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Thermodynamic properties of R32 + R134a and 
R125 + R32 mixtures in and beyond the critical region* 

S.B. Kise lev  a n d  M.L .  H u b e r  
P h y s i c a l  and  C h e m i c a l  P r o p e r t i e s  D i v i s i o n ,  N a t i o n a l  In s t i t u t e  o f  S t a n d a r d s  

a n d  T e c h n o l o g y ,  325  B r o a d w a y ,  B o u l d e r ,  C O  8 0 3 0 3 ,  U S A  

A parametric crossover equation of state tor pure fluids is adapted to binary mixtures. This 
equation incorporates scaling laws asymptotically close to the critical point and is transformed 
into a regular classical expansion far away from the critical point. An isomorphic 
generalization of the law of corresponding states is applied to the prediction of 
thermodynamic properties and the phase behavior of binary mixtures over a wide region 
around the locus of vapor-liquid critical points. A comparison is made with experimental data 
for pure R32, R 125 and R 134a, and for R32 + R 134a and R 125 + R32 binary mixtures. The 
equation of state yields a good representation of thermodynamic property data in the range of 
temperatures 0.8T,.(x) <-- T <- 1.5T,(x) and densities 0.350,(x) <- 0 <- 1.650,.(x). Published by 
Elsevier Science Ltd. 
(Keywords: binary mixtures; equation of state; R32; R125; R134a; thermodynamic properties) 

Propri6t6s thermodynamiques des m61anges R32 + R134a 
et R125 + R32, dans et au d61a de la r6gion critique 

One adapte une ~quation d'~tat paramdtrique pour fluides purs ?_1 des m~langes binaires. Cette 
~quation comprend des lois asymptotiques prbs du point critique, et est transform~e en un 
d~veloppement classique r~gulier loin du point criitique. On applique une g~n~ralisation 
isomorphique de la loi des ~tats correspondants pour la prediction des propriOt~s 
thermodynamiques et du comportement des phases des m~langes binaires, sur une 
large rdgion autour des points critiques vapeur-liquide. On fait une comparaison avec 
des donn6es exp~rimentales pour les fluides purs R32, R125, et RI34a, et pour les m6langes 
binaires R32 + R134a et R125 + R32. L'6quation d'dtat fournit une bonne rdprdsentation des 
proprigt~s thermodynamiques dans la gamme de tempdratures 0.8T,.(x)--< T <-1.5T,(x) 
et de densit~s 0.35 p,.(x) <- p <- 1.65p,.(x). Published by Elsevier Science Ltd. 
(Mots cl~s: m~lange binaire; 6quation d'6tat; R32; RI25; R134a: propri6t6 thermodynamique) 

Introduction 

Refrigerant mixtures such as R32 + R134a and R125 + 
R32 are of interest as candidates to replace ozone- 
depleting refrigerants scheduled to be phased out. Most 
models that are currently in use for predicting the 
thermophysical properties of these mixtures cannot 
accurately represent properties in and around the critical 
region. In this work we present a crossover free-energy 
model for R32 + R 134a and R125 + R32 mixtures based 
on a parametric crossover equation of state ~'2 which 
reproduces scaling laws at the critical region and is 
transformed into a regular classical expansion far away 

* Contribution of the National Institute of Standards and Tech- 
nology, not subject to copyright in the United States 

from the critical point. The equation of state for binary 
mixtures in this model depends only on the excess 
critical compressibility factor, so that if the critical locus 
of the mixture is known, all other thermodynamic 
properties can be predicted. We apply this model to 
R32 + RI34a and RI25 + R32 systems, and compare 
with experimental data. 

Crossover free-energy for binary mixtures 

In accordance with the principle of critical-point 
universality with appropriately chosen thermodynamic 
variables, also called isomorphic variables, the thermo- 
dynamic potential of binary mixtures has the same form 
as the thermodynamic potential of a one-component 
fluid. In the present paper we use the same 
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thermodynamic variables as adopted by Kiselev and 
coworkers ~ 3 

Let p be the density, T the temperature, and A the 
Helmholtz free-energy per mole of a pure fluid. In 
addition, we define two dimensionless 'distances' from 
the critical point 

T - T , .  p - p ,  
~-= , A p = -  (1)  

7", p, 

where T,. is the critical temperature and p,. is the critical 
density. The isomorphic free-energy density of a binary 
mixture is given by ~ 3. 

pPt(T, p, 2) = pA (T, p, x) - p#x(T, p, ~), (2) 

where / 2 = # 2 - # L  is the difference between the 
chemical potentials #] and #2 of the mixture compo- 
nents, and x = N2/(NI + N2) is the mole fraction of 
the second component in the mixture. The isomorphic 
variable 2 is related to the field variable ~', first introduced 
by Leung and Griffiths 4 by the relation 

e#/RT 
2 = I - ~"- (3) I + e i~/RT" 

