6~o mixture
of cyclohexane-deuterated cyclohexane-methanol system. Note
the log-log plot. The line is the best fit to Eq. (29) with the pa-
rameters listed in Table VII.

The parameter ~z represents the noncritical causes of ab-
sorption, and the parameter 5„is connected to the local
field evaluation, in a way quite similar to the Lorentz-
Lorenz formula. We will consider here the formulation
proposed by Yvon' or Vuks' which was seen to hold in
the binary fluids'

3 2=-S a 'C-
+0 4, n Bc

(30) 9nS„=
(n +2)(2n +1)

(31)

Here (r)n /t)c) is the square of refractive index deriva-
tive versus concentration; we will make use as concentra-
tion of the volume fraction P in order to be consistent
with the coexistence curve study: (t)n /t)c)=—(Bn /BP).

The function G(X) takes into account the interference
terms which appear when the correlation length becomes
comparable to the light wavelength; with k =2vrnW2/Ao
a typical wavevector and X=(kg), G(X) can be written'

TABLE VII. Determination of the amplitudes C+ and go from turbidity measurements at A,o
——6328 A. Data have been fitted to

Eq. (29).

System

C'-M
C+ O'-M

9.423 ~ 10-'

9.321X 10-'
8.563 &&

10-'

n, '

1.379 19

1.377 45
1.379 38

70
(10 cm ')

6.74+0.53

5.91+0.65
7.14+0.30

7g
(10 cm ')

4.5+4.5

6.5+7
7.5+3

C+
(10 cm )

6.19+0.5

5.55+0.6
7.94+0.35

(0
(A)

2.40
4.1+0.5'

3.24+0.23

3.5+0.4'
3.60+0.30
3.30+0.12

'From the derivative of Eq. (9).
"From Table II.
'From Ref. 29.
dFrom Ref. 30.
Values obtained indirectly from the specific heat data of Ref. 31 analyzed in Ref. 20.
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TABLE VIII. Comparison of the universal exponent P and of the universal combination

$0(B&/C+ )'i in the different mixtures.

System

C-M
C'-M

(C+C')-M
(1 1.6%)

(0.325 theory)

0.323+0.003
0.326+0.002
0.322+0.002

0.755+0.003
0.713+0.002
0.752+0.002

g
b

(10 cm)

3.24+0.23
3.60+0.30
3.30+0.12

c+'
(10 cm )

6.19+0.5
5.55+0.6
7.94+0.35'

go(Bp /C+ )'i'
(0.67 theory)

0.68+0.07
0.75+0.09
0.64+0.04'

'From Table V.
bFrom Table VII.
This value is slightly different from the one reported in Ref. 1 due to a reanalysis of the data.

G(X)
2X +2X+11 (1 2X)—2 +X

+3 +2

The asymptotic limits of G(X) are

X~(1, G(X) cc —', , and r cc t

lnXX»1, G(X) cc, and r cc lnt .
X

(32)

(33a)

(33b)

multi- scattered light contributions to a level where they
remained negligible. The cell was moved upwards in or-
der to measure the incident beam intensity. The laser in-
tensity was detected by another calibrated photodiode.
Several runs in temperature have been performed.

C. Results

In the region far from 1, where G is a constant, the
amplitude C+ can be determined, and close to T, it is the
amplitude go which can be measured. A simple set of tur-
bidity measurements allows, in principle, these amplitudes
to be obtained.

Note that the only remaining difficulty concerns the
determination of C+ which is a function of the choice of
S„.Although we think that the Yvon formulation is the
more correct, this problem affects only the absolute value
of C+, and not the comparison between values obtained
from the different mixtures of C, C', and M.

The same remark can be made about the correlation
length whose value can be different according to the dif-
ferent correlation functions which have been assumed.
More accurate correlation functions have been proposed, '

which generally lead to very small differences in G.

