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I .  Introduction 

The authors are investigating fluorinated propane derivatives as second generation 
alternatives for currently used CFC and HCFC chemicals. One fluorinated ether was also 
studied. These investigations have included both (i) synthesis and (ii) the measurement 
and estimation of their physical properties. In this paper we will describe only the 
results of the physical property investigations. A total of 22 compounds were 
investigated with boiling points ranging from -34.6OC to 76.7OC. The measured 
properties presented for these compounds include: melting point, boiling point, vapor 
pressure below the boiling point, heat of vaporization, critical properties 
(temperature, density and pressure), liquid densities, and liquid phase heat capacities. 
Measured vapor pressures are reported from below the boiling point up to the critical 
point for two of these compounds; E-125a (b.p.=-34.6OC and Tc= 80.7OC), and HFC- 
236ea (b.p.=6.50C and Tcel 4 1.1 OC). For the readers convenience the chemical 
formula that corresponds to the ASHRAE number code is provided in Table 1A of the 
Appendix to this paper. Vapor pressure5 and liquid phase densities were aka measured 
for CFC-12 in order to judge the accuracy of our experimental methods. The measured 
vapor pressures were also compared with vapor pressures estimated using modified 
corresponding states methods’ to evaluate the accuracy of these estimation methods. 

In the next section the experimental methods for the measurement of the physical 
properties are briefly described. The estimation of vapor pressure and vapor densities 
in the coexistence region from the measured critical properties and the boiling point is 
also discussed. Section 111 presents results and Section IV discusses the potential 
alternatives in terms of the measured and estimated physical properties. 
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I I. Experimental Methods and Modified Corresponding States Estimation. 

The compounds were synthesized to 99.5% purity and the vapor pressure was 
measured with a mercury isotensicope up to one 1 atmosphere to determine the boiling 
point. The melting point was determined as the thermocouple temperature at which a 
solidified ring of the compound disappeared from the surface of a sample tube. The 
critical temperature was measured by observing the disappearance of the meniscus in a 
sealed tube. The liquid density in the liquid-vapor coexistence region was determined by 
enclosing a weighed sample in 1.5 ml tube and measuring the displacement of the 
meniscus to within 0.05 mm from the bottom of the tube with a Gaertner cathetometer. 
The cathetometer readings are converted to volume by a calibration procedure with 
weighed amounts of water in the tube. The experiment is performed for four samples of 
differing weight, their weights ranging from about 0.4 g to 0.8 g. The four sample 
weights may be expressed in terms of the volume of liquid and vapor and their densities 
and these expressions are solved for the liquid and vapor densities. The law of 
rectilinear diameters was then used to obtain the critical density to within 2%. The 
accuracy of the vapor density obtained from these experiments is not reported since 
more accurate vapor densities can be calculated from the critical constants using 
modified corresponding states methods. 

The vapor pressure above the boiling point was measured with a Baratron MKS 
315 pressure sensor with a vacuum on its reference side. The pressure sensor is 
connected to a stainless steel sample cell immersed in a bath thermostatted to within 
fO.loC. The cell contained about 20 g of sample. Since the pressure sensor is external 
to the temperature bath both the sensor and its connection to the sample cell are heated 
to a temperature well above the critical temperature of the sample. The electronic 
readout via a MKS 272C power supply automatically compensates for the temperature 
effect on the pressure sensor. 

The liquid phase heat capacity was measured using a Perkin Elmer DSC-4 
differential scanning calorimeter using sapphire reference standards. The samples were 
contained in stainless steel sample capsules of 75 microliter capacity with an O-ring 
seal. The sample capsules are manufactured by Perkin Elmer and the leakage during a 
calorimeter experimsnt is negligible. The capsules were filled using a microliter 
syringe in a cold room with a temperature below the boiling point of the sample (as low 
as -4OOC). The DSC measurement was corrected for vapor volume and heat of 
vaporization effects due to changes in the relative sizes of the liquid and vapor phases. 
We kept the vapor volume at a minimum by using sample sizes of 60 mg or larger. For 
these samples sizes the corrections ranged from 1 to 6%. 

