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Experiments are reported in which a critical mixture of 3-methylpentane plus nitroethane
has been subjected to varying pressures. By varying the static pressure we have determined
the dependence of the critical temperature on pressure with considerable accuracy. By sud-

den depressurization we have cooled the sample adiabatically leading to phase separation via

spinodal decomposition; from these experiments we have determined the adiabatic thermal
pressure coefficient near the critical point. By combining our data with the experimental
density data of Greer and Hocken, we are able to determine the asymptotic critical behavior
of the thermal-expansion coefficient and of the specific heat, consistent with two-scale-
factor universality. %e also obtain a value for the adiabatic coupling constant which ap-
pears in the dynamic scaling theory for the frequency dependence of the critical sound at-
tenuation. Our thermodynamic data appear to be in good agreement with the critical ul-

trasonic attenuation data obtained by Ishida and Harada for 3-methylpentane plus ni-

troethane.

I. INTRODUCTION

The principle of critical-point universality asserts
that one-component fluids near the gas-liquid criti-
cal point and binary liquids near the critical mixing
point belong to the same universality class. Because
of' the absence of strains in fluids it is possible to ap-
proach the critical point very closely. Such experi-
ments have confirmed the validity of the principle
of critical-point universality for fluid systems in
considerable detail. '

Strictly speaking, a binary liquid near the critical
mixing point is analogous to a one-component fluid
near the gas-liquid critical point only if in the form-
er system I' or P/T is kept constant, where P is the
pressure and T the temperature. ' Binary liquids
near the critical mixing point have an extra degree
of freedom which is readily accessible experimental-
ly by varying the pressure. In this respect, phase
separation in binary liquid mixtures has many simi-
larities with the superfluid phase transition at the A,

line in liquid helium. '

These considerations motivated us to make a
study of the pressure dependence of critical phase
separation in a binary liquid mixture. Previous
work in our laboratory yielded an accurate deter-
mination of the static and dynamic behavior of the
critical fluctuations in the binary liquid 3-
methylpentane plus nitroethane. ' For the present
study we therefore continued to use this binary
liquid system.

It is possible to consider two kinds of pressure-
dependent effects. First, one can study the critical-
point phase transition parameters as a function of
the static pressure P. Second, by suddenly changing
the pressure one can quench the system from a
stable state in the one-phase region to an unstable
state in the two-phase region, thus inducing phase
separation via spinodal decomposition. %e have
performed both kinds of experiments.

First, by changing the static pressure we have
determined the critical temperature T, as a function
of the pressure I', thus locating the critical line in
the I'-T diagram. These results supplement and im-
prove upon similar information previously reported
by Beysens and Tufeu for the same system. '

Second, we have induced spinodal decomposition
by cooling the system adiabatically as a result of a
fast change of the pressure. Spinodal decomposition
experiments in binary liquid mixtures have been re-
ported by several investigators. " ' In these experi-
ments spinodal decomposition was induced either by
changing the temperature"- '"' or by changing the
pressure of the system. ' ' Inducing spinodal
decomposition by a fast pressure quench has two ad-
vantages over the alternative method in which spi-
nodal decomposition is induced by adding {or sub-
tracting) heat to the fluid. First the speed with
which the pressure can be changed makes it possible
to observe earlier stages of spinodal decomposition.
Furthermore, the adiabatic cooling as a result of the
pressure change occurs homogeneously throughout
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the entire fluid sample. Although the experimental
procedure is similar to that used by Knobler and co-
workers, ' ' the physical basis of our method of in-

during spinodal decomposition is somewhat dif-
ferent. In the experiments of Knobler and co-
workers' ' and of %enzel et al. ' spinodal decom-
position was induced by changing the critical tem-
perature of the system as a result of a pressure jump.
In our method, spinodal decomposition is induced

by lowering the temperature of the system itself
through adiabatic cooling with a fast pressure
quench. It is not the purpose of this paper to report
a detailed study of the spinodal decon1position pro-
cess itsdf. Rather, the occurrence of spinodal
decomposition is used as an indication that the sys-
tem has passed through the phase transition. As
will be discussed in further detail, the phenomenon
of spinodal decomposition is used as a tool to locate
the adiabatic cooling line in the P-T diagram for the
system at its critical composition. FroIn the slope of
the adiabat and the slope of the critical line we then
determine an adiabatic coupling constant which ap-
pears in the dynamic scaling theory of critical ul-

trasonic attenuation.

