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Saturated Pressure and P—V—T Measurements for
1,1,1,3,3,3-Hexafluoropropane (R-236fa)
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Saturated pressure and P—V—T measurements were performed for 1,1,1,3,3,3-hexafluoropropane (R-
236fa) in a constant volume cell. The saturated pressure measurements covered a temperature range
from 248 K up to 360 K and a corresponding pressure range from 34 kPa up to 1472 kPa. The results
were fitted to various empirical equations. The P—V—T measurements in the superheated vapor region
were made along seven isochores from 314 K up to 364 K and from 405 kPa up to 998 kPa. The P—V-T
data were regressed to the virial equation of state in the Leiden form truncated after the third term. A
valid consistency of the derived second virial coefficients was shown using the Tsonopoulos and the Weber
correlating methods. In the results of our measurements, 113 data points were collected, 71 and 42 of
which were obtained, respectively, for the saturated pressure and superheated region.

Introduction

R-236fa has a low ozone depletion potential and seems
a promising substitute for compounds containing chlorine
in high-temperature heat pumps, in chemical blowing
agents for use in the manufacture of polyurethane and
phenolic resin foams, and as a component of cleaning fluids,
fire suppressants, and propellants. These are just a few
examples of its potential industrial applications described
in the literature. Several of its physical and thermodynamic
properties have been the object of research, including
reports on its viscosity in saturated conditions (Laesecke
and Defibaugh, 1996) and on its heat capacities and
entropies (Hwang et al., 1992). An equation of state for the
thermodynamic properties (Outcalt and McLinden, 1995)
has been proposed. Recent publications have dealt with
certain physical properties (Schmidt et al., 1996), the speed
of sound (Gilles, 1997), and dipole moment (Goodwin and
Mehl, 1997).

Apart from some data on saturation pressure (Bobbo et
al., 1998 and Basile, 1998), no reports have been published
in the open literature, to our knowledge, on experimental
saturated pressures and volumetric properties; the study
presented in this paper aims to partially fill this gap.

Experimental Section

Reagent. The sample was provided by DuPont of Nem-
ours; its purity was checked by gas chromatographic
analysis, and we found 99.94% on an area response basis
using a thermal conductivity detector.

Apparatus. A classical constant-volume apparatus with
a volume of around 254 cm?® was used. Details of the
apparatus are already described elsewhere (Giuliani et al.,
1995a; Giuliani et al., 1995b) and are omitted here, where
the most essential information is given with a more
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detailed description of the main modifications made to the
charging system. The experimental apparatus is schemati-
cally illustrated in Figure 1. A spherical stainless steel AISI
304 cell containing refrigerant is connected to a differential
diaphragm pressure transducer, coupled to an electronic
null indicator. The spherical cell and the pressure trans-
ducer are immersed in the main thermostatic bath con-
taining a mixture of water and glycol and controlled by a
PID device. An auxiliary bath, also controlled by a PID
device, helps the system to keep the temperature constant.
The temperature is measured with a platinum resistance
thermometer immersed near the cell. The instrument is
calibrated according to 1TS-90, and its uncertainty is
certified as being within 15 mK. The pressure measure-
ment is obtained with a dead weight gage, and the
experimental uncertainty in the pressure measurements
can be estimated to be within £0.5 kPa.

To reduce the uncertainty in the measurement of the
mass of the sample loaded into the cell, the compound is
first put into a small bottle and weighed using an analytical
balance (uncertainty £0.3 mg). Then, after emptying the
cell and the connections, the bottle is discharged into the
sphere without taking it out of the bath. At the end of this
operation, the bottle is weighed and the uncertainty in the
measurement of the mass is calculated directly from the
difference between the two weights. Finally, the mass
remaining inside the duct during the charging procedure
is estimated and subtracted from the total mass of the
charge.

In the overall uncertainty in the measurement of the
mass inside the cell, both the uncertainties in the estimate
of the mass inside the duct and the uncertainties stemming
from the difference between the two weights are taken into
account. For a one-component system, an overall uncer-
tainty of 8.5 mg was obtained.

