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Gas-Phase PVT Properties of 
1,1,1,2,3,3-Hexafluoropropane 

H.-L. Zhang, 2 3 H. Sato, 2 and K. Watanabe z 

We have measured tile gas-phase P I,'T properties of I.l.l.2.3.3-hexalluoro- 
propane (R-236eal. which is considered to be a promising candidate for the 
replacement of 1.2-dichlorotetrafluoroethane (R-114). The measurements have 
been performed with a Burnett a p p a r a t u s  over  a temperature range of 
340 390 K and at pressures of 0.10 2.11 MPa. The experimental uncertainties of 
the measurements were estimated to be within +0.5 kPa in pressure. _+8 mK in 
temperature, and _+_0.15" o in density. A truncated virial equation of state was 
developed to represent the P I'T data and the second virial coell]cients were also 
derived. Tile saturated vapor densities were also calculated by extrapolating the 
gas-phase isothernls to the vapor pressures. The critical density estimated from 
the rectilinear diameter was compared with the experimental value. The purity 
of the R-236ea sample used in the present measttrements was 99.9 tool %. 

KEY WORDS: Burnett method: critical density: P I T  properties: R-236ea: 
saturated vapor density: second virial coefficient. 

1. I N T R O D U C T I O N  

T h e  p r o d u c t i o n  o f  1 , 2 - d i c h l o r o t e t r a f l u o r o e t h a n e  (R-1 14), wh ich  was wide ly  

used  no t  on ly  in cen t r i fuga l  chi l lers  a n d  hea t  p u m p s  as w o r k i n g  fluid but  

a lso  in u r e t h a n e  foams  as b l o w i n g  agent ,  will be d i s c o n t i n u e d  by the  end  

o f  1995 a l o n g  wi th  the  p r o d u c t i o n  o f  o t h e r  fully h a l o g e n a t e d  c h l o r o f l u o r o -  

c a r b o n s  ( C F C s )  as r equ i r ed  by the  M o n t r e a l  P r o t o c o l  A m e n d m e n t s .  

1,1,1,2,3,3-Hexafluoropropane ( R - 2 3 6 e a )  has  v i r tua l ly  ze ro  o z o n e - d e p l e t i o n  

po ten t i a l  and  a low g l o b a l - w a r m i n g  potent ia l .  Th is  ref r igerant  is comple t e ly  

n o n f l a m m a b l e  o v e r  a wide  r ange  o f  c o n c e n t r a t i o n s  in a i r  at  t e m p e r a t u r e s  

Paper presented at tile Fourth Asian Thermophysical Properties Conference, September 5 8, 
1995, Tokyo, Japan. 

-' Department of Mechanical Engineering, Faculty of Science and Technology, Keio Univer- 
sity, Yokohama 223. Japan. 

~ To whom correspondence shot, ld be addressed. 

407 

0195-92SX 97 0300-(~407512,50 0 , 1997 l'lenum Publishing Corporation 



408 Zhang, Sato, and Watanabe 

up to 323 K, and no indication of unusual toxicity has been indicated in 
limited toxicity testing [1]. Through thermodynamic evaluation and 
experimental tests [1-3] ,  R-236ea has been demonstrated to be a very 
promising alternative to replace R-114. Information on the gas-phase P V T  
properties for a refrigerant is essential to calculate its thermodynamic 
properties necessary for cycle analysis and design of the machinery. Up to 
now, however, they have not been available in the literature. 

In this paper, we present gas-phase P V T  measurements for R-236ea in 
the temperature range 340-390 K and at pressures of 0.10-2.11 MPa. The 
present measurements were performed with a Burnett apparatus whose 
operating performance and reliability have been well established through 
our previous measurements for other alternative refrigerants including 
1,1,1,2-tetrafluoroethane (R-134a) [4],  difluoromethane (R-32) [5],  pen- 
tafluoroethane (R-125) [6],  and 1,1,1-trifluoroethane (R-143a) [7]. The 
second virial coefficients were determined along six isotherms, and a trun- 
cated virial equation of state was developed to reproduce the present 
measurements. By extrapolating the gas-phase isotherms to the vapor 
pressure curve, the saturated vapor densities were also calculated and 
correlated. 

2. EXPERIMENTS AND DATA PROCESSING 

The Burnett apparatus used in the present measurements is shown 
schematically in Fig. 1. It consists of a cell system, a temperature control 
and measuring system, a pressure measuring system, and a vacuum dis- 
charge system. The cell system consists of two cells, a sample cell (A) and 
an expansion cell (B), and an expansion valve (V1). The two cells, which 
are thick-walled spherical vessels made of SUS-304 with about 500- and 
250-cm 3 respective inner volumes, are connected by the expansion valve, 
a constant-volume valve that avoids any noxious volume change during 
valve operation. For the purpose of establishing a uniform temperature 
around the two cells and the diaphragm-type differential pressure detector 
(C), they are all coupled together and immersed in a thermostated oil bath 
(I) using silicone oil as a heat transfer medium. 

