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Vapor Pressure Measurements of 1,1,1,2,3,3-Hexafluoropropane from 
300 to 410 K 
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We present new vapor pressure measurements for 1,1,1,2,3,3-hexafluoropropane (R-236ea) in the 
temperature range from 300 to 410 K. The measurements were performed with a static technique, and 
the uncertainties of the measurements were estimated to be within f0.6 kPa for pressure and within f8 
mK for temperature. A Wagner-type vapor pressure correlation was developed to represent the measured 
vapor pressures, and the critical pressure was determined as (3411.6 f 3.0) kPa corresponding to the 
critical temperature of 412.375 K. The purity of the R-236ea sample used in the present measurements 
was 99.9 mol %. The effect of the volatile impurity in the sample on the vapor pressure measurements 
is discussed and corrected. 

Introduction 
The production of 1,2-dichloro-l,1,2,2-tetrafluoroethane 

(R-114), which has been widely used in centrifugal chillers 
and heat pumps as the working fluid, is scheduled to be 
discontinued by the end of 1995 along with the production 
of other fully-halogenated chlorofluorocarbons (CFCs) as 
agreed by the Montreal Protocol Amendments. 1,1,1,2,3,3- 
Hexafluoropropane (R-236ea) has virtually zero potential 
to  deplete the stratospheric ozone and low global warming 
potential. This refrigerant is completely nonflammable 
over a wide range of concentrations in air at  temperatures 
up to  323 K, and no unusual toxicity has been indicated in 
limited toxicity testing (Smith, 1993). Through thermo- 
dynamic evaluation and experimental tests (Smith, 1993; 
Kazachki and Gage, 1993; Kazachki et al., 19941, R-236ea 
has been demonstrated to have high potential as an 
alternative for R-114. 

Accurate information about the vapor pressures for a 
refrigerant is very important to calculate its thermody- 
namic properties essential to the cycle analysis and the 
design of the refrigeration equipment. Up to now, few 
measurements for the vapor pressures of R-236ea have 
been published in the literature. Beyerlein et al. (1993) 
presented vapor pressures for R-236ea in a wide range of 
temperatures with a sample of 99.5% purity. Defibaugh 
and Silva (1994) reported vapor pressures for R-236ea 
below 370 K with a pure (99.9%) sample. However, 
additional vapor pressure data are needed so as to char- 
acterize the thermodynamic properties in more detail. 

In this paper, static vapor pressure measurements for 
R-236ea using one cell of a Burnett apparatus from 300 K 
to approximately the critical temperature are presented. 
The Burnett apparatus has been used in the last several 
years to measure the vapor pressures and compressibility 
factors of difluoromethane (R-32) (Qian et al., 1993), 
pentafluoroethane (R-125) (Ye et al., 19951, and l , l , l -  
trifluoroethane (R-143a) (Zhang et al., 1995). In order to  
examine the reproducibility of the vapor pressure measure- 
ments for R-236ea, two series of measurements were made 
as the first set of measurements at  approximately the 
critical density and five measurements were performed as 
the second set of measurements a t  densities lower than 
the critical density. 
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Experimental Section 
The Burnett apparatus used in the present measure- 

ments was described in detail in our previous paper (Zhang 
et al., 1995). The present measurements were performed 
using the sample cell of the apparatus. The uncertainty 
of the temperature measurements was estimated to be 
within f8 mK, the sum of f 2  mK for the uncertainty of 
the thermometer, f l  mK for the uncertainty of the 
thermometer bridge, and f 5  mK for the possible temper- 
ature fluctuation of the thermostated bath. The accuracy 
of the pressure measuring system was estimated to be 
better than f0.5 kPa, which consists of the reproducibility 
of the differential pressure measurements, f0 .3  kPa, and 
the accuracy of the pressure gauge, f 2  kPa. Note that it 
does not include the effect due to the impurity in the 
sample. The uncertainty of the measured vapor pressures 
for R-236ea will be discussed in the next section. 

The purity of the R-236ea sample used was 99.9 mol % 
according to the analysis performed by the chemical 
manufacturer. The sample was not purified further by the 
present study because of the limitation of the apparatus. 
Before the R-236ea sample was filled, the sample cell was 
flushed with the sample gas three times and evacuated to 
approximately 2 mPa. 

Results and Discussion 
Two series of vapor pressures were measured as the first 

set of measurements in the range of 300-410 K with the 
sample cell filled to  approximately the critical density ( p  
= 3.716 mo1.L-l). For the purpose of investigating the 
effect on the vapor pressure measurements due to the 
possible presence of a volatile impurity in the sample 
confined in the cell, five points were measured as the 
second set of measurements at  lower filling densities than 
the critical density, at  temperatures of 300, 320, 340, 360, 
and 380 K, respectively. A total of 38 points were mea- 
sured. 

