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n-Hexane as a Model for Compressed Simple Liquids
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Isobaric thermal expansivities, a,. of n-hexane have been measured by pressure-
controlled scanning calorimetry from just above the saturation vapor pressure
to 40 MPa at temperatures from 303 to 453 K and to 300 MPa at 503 K. These
new data are combined with literature data to obtain a correlation equation for
a,, valid from 240 to 503 K at pressures up to 700 MPa. Correlation equations
are developed for the saturated vapor pressure, specific volume, and isobaric
heat capacity of liquid n-hexane from 240 to 503 K. Calculated volumes,
isobaric and isochoric specific heat capacities. isothermal compressibilities, and
thermal coefficients of pressure are presented for the entire range of pressure and
temperature. The pressure-temperature behavior of these quantities is discussed
as a model behavior for simple liquids without strong intermolecular inter-
actions.

KEY WORDS: n-hexane; isobaric thermal expansivities; pressure-controlled
scanning calorimetry; saturated vapor pressure; specific volume; heat capacity;
isothermal compressibility; thermal coefficient of pressure.

1. INTRODUCTION

In the absence of a quantitative theory for dense molecular fluids, the inter-
pretation of experimental data for liquids over large pressure and tem-
perature ranges could be done by comparison with the behavior of a simple
liquid under similar conditions of pressure and temperature [1]. However,
no suitable data set exists that can be used to develop or confirm simple
liquid models. Such a model is needed to suggest the general rules for
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describing the properties of simple liquids as functions of pressure and tem-
perature and for the eventual development of a physically based equation
of state for dense fluids. The behavior of such properties as the minimum
in the isotherm of the isobaric heat capacity, the effect of temperature on
the location of this minimum, the intersection point of isotherms of the
isobaric thermal expansivity, and the change in shape of volume isobars
with increasing pressure have been discussed in the literature [1-47], but all
need to be described for much larger temperature and pressure ranges.
Further studies should also concentrate on examination of the shape of
isobaric heat-capacity isobars at pressures above and below the minimum on
the isotherms, and on the behavior of the isochoric heat capacity, coefficient
of isothermal compressibility, thermal coefficient of pressure, and the dif-
ference between isobanic and isochoric heat capacities, all as functions of
pressure and temperature. The aim of the present study is to present results
of measurements and calculations of these properties for n-hexane over the
temperature range from 243.15 to 503.15 K under pressures from the
saturation line up to 700 MPa.

n-Hexane has previously been suggested as a model substance [2-4]
because of the large amount of literature data available, but an adequate
and precise description of several properties including isobaric thermal
expansivity, isobaric and isochoric heat capacities, and volume has not yet
been reported for sufficiently large pressure and temperature ranges.
Grigoryev et al. [S] summarized the Grozny Petroleum Institute’s data on
n-hexane from 180 to 630 K and up to 100 MPa with an equation of state
in polynomial form. Unfortunately, the published equation contains
typographical errors which have not yet been corrected and the equation
is not usable. The best source of data obtained on n-hexane by the Grozny
Petroleum Institute is therefore a publication by the Russian Committee
on Standards [6]. Pruzan published a fitted equation [2] followed by
experimental data [4] for the isobaric thermal expansivity of n-hexane
from 238.6 to 471.8 K and up to 700 MPa. We previously published
experimental data on the isobaric thermal expansivity of n-hexane from 303
to 503 K and from about 15 to 400 MPa [7]. Both Pruzan’s [4] and our
data [7] sets lack precise measurements at low pressures because the
wide-range pressure sensors used were not precise at low pressures. The
imprecision in the data at low pressures over the entire temperature range
has prevented accurate determination of the pressure effect on the thermo-
dynamic properties of n-hexane over the p, T surface of the liquid phase
from the saturation line to high pressures. This paper presents new
calorimetric measurements of the isobaric thermal expansion coefficient of
n-hexane measured from near the vapor pressure saturation line up to
about 35 MPa at temperatures from 303.1 to 452.8 K and at 503.1 K under
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pressures up to 275.6 MPa. The latter data at higher pressures were
collected to augment the literature data set near the critical temperature
of 507.8 K.