The volume of the cell, the piping, and the cavity of the
pressure transducer is measured with an uncertainty of
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Figure 1. Schematic diagram of the apparatus: CTB, thermo-
static bath; DHP, high-pressure expansion chamber; DLP, low-
pressure expansion chamber; DPI, electronic null indicator (Ruska,
mod. 2461); DT, pressure differential transducer (Ruska, mod.
2413); DWG, dead weight gauge (Ruska, mod. 2465); N, nitrogen
reservoir; PPA, precision pressure controller (Ruska, mod. 3891);
PPG, vibrating cylinder pressure gauge (Ruska, mod. 6220); ST,
stirrer; TA, platinum resistance thermometer (Minco, mod. S7929,
+ Franco Corradi, mod. RP700); Vi, constant volume spherical cell;
VP, vacuum pump (Vacuubrand, mod. RZ2); VPG, vacuum pump
gauge (Galileo, mod. OG510); CB, charging bottle.

+0.0003 dm?. From the uncertainties in mass and volume
measurements, the uncertainty in calculated molar volume
was estimated to always be lower than +0.002 dm3 mol-1.

From the single uncertainties, the overall experimental
uncertainty in terms of pressure, calculated using the laws
of error propagation, was estimated to be lower than +0.6
kPa for measurements along the saturation line and lower
than 1.1 kPa in the superheated vapor region.

Results and Discussion

Vapor Pressure. The experimental vapor pressures
within a temperature range from 248 K to 360 K are given
in Table 1; these values were fitted to various empirical
equations. One of the most popular is the Antoine equation
presented below,

log P/kPa = A — B/(C + T/K) 1)

where P is the pressure and T is the temperature. From
the results of the data fit, the following values were found
for the parameters: A = 6.255888, B = 1004.490, C =
—35.332, with dP = 0.00 and abs(dP) = 0.12, where the
percentage deviations in pressure are defined as

n

1
dp = H [(Pexp - Pcalc)lpexp x 100] @

1 n
abs(dP) = = [abs(P
n

Pcalc)/Pexp x 100] (3)

exp

where n is the number of experimental points. The devia-

Table 1. Experimental Saturation Pressures for R-236fa
Tgo/K P/kPa Tgo/K P/kPa Tgo/K P/kPa

247.99 33.9 293.99 235.6 316.57 482.6
253.01 43.7 294.66 2415 317.26 492.2
253.65 45.1 295.36 247.7 318.41 508.8
258.19 56.0 298.27 272.5 319.02 518.4
263.17 70.4 298.97 279.1 322.31 568.6
263.73 72.0 299.04 279.9 323.41 585.9
263.77 72.3 303.19 320.3 323.70 592.4
267.96 86.8 303.26 321.1 323.73 501.2

303.32 321.9
303.59 325.3
303.66 325.2
303.75 326.5
304.64 335.9
307.08 361.9
308.67 380.7
309.05 385.2
310.21 399.0
313.38 439.5

323.75 592.8
328.12 668.0
330.47 712.1
332.84 758.0
333.37 767.7
333.69 773.7
335.41 810.1
338.29 871.0
342.68 972.5
343.30 986.6

273.15 107.7
273.29 108.5
274.04 111.6
274.76 1151
278.84 135.6
283.12 159.5
283.18 159.8
283.30 160.4
283.61 162.6
283.89 164.4

288.91 197.5 313.75 445.3 346.21 1059.0
289.00 197.8 313.82 445.7 348.63 1121.8
290.64 210.0 313.92 446.3 348.88 1130.0
293.54 232.2 314.03 448.1 353.53 1257.6
293.71 233.7 314.10 448.8 360.42 1471.8

293.88 234.9 314.18 449.2
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Figure 2. Scatter diagram of the saturated pressure deviations
from the fit with the Antoine equation, eq 1.

tions from the fit for each datum point are presented in
Figure 2. An S-shaped distribution is apparent, showing
that the three-parameter Antoine equation is unable to
represent the saturated pressure accurately for this tem-
perature and pressure range. To improve eq 1, various
modifications using more than three parameters are de-
scribed in the literature. We used a four-parameter equa-
tion in the following form:

InP/kPa=A — B/(C + T/K)+ D In(T/K) (4

From the results of the fit, we obtained the following values
for the parameters: A = —2.3085025, B = 1271.174, C =
—74.380, and D = 2.385, with dP = —0.003 and abs(dP) =
0.076. The scatter diagram of the deviations presented in
Figure 3 shows that its random distribution is within our
estimated experimental uncertainty. The data from Bobbo
et al., 1998 and from Basile, 1998 are also shown in this
figure and compared with eq 4, showing good consistency
among the data.