In order to evaluate these compounds as refrigerants, vapor pressures and vapor 
densities are needed up to temperatures approaching the critical point. These were not 
measured but can be estimated from our measured critical constants and boiling point 
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with modified corresponding states estimation methods1 The accuracy of these 
estimation methods was evaluated by comparisons of the estimated vapor pressures with 
the measured values obtained in this work for CFC-12, E-125a, and HFC-236ea. The 
modified corresponding states methods used for this evaluation is based on the following 
expression for the compressibility 2, 

P z = * ,  

where o is the Pitzer acentric factor for the system of interest and OR is the same factor 
for a reference fluid which was selected to be HFC-134a. The quantity p is the density, 
P is the pressure and T is the Kelvin temperature. The quantity Z(O) is the 
compressibility of a simple fluid which is defined to be the Benedict-Webb-Rubin 
equations with the simple fluid constants of Lee and Kesler? The modified Benedict- 
Webb-Rubin equation of state with constants obtained by McLinden et. al.3 was used to 
obtain the reference fluid compressibility Z(R). The acentric factor is calculated from 
the equations of Lee and Kesler? 

where Pc is the critical pressure in units of atmospheres and, 

6*09648 - 1.28862 ln(Tr) + 0.16934 Trs , f(O)(Tr) = 5.92714 - ( 5 )  Tr 

15'6875 - 13.4721 In(Tr) + 0.43577 Tr' . f(')(Tr) = 15.2518 - (6) 
Tr /, 

/ 

The quantity Tr(= T/T,) is the reduced temperature and Tbr is the reduced boiling point. 

The procedure is to calculate Z(0) and Z(1) for the critical point (temperature, 
density and pressure in reduced units being unity) and then solving Equations (4) to 
(Sj and the relation below, 

( 7 )  

for the critical pressure and acentric factor using the measured value for the critical 
density pc. The subscript c in Equation (7) refers to the critical point. The vapor 

- 
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pressure may then be evaluated from the following equation for a reduced temperature 
Tr, 

In (E) - do)(T,) + o f(')(Tr) . 

The vapor pressure and temperature are then converted to density using Equations (1) 
to (3). 

I I I .  Results and Discussion 

The measured melting points, boiling points, critical parameters, heat of 
vaporization at the boiling point and the liquid phase heat capacity are given in Table 1. 
The critical pressures listed in the Table are measured values for E-125a, HFC-236ea, 
and HFG227ea. For the remaining compounds the critical pressure was calculated from 
the measured critical temperature and critical density using modified corresponding 
states equations. The melting point and boiling point are accurate to within kO.IoC and 
the critical temperature is accurate to within about f 0.2OC. The critical density is 
accurate to within about 2% excepting for C-326d and HCFC-234da. For the latter 
compounds the measurements were obtained over a very limited temperature range and 
only approximate critical densities could be obtained by a rectilinear diameter 
extrapolation. The liquid phase heat capacity is accurate to within about 3%. 

The measure liquid density, pI, in the coexistence region has been given an analytic 
representation using least squares methods and the following relations, 

91 = A -  Bt - Ct2. ( 9 )  

where t is the centigrade temperature. The values for the empirical constants (A,B,C) 
are presented in Tables 1A of the Appendix to this paper. The constants yield density in 
Kg/m3. 

The liquid densities were also measured for CFC-12 to check the accuracy of our 
measurement and estimation methods. The measured liquid densities and calculated 
vapor densities are compared with the available literature values4 in Table 2. The 
measured liquid densities are within 1% of the literature values. The vapor densities 
which are obtained by the modified corresponding states methods are within abut 3% cf 
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Table 1 

Boiling point, melting point, critical properties, heat vaporization at the 
boiling point and liquid phase heat capacity for HCFC's which are potential 
alternatives for currently used refrigerants and blowing agents. 