Calculation of pressure effects on the thermodynamic properties of
liquid n-hexane requires that reference data be expressed in the form of
analytical equations. As part of this study, equations were developed to
describe the saturation vapor pressure from 240 to 503 K, the specific
volume and isobaric heat capacity of the liquid from 243.15 to 503.15K
along the saturation vapor pressure line, and the specific volume as a
function of pressure up to 700 MPa at 298.15 K.

2. EXPERIMENTS

2.1. Instrument and Methods

The instrument used in the present study was constructed at the
Laboratoire de Thermodynamique et Génie Chimique at the University
Blaise Pascal of Clermont Ferrand in coorperation with the Institute of
Physical Chemistry at Warsaw. The instrument is similar to that described
previously [7], except the calorimetric cells have been modified to reduce
heat transfer out of the calorimeter and the pressure programming system
has been fully automated.

A diagram of the calorimetric vessel is shown in Fig. 1. The calori-
metric vessels are mounted differentially and are made from 4.76-mm-i.d.,
type 304 stainless-steel tubing. The vessels are connected through a high-
pressure reducer inside the calorimeter thermostat to a capillary tube (type
316 stainless steel, 6.35-mm o.d., 1.59-mm i.d.). The capillary connects the
calorimetric vessel to the pressure generating system.

The Bourdon tube high-pressure gauge used in an earlier instrument
[7] was replaced by an extensiometric pressure detector made and
calibrated from 0.1 to 500 MPa against a free-piston deadweight pressure
balance at the Institute of Physics of the Technical University at Warsaw.
The extensiometric detector was used over the entire range for automation
purposes and to measure pressures above 40 MPa. A digital pressure
gauge (Heise Model 710) was used to measure pressures below 40 MPa. To
avoid damaging the Heise gauge when the system pressure was above
40 MPa, the Heise gauge was isolated by a valve. The uncertainty in
pressure measurements made with these two instruments is estimated to be
+0.01 MPa or +0.1%, whichever is greater.

The calorimeter temperature was calibrated with a platinum resistance
thermometer placed inside the calorimetric cell during calibration. The
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uncertainty in temperature measurements is estimated to be less than 0.1 K.
A more detailed description of the instrument will be presented elsewhere.
The calorimeter system was calibrated with nitrogen at 303, 353, 403,
453, and 503 K [7]. The standard deviation of the mean of the calibration
constant was about 1.4% at each temperature.
Measurements on n-hexane were made as previously described [7].
Thermal expansivities, «,,, were calculated from Eq. (1):
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Fig. 1. Schematic diagram of the calorimetric cell.
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where & is the calibration constant obtained with nitrogen, / is the integral
of the calorimetric signal (heat rate) over time from the response to a
pressure step 4p, and a, . is the thermal expansivity of stainless steel
(5.1x 107> K ~"). The error of determination of integral / never exceeded
0.2%. Taking into account the errors made on determination of all
parameters of Eq. (1), the error of determination of thermal expansivities in
this study is estimated to be less than 2%.

2.2. Materials

Nitrogen was 99.995% obtained from Alphagaz, France, with the
following stated impurities: <5 ppmv oxygen, <3 ppmv water, and
< 1.5 ppmv hydrocarbons. n-Hexane was 99.5% (Fluka 52765) and was
used without further purification.

3. RESULTS

3.1. The Isobaric Coefficient of Thermal Expansion

The results of the measurements made in this study are presented in
Table I. Pressure values given in Table I are the mean values between the
beginning and the end of a pressure step, 4p. The end values were
measured at the end of the thermogram, after thermal and mechanical
equilibrium were established. Each ending pressure became the beginning
pressure for the next step. Measurements were made with decreasing
pressure. After initial pressurization to the highest pressure, the system was
allowed to equilibrate thermally and mechanically for a few hours before
measurements began.

