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Equations of State for the Thermodynamic 
Properties of R32 (Difluoromethane) and 
R 125 (Pentafluoroethane) 

S. L. Outcalt -''3 and M. O. McLinden-" 

Thermodynamic properties of dilluoromethane (R321 and pentafluoroethane 
IRI251 are expressed in terms of 32-term modified Benedict-Webb-Rubin 
(MBWRJ equations of state. For each refrigerant, coefficients are reported 
Ibr the MBWR equation and for ancillary equations used to fit the ideal-gas 
heat capacity and the coexisting densities and pressure along the saturation 
boundary. The MBWR coefficients were determined with a muhiproperty lit 
that used the following types of experimental data: PVT: isochoric, isobaric, and 
saturated-liquid heat capacities: second virial coefficients: and properties at 
coexistence. The respective equations of stale accurately represent experimental 
data from 160 to 393 K and pressures to 35 MPa for R32 and from 174 to 
448 K and pressures to 6,": MPa for RI25 with the exception of the critical 
regions. Both equations give reasonable results upon extrapolation to 500 K and 
60 MPa. Comparisons between predicted and experimental values are presented. 

KEY WORDS: difluoromethane IR32): equation of state: pentafluoroethane 
( R 125 ); thermodynamic properties. 

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

R32 and R125 show promise l especially as components  of  mixtures) as 
replacements for R22 tot" use in small air-conditioning systems and heat 
pumps. In this work, available experimental data have been used to deter- 
mine coefficients for two 32-term modified Benedict-Webb-Rubin I MBWR ) 
equations of state, one for pure R32 and one for pure R125. Results are 
presented comparing predicted values to experimental data. 
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Table I. Summary of Experimental Data Used in the Corrck, tion for R32 

Nt l l nbe r  TcllH~eri l l  urc Pressure 
Ref. o f  data  range range 

Investigator[ s ) No. Dilta type poinls used ( K ) ( [k'l Pa ) 

Delibaugh ctal. I PVT (densimelcrl 21(1 243 373 2.(1 6.5 
PVT I Burnelt ) 149 26N 373 (}.(13-.0.98 

P,  1,~ 26N 34N O.7 5.4 
3"1 l ' v  24 __(} 351 (1.9 5.7 

Holcornb el :11. 2 P~ 21 "~( I 349 1.8 5.5 
/'t 22 3(11 34g 1.8 5.5 

Holstc 3 PVT 1(}3 15() 375 1.5 72 
hiiddcckeand Magcc 4 ( ' ,  73 152 341 3.9 32 

('~ 95 141 342 o.1}(}(}1 4.8 
Magcc and Howlcy 5 PVT 146 14(I 393 3.8 35 

2. D A T A  S O U R C E S  

T a b l e s  ! a n d  11 list t h e  d a t a  t h a t  w c r c  u s e d  in t h e  d e t e r m i n a t i o n  o f  t h e  

c o e f f i c i e n t s  Ibr  t h e  c o r r e l a t i o n s  o f  R32  a n d  R125.  In  e a c h  case ,  t h e  d a t a  se t s  

u s e d  i n c l u d e  b o t h  t h e  l i qu id  a n d  the  v a p o r  p h a s e s  a n d  c o v e r  a l a r g e  r a n g e  

in t e m p e r a t u r e  a n d  p r e s s u r e .  In T a b l e s  I a n d  II t h e  n u m b e r  o f  p o i n t s  l i s t ed  

for  e a c h  d a t a  set  w a s  the  n u m b e r  o f  p o i n t s  u s e d  in t h e  f inal  c o r r e l a t i o n s  

i | n d  d o e s  n o t  a h v a y s  r e p r e s e n t  t h e  t o t a l  n u m b e r  o f  p o i n t s  a v a i l a b l e :  p o i n t s  

Table  I I .  Sunlnlary of Experimental Data Llscd in the Correlation for RI25 

Ntlnlbcr Tcnll~era I tire Presstlrc 
Rcf of data rartge range 

ln','estigalorl s) No. Data type i'wDints used ( K )  (MPa) 

Be, yes and Weber 6 PVT N4 293 363 (}.3 4.5 
Dellbaugh and Mc, rrisc, n 7 PVT 9() 273 369 1.5 6.3 

/h 7 275 338 ().7 3.3 
Gillis N B 9 24(} 4()() 
Hc, lste 9 PVT 163 IN() 350 1.2 6N 
Liiddecke and Magce 4 (', 96 196 341 3.7 33 

('~ 85 175 277 (}.0(}6 0.78 
Magce and Ho',,,'ley 5 PVT ~7 174 39~ 1.5 35 

/ ' ,  34 175 335 (}.()(}3 3.3 
Weberand Sih,a I(I P~ 66 219 335 (l.(17 3.3 
Wilson et al. I I F'VT 48 198 44N 2 I(} 

('p IO 216 333 (}.1 3.4 
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which were inconsistent with other experimental points were omitted. Tile 
equations were based on the ITS-90 temperature scale: data that were 
measured on 1PTS-68 were converted before fitting. 