II. EXPERIMENTS
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FIG. 1. Glass sample cell and U tube.

A. Apparatus

The binary liquid to be studied was contained in a
cylindrical optical cell located at the end of a U tube
which contained a mercury column as a pressure
separator. The arrangement is shown schematically
in Fig. 1. The cylindrical sample cell, with an opti-
cal path length of 10 n1n1 and a volume of 3 crn,
was a Markson optical cell n1odified for our experi-
ments. The fritted flat windows were more firmly

attached to the cell body by heating the edges lightly
with a torch, leaving the center area undistorted. To
further guard against failure under sudden pressure
changes, the Aat windows were reinforced with two
stainless steel disks, machined to accommodate a
rubber 0 ring whose diameter was equal to the di-

ameter of the cell. Used in conjunction with spacers
as indicated in Fig. 1(b), the 0 ring and disk assern-

bly reinforced the cell windows so that they could
readily withstand the pressure changes of up to 5 at-

mospheres used in the experiments. The liquid sam-

ples could be stirred with the aid of a glass-
encapsulated magnetic stir bar also located in the
sample cell. The optical sample cell was joined to a
U-shaped pyrex tube with an internal diameter of 5

mm [Fig. 1(a)]. The interior of the U tube be1ow the
sample cell was roughened by grinding. The ar-

rangement of sample cell with U tube is sin1ilar to
the arrangement used by %ong and Knobler for ob-

serving spinodal decomposition in isobutyric arid
plus water mixtures. However, since the turbidity
of 3-Inethylpentane plus nitroethane is much smaller
than that of isobutyric acid plus water, no special
precautions were needed to reduce the optical cell
path length for our experiments. A general problem
encountered in experiments with binary liquids
under varying pressures is the fact that the critical
temperature T, easily drifts with the time owing to
leakage of impurities into the liquid sample. '

These problen1s were also encountered in our prelim-
inary experiments. However, it was found that the
drift problen1 could be rebeved by using glass-
covered stir bars in the liquid and by roughening
part of the interior of the U tube, thus slowing the
diffusion of impurities along the inner wall of the U
tube.

The sample cell and U tube were located in a
glass-walled thermostat containing about 20 gallons
of water. The bath temperature was controlled to
within +0.15 mK over a period of about an hour
and to within +0.3 mK over a period of 24 h with
the aid of a Tronac PTC 40 controller. The tem-
perature was measured with a Hewlett-Packard
quartz thermometer. The frequency of osciBation is
about 28 MHz with a temperature coefficient of
0.9865 kHz/'C. %e monitored this frequency with
a resolution of 0.1 Hz using an electronic counter
and a rubidium frequency standard with a stability
of 1&10 ' per month. The calibration supplied
with the crystal was verified by a comparison
against a secondary thermistor standard made avail-
able to us by S. C. Greer.

The arrangement for changing the pressure of the
binary liquid. mixture is shown in Fig. 2. The pres-
sure delivery system, using nitrogen as pressurizing
agent, was connected to the exit end of the U tube
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FIG. 2. Schematic representation of pressure delivery

system.

attached to the sample cell. A solenoid valve con-
trols the supply of nitrogen pressure from a nitrogen
gas cylinder. With the aid of an on-off valve and a
quick-connect fitting, located close to the U tube,
the binary liquid could be pressurized, sealed off,
and disconnected. The pressure was registered with
a Setra model 204 pressure transducer with a pres-
sure range of 250 psi and a response of 0.02004
V/psi.

To prepare the liquid samples, use was made of
commercially available 3-methylpentane with a puri-

ty better than 99.9% and nitroethane with a purity
of 97%. The nitroethane was dried over gas
chromatography-grade silica gel to remove any pos-
sible traces of water. No further purification was
attempted, since the purpose of the experiment was
not to measure T, of the mixture on an absolute
basis, but rather the change in T, as a function of
pressure. The experiments to be reported were per-
formed with two different samples. Both samples
were made by injecting the liquid components into
the cell through the mercury column with the aid of
a syringe, a hypodermic needle, and a long teflon
tube. In preparing the first sample, the mass
transfer was monitored on a sensitive balance. In
preparing the second sample, micrometer syringes
were used to accurately deliver known volumes of
the two liquids. Care was taken to avoid air bub-
bles. All handling was done in a dry nitrogen glove
box. The two samples, A and 8, prepared for the ex-
periments had a concentration xNE ——0.505+0.007
and xNE ——0.499+0.007, respectively, where xNE in-
dicates mole fraction of nitroethane. These concen-
trations are close to the critical concentration es-
timated as x~E ——0.500. ' The experiments con-
firmed that the meniscus would form near the mid-
dle of the sample cells. The critical temperature of
3-methylpentane plus nitroethane is approximately
299.60 K. The critical temperature Tc of' sample A

was found to have changed by only 7 mK after nine
months, corresponding to a drift of 0.8 mK/month.
The measurements with sample 8 lasted only about
one week; during this time interval a drift of 0.5 mK
of T, was noted, only slightly larger than the experi-
mental critical temperature uncertainty of +0.2
mK.

The critical temperature T, (P) as a function of
pressure was determined by visual observation. It
turns out that the derivative dT, /dP is rather small
for 3-methylpentane plus nitroethane and consider-
able accuracy in determining T, was needed so as to
obtain a reliable value. We performed a number of
preliminary experiments during which the binary
liquid sample was cooled slowly toward T, in steps
of approximately 0.3 mK, with about 20 minutes of
waiting time between temperature settings. It was
established that the early appearance of vertical stri-
ations due to fluid flow would inevitably indicate
that the separation temperature had been reached.
This phenomenon enabled us to determine the
separation temperature with an accuracy of about
0.2 mK within five or ten minutes after the ap-
propriate temperature had been reached, thus avoid-
ing the problem of long waiting times of the order
of hours. Care was taken that the same procedure
was used for measuring T, at each pressure to elim-
inate the effects of any systematic errors as a result
of the chosen measurement procedure. Further-
more, before each measurement of T, (P) at a given
pressure P, we redetermined the critical temperature
T, (PO) corresponding to the atmospheric pressure
Po so as to eliminate any possible drifts of T, with
time.