The experimental results in Table I, data published in our previous
paper [7], and the experimental results of Pruzan [4] were fitted by least
squares to Eq. (2)

a(p. T)= [a(T)][p—p. +b(T)] " 2)

where p is pressure in MPa, p, is the saturation vapor pressure, and a(T)
and h(T}) are functions of temperature. The saturation vapor pressure must
also be accurately known because it is the lower limit used for integrations
to obtain other thermodynamic functions.

Equation (3) for the saturation vapor pressure in MPa as a function
of the absolute temperature in kelvins, T, was obtained from least-squares
fit of selected literature data [8-14], altogether 264 data points.

p.=explag+a, T ' +a,T+a,T?) (3)

840:15 3.3
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Values for the coefficients are given in Table II. The equation proposed by
Pruzan [4] does not fit the p, data accurately, probably because of
typographical errors in the publication. The standard deviation of the
differences between the calculated, Eq. (3), and the experimental data is
0.59% and the average deviation is —0.03% from 240 K to the critical

Table I. Pressure-Controlled Scanning Calorimetric Measurements of
Isobaric Thermal Expansivities of n-Hexane

T dp p a,
(K) (MPa)* (MPa) (107K
303.1 1.62 087 1419
303.1 255 295 1.380
303.1 242 543 1371
303.1 486 9.04 1.315
303.1 9.80 16.39 1.204
303.1 10.03 26.31 1.132
303.1 925 3592 1.056
3526 237 237 1.666
3526 517 6.14 1.516
3526 697 1221 1.390
3526 9.90 20.64 1.253
402.6 2.16 2.68 2048
402.6 5.09 6.30 1.843
4026 392 10.80 1.657
402.6 6.15 15.83 1.450
402.6 9.82 23.82 1.302
4528 3.30 313 3.124
4528 407 6.82 2356
4528 6.05 11.88 1922
4528 8.64 19.22 1.586
4528 10.18 28.63 1.320
503.1 0.895 468 5.523
503.1 222 6.23 4.129
503.1 5.02 10.40 2,646
503.1 767 2397 1.563
503.1 1491 42.55 1.129
503.1 2893 64.5 0914
503.1 21.02 89.4 0.757
503.1 2202 1110 0.689
503.1 23.00 1335 0.622
503.1 34,62 162.3 0.570
503.1 24.00 191.6 0514
503.1 3529 2212 0.479
503.1 24.51 2513 0.454
503.1 23.99 2756 0.448

“See Eq.(1).
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point. The points appear to be randomly distributed around the calculated
line. With respect to the equation reported in Ref. 6, our calculated values
are lower by an average deviation of 0.47% from 243.15 K to the critical
point.

Once p, was known, a(T} and b(T) were obtained from a least-squares
fit of the a,(p, T) data (in K~') as shown in Egs. (4)-(6),

a(Ty=ay+a,h+a,h* + a, exp(h) (4)
B(TY=aoh+a,h> + a,h* + a,h* + a, exp(h) (5)
h=T—T, (6)

where T, is the critical temperature, 507.8 K. Values of coefficients are
given in Table I1.

A plot of the thermal expansivities obtained with Egs. (2)-(6) is given
in Fig. 2. The standard deviation of the differences between the calcul-
ated and the experimental data over the whole temperature and pressure
surface, without elimination of any of 392 available experimental data
points, is 3.6% and the average deviation is —0.09%. The points appear
to be randomly distributed around the calculated isotherms. At pressures
above 70 MPa, the equations agree within the standard deviation of the

125 T L T T T
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Fig. 2. Isobaric thermal expansivities {a,) of n-hexane calculated with
Eqs. (2)-(6).
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experimental data with the equation given by Pruzan [2], however, at
pressures below 70 MPa, large differences occur. The difference increases as
the temperature increases, and above 487.35 K the equation of Pruzan [2]
becomes meaningless because the expression under the square root
becomes negative.