E- l25a 
HFC-236ea 
HFC-245fa 
HFC-227ea 
H FC-236fa 
HCFC-225da 
HCFC-226da 

WFC-243da 
4CFC-226ea 
4CFC-234da 
-1CFC-225ba 
HFC-227ca 

HFC-245ca 

HFC-235ca 

C-326d 

HFC-245cb 

HFC-236cb 

HFC-254cb 
i C F C - 2 4 4 ~  
HFC-347ccd 
4 FC-329ccb 
HFC-338eea 

Tb(OC) 

-34.6 
6.5 
15.3 

-1 5.2 
-1.1 
50.8 
14.1 
38.1 
76.7 
17.6 
70.1 
51.9 

-1 6.3 
-1 8.3 
24.96 
-1.44 
28.1 

-0.78 
54.8 
15.1 

25.4 
- - -  

Tmelt 
(OC 1 

-156.1 
-1 46.1 
-1 02.1 
-1 27.1 
-94.2 
-1 30.3 
-1 19.6 
-94.8 
-71.6 
-134.0 
-98.0 
-1 32.6 

-1 40.3 
-81.1 
-73.4 
-1 05.4 
-85.0 
-121.1 
-1 01.8 
-1 24.9 
-1 22.3 
-91.5 

*Hvap 
Kj/mol 

21.81 
27.00 
28.05 
22.73 
25.62 
27.29 
24.45 
28.77 
32.65 
26.33 
31.64 
29.45 

23.69 
23.65 
29.05 
25.29 
27.75 
24.82 
31.27 
25.87 

29.68 
- - -  

TC(OC) 

80.7 
141.1 
157.5 
103.5 
130.6 
206.2 
158.5 
196.9 
251.9 
158.3 
242.5 
21 2.9 

106.3 
108.5 
178.4 
130.1 
170.3 
146.1 
221 .o 
144.2 
140.2 
148.6 

PC 
(KPa) 
3253 
3533 
3644 
2943 
31 77  
3006 
3024 

(2950)  
3496 
2947 

3074 

2874 
3113 
3855 
3118 
3044 
3753 

2572 

(3353)  

- - -  

- - -  
I 

- i -  - 

PC 
Kg/m3 

584 
579 
533 
603 
556 
589 
591 

(558)  
514 
584 

586 

594 
499 
529 
545 
541 
467 

532 

(552)  

- - -  

- - -  
- - -  

C p ( W  
(4OoC) 
(Ki/Kq) 
1.306 
1.292 
1.328 
1.241 
1.365 
1.093 
1.220 
1.184 
1.248 
1 .l 94 
1.1 80 
1.088 

1.252 
1.459 
1.446 
1.469 
1.228 
1.573 

1.359 
- - -  

- - -  
- - -  

the literature values. The measured critical density for CFC-12 (567 Kg/m3), which 
is obtained by extrapolation of density data ranging from temperatures 2OoC to 85OC, is 
within 2% of the literature value (558 Kg/m3). 

In order to evaluate the accuracy of the corresponding states estimation methods 
the vapor pressures of CFC-12, E-l25a, and HFC-236ea were measured. In Table 3 
our measured vapor pressures for CFC-12 are compared with the literature values and 
with those estimated by modified corresponding states methods. In Table 4 we make the 
same comparisons for the ether compound, E-l25a. Our measured vapor pressures for 
CFC-12 are within 1% of the literature values which is excellent agreement. In the 



case of E-125a our measured values are within 2% of the values obtained by van Hook 
et. al.5 The vapor pressures estimated by modified corresponding states methods are 
within 4% of the measured values. Similar good agreement is obtained between our 
measured and estimated vapor pressures for HFC-236ea. We have found that there may 
be 

Table 2 

Comparison of measured liquid densities and modified corresponding states 
vapor densities with literature values for CFC-12. 

Temp Liquid Density (Kg/m3) Vapor Density (Kg/m3) 
This Litera- %Dev Corre- Litera- %Dev 
Work ture ponding ture 

Table 3 

Comparison of measured and modified corresponding states vapor 
pressures with literature values for CFC-12. 

. 