To correlate the vapor pressures of R-236ea, the Wagner- 
type vapor pressure equation was used: 

(1) 
where T, = TIT,, P,  = PIP,, z = 1 - T,, T, = 412.375 K is 
the critical temperature measured by Aoyama et al. (1995), 
and the numerical constants a through d and the critical 
pressure P,  were determined by a least-squares analysis. 

In P, = (UT + bz1.5 + c t3  + ~ T ' X T ,  
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Table  1. Numer ica l  Cons tan t s  in Eq 1 Table 2. Vapor  Pressures f o r  R-236ea 
~ 

uncorrected corrected 
coefficient (300-412.375 K) (248-412.375 K) 

TIK P k P a  TIK P k P a  
(ITS-90) (Corrected) (ITS-90 j (corrected) 

a -7.77054 -7.75671 
b 1.48833 1.41434 
C -4.49436 -4.05869 
d 15.9952 -2.35003 
P ,kPa  3411.8 3411.6 
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I 
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X 
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In order to examine the self-consistence of the original 
measurements, the first set of measurements (uncorrected 
for the impurity effect) were correlated using eq 1, and the 
numerical constants are given in Table 1. As shown in 
Figure 1, the two series of measurements at the same 
density ( p  = 3.716 mo1.L-I) are self-consistent and the 
deviations from eq 1 with the coefficients given in column 
2 in Table 1 do not exceed +0.5 kPa which is not more than 
the uncertainty of the pressure measuring system. In 
addition, the second set of measurements are also plotted 
in Figure 1. The second set of measurements are consider- 
ably lower than the first set of measurements at  the same 
temperatures. The sample cell was approximately half- 
full of sample liquid in the .first set of measurements, while 
only a small fraction of the cell was filled with the sample 
liquid in the second set of measurements. This fact 
suggests that there was a volatile impurity, possibly the 
air, in the filling sample since the measured vapor pressure 
obviously depends on the average density within the cell, 
especially at  the low temperatures. 

Kabata et al. (1991) studied the effect of an air impurity, 
nitrogen, on their vapor pressure measurements of 2,2,2- 
trifluoroethanol. They used the Peng-Robinson equation 
of state to  calculate the vapor-liquid equilibrium. They 
presented the results for the bubble-point curve, where they 
showed that an impurity of only 6 ppm would cause a 
pressure increase of about 1.6 kPa for temperatures of 
320-380 K and that an impurity level of 35 ppm caused 
an error of 8 kPa. Weber (1994) and Boyes and Weber 
(1994) reported an approach to estimate the effect due to 
an impurity on their vapor pressure measurements of 
1-chloro-1,2,2,2-tetrafluoroethane (R-124). They indicated 
that the increase in the static pressure due to the volatile 
impurity depends mainly on the average density of the 
sample within the cell, the mole fraction of the impurity, 
and Henry's constant for the impurity dissolved in the 
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a Second set of measurements. 
refrigerant. In most cases, however, the mole fraction of 
an impurity and Henry's constant are not known. 

Since the dew-point curve is defined as the minimum 
limit of the effect of the volatile impurities at  any given 
temperature, we developed a correlation between the static 
vapor pressure and the average density within the sample 
cell in the present study so as to  correct the original 
measurements by extrapolating the correlation to dew 
points. The correlation for a specified temperature was 
assumed to be given as a linear function: 

AP = (PI - P 2 P Q  
P1 - PZ 

where AP is the pressure difference between the point with 
a density p and the dew point, PI is the measured vapor 
pressure at  point 1 with a higher density p1, Pz is the 
measured vapor pressure at  a lower density pz and p" 
denotes the saturated vapor density at  the dew point. For 
the first set of measurements ( p l  = 3.716 mol-L-l), the 
pressure differences hp in eq 2 are correlated as the 
following function of temperature: 

(3) 
where t = 1 - TIT,. For the second set of measurements, 
however, we can directly use eq 2 to  obtain the pressure 
differences AP, The effect of the volatile impurity de- 
creases with increasing temperature, and at  the critical 
temperature it becomes the minimum because the dew 
curve and the bubble curve merge at  the &tical point. 
Thus, as shown by eq 3, we neglected tke effect of the 
volatile impurities at the critical temperature. Using eqs 
2 and 3, all the original values were corrected, and the 
corrected results are given in Table 2. The saturated vapor 
densities were calculated using REFPROP (Gallagher et 
al., 1994). We took our corrected vapor pressure values 
for temperatures of 300-410 K and the values measured 
using ebulliometric techniques by Defibaugh and Silva 
(1994) for temperatures of 248-370 K as a set of input data 
to  establish a vapor pressure correlation for R-236ea which 
can be used for a wide temperature range. The functional 
form of the developed correlation is shown as eq 1, and the 
numerical constants are also given in Table 1. The critical 
pressure was determined by the regression analysis as P, 
= (3411.6 -f 3.0) kPa corresponding to  the critical temper- 
ature T, = 412.375 K mentioned above. 