To verify the thermal expansivities of liquid n-hexane obtained with
Egs. (2)-(6) along the vapor pressure saturation line, or at atmospheric
pressure at low temperatures, a comparison was made with thermal expan-
sivities calculated from volumetric data reported in the literature. The
literature data on the volume of liquid n-hexane under saturation pressure
[8,9, 15-17] were fitted to Eq. (7)

v(ps, T)=ay+ h(a, +hias+hla,+ hla, +ash)]} ) + aq exp(h) + a,sqrt(h)
(7)

with the coefficients given in Table Il and i=T— T,, where T,= 507.8 K.
The average deviation between the calculated values and the experimental
data points is +0.02% and the standard deviation is 0.27% from 240.15
to 503.15 K, the largest deviation being 1.2% at 503.15 K with data from
Ref. 8. Thermal expansivities of the liquid n-hexane under saturation were
calculated from Eq.(7) and compared with the values obtained from
Egs. (2)-(6). The average deviation over the entire temperature range is
+1.4% and the standard deviation of the differences is 2.9 %. The largest
deviations are at temperatures below 300 K, where the values obtained
with Egs. (2)-(6) are lower by about 5% than the values obtained from the
saturation volume equation.

Very good agreement was also found with thermal expansivities
calculated from densities reported in Ref. 6, where along the 100 MPa
isobar at temperatures from 250 to 500 K, the values from Eqs. (2)-(6) are
on average lower by 2% but are within the experimental error. Accurate
volumetric measurements at pressures above 100 MPa are difficult, and
expansivities obtained from reported data [18-22] are scattered. For
example, thermal expansivities calculated from data in Ref 21, where
the data are reported for rather large temperature and pressure ranges,
deviate with respect to values from Eqs. (2)-(6) by —1 to +8% along the
300-MPa isobar over the temperature range from 298.15 to 473.15 K and
by —29 to +9% along the 500-MPa isobar over the same temperature
range.

3.2. Volume

The specific volumes of liquid n-hexane from the saturation line up to
700 MPa and from 243.15 to 503.15 K have been calculated with Eq. (8).
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Thermal expansivity data were obtained from Egs. (2)-(6) and the specific
reference volume isotherm at T, =298.15 K.

-
v(p, TY=rv(Ty, p)exp [J ozpdT] (8)

T

The specific reference volume isotherm v(Tg, p) in cm® g ' was obtained
by fitting literature data [16, 21, 22] to Eq. (9).

v(Tr,p)=vo{1 —CIn[(B+ p)/(B+0.1013)]} 9)

where pressure is in MPa, B=1569, C=0.092226, and v,=1.5264. The
standard deviation of the differences between the experimental data and
Eq. (9) is 0.12%. and the average deviation is +0.007%. Although the
experimental data go up to only 533.8 MPa, Eq. (9} is a form of the Tait
equation [23] which has physically meaningful coefficients [24], and thus
the calculated values of the reference volume are probably correct up to at
least 700 MPa. The results of calculations of the specific volume with
Eq. (8) for pressures from 100 to 700 MPa at temperatures from 243.15 to
503.15K are given in Table III. Data sets reported in the literature [6,
16-22] for lower pressures and this temperature range appear to be
accurate within a few tenths of a percent.

3.3. Coefficient of Isothermal Compressibility

The isothermal compressibilities, x, were calculated with a form of the
Tait equation, Eq. (10), at selected temperatures from 243.15 to 503.15 K at
pressures from the saturation line up to 700 MPa.

xr=C/((B+p)1—Cln[(B+p)(B+p)]}) (10)

Table IV gives the values of the coefficients B and C obtained by fitting
volume data from Eq. (8) and p, data from Eq. (3) at each temperature.
Table IV also gives standard and average deviations of the differences
between the specific volumes obtained with the Tait equation and the
volumes calculated with Egs. (8) and (9). The agreement is very good
(SD <0.15%) up to about 493 K but becomes poorer (0.15% <SD <
0.45%) at higher temperatures and, particularly, as the critical temperature
(507.8 K) is approached. Figure 3 presents isotherms of the isothermal
coefficient of compressibility calculated with Eq. (10). The isotherms of the
coefficient of compressibility do not demonstrate an intersection point as
do the isotherms of isobaric thermal expansivity given in Fig. 2.
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Table IV.  Coefficients B and C of the Tait Equation for n-Hexane