The thermodynamic equation 

x = - 2 ( 1 - 2 )  ~ -  r ' °R  ~ (4) 

(where R is the universal gas constant) provides a rela- 
tion between the concentration x and the isomorphic 
variable 2. At fixed 2, the isomorphic free-energy Off, 
wi l l  be the same function of r and p as the Helmholtz 
flee-energy density of a one-component fluid. Based on 
the crossover equation of state for a pure fluid ] 3, the 
isomorphic free-energy density of binary mixtures reads 

pA(T,p ,2)  = [cr2 ~[R(q)]~ 
RO,.oT, o 

× a@o(0)+ E [ ' ira' [R(q)] -g'@i(0) 
i = [  

4 

+ E ('4i + P--rhi)¢(x) P,.(2) 
i= i P,. Rpd)Tco 

+ (5) 
P,.oGo 

T -  T,(2) 
r - -  - -  -- r(I - b202), (6) 

T, (.~) 

Ap = p - 0 , . ( 2 )  = kr~lR(q)]~ + 1/20 + eli r, (7) 
p,.(2) 

where or, 3 and Ai are universal critical exponents, b 2 is a 
universal linear-model parameter, /¢, dl,  fi and ?i are 
system-dependent coefficients, while R(q) and qzi(O) 
are universal functions. The universal scaled functions 
@J0) are the same as those in the parametric crossover 
model of Kiselev and Sengers s. 

5 

~li(O) = E Olij Oj' (i = 0 . . . . .  5), (8) 
/ = 0  

while the crossover function R(q) is defined by the 
expression ~ 3 

where the variable q is related to the parametric variable 
r by 

q = (rg) ]/2 (10) 

where g is the inverse rescaled Ginzburg number. 
In eqns (I)-(10),  all system-dependent parameters as 

well as the critical parameters T,(.~), p,.(2) and P,(2) are 
analytical functions of the isomorphic variable 2. For 
these functions we use the same expressions as Kiselev 
et al. i -3. 

3 
T,(2) = 7,0(1 - 2 )  + T, ]2 +2(1 - 2 )  E 7",.(1 - 22)', 

i = O  

(11) 

3 

p,.(2) =p,.o(l --2) +p,q2 +2(1 --2) E Pi( I -- 2):)i, 
i = 0  

(12) 

2 

P,(2) = P,.o(I - 2 )  + P, F~+.~(1 -.~) E Pi(l - 2~) i, 
i = 0  

(13) 

where subscripts 'cO' and 'c l '  correspond to the first and 
second components of the mixture, respectively. In addi- 
tion to eqns (11)-(13), we also adopt a critical line con- 
dition of the form ~ 3 

drh 0 _ 1 dP,. __P'°'f~ t [  +Fn]) T'°dT '  
d2 Rp,T, d2 + p , .  T?: dye" 

(14) 

T,(Z) = T,.(x), p,.(2) = p,.(x), P,.(2) = P,(x) (I 5) 

The critical line condition implies that the zero of the 
chemical potential of a binary mixture can be chosen so 
that the isomorphic variable 2 = x along the whole criti- 
cal line, including the one-component limits. 

To specify the crossover equation for f~(T,p,2) of a 
binary mixture, we also need the system-dependent 
parameters all(Z), /((2), h(2), ?i(.~), #(2), ~i(2) and 
,4i(2) as functions of the isomorphic variable 2. To 
represent all these system-dependent parameters in eqns 
(5)-(7), designated as/q(2), as functions of.L we used an 
isomorphic generalization of the law of corresponding 
states 12. The isomorphic generalization of the law of 
corresponding states embodies the hypothesis that all 
system-dependent parameters depend on 2 only through 
the excess critical compressibility function AZ,.(2), 
where 

zaZ, .(2)=Z,(2)-Z,  ij(~) (16) 

is the difference between the actual compressibility fac- 
tor of a mixture Z,.(2) = P,.(2)/Ro,(Yc)T,.(,~) and its 'ideal' 
part Z,.ia(2) =Z,o(I  -2 )+Z, . f fL  The dimensionless 
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Table 1 Universal constants 
Tableau 1 Constantes universelles 

~ =0 .110  
/3 = 0.325 
7 = 2 - ( x - 2 / 3 =  1.24 
b2 = (7 - 2/3)/3, (1 - 2/3) = 1.359 
Ai = &_l = 0.51 
A 2 = A 2 = 2 A l =  1.02 
A 3 = A 4 = "y + /3 -- 1 = 0.565 
A s = 1.19 
A3 = 2L4 = A3 - 1/2 = 0.065 
Z~5 = h.s -- I/2 = 0.69 
e = 27 + 3/3-- 1 
e I = ( 5 -  2e)(e -- /3)(3 -- 2e)/3(5B -- e) 
e2 = (5 -- 2e)(e -- 3/3)/3(5/3 -- e) 
e 3 = 2 - - ~ x - - A 5  
e4 = (5 -- 2e3)(e3 -- 3/3)/3(5B -- e3) 