The list of data sources in Tables ! and II is not exhaustive: additional 
data are available. The present data were selected because of their high 
accuracy and compl:ehensive coverage of large ranges of temperature and 
pressure. The omission of other data fi'om tile literature does not 
necessarily reflect upon tile merit of those data. 

3. A N C I L L A R Y  E Q U A T I O N S  

An accurate representation of tile saturation boundary is very impor- 
tant Ibr refrigeration applications. To facilitate this, vapor pressure and 
saturated-liquid and saturated-wipor densities are fitted to separate 
ancillary equations. These functions are then used to define tile saturation 
boundary in tile fitting of the equation of state: these functions are used 
only in the fitting process, and are not part of the final MBWR equation. 
The functional forms chosen for vapor pressure, P,,, of R32 and R125 are 
shown in Eqs. ( la)  and (lb),  respectively. 

= " ( la)  
l - r  

in [ P~_~[,] ~"r + ~' r '  s + ~ ' r3 + ~r~ '  
= " ( l b )  

l - r  

Equations for saturated-liquid density, p~, and saturated-vapor density, 
Pv, are 

p L = p ~ [ l  +d.r/J +dlrZ 3 + d , r  +d3r4 3 + d4r'- +dsr ~] (2) 

p v  = ~ - ~  1 1 + . / ; r  

x P~T~ + 1 131 

where T, = T/T~, r = 1 - T / T ~ ,  [3 = 0.355, Z,. = PJ(p~.RT~). The heat 
capacity of the ideal-gas reference state is needed to calculate energy- 
related quantities, such as enthalpy, fi'om the MBWR equation of state; it 
has been fit to a simple polynomial in reduced temperature: 

C ° 
__.tz = co, + cl T, + c_, T~ + c3 T,3 {4) 
R 
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Table III. Coefficients Ibr Ancillary Eqs. (11 (41 

0 I 2 3 4 5 RMS(%) 

R32 
a, - 7.559554 
d, + 2.2911243 
.L -o.675455 
c, +4.425953 

+ 2.465252 - 1.976887 - 2.021284 - 1.941251 0.023 
-([609785 +2.460849 -1.598883 +11.36653(I +0.221591 0.046 
-I.672852 +0.163588 +2.9(13511 -4.(|39126 -0.009176 (I.267 
-2.66426(I + 5.579473 - 1.679632 0.051 

Critical parameters: 7-,=351.35 K [12]. P,=5.795 MPa. p,=8.2078moI.L ~ [13] 

RI25 
a, -7.435645 + 1.341794 -3.367536 - 1.697153 (I.(162 

d, + I.,X87307 + 1.28166(I - 1.682786 + 1.348140 (I.0 0.0 (I.(147 
.1~ -0.698842 -2.745433 +2.288954 +1).416675 (I.o 0.0 0.166 
c, +3.111514 +10.982115 -I.843797 +(I.III9273 o.1136 

Critical parameters: 7-, = 339.33 K [ 12]. P = 3.629 MPa. pc =4.75996 tnol - L t [ I I ] 

The coefficients for the anci l lary equat ions  and devia t ions  fl'om 
experinaental da ta  are listed in Table  III. The crit ical pa ramete r s  used for 
R32 and R125 are also listed in Table  III. The critical pressures were deter-  
mined by ex t rapo la t ing  the exper imenta l  vapor  pressures of Defibaugh et al. 
[ 1 ] for R32 and Weber  and Silva [ 10] lbr RI25 to the critical t empera tures  
of Schmidt  and Moldove r  [12] .  To ensure symmet ry  of  the l iquid and 
w(por  branches  of the sa tura t ion  b o u n d a r y  at the crit ical point ,  the leading 
coefficient of  the sa tu ra t ed -vapor  densi ty equat ion, . / i , ,  is derived from the 
dc, r/~ term of the sa tura ted- l iquid  density equat ion.  

The vapor  pressure fits lot  both  R32 and R125 include da ta  derived 
fi'om the sa tura ted-hea t  capaci ty ,  C, ,  da ta  of  Lfiddecke and Magee [4 ] .  
These were calculated using a var ia t ion on the method  descr ibed by Weber  
[14] .  

The sa tura ted- l iquid  density fits include da ta  ex t rapo la ted  from the 
isochoric PVT data  of Magee and Howley [5 ] .  Sa tu r a t ed -vapo r  densities 
were ex t , apo la t ed  fi'om the vapor  PVT da ta  of Defibaugh et al. [ I ]. The 
sa tu ra t ed -vapor  densi ty fits for both  fluids also mchtded da ta  that  were 
generated by intersecting a virial surface with the vapor  pressure equat ion.  