%'e performed three experimental runs: run 1 and
run 2 with the same sample A but separated by a
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FIG. 3. Enhancement of the critical temperature T,(P)
over the critical temperature T,(PO) at atmospheric pres-
sure for 3-methylpentane plus nitroethane.
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time interval of six months, snd run 3 with a dif-
fe1cnt sample 8. Thc experimental data obtained fof
the increase of the critical temperature T,(P) over
thc critical temperature T, (Po) at atmospheric pres-
sure Po are presented in Table I Rnd plotted in Fig. 3
as 8 function of the prcssure difference P —Po. The
data cover a range of about 0.5 MPa (=5 bar). In
thc interpretation of the data we assume that the
change of the critical concentration x, with pressure
is negligibly small so that the separation tempera-
tuic at elevated pfcssufcs can still bc identified with
the critical temperature of the mixture. Arguments
in support of this assumption have been presented

by Kong snd Knobler. ' In our case the assumption
was confirmed by the observation that at elevated
pressures the meniscus would continue to appear at
the same position in the sample cell.

As can be seen from Fig. 3 the critical tempera-
tQfc T~ varies linearly with pfcssufc to well wlthlD
the experimental accuracy. A fit of the data to a.

straight line yields the result

T,
' =—dP /d T, =(3.67+0.06)X 10 ' K/Pa

=(3.67+0.06) mK/bar,

%'1Mrc tlM quoted error I'cpfcscnts tUN standsfd devi-
ations. This value of T,

'
is smaller than that ob-

served for many binary liquids. In particular, it is
a factor of 10 smaller than the value earlier estimat-
ed by Klein and %oermann for 3-methylpentane
plus nitroethsne. %C also note that the coefficient
T, of 3-methylpentane plus nitroethane is positive
Rs lt is fof many othcf liquid IDlxturcs, but this ls ln
contrast to thc coefficient T, of the isobutyric acid
plus water system, which is negative. ""

The vanation of T, with pressure for 3-
methylpentanc plus nitroethane was also investigat-
ed by Beysen and Tufeu. ' While our data were tak-
en at pressures up to 5 bar over atmospheric pres-
sure, Beysens and Tufeu measured T, at pressures
from 5 to 130 bar and concluded T,

' =(3.7+0.5)
&10 K/Pa. This result is in excellent agreement
with thc IDO1'c accuI'Rtc valUc deduced above from
ouf experimental data. The data reported by
Bcyscns Rnd Tufcu Rfc fcpfoduccd ln Flg. 4. Thc
line ln this flguI'c was Dot obtained f lorn 8 fit to
these data, but represents the linear behavior extra-
polated from our data. The good agreement indi-
cates that thc vaflstlon of T %'1th P ls llncR1 ovcI' 8
large pfcssufc fangc.

In an earlier study of the effect of pressure on
liquid immiscibility, Meyers et al. considered sn
approximate relationship between dT, /dP and the
molar excess volume V snd molar excess cnthalpy
H~ of the form

V (T„x,)
H (T„x,}

where the ratio V /H is to be evaluated at the crit-
ical point. DRta foI" thc cxccss volume Rnd cnthalpy
of 3-methylpentane plus nitroethane have been re-
ported by Knobler and co-workers. ' From these
data we estimate V ( T„x,)=(0.218+0.004)
cm /mol and H (T„x,)=(1626+100) I/mol. %C
thus obtain T, V (T„x,)/H (T„x,)=(4.0+0.3)
X 10 K/Pa which indeed fcpfoduccs ouf obscfvcd
value of T~ = ( 3.67+0.06)g 10 K/PR wlthln
10%. %C conclude that the experimental data for

TABLE I. Critical temperature as a function of' pressure.

Run 3, sample 8
I' —Po T,(I') —T,(PO)
(MPa) (mK)

0.1372
0.1715
0.1717
0.2060
0.2063
0.2397
0.2749
0.3101
0.3406
0.3767
0.4130
0.4131

4.9J0.4
6.0+0.2
6.4+0.2
7.4+0.2
7.5+0.3
8.6+0.4
9.9+0.2

11.0+0.2
12.1%0.3
13.6+0.2
14.8+0.3
14.8+0.2

0.1729
0.2071
0.2752
0.3103
0.3436
0.3785
0.4130
0.4814

5.8+0.2
7.0+0.4
9.7+0.3

10.5+0.3
12.5+0.3
13.6+0.3
14.9+0.4
17.7+0.4

0.0687
0.1032
0.1360
0.1649
0.2066
0.2400
0.2415
0.2751
0.2761
0.3092
0.3445
0.3772
0.4120
0.4462
0.4826

1.7+0.2
3.0+0.2
4.3+0.2
5.0%0.2
6.8JQ.2
7.9+0.3
8,0+0.2
9.0+0.3
9.410.2

10.2+0.3
11.7%0.2
13.1+0.2
14.2+0.1

15.5+0.2
17.0+0.2
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FIG. 4. Enhancement of the critical temperature T,(P)
over the critical temperature T,(PO) at atmospheric pres-

sure for 3-methylpentane plus nitroethane as determined

by Beysens and Tufeu. ' Solid line represents the linear

behavior extrapolated from our experimental data.