Table 2 Universal scaled functions 
Tableau 2 Fonction avec dchelle universelle 

"*1o(0)=(112b4)[2/3 (b ~ - 1)/(2 - o~) + 2/3 (2"), - 1) 
(1 - b202)1(7(1 - or)) + (2/3 - I)(1 - b202)21ot] 
q/~(0) = [I/(2b2(1 - (x + At))][(,, / + A0/  
(2 -- a + At) -- (1 -- 2/3)b202] 
• 2(0) = [1/(2b2(1 - ~x + A2))][( 3, + A2)/ 
(2 -- cx + A2) -- (I -- 2/3)b202] 
q/3(0) = 0 - (2/3)(e -/3)bzO 3 + e i(1 - 2/3)b405/(5 - 2e) 
q14(O) = (1/3)b203 + e2(1 - 2/3)b4051(5 - 2e) 
'gls(O) = (113)b203 + e4(1 - 2/3)b4051(5 - 2e3) 

Table 3 Law of corresponding states constants 
Tableau 3 Constantes pour loi des dtats correspondants 

kl i) 

Critical amplitudes 

k - 3.4826 
dl - 6.7567 X 10 -I 
a -- 2.3130 × 10 
c~ - 3.3449 × 10 
c2 0 
c3 - 1.1514 
c4 2.1111 X 10 
c5 0 

Crossover parameter 

g 9.8900 

Background coefficients 

A I 9.0968 
A2 - 3 . 3 3 7 9 ×  10 
A3 0 
A m l = m l l - - m l 0  -- 1.8073 
ml 3.1238 
m2 1.7328 × 10 
ms -- 5.9960 

coefficients  k, ~,, and dj are writ ten in the form 

k x o) ki(-?f) = kio ÷ (kil - io)- + ki z~Z,.(.~), (17) 

and  all o thers  coeff icients  are g iven  by 

/(i(x') = ~ [ k l o + ( k l l  - k io )~+kl l )AZ , . ( . rc ) l .  (18) 

In the context  o f  the law o f  cor responding  states, the 

mix ing  coefficients  kl 0 in eqns  (17) and (18) are uni- 

versal cons tan ts  for all binary mixtures  o f  s imple  

fluids. For mix tures  with AZ,  > 0.06 one needs to use  

an ex tended  version o f  the law of  cor responding  states 

with addit ional terms quadrat ic  in AZ,.(2) 2. However ,  

s ince for mixtures  R32 + R I 3 4 a  and R125 + R32, 

A Z ,  << 0.06, we use  express ions  linear in AZ,(Yc). In 

the present  paper,  for the mix ing  coefficients  kl ~), we 

adopt the same  values  as employed  earlier by Kiselev 

for me thane  + e thane  and e thane  + n-butane  mixtures  ~. 

Our  parametric  c rossover  model  for binary mixtures  is 

specified by eqns  (2) - (18) ,  and conta ins  the fol lowing 

universal  constants :  the critical exponents  ~,  /3, Ai, Hi, 

and the l inear-model  parameter  b 2. The  values  o f  all 

universal  cons tan ts  are listed in Table  1, and the univer-  

sal scaled funct ions  ']'i(#) are summar i zed  explicit ly in 

Table  2. The values  o f  the coefficients kl I) are listed 

in Table  3. The relevant  t he rmodynamic  derivat ives 

o f  the c rossover  f ree-energy are summar i zed  in 

Appendix  A. 

Crossover  free-energy equat ion  of  state  for pure  
c o m p o n e n t s  

In order to use  the parametr ic  c rossover  model  defined 

by eqns  (5 ) - (7 ) ,  it is necessary  to have  the critical 

parameters  T,., p, ,  and P,.. For R32 and R125,  we used  

values  by Outcal t  and  McLinden  6, while for R134a  we 

use the va lues  f rom 7. W e  then fit exper imenta l  PVT data, 

only  in the range o f  temperatures  and densi t ies  bounded  

by 

r +  1.2Ap 2 < 0.5, T > 0.9957",. (19) 

in order  to obtain the fluid-specific critical ampl i tudes  

(the rescaled asymptot ic  critical ampl i tude  k, the recti- 

l inear d iameter  ampl i tude  d~ o f  the coexis tence  curve,  

the ampl i tude  a o f  the asymptot ic  term, and  ampl i tudes  

ci (i = I . . . . .  5) o f  the nonasympto t i c  terms,  the inverse  

rescaled Ginzburg  n u m b e r  g), and background  coeffi- 

cients  Ai. W e  also used  in the fit two addit ional PVT 

data points  for every  substance ,  at subcrit ical condi t ions  

approximate ly  at temperatures  T = 0.9 T,. and T = 0.85 

T,.  The coefficients  resul t ing from the fit are g iven  in 

Table  4. For R32 the PVT data  were taken f rom refer- 
ences  8 II, for R12512-16, and  for R I 3 4 a  we used  