Another empirical equation for saturated pressure rep-
resentation has been proposed by Wagner and Setzmann
(1991),

InP—iZlal—T"z 5
—(T)Z (1 =T ()
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Figure 3. Scatter diagram of the saturated pressure deviations
from the fit with eq 2 and comparison with Bobbo et al., 1997 (a)
and Basile, 1998 () data.
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Figure 4. Scatter diagram of deviations between experimental

saturated pressures and values calculated the MBWR EOS
(McLinden et al., 1998).

where P, =P/P.and T, = T/T,, with the critical pressure,
P. = 3200 kPa, and the critical temperature, T, = 398.07
K, adopted from McLinden et al., 1998. Various forms of
eq 5 are used in the literature, leading to a great flexibility
in the use of the equation. Various values are also proposed
for the exponents in eq 5. Here, we ran preliminary tests
on a few versions proposed in the literature with three or
four adjustable parameters and various values of the
exponents, considering one of the major advantages of the
Wagner equation, i.e., that it can be extrapolated up to the
critical point. We found that the equation in the following
form:

InP, = (Ti)(aoTr +a, T, +a,T%) (6)
r,

was able to describe our data close to our estimated
experimental uncertainty [dP = 0.021 and abs(dP) =
0.091], with the coefficients ap = —7.8690, a; = 1.5448, and
a, = —4.1836. We found an error distribution close to the
one presented in Figure 3.

Our experimental findings were also compared with
values calculated using the MBWR EOS (McLinden et al.,
1998); the results of the comparison are presented in Figure
4, showing good consistency down to 270 K.

Using the coefficients of the Antoine equation, eq 1, with
the above-reported critical temperature and pressure val-
ues, we obtained the following value for the acentric factor,
o = 0.37758.

P—V—T. In Table 2, 42 experimental P—V—T measure-
ments in the superheated vapor region along seven iso-

Table 2. Experimental P—V—T Data for R-236fa

Too/K P/kPa V/dm3mol=l Tgo/K P/kPa V/dm3 mol-1

313.98 405.9 5.669 328.65 589.1 3.948
318.27 413.6 5.670 333.33 6015 3.950
323.25 4223 5.671 343.23 627.0 3.947
333.21 4394 5.674 353.19 652.3 3.952
343.27 456.4 5.677
353.17 4729 5.680 331.78 688.9 3.305
362.15 487.7 5.682 338.77 7124 3.306
343.05 726.2 3.307
321.07 461.1 5.044 348.21 7425 3.307
328.49 475.8 5.046 353.67 759.6 3.311
337.47 493.2 5.048
346.20 509.8 5.050 338.64 765.4 2.991
353.47 523.5 5.052 344.07 785.0 2.992
358.37 532.6 5.053 348.07 799.2 2.993
363.98 543.1 5.054 354.08 820.2 2.993
358.63 835.8 2.994
318.48 494.9 4.593 363.32 851.8 2.995
323,53 507.1 4.594
328.18 517.5 4.595 343.45 890.8 2.560
333.20 528.5 4.596 348.33 911.8 2.560
338.19 539.3 4.597 353.49 933.6 2.561
343.18 550.1 4.598 358.64 955.3 2.562
348.53 561.6 4.599 363.97 977.7 2.562
353.62 572.3 4.601

chores are presented. The measurements were taken in a
density range from 0.17 to 0.39 mol dm~3 (26 to 59 kg m~3)
for temperatures from 314 K to 364 K and pressures from
406 kPa to 978 kPa.

Second and Third Virial Coefficients. The experi-
mental P—V—T data were used to derive coefficients of the
virial equation of state in the Leiden form, truncated after
the third term,

B/dm?® mol !
v/idm?® mol™*
6 -2
Czldm3mol 1) )
V</dm? mol

RT/K |
v/dm?® mol 2\

P/kPa =

where R = 8.31451 J mol~! K1 is the universal gas
constant, V is the molar volume, B is the second virial
coefficient, and C is the third virial coefficient. Considering
that our P—V—T data are isochoric but not isothermal,
some empirical temperature relationship for B(T) and C(T)
has to be assumed a priori. In addition, the temperature
range of our P—V—T data was not very wide, so we
assumed some simple forms for the temperature depen-
dence of B and C. In the outcome of regression using

n

Q= (Pexp - I:)calc)zln 8

as the objective function, we observed that the third virial
coefficient values we found are heavily dependent on the
algebraic form of the expressions used for the second virial
coefficient, even if the objective function values found were
very close. This is presumably due to fact that our
experimental data cover a small pressure range and, in
addition, a low reduced temperature range (0.79 < T, <
0.92). As a result, we ultimately used the virial equation
truncated after the second term along with the expression