3-methylpentane plus nitroethane are consistent
with the approximate relationship i2.2i.

C. Adiabatic cooling and spinodal decomposition

A binary liquid near its critical point can be
brought from the stable one-phase region into the
unstable spinodal region by a pressure quench. Our
experimental setup allo~ed us to change the pres-
sure of the binary liquid in less than 15 msec.
Periodic pressure changes can also be investigated
with this apparatus; such a procedure could be used
to stabilize the process of spinodal decomposition in

analogy with similar stabilization methods encoun-
tered in plasma physics, electronics, and mechan-
ics. The interest of such experiments was also re-

cently pointed out by Onuki. 9

The effect of a pressure quench is twofold: it
changes the critical temperature because of the pres-
sure dependence of T, and it changes the tempera-
ture of the system as a result of the adiabatic expan-
sion or compression. The rate of change of the tem-
perature of the system is determined by the magni-
tude of the adiabatic thermal pressure coefficient
(BP/dT)q„. Hence, what actually happens upon a

fast pressure quench of a system near the critical
temperature depends on the magnitude of the slope
T,

' =dT, /dP of the critical line as compared to the
inverse adiabatic thermal pressure coefficient
(BT/BP)& „.In many binary liquids

d Tg

S,x

at the temperatures of interest. Previous investiga-
tors have thus induced spinodal decomposition in
binary liquids by changing T, with a pressure

jump. " ' However, for 3-methylpentane plus ni-
troethane

dTc 3T
dP BP

Therefore, for this system, although T,
'

y 0, spinodal
decomposition is induced by cooling the system adi-
abatically as a result of depressurizing the system.
%'e have used this effect to make a quantitative
study of the adiabatic thermal pressure coefficient
of 3-methylpentane plus nitroethane near the critical
point.

In our experiments we pressurized the binary
liquid sample and, by subsequently heating and mix-

ing the liquid mixture, ensured that it was in the
stable one-phase region. Having maintained the sys-
tem at a given pressure P and a given temperature T
above the known critical temperature T, (P), we then
suddenly depressurized the sample to atmospheric
pressure Po. At the same time we observed on a
screen the light from a 5-m% He-Ne laser beam that
was scattered upon traversing the sample, as indicat-
ed schematically in Fig. 5. %'hen the system entered
the unstable region below the critical temperature, a
ring of scattered light appeared on the screen at an
angle of about 4, indicating spinodal decomposition.
This visible ring appeared within 5 to 10 sec after
the initiation of an appropriate pressure decrease,
which we henceforth call a "quench. " In spite of
this time delay, we take the observation of the ring
as evidence that the spinodal decomposition process
was set into motion at the time of the quench.

For every given temperature difference
hT= T —T, (Po) we determined two closely spaced
pressure quenches AP=P —Po, the larger leading to
the appearance of a spinodal decomposition ring;
with the smaller quench, spinodal decomposition did
not occur. It was found that this criterion deter-
mined the magnitude of the pressure quench
AP=P —Po quite sharply. %'e therefore adopt the
appearance of spinodal decomposition as an internal
thermometer indicating that the system has reached
a certain temperature T, which, as we shall see, is
just below the critical temperature T, (PO).

Spinodol 'g DA 7 .& 7.
Decomposition ~
Ring

He-Ne Loser
I

?j
Sample Cell

Observation A'oter Both
Screen J

Insulot ion

FIG. 5. Schematic representation of experimental ar-
rangement for observing spinodal decomposition.
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TABLE II.
Temperature difference hT =T—T,(PO) as a function of the adiabatic pressure change 5P =P—Po.

Run 1, sample A

LP dT
(MPa) (mK.)

Run 2, sample 8
hP hT

(MPa) (mK)

Run 3, sample A

AP hT
(MPa) (mK)

Run 4, sample A'
hP hT

(MPa) (mK)

0.1080
0.1564
0.1568
0.1914
0.2338
0.2654
0.2913
0.3191

20.7+0.3
30.6%0.3
30.9+0.2
38.2+0.2
46.6+0.3
53.4+0.2
59.1+0.2
65.0+0.2

0.1207
0,1545
0.1926
0.2070
0.2481
0.2898
0.3077
0.3380
0.3408

22.8+0.3
29.8%0.3
37.6+0.3
41.6+0.3
49.9J0.2
58.0+0.4
61.8%0.2
68.0+0.2
68.0a0.3

0.1986
0.2605
0.3001
0.3391

39.0+0.5
51.5+0.3
60.6+0.3
68.6+0.2

0.2063
0.2679
0.2996
0.3470

39.6+0.5
51.6+0.4
60.5 +0.3
68.6%0.5

'Sample A placed in air jacket as discussed in text.