The turbidity data concerning the three mixtures are re-
ported in Fig. 7. They have been fitted to Eq. (29) where
only the parameters C+, go, and ro were left free. Our
experimental procedure allows rz to be identified with the
reflection losses of the cell,

2
7 B L

2
ns —nc+ s+n,

2

=4)& 10-' cm-',

(34)

where ns is the silica refractive index.
In Table VII are reported the values of the above pa.-

rameters measured in the three mixtures. One can see
that their variation according to the different systems
remains small,

B. Experimental

The setup (Fig. 6) is nearly the same as that of (Fig. 3)
used for the refractive index measurements. The cell,
whose inner path is 1.000+0.001 cm, is also the same.
The laser beam was sent perpendicularly to the entrance
window. The light power was reduced to less than 1 m%'
in order to reduce extra heating of the sample (typically
0.5 mK per mW incident power). The transmitted beam
was detected by a calibrated photodiode after having
passed through a pinhole; this reduced the scattered and

(2]
'~

curve

stabie region

spinodal curve

unstabte region

T, ('C)

44.48

c, (mass
fraction)

0.7061

go (A) C+(10 ' cm')

0.7540 3.265 7.02

TABLE IX. Values of some parameters interpolated at the
C'-mass fraction of 4.5%, for which the mixture (C+C')-M is
isopycnic.

FIG. 8. Phase separation of a binary fluid. At time 0=0 the
system is quenched from the temperature T; in the one-phase
region to Ty under the coexistence curve. It then phase
separates to reach the coexistence curve at the end of the process
(0~ oo ). The hatched region under the coexistence curve is not
stable. The spinodal curve classically separates a region of me-
tastabi. lity where nucleation occurs in the phase separation pro-
cess [labeled (1)] from a region of unstability where spinodal
decomposition takes place [labeled {2)].
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A comparison with other determinations can be made
for the C-M system. Our result go ——3.24+0.23 A agrees
well with the most recent determinations of Ref. 20,
go=3.9+1 A and go=3. 5+0.4 A.

V. UNIVERSAL BEHAVIORS

Checks of the critical universal behaviors have been
made on the following points.

A. Value of critical exponents

B. Universal relationships between the amplitudes

We have determined here three amplitudes: B~, C+,
and $0. They are not independent, and the following com-
bination is expected to have a universal value

B
R+(R )

'i =g'e 0 (35)=0.67

The fit of the turbidity data of the (C+ C')-M system
by Eq. (29) means that the correlation length and the sus-
ceptibility behave in this system as in normal binary
fluids. A more sensitive test lies in the comparison of the
critical exponents P as determined in Sec. IIID3. The
values are reported in Table VIII and are in fair agree-

-ment, not only with each other but also with the theoreti-
cal value 0.325.

FIG. 9. Computer simulation of a spinodal decomposition
structure. A, is the typical wavelength. From Ref. 26.

20

gAp
(36)

sponded to a Laplace length of the order of the sample
size. This is a very sensitive test bemuse of the density
and temperature dependence of l:

1/2

according to the most recent determination using the re-
normalization group theory. '

We have reported in Table VIII the above combination
for the three mixtures; a good agreement is found with the
theoretical value.

C. Concluding remarks

We therefore see that all the tests performed with the
C-M, C'-M, and (C+C')-M mixtures did not show any
ternary character of the (C+C')-M system, at least for
the phase transition phenomena.

The nonuniversal amplitudes, however, were seen to
(slightly) vary with the concentration of C'; in Fig. 5 are
drawn the corresponding variations. The isodensity in the
critical point vicinity occurs for a C' concentration of
4.5% and the amplitudes of the corresponding mixture is
nearly those of the C-M system. In Table IX we have re-
ported the values interpolated at c'=4. 5%%uo for r„c„B~,
go, and C+.

VI. EXPERIMENTAL REPRODUCTION OF
A MICROGRAVITY ENVIRONMENT

A simple calculation cited in Sec. IIB shows that a
mixture of C and C' at the mass fraction c'=12.8%%uo

should exhibit the same density as M. However, this is
not experimentally the case when considering a critical
mixture (C+C')-M.

We have performed systematic experiments by varying
c' and by looking at the Laplace length (l) of the men-
iscus between the 2 phases within a few tens of mK below
T, . The concentration which gave the isodensity corre-

FIG. 10. Typical ring structure of the light scattered by a
binary fluid undergoing spinodal decomposition. The corre-
sponding wavelength is A, =11 pm (O'-M mixture, 24.77 sec
after a thermal quench at T~ —T, = —1 mK).
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FIG. 11. Experimental setup for studying the phase separation processes. L&,L2,L3,L4, lenses; He-Ne, helium-neon laser;
H~, H2, pin-holes; F~, blue colored filters; F~, red interferential filter; M~, M2, semitransparent mirrors; I, mask; S, sample cell;
P~, P2, pumps; WB~, WB2, temperature regulated water baths; Q. Th. , quartz thermometer; Th. regul. , thermal regulation; HE; heat
exchanger; FT, water filter.