T B C SD Average deviation
(K) (MPa) (104 (%) (%)
24315 107.390 97.797 015 0.060
263.15 85.1088 95.139 009 0.085
28315 67.5381 93.216 0.03 0010
303.15 53.6496 91917 001 —0003
2315 42.7768 91.201 0.03 —0.009
34315 33.8653 90.732 004 ~0.009
363.15 26.2836 90.248 005 0011
383.15 19.8444 89.741 005 ~0.006
403.15 14.2878 88.980 007 0004
42315 952198 87.816 0.09 —0003
44315 537777 86.036 0.14 ~0.002
463.15 192352 83.267 021 ~0.003
483.15 081138 78.508 0.30 —0.004
49315 — 187445 74,616 036 ~0.001
500.15 —2.48261 20.756 041 0.003
503.15 271150 67.838 0.45 0.002
00025 : . —— , . —
00020}
50315K
L6315K
T 00015 42315K .
& 36315K
% 29815 K
¢ {24315k
¥ 00010 J
00008] ;
00000 100 200 300 400 500 660 700

PRESSURE, MPa

Fig. 3. Isothermal compressibilities {ry) of n-hexane calculated with Eg. (10).
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3.4. Thermal Coefficient of Pressure

The thermal coefficient of pressure, (dp/@T),, of liquid n-hexane at
selected temperatures from 243.15 to 503.15 K at pressures from the satura-
tion line up to 700 MPa was calculated from Eq. (11) (Fig. 4).

(3p/OT), =a,/xy (11)

A graphic presentation of selected isotherms is given in Fig. 4. Numerical
values for (dp/dT), can be obtained from values for a, from Egs. (2)-(6)
and values for x, from Eq. (10).

3.5. Isobaric Heat Capacity

The effects of pressure on the isobaric heat capacity of liquid n-hexane
at selected temperatures were calculated with Eq. (12).

45.Corp)= =T [ v(p, T)[od + (30,/0T),] dp (12)
Ps

v(p, T) values were calculated with Egs. (8) and (9), a, values with Egs.
(2)-(6), and 02,/8T values with the derivative of Egs. (2)-(6). ar C, +(p)

250 . ; .
2004 24315K /
29815K
_M /
- 150 36315K .
& 423ISK§
2, 46315K
A 503T6K
?S 1.00- 1
S~
€
150 8
o T T T
0 200 400 600

PRESSURE, MPa

Fig. 4. Thermal coefficient of pressure (ép/éT). of n-hexane
calculated with Eq. (11).
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values were then obtained by numerical integration. The results of the
calculations are given in Table V. Isotherms of 47 C, ,(p) are presented
in Fig. 5. The isotherms of 47 C, r(p) do not cross and the minimum is
shifted to higher pressures as the temperature increases.

The isobaric heat capacity of liquid n-hexane as a function of p and
T can be calculated with the thermodynamic relation in Eq. (13),

! _ 1 Pl
C,,(p, T)—C,,.,,\+A,,‘C,,(p, T) (13)
0 A . . .
/
36315K
- 183160 |
w0104 : i
2 —
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=
-
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Fig. 5. Pressure effect on the specilic isobaric heat
capacity (C,) of liquid n-hexane as a function of
pressure over the middle-temperature range (A) and the
high-temperature range (B). The arrows show the loca-
tion of the minima in the curves.
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where C,',‘ ». is the isobaric heat capacity of liquid n-hexane at the pressure

of the saturated vapor. Data for C,‘,.,,‘ were obtained for the temperature
range from 240 to 423 K from the correlation equation of Ruzicka et al.
[25], which is based on calorimetric data from the literature and from
Gerasimov’s [47] heat capacities measured with a flow calorimeter at
5.002 MPa from 350 to 503 K. The isobaric heat capacity data of
Gerasimov [47] were reduced to the saturated vapor pressure with
Eq. (12). The uncertainty in this correction is only 1 to 2% and the correc-
tion is small over most of the temperature range, increasing from about
1% at 350 K to about 5% at 450 K and then up to about 20% at 500 K.