4. F O R M U L A T I O N  O F  T H E  T H E R M O D Y N A M I C  S U R F A C E  

The M BWR equat ion used was that  p roposed  by Jacobsen and Stewart  
[ 15 ]. The equat ion  is appl icable  over  wide tempera ture  and pressure ranges 
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Table IV. Temperature Dependence of the MBWR Coefficients 

at = R T  
a . = h  I T + h , T  " ~ + h ~ + h  4 T + h ~  T:  

a~ = h,. T +  h 7 -t- I~ s T +  h.  T" 

a ~ = h . . T + h ~ t  + l h z  T 

a, =h14 T + h l s  T'- 

a7=fil,, T 
a s = h l v  T + h l s  T: 
o. = h I,~ T2 

as. = b2. T'- + bzl T ~ 
atl = hzz T z + h .~ 'T  "a 

(qz = h'-4 T'- + hzs T ~ 

ate=h._,, T'+I~._7 T a 
al4=h._s T'- +I~.., T ~ 
als=h~, ,  T ' - + h  u T ~+ha,  r a 

for both the liquid and the wlpor phases except near the critical point. The 
equation has the following functional form: 

p =  a i ( T )  p i + e x p ( _ ~ 2 )  ~ .  a , ( T )  p2 ,  17 (5) 

i -  i i -  io 

where ~ = p/p~. Forn'mlas for the ai(T) are listed in Table IV. 
The final equation of state is determined through an iterative process. 

Weights are assigned to the data by two methods: ( l J a  propagation of 
uncertainty calculation as described by Hust and McCarty [16] and 
12) manually with respect to data type (e.g., PVT or Cv), individual data 
sets, or temperature, pressure, or density regions. Beginning with an initial 
set of 32 coefficients and the saturation boundary as defined by the 
ancillary equations, the fitting program performs a linear least-squares fit 
[ 16, 17] and calculates a new set of coefficients to minimize the deviations 
between experimental values and those predicted by the MBWR equation. 
Weights may then be adjusted, the new coefficients used as starting coef- 
ficients, and the process repeated until an equation is determined that 
represents the best compromise among the various data sets and data 
types. It is important to note here that this procedure sometimes involves 
compromising an excellent fit of one data set or data type for a better over- 
all fit of the entire thermodynamic surface. 

5. RESULTS 

The coefficients determined for the fits of R32 and R125 to the MBWR 
equation are given in Tables V and VI. The coefficients correspond to 
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Table V. Coefficients Ibr the MBWR Equation of State for R32 

h4 
b7 
b IO 

1~1¢, 
/~ I , I  

__ 

h2~ 

h.-s 

-0.131 275 4052E-03 h, +11.899 927 9349E+00 h3 -fl.28140118052E+02 
+11.436 1191 1828 E+04 h 5 -11.837 235 281111E+06 h6 -11.782 176 4090 E - 0 6  
-I1.111 226 6068 E+OI hs +/I.539 331 4319 E+03 h,~ +11.288 6O0 2769 E+06 
-0.352 264 61193 E-04  h~t +11.189 661 83111 E+00 b~2 -0.686 549 0040 E+02 
-0.349 007 11642E-02 h~4 -0.749 983 5595E-01 b~5 -0.321 524 2831 E+02 
+11.913 1157 9219E-f12 h~7 -11.171 082 1818 E-03  /hs +0.503 986 9843 E-01 
-/I.830 354 8678E-03 h,,, -11.245 522 6767E+06 hz~ -0.107 859 0560E+08 
-11.429 514 2796 E+04 h_,~ +0.808 724 7296 E+O8 t,,_4 -0.125 945 23110 E+02 
-11.1115 735 01198 E+fl4 hz,, -11.9114 064 7453 E-OI h,7 -0.183 578 7330 E+04 
-11.169 6911 6125 E-03  /,:,, +0.639 25O 82116 E-OI h3,, -11.2114 925 7674 E-[)6 
-0.165 629 711119 E-03  hs: -11.932 607 4934 E - 0 2  
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Deviation of vapor pressures and saturated-liquid densities calculated by MBWR 
equations for R32 and RI25 from ancillary equations. 
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Table Vl. Coefficients fbr the MBWR Equation of State lbr RI25 