The temperature was controlled by means of a PID controller and was 
measured by a standard platinum resistance thermometer installed near the 
cells. The platinum resistance thermometer was calibrated at the National 
Research Laboratory of Metrology, Tsukuba, and the uncertainty of the 
temperature measurements was estimated to be +8 mK, the sum of 
+2 mK for the uncertainty of the thermometer, _ 1 mK for the uncer- 
tainty of the thermometer bridge, and _+ 5 mK for the possible temperature 
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Fig. I. Burnett experimental apparatus: (A) sample 
cell: (BI expansion cell, (C) differential pressure detec- 
tor; (D) platinum resistance thermometer; (E) stirrer: 
(F) subheater; (G) main heater: (Hi cooler; (1) con- 
stant-tenlperature bath: (J) N_, gas damper; (K) N2 
bottle: {L) hand piston: (M, N) quartz  pressure trans- 
ducers with temperature sensor: (O) digital pressure 
gauge: (P) thermometer bridge, {Q) pen recorder; (R} 
voltage/current converter; (S) PID controller; (T) DC 
power supply: (U) wlcuum pump: (VI) constant  
volume wdve; (V2- VI4) valves. 

t]uctuation of the thermostated bath. The temperature was then calculated 
on the basis of the International Temperature Scale of 1990 (ITS-90). 

The sample pressure was transmitted to an external pressure measuring 
system through the differential pressure detector (C). By balancing the 
sample gas pressure with a nitrogen-gas pressure in the pressure measuring 
system, the nitrogen-gas pressure was directly measured by a quartz 
pressure transducer gauge (M) or (N). One of them (M) was used for 
pressure measurements above 1.1 MPa, while the other (N) for pressures 
below 1.1 MPa. The experimental uncertainty in the pressure measure- 
ments was estimated to be no more than +0.5 kPa, which consists of the 
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reproducibility of the differential pressure measurements, _+0.3 kPa, and 
the accuracy of the pressure gauge, +_0.2 kPa. 

Accurate determination of the cell constant, which is the ratio of the 
two different volumes of cell A and cells A and B at zero pressure, is one 
of the essential factors in the Burnett method. By using gaseous helium 
whose thermodynamic properties are well established [8], the cell con- 
stant, N =  1.50368_+0.00019, was accurately determined [4]. The purity of 
the R-236ea sample used in the present measurements was analyzed to be 
99.9 tool% by the chemical manufacturer. 

A very brief description regarding the data analysis method is given 
here. The Burnett method is an experimental technique for determining 
P V T  properties of gases without directly measuring the volume or mass. 
The observed information for a series of expansion with the Burnett 
apparatus includes a pressure, P/, with a corresponding expansion number, 
j, at a constant temperature, T. The consecutively measured pressures for 
each series of isothermal expansions could be reduced to compressibility 
factors and virial coefficients throughout the data processing. Unfor- 
tunately, owing to the effects of the experimental uncertainties and/or 
adsorption in the low-pressure region, the plot of PJ/Pi ~ vs Pi usually 
could not be extrapolated to the cell constant value at zero pressure. 
Deviations like that would have a great effect on the determination of com- 
pressibility factors and virial coefficients. 

To obtain accurate virial coefficients from the Burnett measurements, 
a new data analysis method was developed by the present authors, and it 
was used for the data analysis of R-152a, R-134a, R-32, R-125, and R-143a 
with satisfactory accuracy [9]. This method is conducted principally by 
selecting an appropriate weighting factor for each Pj /P j  ~ value according 
to its uncertainty and the optimal number of terms of the fitting polyno- 
mial so that the fitted P/ /P /_  ~ function of pj should well be extrapolated 
to the cell constant value at zero pressure. Using this method, the analysis 
for the present Burnett measurements of R-236ea was performed. 

3. RESULTS AND DISCUSSION 

3.1. Gas-Phase PVT Properties 

The Burnett expansion measurements were performed at temperatures 
from 340 to 390 K. A total of 53 P V T  data for R-236ea have been 
measured along six isotherms in its gas phase. Figure 2 summarizes the 
measured P V T  points which cover the range of temperatures of 340-390 K, 
pressures of 0.10-2.11 MPa, and densities of 0.04-1.02 mol. L -~. The 
experimental pressures, P, temperatures, T, compressibility factors, Z, and 
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densities, p, are tabulated in Table I. The experimental uncertainties of the 
measurements were estimated to be within -I-0.5 kPa in pressure, -I-8 mK 
in temperature, and -I- 0.15 % in density. 