C,',A ,,\(T) data were fitted by least squares to Eq. (14).

C,',.,,‘(T)=a0+g[a, +g(az +glay+gla, +g((‘5+a6g)]})]
+ a,/k + a, exp(k) (14)

where g=T7/100, k=T— 507 [we note that 507.8 does not fit the data
properly in Eq.(14)] and the coefficients a,~-a, are given in Table II. The
standard deviation of the difference between the values obtained from
Eq. (14) and the values derived from the correlation equation of Ruzicka
et al. [25] and the experimental points of Gerasimov [47] corrected for
the pressure effect is 0.77% and the average difference is +0.07 %.

3.6. Isochoric Heat Capacity

The isochoric heat capacity at selected temperatures as a function of
pressure up to 700 MPa was calculated with Eq. (15).

C.=C,—Tva, /xy (15)

Values for C, were calculated from data in Table V and Eqs. (13) and (14),
values for v were from Table IV as calculated with Eqs. (8) and (9), values
for x, were calculated with Egs. (2)-(6), and values for x, with Eq. (10).

The results of calculations of C, are presented in Table VL. It is inter-
esting to note that the isochoric heat capacity continuously increases with
pressure below 403 K, but above 403 K it demonstrates a minimum similar
to that of the C, isotherms. Isotherms showing the influence of pressure on
the isochoric heat capacity calculated as a difference C.(p)—C.(p,) at
selected temperatures are shown in Fig. 6.
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Fig. 6. Pressurc effect on the specific isochoric heat capacity (C,) of
liquid n-hexane as a function of pressure at selected temperatures.

4. DISCUSSION

The results of measurements and computations on the thermodynamic
properties of n-hexane presented above significantly exceed the pressure
and temperature ranges of previously published data. Direct measurement
of isobaric thermal expansivity, the second derivative of the thermo-
dynamic potential, over large pressure and temperature ranges permits
accurate calculation by integration of related thermodynamic properties.
Because of error propagation in taking derivatives, such results cannot be
obtained with volumetric techniques.

The behavior of isobaric thermal expansivity as a function of both
pressure and temperature (Fig.2) is interesting mostly because of the
unique crossing point in the isotherms. All except the lowest termperature
isotherm, which has a tendency to cross at higher pressures, cross at
65+ 2 MPa. The behavior of the lowest temperature isotherm may be
caused by a change in the structure of the liquid. At the pressure of the
crossing point, «, is independent of temperature. At pressures below
(65+2) MPa, «, increases with temperature, but at higher pressures x«,
decreases with temperature. Although no exact theoretical models exist in
the literature to explain this behavior, an attempt to explain it has been
made by assuming that a molecule in a dense liquid is confined by its
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closest neighbors and that the potential well in which the molecule
oscillates changes shape with pressure [48].

As a consequence of the crossing of «, isotherms, the shape of specific
volume isobars is different at low and high pressures. This volume behavior
is demonstrated in Fig. 7, which shows that the second derivative of specific
volume with temperature is positive over the whole temperature range at
low pressures but negative at high pressures. Thus the specific volume
isobars are concave at low pressures but convex at high pressures.
However, it is only the rate of change that increases or decreases with tem-
perature, depending on whether the pressure is high or low. The specific
volume itself always increases with temperature over the whole range of
pressure and temperature. This study shows that a previous suggestion that
the specific volume decreases with temperature above 420 K at certain
pressures [4] is incorrect. The error occurred because an inaccurate equa-
tion for specific volume was used. Accurate description of the volume
isotherms with the Tait equation over the whole temperature and pressure
surface is possible only if both the B and the C parameters in Eq. (9) are
allowed to vary with temperature. The temperature dependences of these
parameters are shown in Fig. 8.