references~7-2L F i g u r e s  1 - 3  show the percentage  devia-  

t ions o f  the exper imenta l  pressures  f rom the calculated 

values  as a funct ion o f  tempera ture  and  densi ty  for R32, 

R I 2 5  and R134a.  Inside the region specif ied by eqn (19), 

the devia t ions  are within 0.3%, and increase to 0 . 5 - 0 . 6 %  

at the boundary.  The  pressure  devia t ions  for R134a  

cor respond approximate ly  to those found  by Sengers  
et  al. 7"22. 

In addition, the coeff icients  rh i are found  f rom caloric 

data. The  coeff icients  rho and th I de termine  the zero 

points  o f  entropy and internal energy and  may  be 

arbitrarily set. W e  set both o f  these parameters  to zero. 

The  coefficients  mi for i --> 2 de termine  the background  

contr ibut ions  to the isochoric specific heat  and can be 
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Table 4 
Tableau 4 

System-dependent constants for R32, R125 and R I34a 

Constantes relatives au syst~me pour  R32, R125 et R I34  

R32 R125 R134a 

Critical parameters 

T, (/K) 351.350 339.330 374.274 
P ,  (/MPa) 5.795 3.629 4.065 
p, (/(mol L -~)) 8.208 4.760 5.050 

Critical amplitudes 

k 1.3056 1.2805 1.2966 
d~ - 4.8317 × 10 -I - 9.9847 × 10 -t - 9.0132 × 10 t 
a 2.2351 × 10 2.4831 × 10 2.4595 × 10 
('t - 6.6650 - 5.7746 - 5.0158 
c2 1.0082 × 10 5.7325 4.8422 
(-] - 4.9917 - 1.1853 × I0 - 1.3199 × 10 
c4 3.6051 1.1422 × 10 1.4483 × l0 
c~ - 1.6091 5.5508 × 10 ~ - 8.0754 × 10 -~ 

Crossover parameter  

g 1.3573 X 10 -I 5.0000 × 10 -2 6.0000 × 10 -5 

Background coefficients 

A i - 7.4464 - 7.4429 - 7.6768 
A2 1.9214 × 10 2.3018 × 10 2.1123 × 10 
A 3 - 1.1567 2.8076 2.5582 
m2 - 1.2406 × 10 - 2.7824 × 10 - 2.6675 × 10 
m3 - 4.1327 3.0457 8.8143 

Molar mass 

g.mol -i 52.02 120.02 102.03 

R32 R32 

0.6 • O ~ m  0.6 • O Nol=te 
• Det'tUu~ • D ~ i N ~  

0.5 • V ~ 0.5 • ~7 uag=, 
• Mdonmot • Ul~onmot 

0.4 • • 0.4 • • 

0.3 ~& • 0.3 • eee e • • 

• • 0.2 • • • f r o . 2  ~ * * t ,  * * 
c 0.1 1~7 ae e 0.1 o t . - , 0 :  : ; i i i l r . ,  o.o " • 0 • o -0.1 o 

-0.2 • 

-0.3 f • AO -0.3 • • 

-0.4 ~ • -0.4 • 

-0.5 [ o -0.5 o 

- 0 . 6 "  ' ' ' ' . . . . . . . . .  -0.6 . . . . .  ' ' ' 
345 365 385 405  425 445  465  2 4 6 8 10 12 14 

T, K p, mo l .  L "I 

Figure I Percentage deviations of  the experimental pressures obtained by Holste and co-workers s, by Defibaugh and co-workers 9, by 
Magee ~° and by Malbrunot and co-workers ~ for R32, from values calculated with the crossover equation of  state 

. . . . . . .  8 9 I 0  
Figure 1 Dewattons,  en pourcetages, entre presstons experlmentales obtenues par  Holste et al. , par  Defibaugh et al. , par  Magee  et 

I I  par  Malbrunot  et al. pour  le R32, et les valeurs calculdes avec I'dquation d'~tat ~tendue. 
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Figure 2 Percentage deviations of the experimental pressures obtained by Duarte-Garza and co-workers ~2, by Defibaugh and 
MorTison 13, by Ye and co-workers a4, by Boyes and Weber a5 and by Wilson and co-workers 16 for RI25, from values calculated with 
the crossover equation of state 

/ 
Figure 2 Ddviations. en pourcentages, entre pressions exp~rimentales obtenues par  Duarte-Garza et al. 2, par Defibaugh 