We performed two extensive experimental runs:
run 1 with sample A and run 2 with sample 8. The
values observed for hP =P —Po as a function of the
temperature difference hT =T —T, (PO) are present-
ed in Table II and plotted in Fig. 6. Our data cover
the temperature range

(20 8+0 4)y 10—8 K /P
S,x

(2.4)

0.02 K&AT&0.07 K.
As can be seen from Fig. 6 the temper'ature depends
linearly on the pressure in this temperature range.
From the data we deduce for the slope at. AT=45
mK

~here the quoted error represents two standard devi-

ations.
To identify our experimentally observed thermal

pressure coefficient with the adiabatic coefficient wc

need to assume that any temperature rise of the

liquid sample due to heat exchange with the sur-

roundings is negligibly small during the time scale
of our experiment. As 8 precaution we performed
two additional runs with sample A, 8 run 3 with the
SRIQc conditions as bcfor'c and 8 run 4 during wh1ch

the sample cell was sunounded by an sir jacket, thus

drastically reducing the heat exchange with thc sur-

rounding thermostat. The results of these runs are
also included in Fig. 6. Run 3 without the air jacket
ylcldcd

20—
/

/
/

/
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/
/

/
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0.0 G.l 0.2 09 0.4
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FIG. 6. Minimum pressure quench hP=P —Po as a
function of hT=T —T,{Po) needed to induce spinodal
decomposition starting from the one-phase region at pres-
sure P and temperature T.

=(21.3+0.9)@10-'K/Pa
s,x,

and run 4 with sir jacket yielded

=(21.4+1.5)x 10-' K/Ps .
s,x,

L

We conclude that heat exchange effects during the
fast pressure quench are indeed negligibly small.
Further details concerning these experiments are
contained 1n 8 scpsfstc rcport.

When thc observed adiabat„as shown in Fig. 6, is
extrapolated linearly to zero pressure quench,
M'=0, it does not pass through the origin, but ap-
pears to intersect the temperature axis at



2146 CLERKE, SENGERS, FERRELL, AND BHATTACHARJEE 27

hT= —(1.9+0.4) mK. If we were to assume that
the slope of the adiabat is a constant independent of
temperature, this result would mean that the tem-
perature T, at which spinodal decomposition is ob-
served is such that T, -T, is about 1.9 mK. How-
ever, as we shall discuss below, the assumption that
(BT/BP)q„remains constant is incorrect. In fact,

(BT/BP)s „decreases closer to T, and approaches a

limiting value equal to T,
' =dT, /dP; this behavior

causes the adiabat to intersect the negative tempera-
ture axis closer to the origin than that expected on
the basis of a linear extrapolation.

III. SLOPE OF ADIABAT
AND ADIABATIC COUPLING CONSTANT g

aT=T —T, (P) . (3.1)

The advantage of these variables is that partial dif-
ferentiation with respect to P at constant AT yields
derivatives that do not have a singular critical
behavior. Along the adiabat we have

5S= — 5P+as as 56T=0,
aP „aaT,

so that

BT T, + BET T, T BS

(3.2)

where Cp is the isobaric heat capacity. From now
on we adopt the convention that all thermodynamic
derivatives are taken at constant x =x, without
denoting this constraint explicitly. Furthermore, in
this paper all extensive thermodynamic properties,
such as the specific heat Cp and the entropy S, are
taken per unit mass. At the critical point
(BS/BP)qz. approaches the finite value

ds,
lim =—s,' .

BP ~ dP
(3.3)

Since the specific heat diverges at the critical point,
it thus follows that the slope of the adiabat should
approach the slope of the critical line '

A. Slope of the adiabat

Our experiments have yielded the critical line and
an adiabat in the P-T diagram of 3-methylpentane
plus nitroethane at the critical composition. The lo-
cation of these lines in the range covered by our
measurements is shown in Fig. 7. For a thermo-
dynamic description of the system it is convenient to
change the variables P and T to the variables P and
hT, such that

75

~ 50—
E

O
CL

I-
I 25—

lim
aT

C~r-o aP
(3.4)

That is, the adiabat should pass through the critical
line in a direction tangential to the critical line.
However, from (2.1) and (2.4), as well as from Fig.
7, we see that the value measured for (BT/BP)s at
AT=45 mK is in fact very different from the slope
Tc '

To reconcile these observations we note that the
slope of the adiabat satisfies the thermodynamic re-
lation ' '

gT Tap

aP, =
pC,

' (3.5)

where p is the mass density and ap=p(dp '/BT)p
the thermal expansion coefficient. The asymptotic
behavior of ap and Cp can be represented by power
laws of the form

ap ——Aoe +Ai,
Cp ——Cpa +Ci,

(3.6)

(3.7)

where e=(T —T, )/T, . In accordance with (3.4)
and (3.5) the amplitudes Ao and Co are related by

pc Tc
Ao =Co

Tc
(3.8)

where p, is the critical density. Density data for a
critical mixture of 3-methylpentane plus nitroethane
as a function of temperature have been reported by
Greer and Hocken. However, because of the weak
character of the singular behavior of the thermal ex-