The behavior of both «, and v determine the pressure effect on the
isobaric heat capacity as expressed in the thermodynamic relation in

200 T T T
“N60MPa
o 1507 .
£
& 1004 .
E ~100MPa
é O'SOW 1
£~ 000 -
E \ZOOMPQ/
§ -0501—400MPq T
-1.004 _*
-150 T T T
300 350 400 450 500

TEMPERATURE, K

Fig. 7. Second derivative of the specific volume of n-hexane
against temperature at selected pressures.
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Fig. 8. Temperature dependences of parameters in the Tait equation
for specific volumes of n-hexane.

Eq. (12) and as shown in Fig. 5. At low pressures, this pressure effect is
large and negative and its magnitude increases rapidly with temperature,
especially as the critical temperature is approached. At high pressures, the
influence of pressure on C, is much less. As a result the isotherms of C,
demonstrate a minimum. The pressure at which the minimum appears is
shifted to higher values and the minima become flatter as temperature
increases. This pressure effect on the isobaric specific heat capacity is also
exhibited in the shape of the isobars. At pressures below the minimum on
the isotherms the isobars diverge as the temperature increases (see Fig. 9A).
However, at high pressures the isobars converge and cross at high tem-
peratures (see Fig. 9B). The reason for this behavior can be found in
Fig. 5B, which shows that the effect of pressure on the C, of n-hexane at
503.15 K is practically nil above 200 MPa. Under these conditions C,, is
independent of pressure and the isobars must meet.

The influence of pressure on the isochoric specific heat capacity C, is
also interesting. It has been reported [4] that C, always increases with
increasing pressure. However, the results of this study show that C, does
not always increase with pressure. Above 403.15 K a minimum appears in
the isotherms of the pressure effect on C, (Fig. 6). To check the accuracy
of this observation, C, was calculated for liquid argon from the pV'T
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equation of state and sound velocity data [49]. The results of these
calculations, shown in Fig. 10, show that over similar temperature ranges
with respect to the critical temperatures, the shapes of C, isotherms for

liquid argon are similar to those obtained for #-hexane in this study.

The difference C,— C, can be derived directly from the equation of
state; see Eq. (15). If there were no minima in the C, isotherms, it could be
argued that the minima in the C, isotherms are a consequence of the pV'T
relations. The existence of minima in both the C, and the C, isotherms
must result from a property not deducible from the pV'T equation of state,
for example, the influence of pressure on the intramolecular vibrational
component of the heat capacity.

R40.15:34
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The specific heat capacities of n-hexane calculated in this paper can
be compared with results of direct calorimetric measurements. Figure 11
presents, as solid lines, the isotherms of isobaric specific heat capacity at
303.15, 403.15, and 503.15 K calculated in the present study and, as discrete
points, literature data [50] obtained by high-pressure flow calorimetry.
The agreement is within the error of the two techniques, ie., 1 to 2%.
Figure 12 presents isotherms of both C, and C, at 298.15 K obtained in
this study and literature data [44] obtained in a high-pressure calorimeter.
The literature data fall between the isobaric and the isochoric heat
capacities. Analysis of the construction of the calorimeter and the method
of measurement as described in Ref. 44 explains why the measured heat
capacity is neither C, nor C.. The pressure in the calorimeter was estab-
lished at the beginning of the measurement and not corrected for changes
caused by heating during the heat capacity measurements. The measure-
ment was thus not done at constant pressure. The system was closed, but
the measurement cannot be considered as a constant volume measurement
because the calorimetric vessel was connected hydraulically to the pressure
pump and the pressure changes caused by heating were partially compen-
sated by compression of the hydraulic fluid. Thus the results of these

060 : : : : . :
100K
0554 -
-.DD
* 110K
5
= 0507 120K 1
130K
J + 140K
0.45- i
040 : '