Here o. is the interfacial tension and Ap the density
difference of the two phases. Near T„o.exhibits a
universal behavior,

o=rro( —t)"
~ (37)

where p=2v=1. 26 is a universal exponent and pro a
nonuniversal amplitude. In the C-M mixture o.o ——114
dyn/cm (Ref. 24) and a Laplace length of 1 cm at 30 mK
from T, corresponds to a density difference bp=10
g cm

The more the temperature is close to T„the more sen-
sitive is the test. Indeed the density difference between
the two phases goes to zero as their relative composition,
i.e., slower than cr. According to the developments of Sec.
III B,

density of the two phases. Let us consider for instance
water as the impurity, and assume that it mixes only with
methanol. A concentration of 0.02%%uo will give rise to a
density variation of 10 glcm at T T, = —10 mK.—
This density variation can be larger than the difference in
density between the two pure phases. Because of some
uncontrolled parameters during the sample preparation
process, the isopycnic mixtures show concentrations of be-
tween 3.5% and 5.5% c' mass fraction.

It is likely that the density or volume anomaly is more t
dependent than the difference in the volume expansion of
the pure components and would cause some density
mismatch far from T, . It is why we have limited here
our study to the region T, —T= 1 K, and to two phenom-
ena: phase separation process and wetting layers. The
corresponding results are only preliminary.

bP =bPo( t )~, — (3&)
A. Phase separation process: Spinodal decomposition

where Apo is an amplitude. This means that l must go to
zero when approaching T„whatever the level of accuracy
of the density matching (or MG),

1/2

I= )(p, —p)/2
( t)0.47 (39)

A good matching was found for the C'-mass fraction
c'=4.5+1%, This is less than half the value expected.
We attribute this difference to the anomaly of volume ad-
ditivity which occurs near T„and which amounts to a
few %%u& in the C-M mixture. ' The uncertainty is related
to the amount of impurities, as these modify the relative

If a binary fluid is subjected to a thermal quench
(T; & T, to Tf & T, ) from its homogeneous region to its
two-phase region, it phase separates (Fig. 8). At the criti-
cal concentration the system separates —at least
initially —according to a spinodal decomposition (SD)
process, to be compared with the phenomenon of nu-
cleation. In the SD process all fluctuations become un-
stable and grow with time 0. The rate of growth is size
dependent, and this favors a typical size or wavelength A, m

for which the rate is maximum, to appear in the system.
The wavelength A, is itself time dependent; at constant
temperature,
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after the quench. (b} 2 min after the quench. (c) 4 min after the quench. (d) 9 min after the quench.
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q (10 crn
X

mass fraction of 0.706 as reported in Table IX.
The thermostat was the same as before. The thermal

quench was accelerated by injecting during a calibrated
time water at a given temperature. The total typical time
response was 15 sec as measured directly in the sample by
light transmittency measurements.

The scattered light and/or the sample image were
recorded by a photo camera and/or a video camera. A
computer was connected to the video and enabled numeri-
cal analyses to be performed.

FKJ. 13. Fourier transform of Fig. 12{a). We have selected 8
levels {the intensity is proportional to the point density). Com-
p~re this ring to that in Fig. 10.

~ 9'~ for small 0,
~ 0 for large 0 .

(40)

(41)

A simulation of the process (Fig. 9) leads to consider the
two-dimensional pattern as the sum of phase-aleatory
Fourier modes with the same wavelength A,~ (Refs. 26
and 27).

Typically the detectable structures are in the range of a
few pm (glasses, metallic alloys, etc.) and can be studied
by electron microscopy. Diffraction techniques are also
used, such as x-ray or visible light scattering. In these last
cases a typical SD ring pattern is observed (Fig. 10),
which is the Fourier transform of the SD structure.

In fluids the final stages of the SD process are difficult
to observe; before A, reaches large values, instabilities
(convections) driven by gravity occur, which make the
denser phase to go to the bottom of the sample, and the
lighter to the top. Making the density difference (or the
parameter g) very small would allow these late stages to
be. observed.

B. Experimental

We carried out an experiment (Fig. 11) in order to ob-
serve both the initial SD process (A, =1 pm) and the final
processes (A,~=1 cm). When A, ~ does not exceed a few
pm, a classical light scattering setup was used. For larger
values a Schlieren optics device has been chosen. These
two techniques can operate at the same time owing to
colored filters which separate the red light (A, =6328 A)
of the scattering experiment from the blue light of the
Schlieren optics illumination.