3.2. Virial Equation of State 

In order to facilitate calculation of the thermodynamic properties, we 
have developed a truncated virial equation of state. In consideration of the 
experimental uncertainties, the following quadratic function of density with 
two virial coefficients was used to fit the measured P V T  values given in 
Table I: 

Z = I  +B(T~)p+C(T~)p'- (1) 

where 

Z = P/(pRT) 

B(Tr) =bl +b,_Tr I +b3 exp(T(l) (2) 

C(Tr)=c, Tr-X +c2Tr- 3-1"-csT~ -5 (3) 

and Bis in L.mol t C in  L 2-mol e T in  K, p in mo].L-~, and P in  
kPa, R is the universal gas constant (8.314471J.mol ~-K ~), b1= 
0.500475, b~=0.427082, b3=-0.471482, cl=-0.199816, c2=0.442161, 
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Table I. Gas-Phase PI'T Properties Ihr R-236ca 

T P p 

(K) (kPal (moI .L  t~ Z 

390.000 2107.24 1.01907 0.63770 

390.000 [ 643.75 0,67772 0.74797 

390.0011 12119.46 0.45072 0.82754 

390.000 857.75 0.29975 0.88249 

390,000 595.01 O. 19934 0.92050 

390.000 406,95 0.13257 0.94667 

390.000 275.72 0.088164 0.96444 

390.000 [ 85.63 0.058633 I).97635 

390,000 124.45 0.038993 0,98429 

380.000 1536.(,8 11.66(173 0.736311 

380.000 I 138.16 11.43934 0,821113 

380,000 810,45 11.29214 11.87824 

380.000 563.49 O. 19425 0.91829 

3811,1111(I 385.75 O. 12916 11.945411 

380.000 261.44 0.085885 0.96358 

380.000 176.04 11.11571117 11.97573 

380.000 I 17.99 0.037972 0.98344 

370.000 1391.81 0.61635 0.73403 

370,000 1033.42 0.409911 0.81953 

370.000 736.39 0,27260 0,87810 

370.000 512.04 O. 18129 0.9181 I 

370.000 350.52 0.12057 0.94505 

370.000 237.64 0.0801811 0.96340 

370.000 159.99 0.053323 0.9753 I 

360,000 I I 18.85 0.48446 0.77158 

360.0011 913,82 0.37063 0.82373 

360.000 815.61 11.32218 0.84575 

360.0011 649.77 0.24648 0.881172 

360.000 574.85 0.21426 11.89633 

360.000 45 [,38 O. 16392 11.91998 

360.000 396.89 0.14249 I).931154 

360.000 308.89 O. 10901 0.94665 

360.000 270.48 0.094764 0.95359 

360.0110 209.31 0.072498 0.96456 

360.000 182.80 0.063021 0.96906 

360.000 140.93 0.048214 0.97658 

360.000 122,87 0.041912 0.97940 
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Table I. < ( ' o n t i m w d )  

T P p 

I K I  (kPa) (mol .  L '1 

350.000 898.811 0.38497 11.80230 

350.000 646.25 0.25605 0.86732 

350.000 451.56 0.17030 (1.91 I 19 

350.000 310.02 0. I 1327 0.94058 

350.000 211).5 ] 0.1175333 11.961)25 

351).111111 141.93 0.0501114 11.97339 

340.000 683.42 0.28838 (}.83844 

340.1)110 483.62 0.19179 0.89215 

340.000 403.62 0.15656 11.91197 

341).11111) 334.61 0.12754 0.92819 

340.000 277.02 0.10412 11.94120 

3411.1)111) 228.29 0.084822 0.95222 

340.000 188.1)8 11.1)69241 0.96085 

340.0011 154.37 0.056409 0.96820 

341).I)111) 126.79 0.046048 0.97397 

340.000 1 I)3.79 0.037514 0.97882 
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c3=-0.198665, Tr= T/T<, and T~=412.375 K, the critical temperature, 
measured by Aoyama et al. [ 10]. This equation is effective tbr the range of 
temperatures from 340 to 390 K in the gas phase. 

The absolute deviations of the present data from Eq. ( 1 ) are shown in 
Fig. 3. Equation (1) represents the data given in Table I within +0.5 kPa, 
which is not more than the uncertainty in the pressure measurements. 
Figure 4 shows the relative pressure deviations of the present data from 
Eq. (1). It is clear that the present data are well reproduced by Eq. (1) 
within _+ 0.07 %. 