0.0 O. l 0.2 0.3 0.4 0.5
P-P (MPa)

FIG. 7. Critical line and an adiabatic cooling line in

the P-T diagram for 3-methylpentane plus nitroethane at
the critical composition as deduced from our experiments.
Origin corresponds to the critical state at atmospheric
pressure P —Po.
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pansion coefficient, it is not possible to determine
the coefficient Ap from these data accurately,
while specific heat data for mixtures of 3-
methylpentane plus nitroethane are currently not
availabl. As an alternative we deduce the ampli-
tudes Ap and Cp from the known asymptotic
behavior of the correlation length through the rela-
tionship of two-scale-factor universality '

' 1/3 ' 1/3
ap, Cp aTAp

ko =to, =0 270 .
kg kg T,'

1.270—

1.268—E

I

1 266— e«
«e0

1.264—

I

0.000 0.005
1

0.010

(T-Tc) /Tc

I 1

$-Methyipentane and Nitroethane

Data from Greer andHocken

0.015 0.020

(3.9)

Here ka designates Boltzmann's constant and go is
the amplitude in the power law /=/os " for the
correlation length g. Evidence in support of the va-
lidity of two-scale-factor universality for classical
fluids has been discussed elsewhere. For the critical
exponents a and v we adopt the universal values
a=0.11 and v=0.630 which satisfy the hyperscal-
ing relation 3v=2 —a. Noting that
go

——(2.16+0.03) A. as determined by Chang et al. s

and p, =0.7920 g/cm as measured by Greer and
Hocken, "we obtain from (2.1) and (3.9)

Ap ——{0.30+0.02) g 10 K

Cp =(0.31+0.02) J/gK .

(3.10)

(3.11)

From (3.6) and (3.10) it follows that the specific
volume V=p ' should have an expansion of the
form

p '=p, '(1+Rpe' +Rie) (3.12)

Rp
——0.0101, R )

——0.385, (3.13)

Eq. (3.12) reproduces the experimental density data
with a standard deviation of 3&10 cm3/g in the
experimental temperature range

2X10 &a&1.7X10 '. (3.14)

For the slope of the data we thus recover the expan-
sion {3.6),

o,'p ——(0.030m +1.28)&10 3 K (3.15)

The experimental data for p
' are shown in Fig. 8

as a function of the reduced temperature e; the curve
in this figure represents Eq. (3.12) with the parame-
ter values (3.13). In practice, 3 Eq. (3.12) differs lit-

with Rp ~A TII/(1 —rr) =0.0101+0.0006. We have
fitted (3.12) to the experimental density data report-
ed by Greer and Hocken with Rp fixed at the value
predicted from two-scale-factor universality. With
the parameter values

p, '=1.26262 cm /g,

tie from a linear function of e. To elucidate the
singular behavior of the thermal expansion coeffi-
cient we have made estimates of the slope
(Bp '/BT)q from piecewise linear fits to ten succes-
sive experimental data points for p at various
temperatures. The values thus deduced for az are
shown in Fig. 9. The dashed curve indicates a con-
stant value if all experimental data for p

' are fitted
to a linear equation; the solid curve represents the
expansion (3.15). From the fact that the slopes exhi-
bit an upward curvature close to T, we conclude
that the experimental density data are consistent
with the weak divergence of the thermal expansion
coefficient predicted from two-scale-factor univer-
sality. We note, however, that the magnitude of the
anomalous term as predicted by us is appreciably

I I I I
1

I I I I l I I I I

Q

40

00

~CD

Il
CP

'A

a

l,38—
l.37—
1.36 I(

I.35—
(

l.34 =--

t.33—
l.32—

l.3l—

3-Methyl pentane andNitroethane—

I I I I } I I I I 1 I I I I

0.000 0.005 0.0lO 0.0l5
( =(T-T )/T

FIG. 9. Thermal expansion coefficient ap„of 3-
methylpentane plus nitroethane at the critical composition
x =x, as a function of e=(T—T, )/T, . Points represent
values deduced by piecewise linear fits from the data of
Greer and Hocken (Ref. 33). Dashed curve indicates an
average constant value and the solid curve represents Eq.
(3.14).

FIG. 8. Reciprocal density p
' as a function of

e=(T —T, )/T, for 3-methylpentane plus nitroethane at
the critical composition. Points represent the data ob-
tained by Greer and Hocken (Ref. 33) and the curve cor-
responds to Eq. (3.11).
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smaller than originally suggested by Greer and
Hock en.

From the identity [cf. (3.5)]

p, Cp ——upT/
BT
~~ s

{3.16)

and our experimental value (2.4) for (BT/BP)s,
combined with the value of o.p as deduced from the
data of Greer and Hocken, we determine the value
of the specific heat at AT=45 mK as

many orders of magnitude too close to T, to be ac-
cessible with our adiabatic cooling experiments.

It is possible to make a nonlinear extrapolation of
the experimental adiabat in Fig. 6 to zero pressure
quench by taking into account the temperature
dependence of the slope. %e then estimate that the
observed adiabat actually intersects the temperature
axis at hT = —(1.1+0.5) mK. This result confirms
that the temperature T, at which, in our experi-
ments, spinodal decomposition was observed, was
close to, but slightly below, T, .