In consideration of the effect of the volatile impurity, the 
uncertainty of the correlated vapor pressure values are 

APkPa = 8.70322 - 11.037~' 
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Figure 2. Absolute vapor pressure deviations from eq 1 with the 
coefficients listed in column 3 in Table 1: x, uncorrected first set 
of measurements; A, uncorrected second set of measurements; 0, 
corrected measurements; +, Defibaugh and Silva (1994). 
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Figure 3. Relative vapor pressure deviations from eq 1 with the 
coefficients listed in column 3 in Table 1: +, Defibaugh and Silva 
(1994); 0, this work (corrected data). 

estimated to be no more than f0.6 kPa, h0.5 kPa for the 
pressure measurement scheme and f 0 . 1  kPa due to the 
correction of the original measurements. 

The absolute pressure deviations of the present corrected 
results and those measured using ebulliometer apparatus 
by Defibaugh and Silva (1994) from the correlation are 
shown in Figure 2, where the reference standard is eq 1 
with the numerical constants in column 3 in Table 1. All 
our results agree with eq 1 within f0.5 kPa, and the 
standard deviation is 0.3 kPa. The values by Defibaugh 
and Silva (1994) are also in good agreement with eq 1. As 
shown in Figure 3, the relative deviations of the measure- 
ments by Defibaugh and Silva from eq 1 are almost within 
f0.1%. The standard deviation for both the present data 
and those by Defibaugh and Silva is 0.055% in pressure. 
We have also compared the vapor pressures measured by 
a static technique by Beyerlein et al. (1993) and the vapor 
pressure correlation by Defibaugh and Silva with the 
present results in Figure 4. From 370 K to the critical 
temperature, the correlation by Defibaugh and Silva shows 
a temperature dependence different from that of eq 1. This 
may be due to the fact that no measured values from 370 
K to the critical temperature were available when Defibaugh 
and Silva developed their vapor pressure correlation. The 
vapor pressure data reported by Beyerlein et al. differ 
significantly (from -3.5% to +2%) from eq 1. 
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Figure 4. Relative vapor pressure deviations from eq 1 with the 
coefficients listed in column 3 in Table 1: +, Defibaugh and Silva 
(1994); 0, this work (corrected data); 0, Beyerlein et al. (1993); 
- - -, correlation by Defibaugh and Silva (1994). 

Table 3. Critical Pressure and Temperature of R-236ea 
ref TCK P,lkPa 

Beyerlein et al. (1993) 414.25 3533 
Defibaugh and Silva (1994) 412.44a 3502.0 
this work 412.37Eib 3411.6 f 3.0 

a Measured by Schmidt, J., NIST, Gaithersburg, MD (see 
Defibaugh and Silva, 1994). Measured by Aoyama et al. (1995). 

The critical pressures, P,, determined in this work, 
determined by Defibaugh and Silva, and measured by 
Beyerlein et al. are listed in Table 3 along with the 
corresponding critical temperatures, T,. The critical tem- 
perature used by Defibaugh and Silva is 65 mK greater 
than that used in the present study, while P,  determined 
by Defibaugh and Silva is greater than ours by about 90 
kPa. Beyerlein et al. observed higher T, and P, values than 
those found in the present study. 

Conclusion 
In the range of temperatures from 300 to 410 K, 38 vapor 

pressures have been measured and the effect of the volatile 
impurity in the sample has also been taken into account. 
In combination with the experimental data by Defibaugh 
and Silva, a vapor pressure correlation for R-236ea, which 
is effective from 248 K up to the critical temperature, has 
been developed and the critical pressure has been deter- 
mined by regression as P, = (3411.6 & 3.0) kPa correspond- 
ing to the critical temperature of 412.375 K. For static 
vapor pressure measurements, the effect of a volatile 
impurity depends on the average density of the sample 
within the cell. Therefore, if a small amount of sample 
liquid is maintained in the sample cell, better results will 
be obtained. 
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