3.3. Virial Coefficients 

The second virial coefficients, B, have been determined from the P VT 
data along different isotherms by calculating the value, ( Z - l ) / p ,  as a 
function of density p. The dependence of ( Z - 1 ) / p  on p along each 
isotherm is shown in Fig. 5. The intercept with the ordinate gives the 
second virial coefficient, B. Using this procedure, six second virial coef 
ficient values for temperatures 340-390 K have been determined and they 
are tabulated in Table II. The uncertainty of the second virial coefficients 
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de t e rmined  by the present  s tudy was es t imated  to be no more  than  _+ 3 % 
based  on the uncer ta in t ies  of  the present  measurement s  and  the associa ted 

r a n d o m  error.  
The  second virial  coefficients given in Table  II were cor re la ted  using 

Eq. (2), which was appl ied  to cor re la te  the second virial  coefficients of  
R-134a, R-32, R-152a, R-125, R-143a, and  their  b ina ry  systems with 
sa t is factory  accuracy  [ 9 ] .  As shown in Fig. 6, Eq. (2) represents  them 
within _+0.2%, which is far be t te r  than  the es t imated  uncer ta inty .  

Table 11. Second Virial Coefficients 
lbr R-236ea 

T B 
( K ) (cm 3 ' n loI  - i )  

340 -567.4 
350 - 528.7 
360 -493.3 
370 -460.5 
380 -431.0 
390 -405.0 
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Fig. 6. Temf~erature dependence of the second virial coell]cients Ibr 
R-236ca:  , Eel. (2 ) :  [Z], th is  w o r k .  

3.4. Saturated Vapor Densities 

The saturated vapor densities were calculated on the basis of the P V T  
properties and the vapor pressures lbr R-236ea. Namely, we extrapolated 
Eq. ( 1 ) to the vapor pressure curve for each isotherm. The vapor pressures were 
calculated using the following correlation developed by Zhang et al. [ 11 ]: 

ln(P/P~.)=( - 7 . 7 5 6 7 1 r +  1.41434r '5-4.05869r3-2.35003rr (4) 

where r =  1 - T/'T~., P~.=3411.6 kPa, and T~.=412.375 K. The saturated 
vapor density values are given in Table III with an estimated uncertainty 
of _+0.4% due to the extrapolating and the uncertainties of Eqs. (1) and 
(4). Furthermore, as shown in Fig. 7, the critical density for R-236ea was 
estimated by means of the rectilinear diameter. The saturated vapor 
densities given in Table III were averaged with the saturated liquid den- 
sities by Defibaugh and Silva [ 12] at the same temperatures to obtain the 
rectilinear diameters. The averaged densities were then extrapolated 
linearly to the critical temperature of 412.375 K to obtain a critical density 
of 3.72 mol.  L ~. Concerning the critical density, Defibaugh and Silva 
[ 12] reported an estimated value of 3.703 tool.  L ', while Aoyama et al. 
[ 10] measured a value of 3.736 mol.  L '. Obviously, the value estimated 
by the present study agrees well with that measured by Aoyama et al. 
within 0.5 %, and this reflects that the law of rectilinear diameter was 
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Table II1. Saturated Vapor Densities 
for R-236ea 

T / ~" 

[K)  ( m o l .  L i) 

340 0.31)92 
350 0.402 I 

36(1 0.5201 

37O 0.6715 

380 0.8695 

3911 1.1433 

effective to predict the critical density for R-236ea since reliable data sets 
lbr both the saturated liquid densities and the saturated vapor densities 
were available. The saturated vapor densities along with the critical density 
were correlated by the following expression: 

p/p~.= l +d~r 13+d2r23+d3r (5) 

where r = 1 - T/TL., Pc = 3.72 tool .  L i, d, = - 1.8475, d~ = - 0 . 6 4 0 4 0 ,  and 
d3 = 1.8133. Equation (5) represents the saturated vapor densities within 
+0 .05  % in the range of  temperatures from 340 to 390 K. 
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320 340 360 380 400 420 
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Fig. 7. Tempe ra tu r e  dependence  of the saturation densities for 
R-236ca: *, critical point: , - - ,  rectilinear diameter: D,  ~ .  
saturated vapor densities and corre la t ion  by this work:  A ,  - - ,  

saturated liquid densities and correlation by Defibaugh and Silva 

[ 12]; , ex t rapo la ted  curve of tile correlations. 
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4. CONCLUSIONS 

We have measured the gas-phase PVT properties in the range of tem- 
peratures from 340 to 390 K for R-236ea. On the basis of the present 
measurements, a truncated virial equation of state was developed. The 
second virial coefficients and the saturated vapor densities were also deter- 
mined over the measured range of temperatures. The estimation method for 
the critical density using the rectilinear diameter was found to be effective 
for R-236ea, and using this method the critical density was estimated as 
Pc = 3.72 tool. L t corresponding to the critical temperature of 412.375 K. 
The second virial coefficients and the saturated vapor densities were also 
correlated within +0.2 and +0.05 %, respectively. 
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