0 20 30 4 50 60 70
PRESSURE, MPa

Fig. 10. [sochoric heat capacity of liquid argon at selected pressures
and temperatures as calculated from data in Ref. 49. The lines shown
aid in distinguishing the isotherms but should not be taken as
numerically accurate representations.
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Fig. 11. Comparison of specific isobaric heat capactty determinations
from the present study (lines) with flow calorimetric measurements
{points) from Ref. 50.
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Fig. 12. Comparison of specific heat capacities at 298.15 K from the
present study (lines) and determined with high-pressure calorimetric
measurements (points) as described in Rel. 44.
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Fig. 13. Isotherms of the difference between isobaric and isochoric
molar heat capacities of n-hexane.

measurements must fall somewhere between constant-volume and constant-
pressure conditions as indicated in Fig. 12.

Another interesting feature of the results obtained in this study is the
behavior of the difference between isobaric and isochoric heat capacities.
Figure 13 shows that isotherms of this difference cross at 20 MPa. At this
pressure the value of C,,, — C,,, for n-hexane is SR and is independent of
temperature. This behavior results from the crossing of the isotherms of «,,
and the lack of crossing of isotherms of x, [see Eq. (15)]. Molecular inter-
pretation of this observation awaits further studies.

5. CONCLUSIONS

The results of measurements and caiculations of various thermo-
dynamic properties of n-hexane over the temperature range from 243.15 to
503.15 K under pressures from the saturation line up to 700 MPa presented
in this paper lead to the following conclusions. (1) Isotherms of the coef-
ficient of isobaric thermal expansivity, a,, cross at 65 + 2 MPa. Below this
pressure a, increases with temperature, but at higher pressures x, decreases
with temperature. At 65+2MPa, a,=(895+0.09)x10" YK ! and is
independent of temperature. Over the entire range of pressure and tem-
perature studied, a, decreases with pressure. (ii) The specific volume
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increases with temperature over the entire range of pressure and tem-
perature studied. However, the isobars of specific volume are concave
upward at low pressures and convex at high pressures. (iii) Isotherms of x -
and (ép/dT), do not cross on the whole pressure-temperature surface
studied. (iv) The pressure effect on the isobaric specific heat capacity is
negative at low pressure, increases rapidly with pressure at low pressure,
becomes constant, and then decreases with pressure at high pressures.
The isotherms of the pressure effect on C, appear never to cross, but this
observation must be verified for temperatures below 303.15 K. As a result
of the pressure effect, isotherms of the isobaric heat capacity have a mini-
mum that becomes flatter and shifts to higher pressures with increasing
temperature. Isobars of C, at pressures below the minimum in the C,
1sotherms are concave upward or linear but convex at higher pressures
and show a tendency to meet or cross at temperatures near the critical
temperature. (v) The pressure effect on the isochoric specific heat capacity
is always positive below 403.15 K but becomes negative above this tem-
perature. The negative pressure effect increases with pressure up to about
15-30 MPa, depending on temperature, and then decreases. At tem-
peratures above 463.15 K, the pressure effect on C, is negative over the
whole pressure range studied. As a result, isotherms of the isochoric specific
heat capacity above 403.15 K have a minimum at relatively low pressures,
ie., 15-30 MPa. (vi) Isotherms of the difference C,,, — C,,, demonstrate a
crossing point at 20+ ! MPa. At this pressure C,, —C, ,=5R and is
independent of temperature. The difference increases with temperature at
lower pressures and decreases with temperature at higher pressures. The
difference decreases with increasing pressure over the whole temperature
range.

The behavior of the thermodynamic properties of liquid n-hexane as
functions of pressure and temperature can be used as a model for the
behavior of other liquids without strong intermolecular interactions. The
values of the thermodynamic parameters will be different for other liquids,
but the general behavior on the p, T surface should be similar. Also, the
equations and data given in this paper make n-hexane a more useful test
and intercomparison substance for calibration and testing of high-pressure,
high-température instruments and methods.
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