I¢ 1 4  I~ 1 6  et Morrison " par  Ye et aL , par Bores et Webber " et par Wilson et al. por  le R125, et les valeurs calcul~es avec l'~quation de 
l'~tat ~tendue. 
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"~ -0.1 

a -0.2 

-0.3 

0 Tillner-Roth 
A Waeoor 
• Wilson 

© * 

t~o* " 
I'o =I °" • 
@O'o o= 

o" ~ ~llb*~ OVo • 

go +1oo °. " 

i i i , i , i , i , i i i i i 

2 3 4 5 6 7 8 9 

p, mol. L -z 
17 I:~ Figure 3 Percentage deviations of the experimental pressures obtained by Tillner-Roth and Baehr , by Weber -, by Wilson and 

20 2 I Basu ag, by Piao and co-workers and by Fukushima for R134a, from values calculated with the crossover equation of state 

Figure 3 D~viations, en pourcentages, entre pressions exp~rimentales obtenues par Tillner-Roth et Baeh /7 ,  par  Webbe/-+, par  Wilson 
et Basu Iv, par  Piao et aL 2° et par Fukushima 2t, et /es valeurs calcuMes avec l'~quation de l'~tat ~tendue. 

determined from fitting either heat-capacity or sound- 
speed data. Unfortunately, there are little sound-speed or 
heat-capacity data in the critical region for R32, R125 or 
RI34a, although there are data at lower temperatures. 
Therefore we chose to find the coefficients m2, m3 and m4 

from a fit of the crossover model to sound-speed values 
calculated from high-accuracy equations of state for 
these fluids. We generated sound-speeds at near-critical 
isochores and temperatures 1.2T, <- T <-- 1 .5T,  using the 
equation of state from 23 for R134a, and reference 6 for 
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F i g u r e  4 The sound-veloci ty  of  R134a  as a function o f  
pressure at two temperatures.  The symbols  indicate experi-  
mental data obtained by Guedes  and  Zol lweg  24 and the curves 
represent values calculated with the crossover  model  

Figure 4 Vitesse du son du R134a en fonction de la pression, g~ 
deux tempdratures. Les symboles indiquent les donndes exp~ri- 
mentales obtenues par  Guedes et Zollweg 24 et les courbes 
repr~sentent les valeurs calcul~es evec le modkle ~tendu 
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F i g u r e  5 VLE data lor  R32 obtained by Ho lcomb and co- 
workers ' - ,  by Def ibaugh and c o - w o r k e r s ,  by Htgashl-  . by 

1 0  / Magee  and  by Malbrunot  and co-workers  for R32. with 
predict ions of  the crossover  equation of  state 

Figure 5 Donn~es VLE du le R32, obtenues par Hoh'omb 
75 et al.",  par Malbrunot et al./I, par Defigaugh et al. v. par 

I ,26 I0 Htgasht . par Magee et par Malbrunot et al. H, avec le.~ 
predictions de I'~quation ~tat ~tendue 

T a b l e  5 Crit ical-l ine parameters  for  R32 + R134a  and R125 + R32 mixtures 

Tableau 5 Parambtres de la /igne critique pour les m#langes R32 + R134a et R125 + R32 

Critical parameters  R32 + R134a  R125 + R32 

Temperature  (/K) 

T,I) 351.350 339.330 
To 3.5497 - 1.3295 × 10 
Tt - 3 .2169 × 10 -I 3.6711 
7'2 - 5 .8159 × 10 -~ 2 .3034 
7",i 374.274 351.350 

Density (/(mol L - I ) )  

p,~) 8.208 4 .760 
P ,  - 1.2281 - 1.8731 
p~ 4 .1362 × 10 ~ 2.9473 × 10 I 
p_, 5 .6175 × 10 -2 4 .7155 × 10 2 
p , j  5 .050  8.208 

Pressure ( /MPa) 

P,~) 5.795 3.629 
P0 1.1126 × 10 -I - 1.1105 ' 
f ' ,  4 .6540  x l0  -I 0 
P , t  4 .065 5.795 
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et Ward "t/, par  Nishiumi et Yokoyama32, par  Piao et al. 2°, par  
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R32 and RI25. The resulting values for mi are given in 
Table 4. In Figure 4 we show a comparison of calculated 
and experimental sound speed for R134a. The data 24 
were not used in the fit since they are on the edge or out 
of the range specified by eqn (19); however the 
agreement with the data is still good, and corresponds 
to that found by Sengers 7. 

The parameters for the parametric crossover model 
given in Table 4 were found using data in the one-phase 
region only. However, the parametric crossover model 
may be extrapolated to represent the thermodynamic 
surface at lower temperatures, as shown in Figures 5 - 7 .  

These figures show good agreement between the model 
and experimental data ~°'2s-35 for vapor pressure, satu- 

rated liquid and saturated vapor density down to about 
17-20% below the critical temperature. Since the para- 
metric crossover model does not reproduce the ideal gas 
limit at low densities, and may even give unphysical 
behavior as P --~ 0, we cannot extrapolate VLE 
calculations to temperatures below 0.8T,. However, 
even in the present form, the parametric crossover model 
reproduces experimental VLE data for R134a in the 
same temperature region as the renormalized Carnahan-  
Starl ing-DeSantis  equation of van Pelt et al. 36. 