85 

/h - 0 . 5 2 3 3 6 9 6 0 7 0 E - 0 1  h, +0.378761 8789E+01 /~ -o.8(17 1528190E+02 
h4 +0.115 654 6(152E+05 b s -(}.152 175 6192E+07 b, +0.597 541 4845 E - 0 2  
h7 -0.145 990 5900E+01 hs -(I.992 338 9957E+03 h,, -0.399 180 5357E+06 
/h, , -(I.722 591 0375 E - 0 3  /h~ +0.358 1(18 0810 E+00 /h_, -0.108 627 9946 E+03 
/,~a +0.229 821 6266 E - O I  ht4 +(].149 537 67(}4 E+OI hts +0.911 199 834(} E+03 
Ih ,  , -0.254479 9497 E+O0 1~17 +0.102 433 8941 E - O I  /hs -[I.645 583 1647 E+OI 
Ih ,  , +0.218 649 9632 E+O0 b_,, +O.114 748 7216 E+07 hz~ -0.118 389 8254 E+09 
I~_,z +(}.306 539 7750 E+05 h_, 3 +0.542 870 2894 E+09 h_,4 +(I.9(}3 5(12 6356 E+03 
/,z 5 -0.153 646 5(]74 E+06 h2, , +0.314 617 9(]37 E+(}I 1~27 +(}.429 297 5467 E+06 
bzs  +(}.109 652 0216 E+O0 h_,,~ -0.329 350 2718 E+(J2 /,~,, -0.338 796 951}5 E - 0 3  
/~a~ +(I.384 533 6519E+00 ha_, -0.491 511 7069E+02 

temperatures in K, pressures in bar, densities in mol/L, and a gas constant 
o f R = 0 . 0 8 3  1 4 4 7 1 L . b a r . m o l  I . K  t [18]. 

Deviation plots of vapor pressure and saturated-liquid density, as 
calculated by the MBWR equation, are shown in Fig. I. The baseline (or 
zero) represents the ancillary equations. 

Figures 2 and 3 show R32 and Ri25 density deviations of experimen- 
tal PVT data with values predicted by the MBWR equations of state as a 

0.6. 

X 

9- 

v 

Fig. 2. 

0.4. 

0.2. 

R32 

© 

-.0.2. A ~  
A A .  

-0.4- [ ]  Holste (1993) ~ Z ~  

O Defibaugh et al. (densimeter) (1994) 

- 0 . 6 0  Magee and Howley (1994) 

130 180 230 280 330 380 

Temperature, K 
Deviations of densities calculated by the MBWR fit for R32 lrom experimental 

densities. 



86 Outcalt and McLinden 

0.6 

)4 

O.. 

o 
9- 

lm 

(3. 
o 
o 

Fig. 3. 

0.4- 

0.2- 

-0.0 

-0.2- 

O 
-0.4- O 

[] 
A 

-0.6 [] 
160 

R125 

[] 

Holste (1993) 
Defibaugh and Morrison (1992) 
Magee and Howley (1994) 
Boyes and Weber (1994) 
Wilson et al. (1992) 

Et 

[] 

[] 

m 

2i0 260 3i0 3go 4i0 
Temperature, K 

460 

Dcviations of densities calculated by tile MBWR lit Ibr RI25 from experimental 
densities. 

Table VII. Average Absolutc Deviation [AAD) and Bias of IVlBWR Correlations with 
Exl~crimcntal PVT and Heat Capacity Data and the Ancillary Equations 

Ibr tile Saturation Boundary 

R32 RI25 

Property AAD ("i,) Bias(" , )  AAD ("'.l Bias (%) 

PVT 
Dcnsily deviation fl.ll41 - IL012 0.092 0.038 
Pressure deviation 1.254 - (I.361 1.4(13 - 0.627 

C, fl.407 - O. 167 (1.438 - (L205 

(',, 1.340 0.674 

('~ I.I 12 - 1.112 [).373 (I.123 
Pc 0.fl72 11.033 0.206 - 0.064 

p ~ (L054 (I.{15 3 (I.(134 - 0.017 

l'v (L997 -- (1.895 (1.377 (1.03 ] 
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function of temperature. The R32 densities in the liquid phase agree within 
+0 .14% except near the critical point. The vapor densities of Delibaugh 
[1]  are lifted to +0 .4%.  Most of the R125 densities (Fig. 3) are fitted to 
+ 0 . 2 %  with the exceptions of temperatures close to critical and the low- 
density, high-temperature data of Wilson et al. [11]. Overall statistical 
results are given in Table Vll. 

Deviation plots for Cv and C,, for R32 and R125 are shown m Figs. 
4 and 5. The plot lbr R32 shows that most of the points are within 1.5 %, 
with a maximum deviation in C,, of 3.9 % near the triple point. For R125, 
the equat ion-of  state values show a maximum deviation of approximately 
1.7% fi'om the experimental values. As with R32, the deviations in R125 C,, 
are lar,,est near the triple point. 

6. C O N C L U S I O N S  

Equations of state based on multiproperty fits for R32 and RI25 have 
been presented. The correlations were based on an M BWR equation. These 
equations of state represent, to a high accuracy, the thermodynamic 
properties over the full range of experimental data (with the exception of 
the critical region) and also give reasonable results upon extrapolation to 
500 K and 61) M Pa. 
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