, 
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larger differences of the order of 9% between measured and estimated vapor pressures 
for HFC-227ea, indicating modified corresponding states methods are less accurate for 
this compound. However our vapor pressure measurement work on HFC-227eais still 
preliminary and we do report any values in this paper. The overall agreement between 
measured vapor pressures and those from estimation methods is very good demonstrating 
that modified corresponding states method is reliable for obtaining PVT properties of 
HCFCS. 

Table 4 

Measured vapor pressures for E-125a compared with measured values 
of van Hook et. al. and vapor pressures estimated by modified corresponding 
states methods. 

Measured I VanHod< I % Dev. I Corres. 1 % Dev. 

The vapor pressure measurements for E-125 and HFC-236ea have been given a 
compact analytic representation by fitting them to equations of the same form as those 
used by Lee and Kesler.2 For E-125a this equation is, 

11'16979 - 5.58846 In(Tr) + 0.25004 (T,)6 , (1 0) 
Tr 

Ln (P) = 19.0070 - 



and for HFC-236ea we have the following equation, 

l1 *58641 
Tr 

- 6.24181 In(Tr) + 0.42877 (Tr)6 , ( 1 1 ) Ln (P) 19.32756 - 

Other data that is needed to evaluate chemical altematlves as refrigerants are the 
vapor phase heat capacities. We did not measure these properties. However we have 
estimated the ideal gas heat capacities with good reliability using the extensive database 
of Benson et. al.6 

V. Summary and Conclusions 

By examining the range of boiling points and critical temperatures, we observe a 
number of compounds that are potential alternatives for currently used CFC's and 
HCFC's. However no fluorinated propane derivative with as low boiling point as CFC-12 
(-29.8OC) or HFC-134a (-26.5%) has been synthesized. After some searching HFC- 
245cb was synthesized with a boiling point of -18.3% which is the lowest boiling point 
fluorinated popane synthesized thus far. Its critical temperature of 108bOC compares 
well with the critical temperatures of CFC-12 (112%) and HFC-134a (101.lOC) and 
one might conclude that HFC-245cb may be an altemative for CFC-12 and HFC-134a 
for some applications. Other fluorinated propanes which may have similar applications 
as HFC-245cb are HFC-227ca (b.p. I -16.3OC, Tp106.30C) and HFC-227ea @.p. = 
-15.2OC and Tc =103.5OC). The ether compound E-125 (b.p.m-34.6OC) may also be 
considered a potential alternative; however its low critical temperature of 80.7OC 
means it is only marginally suitable for air conditioning applications. 

The compound HFC-245ca with a boiling point of 24.96OC and a critical 
temperature of 178.4% is a very probable alternative for CFC-11 (b.p.=23.8OC and 
Tc=1980C). The compound, HFC-245ca, is particularly desirable because it contains no 
chlorine and potentially has a low atmospheric lifetime. Its thermal conductivity 
estimated by the Roy and Thodos method7~8 is 8.96 x 103 W/(M-OK), which is 
comparable to that for CFC-11 and should make it as suitable a blowing agent as CFC-11 
in the maufacture of'foam insulation. The compounds HFG236ea (b.p. = 6.5% and 
Tc= l  41 OC), HFC-236cb (b.p.=-1.44OC and Tc=l 30.1 OC), HFC-254cb (b.p~~O.78 
and Tc=146.10C), and HFC-236fa (b.p.=-l.loC and Tc= 130.6OC) are potential 
alternatives for CFC-114 (b.p.=3.77 and TcPl 45.7%). Other compounds listed in 
Table 1 with boiling points between -18% and 35OC have potential applications as 
blowing agents. Higher boiling point compounds most likely applications are as solvents 
or heat transfer fluids. The cyclic butane which contains one chlorine potentially has 
higher solvent power than most of the other alternatives with a similar low chlorine 
content. Another desirable trait C-326d is that the strained cyclic structure implies a 
low atmospheric lifetime. 

, 
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Appendix 

Table 1A 

The coefficients for the mathematical representation of liquid density 
given by Equation (9). The last column gives the temperature range over which 
the measured data were obtained. 
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