C r o s s o v e r  f r e e - e n e r g y  m o d e l  for b i n a r y  m i x t u r e s  

Once the pure fluid equations of state for the components 
of a binary mixture are known, only the critical locus of 

the binary mixture is needed in order to be able to predict 
the phase behavior of the mixture. It is not necessary to 
fit additional experimental data l'e. Unfortunately, we do 
not know the critical locus for either the R32 + R 134a or 
RI25 + R32 mixtures. Only two data points 37'38 on the 

T , - x  and p,.-x curves are available, and this is not 
enough information to determine all of the adjustable 
parameters required in eqns (11)-(13).  Therefore we 
used empirical correlations proposed by Higashi 37"3s to 

generate T,.-x  and p<-x curves, and we fit this 
information to eqns (11) and (12) to obtain the 
coefficients p~ (i = 0,1,2) and Ti (i ---- 0,1,2). These 
values are listed in Table 5. Since there was no 
information about the critical pressure, we had to 
estimate the values of the parameters Pi (i = 0,1) in 
eqn (13) from a fit of eqns (5)-(18)  to the experimental 
PVTx  data 39 in the one-phase region. In addition, since 
for the R125 + R32 mixture, data for only one 
composition were available, we had to restrict eqn (12) 
for this mixture to i = 0. The resulting values of the P, 
coefficients are given in Table 5. 

Figures 8 and 9 compare the values obtained from our 
model with the P V T - x  data of Magee 39. The model 
shows good agreement for R32 + R134a mixtures, while 
for R125 + R32 mixtures along the isochore p -- 
8 . 3 6 0 m o l L  -~, systematic deviations up to 5% are 
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5 0 % R 1 2 5 + 5 0 % R 3 2  

1 6 -  / 
• p~ 8.300 tool L 1 / 
• p~.s56 / • 

• ~.72, / / v 14 • p~2.505 

T T 

12 

n. 

8 

6 

4 ooo.,°" 

i 1 I I I I i I i I I I i I I I 
330  340  350  360  370  380  390  4 0 0  410  

T , K  

F i g u r e  9 PVT data for R125 + R32 mixtures obtained by 
Magee  ~9 with predictions o f  the crossover equation o f  state 

Figure 9 Donn~es PVT pour m~langes RI25 + R32. obtenues 
par Magee "w, avec les predictions de l'~quation de /'~tat 
~tendue 
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Figure 10 VLE data for R32 + R I34a mixtures of Higashi 37 
and of Fukushima 2 ~ at two concentrations of R134a and predic- 
tions from the computer program NIST REFPROP 4° and of the 
crossover model (curves) 

Figure l0 Donn~es VLE pour m~langes R32 + R134a de 
Higashi ~7 et de Fukushima 21, h deux concentrations de 
R134a, et predictions du logiciel NIST REFPROP et du mod 
~le ~tendu (courbes) 
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Figure I 1 DonnFes VLE de Higashi ~ pour m~langes R125 + 
R32 pour deux concentrations de R32, et prFdictions de logiciel 
NIST REFPROP et du modkle Ftendu (courbes) 
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Figure 12 The pressure-composition diagram tbr RI25 + 
R32 mixtures. The symbols indicate experimental data obtained 
by Higashi 3~ at three temperatures, and the curves represent 
values calculated with the crossover model 

Figure 12 Diagramme pression-titre de mdlanges RI25 + 
R32. Les symboles indiquent les valeurs exp~rimentules 
obtenues par Higashi ~ pour trois tempFratures, et les courbes 
reprFsent les valeurs calculFes avec le modi'le Ftendu 

observed at temperatures T > 370 K. Since our crossover 
model contains not only the critical locus but also its 
derivatives (see eqn (14)), for a better description of the 
P V T - x  surface of R125 -I- R32 mixtures a more accurate 
P,(x) line is needed. 

Even though the parameters for Pi were found using 
one-phase data, the model can be extrapolated into the 
two-phase region down to about 10% below the critical 
temperature. Figures 10 and 11 show the VLE 
coexistence curve for R32 4- Rl34a  and R125 + R32 
mixtures in the critical region and below. The model 
agrees very well with the data of Higashi 37"3s in the 
critical region. For comparison, we also have shown the 
predictions from the computer program NIST 
REFPROP 4° which uses an extended corresponding 
states model that cannot be used in the near critical 
region, but that generally represents VLE for refrigerant 
mixtures well at lower temperatures. Figure 12 shows 
the experimental VLE for R125 + R32 mixtures at four 
isotherms 38 and the predictions of our model. It is 
interesting to note that the model predicts the appearance 
of an azeotrope at approximately 90 tool% R32 at 
temperatures above 303 K. Figure 13 shows a compari- 
son of the calculated values of pressure with our 
crossover model, with an empirical equation of 
Kagawa 4j, and with the experimental data of Higashi 42 
in the two-phase region for R32 -I- R134a mixtures. Even 
though the equation of Kagawa 41 was obtained from a fit 

to experimental data in the two-phase region, our 
crossover model yields a better representation of these 
experimental data of Higashi 42 than the equation given 
by Kagawa 41 