The samples used were 2.00 mm thick (light path), 1

cm wide, and 2 cm high. In some cases we have used also
cylindrical cells with 2 cm diameter and 2 mm thickness.
The cells were sealed by a Teflon screwcap as above. The
mixture was made' of C and C' at the mass fraction
c'=4.5%, and M, so that the mixture was at the critical

2.00 cm

FKJ. 14. Aspect of a 2-cm-diam sample of the O'-M mixture
after a quench of 10 mK below T, : {a};1 min 15 sec after the
quench: (b); 2 min after the quench. Note the presence of
gravity-induced convections, to be compared with the structures
observed in the Fig. 12.
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In order to check the SD character of the structure we
have performed a numerical two-dimensional Fourier
transform; a well-defined ring was obtained (Fig. 13). We
have also reported the structures shown by a nonisopycnic
system, the C'-M mixture at the critical mass fraction
c =0.731. Figure 14, where raining structures are visible,
shows that even for times 9=1 min, convection occurs
and that a meniscus becomes visible.

D. Wetting layers

In the stage (ii) of the above SD process, macroscopic
wetting layers of the M-rich phase progressively form,
showing droplets on the windows and irregular layers on
the vapor interface and on the thin sides of the cell (Fig.
12). For longer times of the order of 15 min or more, well
defined layers are formed (Fig. 15), whose shape depends
on the cell shape.

Further from T, (T—T, = —1 K) the interfacial ten-
sion is large enough so that the mixture is formed of a
drop of a (C+C')-rich phase surrounded by an M-rich
phase wetting the walls and the meniscus with vapor (Fig.
16).

1cm

FIG. 15. Macroscopic wetting layers appearing 10 mK below
T, in the isopycnic (C+C )-M mixture, 16 min 50 sec after the
quench.

C. Spinodal decoxnposition results

%'e report here the results of a typical quench where
T; —T, =5 mK and Tf —T, = —10 mK. From a qualita-
tive point of view one can distinguish two different stages
as a function of the time 8 after the quench:

(i) Classical SD process (8&1 min; Fig. 10). Some
seconds after the quench the well-known ring pattern ap-
pears in the scattered light. This ring collapses with time
and after about 1 min becomes undetectable in the small
angle stray light.

(ii) Macroscopic SD structures (8~ 1 min; Fig. 12). The
direct observation of the sample shows the presence of SD
structures whose size increases slowly with time, from
about 100 pm to reach the sample dimension (=1 cm)
after 5 min.

FICx. 16. Wetting layers appearing 1 K below T, in the iso-
pycnic (C+ C')-M mixture.
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It is clear that all the studies concerning the transitions
between partial and complete wetting can be performed
with macroscopic layers, to be compared with the 100 A
layer widths typically found in ordinary mixtures. Note
that the mixture of acetonitrile and cyclohexane naturally
exhibits closely matched densities, so that interesting wet-
ting structores have been observed. However, a supple-
mentary degree of freedom is obtained with the
(C+C')-M mixtures since the level of isodensity can be
adjusted, in particular the (C+C')-rich phase can be
made more dense or less dense according to the study or
the temperature range of interest.

VII. CONCLUSION: PERSPECTIVES

The main conclusion of this study is that the ternary
mixtures of cyclohexane, deuterated cyclohexane, and
methanol behave as binary fluids with respect to the phase
transitions properties. Moreover the critical amplitudes
do not vary very much with respect to the C' concentra-
tion. The density of each phase can therefore be accurate-
ly adjusted so as to be matched; matching levels of about
10 g cm have been obtained.

The applications of such a density matching can be
numerous; in as much as that the gravity acts through the

densities difference, valuable simulations of microgravity
conditions can be performed. In particular the convec-
tions at constant temperature which appear at the phase
transition of such binary fluids can be suppressed and new
features appear: macroscopic periodiclike spinodal struc-
tures can be formed, whose size seems to be limited only
by the sample size itself. The problem of the relevance of
such finite size effects is now posed and could lead to in-
teresting features. Also macroscopic wetting layers be-
come visible, which makes the wetting phenomena easier
to study. Note that the study of nucleation problems
could be envisaged in terms of MG simulation.

However, the bulk of the sample is always submitted to
ordinary gravity and thermal convections can appear
under a temperature gradient. This could prevent any
valid simulation of MG conditions, unless this thermal
gradient is directed to have a stabilizing effect. In this
case only Marangoni convections should occur, which
could lead also to interesting effects.
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