Cz ——(2.48+0.07) J/gK . (3.17)
8. Dimensionless adiabatic coupling constant

Cp ——(0.31m +1.66) J/gK . (3.18)

If we neglect any heat of mixing effects, we estimate
the noncritical specific hest of an equimolar mixture
of 3-methylpentane and nitroethane from the specif-
ic hest data for the pure components as

Cp ——(2.0+0.3) J/gK .

It is interesting to note that Eq. (3.18) approaches
this estimate at temperatures in the range e&0. 1

(i.e., hT &30 K).
Having determined the asymptotic behavior of the

thermal expansion coefficient and the specific heat,
we substitute (3.15) and (3.18) into (3.5) to calculate
the slope of the adiabat as a function of tempera-
ture. The result is shown in Fig. 10. The coefficient
(r)T/dP)s changes significantly at temperatures
very close to the critical temperature; it does ap-
proach the slope T,

' =dT, /dI', but at temperatures

2.2—
2.0—

O
l.s—
l.6—

Q
1.4—

0 l.0—
0.8—
0.6—
0.4—
Q2—
0.0 l

l0-30 10-20 l

e = (T-Tc )/Tc

FIG. l0. Slope (APT/BP)~„of the adiabat as a function
of e=(T —T, )/T, for 3-methylpentane plus nitroethane
at the critical composition x =x,. Datum point at
e= l.5 X l0 indicates the value {2.4) determined directly
from our pressure quench experiments.

-lo

This result combined with (3.7) and (3.11) yields

C) ——1.66 J/gK,

so that the temperature dependence of the specific
heat is represented by

The basic thermodynamic quantity related to our
spinodal decomposition measurements is the magni-
tude of the variation M, T=5[T—T,(P)] as a result
of an adiabatic pressure change 5I'. This same
quantity was earlier considered by Ferrell and Bhat-
tscharjee in their theoretical analysis of ultrasonic
attenuation near the critical point. ' ' From (3.2)
and (3.3) we note that close to the critical point

BAT
ap 1$

T,S,'

Cp
(3.19)

This result can be written in the form

g =p, T,~,' (3.21)

g = —0.34+0.01 .

IV. CRITICAL ULTRASONIC ATTENUATION

Measurements of ultrasonic attenuation in a criti-
cal mixture of 3-methylpentane plus nitroethane as a
function of temperature and frequency have recently
been reported by Hsrada and Ishida. 39'~ At a given

is the adiabatic coupling constant introduced by Fer-
rell and Bhattacharjee. ' ' This coupling constant g
can be either positive or negative depending upon
what happens upon a fast pressure quench. If, for a
system with an upper critical solution point, g is
positive, spinodal decomposition near the critical
point is induced by a sudden increase of the pres-
sure, ' if g is negative, as it is for 3-methylpentsne
plus nitroethane, spinodal decomposition is induced
by a sudden decrease of the pressure.

The thermodynamic information presented above
enables us to determine the coupling constant g for
3-methylpentsne plus nitroethane. In particular,
from (2.1), (2.4), (3.17), and (3.19) we obtain
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frequency the sound absorption coefficient attains
its largest value at the critical temperature. For a
quantitative analysis of the effect we decompose the
sound attenuation coefficient a, as

as =~O',s+as (4.1)

V= BG
BP

i36
BP

=6,' —S,' AT+ T,'5, (4.3)

where we have approximated the derivatives of 6
I

Here a, represents the background absorption in the
absence of critical fluctuations and ha, represents
the additional increase in the sound absorption coef-
ficient observed in the critical region.

A theory for the critical attenuation coefficient
ba, has been formulated by two of the authors. ' '

The theory uses the adiabatic temperature variation
described by (3.20) and requires as a second in-

gredient an evaluation of the specific volume

V=p ' as a function of P and hT. For this pur-

pose we consider the relation dG =—SdT+VdP
for the thermodynamic potential 6 at constant
x =x„so that, upon integration at constant P,

AT
G(~,~T) =G, (~) f S—(P,~T)a~ T . (4.2)

The specific volume Vis then obtained as

and S parallel to the critical line by their values on
the critical line. The sound velocity is now obtained
in the usual way from the adiabatic compressibility
—V '(BV/BP)q with

BV
BP

=6,"+T,
' S—S,"hT —S,'

BAT

(4.6)

and replace the singular part of the specific heat hC
by a complex specific heat hC. We thus obtain for
the critical sound attenuation coefficient "'

Hence, the singular critical variation of the adiabatic
compressibility is determined by the asymptotic
behavior of (BET/BP)q that was discussed in Sec.
III8. With the aid of (3.20) we thus obtain for the
sound velocity u,

, aV 1 g'
„2= ~~ gP =„z

where u, is the sound velocity at the critical tem-
perature. This result is analogous to the formula for
the sound velocity of liquid helium in the vicinity of
the A, point. ' The sound velocity u can be general-
ized to a complex frequency-dependent sound velo-

city u. For this purpose we write Eq. (3.7) for the
specific heat in the form Cz ——hC+ C&, where

2m Im(u ') m Im(u 2) n eg ImhC RehC
Re(u ') ~ Re(u ) ~ Te Red, C (Red,C+ C, )'

where A, is the wavelength of the ultrasound and
where we have made use of the fact that LC gg C~.