In Figure 14 we compare the predictions of the model 
tbr PVTx  properties for a 30 mass% R32 + 70 mass% 
R134a system (45.67 mol% R32 + 54.33 tool% Rl34a) 
with the experimental data of Fukushima et al. 43. The 
data are over a wide range of temperatures from 314 K to 
424 K and at pressures from 1.5 MPa to 10.1 MPa, and 
densities over the range ,o = 0.902 mol L ~ to p --- 
10.033 tool L ~. The model shows good agreement 
with the data except at the lowest pressures. At the 
isochores 0 = 0 . 9 0 2 m o l L  ~ and o = 1 .236molL  ~,  
which correspond to densities outside of the range 
specified by eqn (19), systematic deviation of the 
calculated values of pressure from the experimental 
data is observed. This deviation is a direct consequence 
of the fact that, as was mentioned above, our crossover 
model fails to reproduce the ideal gas limit. 

We could not locate any experimental data for sound 
speed or specific heat for R32 -i- R134a mixtures in the 
critical region. Therefore, in Figures 15 and 16 we 
compare the values calculated with our crossover model 
for sound velocity and specific heat along the dew- 
bubble curve for 30 mass% R32 + 70 mass% R134a 
mixtures (45.67 mol% R32 + 54.33 mol% R134a) with 



Thermodynamic  proper t ies o f  R32 + R134a and R125 + R32 73 

45%R32+55%R134a 

(two-phase region ) 

o~ 
a. 
C 
o 

4) 
E3 

1 0 -  0 o ° °  

8 -  

6 

4 
o 

0 -  © 

-2 ~ o o 
/ 

- 4 -  Ill 

310 320 

o c o  o 

o o o 
o o 
8 0  ° o 
o 8 

l 

I ° 

O O 
O 0 0 
0 8 0 O 0 

0 
0 0 0 0 ~ 0 

I I I I I I I I _J 

330 340 350 360 

T,K 

Figure 13 Percentage deviations of experimental pressures in the two-phase region for R32 + R134a mixtures obtained by Higashi ".2 
from values calculated with the empirical equation of Kagawa 4~ (empty symbols) and with the crossover model (filled symbols) 

Figure 13 D~viations, en pourcentages, entre pressions exp~rimentales dans la r~gion biphasique obtenues par Higashi 42. et les 
valeurs calcul~es avec /'dquation empirique de Kagawa 4t (symboles vides) et avec le modkle ~tendu (symbo/es p/eins) 

45.67%R32+54.33%R 134a 

m 
n 

a.- 

11 

10 

9 o 

8 

7 

6 

5 

I 
f 

1 " 

0 
310 

IIIIII 
¢=o~umma~ (LeS) I 

• FukuW*nm 
F uk.w~'-T,,; (Vt.E) 

mmmmm!e )zlimmn 
mmmr  = ,nm==im l 
  =muwimmmmmmmmm 

1 2 
/ ' ~., /  

x ' ~  I 

,~ I "t l i 
f / , 4  I " ~  

,4 • ~ ."= 
/ ," 

z ~ . . ~ . ~  ' ' I 1 ' ' 1 1  

. . . . . . .  . -  . -7 .  • . . . .  

. .  - . . . . .  . - .  
m "e • • • • 

330 350 370 390 410 430 

T,K 

Figure 14 PVT data for R32 + R134a mixtures obtained by Fukushima and co-workers 43 with predictions of the crossover model: ( 1 ) 
0=10.033 mol L-=: (2) 0=7.486 mol L - t ;  (3) p=3 .743molL-~;  (4) p = l . 8 7 4 m o l L - I ;  (5) p=1.236 mol L-~; (6) 
P = 0.902 tool L t 

Figure 14 Donndes PVT pour mdlanges R32 + RI34a obtenues par Fukushima et al. 4~ et prddictions du rnodk/e dtendu 

values calculated with the 18-term modified Benedic t -  
Webb-Rub in  equation of state developed by Piao et al. 44 

and with a mixture model developed by Lemmon 45. 
Except for very low densities along the dew curve where 
our crossover model is not applicable, all equations give 
approximately the same results. In the near critical 
region, the analytical equations of Piao et al. 44 and of 
Lemmon 4 s̀ fail to reproduce singular behavior of the 
sound velocity and of the isochoric specific heat C,.~ for 

R32 + R134a mixtures, and only the crossover model 
can be used. 