B,/dm* mol™*
T/K
(B,/dm* mol™) exp(1/T,) (9)

B/dm® mol™! = By/dm® mol ™! +

where the coefficients B; are By = 0.31004, B; = 880.577,



Journal of Chemical and Engineering Data, Vol. 44, No. 4, 1999 699

0.020 1 , T , |
0.015 |- o
@)

0.010 |- OO é; o -

o.oos—oOo©9©g8 .
)

0.000 5 O

-0.005 -

-0.010 o 0©° O

. u o
0.015 6 o OO
-0.020 L ' L L

310 320 330 340 350 360 370

/ dm?>-mol’!

-B
exp calc
| |

B
O
O

© o
|

T/K

Figure 5. Scatter diagram of second virial coefficients from the
fit with eq 9.
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Figure 6. Scatter diagram of pressure deviations produced by
the virial equation of state.

and B, = —1.067. The fit gives dP = 0.021 and abs(dP) =
0.264, both as percentages. The deviations between the
second virial coefficients by eq 9 and those derived from
experimental data are shown in Figure 5. Using eq 7 with
the experimental temperature and volume data, and with
the coefficients specified above for B, the deviations from
the experimental pressure defined as

dP

= (P F’i,calc)/Pi,exp x 100 (10)

i iexp
were calculated for each data point and are presented in
Figure 6. The deviations absorb both the experimental
uncertainties in the measured quantities and those coming
from the assumed empirical relation of eq 9.

To our knowledge, the second virial coefficients of highly
fluorinated propane derivatives have not been compared
with the correlating equations, so we compared them,
choosing the Tsonopoulos method (Tsonopoulos, 1974), the
O’Connell and Prausnitz method (O’'Connell and Prausnitz,
1967), and the method recently proposed by Weber for
small, polar molecules (Weber, 1994). It should be pointed
out that this last method was validated for the methane
and ethane halo (F and ClI) derivatives. All methods are
basically derived from the Pitzer and Curl (1957) idea, and
the Weber method is a modification of the Tsonopoulos
method. The additional quantities that were needed for all
methods were the dipole moment, u = 1.982 D (Goodwin
and Mehl, 1997), and the reduced dipole moment ug,

e = (1 x 10%)(u?/D)(PJatm)/(T 2/IK) = 78.2 (11)

In addition, for the O'Connell and Prausnitz method, we
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Figure 7. Second virial coefficients derived from the P—V—T data
(O), their representation with the coefficients of eq 5 (thick line),
and predicted by the O'Connell and Prausnitz (dash and dot line),
the Tsonopoulos (thin line), and the Weber (dashed line) correlat-
ing methods.
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Figure 8. Scatter diagram of deviations between experimental
P—V—T data and values calculated with the MBWR EOS (McL.in-
den et al., 1998).

considered propane with its acentric value w = 0.153 (Reid
et al., 1987) as a homomorph of R236fa, although, having
the same number of segments, they are naturally different
in size. The results are shown in Figure 7, which demon-
strates good consistency of the derived second virial coef-
ficients from the P—V—T measurements with the Tsonop-
oulos (1974) and the Weber (1994) correlating methods. Our
results for P—V—T were also compared with density values
calculated using the MBWR EOS (McLinden et al., 1998);
the resulting deviations are presented in Figure 8, again
showing good consistency.

Conclusions

The present work presents 113 experimental data points
for saturated pressure and the superheated region of
R-236fa, obtained using the constant volume apparatus.
The refrigerant’s behavior along the saturation line is
described by 71 experimental points, and 42 experimental
points describe its P—V—T behavior along seven isochores
in the superheated vapor region. Data collected for the
saturated pressure were correlated with a few empirical
equations with three or four adjustable parameters. The
best representation of the experimental results was found
with the four-parameter equation of the Antoine type. The
P—V—T data in the superheated region were fitted to the



700 Journal of Chemical and Engineering Data, Vol. 44, No. 4, 1999

virial equation of state. We were unable to derive the third
virial coefficients successfully (presumably due to the small
pressure range and small reduced temperatures of our
data), but the P—V—T data are well represented by the
virial equation of state truncated after the second term.
The consistency of the derived second virial coefficients
with the Tsonopoulos and the Weber correlating methods
is very good. The consistency of both experimental satu-
rated pressure and P—V—T data and those calculated using
the MBWR EOS is also good.
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