The principle of dynamic scaling allows us to
determine the frequency dependence of Cp at the
critical temperature from the known temperature
dependence of the thermodynamic specific heat Cz
as discussed more fully elsewhere. For this pur-
pose we introduce a characteristic temperature-
dependent relaxation rate y proportional to e'",
where v=0.63 is the critical exponent for the corre-
lation length g and z =3.06 is the dynamic scaling
exponent for the decay of the order-parameter fluc-
tuations as determined by Burstyn and Sengers.
Thus, the thermodynamic critical behavior of the
specific heat as expressed by (4.6) can be reexpressed
as b,C ~y ~'". In passing to the critical point this
relation goes over into the critical frequency depen-

dence hC ~ ( —im) ~'", from which it follows that

ImhC ma mo;=tan
2zv 2zv

A further simplification of (4.7) comes from the
equality

(4.8)

Red C(2nf )=AC(e/),

which expresses the fact that for any given frequen-
cy f =co/2m there exists an equivalent thermo-
dynamic reduced temperature ey. By substituting
(4.8) and (4.9) into (4.7) and noting that the experi-
mental quantity reported by Ishida and Harada is
a, /f and that A. =u, /f, we rewrite (4.7) as

ha, Eau, g b,C(e/)
11m (4.10)r~r, f2 2zvT~f Cp(g/)

where AC(e~) is the singular part of the specific
heat as given by (4.6).
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Ishida and Harada have reported measurements
of a, /f~ for 3-methylpentane plus nitroethane as a
function of temperature at a frequency f=6 MHz.
The data appear to approach the value

a, /f =(205+10)X10 ' s /cm

at the critical temperature. From an analysis of pre-
liminary attenuation data as a function of frequen-
cy we estimate the background contribution to the
sound attenuation as

a, /f =(7+1)X10 's s /cm

(see Refs. 19 and 30). Since this background contri-
bution is only about 3% of the total attenuation
coefficient, an accurate estimate of the background
is not needed. We thus conclude from the work of
Ishida and Harada that

ha,
lim =(21+4) )& 10 s /cm

r~T, f~
(4.13)

in agreement with the experimental result (4.11).
Alternatively, we can substitute the experimental
value (4.11) into (4.10) and then solve the equation
for the adiabatic coupling constant g. This pro-
cedure yields

~ g ~

=0.33+0.03 (4.14)

in agreement with the value g = —0.34+0.01 found
in Sec. II from the experimental thermodynamic
data.

where the effect of the difference between 2 MHz
and the frequency f =6 MHz needed here is negligi-

bly small. By substituting (4.12a) and (4.12b) and
the information presented in Sec. III for g and Cp
into (4.10) we predict

da,
lim

z
——(20+1)X 10 " s /cm (f =6 MHz) .

T r f
(4.11)

AC(ey) =0.53 J/gK,

Cp(E'f ) =2.19 J/gK .

(4.12a)

(4.12b)

The sound velocity of 3-methylpentane plus ni-
troethane near the critical point has been measured
by Kruer and Gammon. From their data at 2
MHz we conclude u, =(1.0995+0.0002) )(10 cm/s,

To make a comparison with the dynamic scaling
theory we need to relate the frequency f=6 MHz to
the equivalent temperature difference e~. From an
analysis of the extensive experimental information
for He near the critical point, it is found that this
relationship can be determined to a good approxima-
tion from the temperature dependence of ba, by
identifying e~ with e&&z, where ei&z is the value of E'

for which ha„at the given frequency f, is equal to
one-half of its value at the critical temperature.

By invoking universality and applying this criterion
to the data of Ishida and Harada we estimate
T —T, 2.6 K which corresponds to ey-8. 7
)&10 . We found in (3.17) and (3.18) that at the
lower temperature AT=45 mK, or a=1.5X10
Cp ——2.48 J/gK, and DC=0.82 J/gK. The tem-

perature ei&z-8.7)(10 now being larger by a fac-
tor of 58, we have to reduce 4C by a factor of
(58) =0.64. Thus, bC and Cp both decrease by
0.29 J/gK, so that the values to be inserted into
(4.10) for f=6 MHz are

V. CONCLUSIONS

In this paper we have determined for 3-
methylpentane plus nitroethane at the critical com-
position the rate of change of the critical tempera-
ture T, with pressure and the slope of the adiabat in
the P-T diagram. Combining our data with the den-

sity data of Greer and Hocken we were able to
determine the asymptotic critical behavior of the
thermal expansion coefficient and of the specific
heat consistent with two-scale-factor universality as
well as the value of the adiabatic coupling constant
which appears in the dynamic scaling theory of crit-
ical sound attenuation. With this theory our ther-
modynamic data were found to be in good agree-
ment with the ultrasonic attenuation data of Ishida
and Harada.
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