Conclusions 

We present a model for the thermodynamic properties of 
binary mixtures that has scaling-law behavior in the 
critical region and that crosses over to mean-field 
behavior away from critical conditions. In addition to 
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Figure 15 The sound-velocity of R32 + R134a mixtures at the dew-bubble curve at constant composition as a function of temperature 
(left) and density (right). The filled symbols indicate values calculated with the equation of Piao et aL 44, the empty symbols correspond 
to the values calculated with the equation of Lemmon 4-~, and the curves represent values calculated with the crossover model 

Figure 15 Vitesse du son clans les m~langes R32 + R134a sur la courbe de ros~e-dbullition g~ composition constante en fonction de la 
temperature (~ gauche) et de la densitd (~ droite). Les symboles pleins indiquent les valeurs calculdes avec l'dquation de Piao et aL 44 
les symboles vides correspondent aux valeurs calculdes avec l 'dquation de Lemmon 45, et les courbes repr~sentent les valeurs calculdes 
acev le modble dtendu 
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Figure 16 The isochoric specific heat C,., and the isobaric specific heat Cp., of R32 + R134a mixtures at the dew-bubble curve at 
constant composition as a function of temperature (left) and density (right). The filled symbols indicate values calculated with the 

44 equation of Piao et al. , the empty symbols correspond to the values calculated with the equation of Lemmon 45, and the curves represent 
values calculated with the crossover model 

Figure 16 Chaleur massique isochore C,...~ et chaleur massique isobare Cp.,. de mdlanges R32 + RI34a sur la courbe de rosde- 
dbullition ~ composition constante, en fonction de la tempdrature (~ gauche) et de la densit~ (fi droite). Les symboles pleins indiquent les 
valeurs calculdes avec l 'dquation de Piao et al. 44, les symboles vides correspondent aux valeurs calculdes avec l "dquation de Lemmon 45, 
et les courbes repr~sentent les valeurs calculdes avec le modble dtendu 

the pure fluid parameters, the model requires only that using methane and ethane 2. The model can be applied to 
the critical locus for the binary mixture be known. All predict all thermodynamic one-phase and two-phase 
other mixture parameters are obtained from generalized behavior including PVTx and VLE behavior, in a region 
corresponding states relations developed in a earlier work around the critical point. We have applied this model to 
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two refrigerant mixtures, R32 + R134a and RI25 + R32 
and have shown excellent agreement with both PVTx and 
VLE experimental data in the range of applicability given 
by eqn (19). The model can be extrapolated to a wider 
range of temperatures, down to about 20% below the 
critical temperature, and still give qualitatively correct 
behavior. In order to extend our approach to the entire 
thermodynamic surface including the ideal gas limit, a 
crossover cubic equation of state can be used, but so far it 
has been applied only to pure fluids 36"46. 
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Appendix A Relevant thermodynamic quantities 

Pressure P and its derivatives, 

Rp,oT,~ p, \ OAp/~,~ - AA - A o ,  (A1) 

OP 32 

OP 

( ~ )  T.o = ( ~ ) r . o  ( ~ ) : r  / (A4) 

where the critical part, 

A,4 0r, Ap,.~) = ~:r a - C~RC~(q) 

X t~0(0  ) + (q)~i(O , (A5) 
i=l 

and background contribution, 

4 
Ao(T,£) = Z file(X) - P,.(Yc) . (A6) 

i =  I R p , o T , ~  

Isochoric specific heat capacity C,,~, 

pCv, x(T'p'yc) { ¢ 9 2 ~  __ ( 02aO~ 
TRp,oTco lk OT2 Jo,.i ~', OT2 J-~: 

P ( 02/~0"~ 

o,o \ ~r 2 } ,  

L \ aTa2J + 
(AT) 

with 

4 
~/o(T,2)= ~/T/iTi(.~)~ O ~ f  [ln(l -~ )+ rho ] .  (A8) 

i=  I P~)l d) 

Isobaric specific heat capacity C e . , ,  

/ 0 P \ 2  [ a p \ - i  
+ T  - -  __ p - 2  

(A9) 

Sound-velocity w ,  

w~(r ,p ,~)= L\~ppyr,. ,C~,xj  . (AIO) 

The derivatives, 

\ OTJ p,~ \ Ox/ p,r' 

where the derivatives (~ )p~  ( ~  and (~)p,r  can 
' ' \ P/T,~" 

be obtained analytically from the equation, 

x = ~ - ~(I - ~) p,~T,~ 
p T  

x [ T+\OZ-xJT  p , . \  0.~ J T I '  

(A13) 

(here AgfIo=,~to-(p, .T/p~T,o)ln(1-~)) ,  which pro- 
vides a relationship between concentration x and the iso- 
morphic variable 2 at fixed temperature T and density p. 
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