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Vapour - liquid equilibriurn and thermodynamic properties were predicted, along the saturation curve and in
the single-phase region for refrigerants R143a (CF.CH,) and R152a (CHF,CH,). Five cubic equations of state
were used: Soave-Redlich-Kwong (SRK), Peng-Ro“})inson (PR), Schmidt-Wenzel (SW), Freze et al. (C1) and
GEOS3C. A wide comparison with experimental data was made. So far GEOS3C, with three estimated
parameters, compares favorably to other equations in literature, being simple enough for applications.
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Refrigerants are the working fluids in refrigeration, air-
conditioning and heat pumping systems. They absorb heat
from one area, such as an air-conditioned space, and reject
it into another, such as outdoors, usually through
evaporation and condensation, respectively. A refrigerant
must satisfy many requirements: chemical stability, transfer
heat ability, low toxicity, efficiency, reduced environmental
consequences. Chemical stability under conditions of use
is the most important characteristic. Safety codes may
require a nonflammable refrigerant of low toxicity for some
applications. The environmental consequences of a
refrigerant that leaks from a system must also be
considered. Because of their great stability, fully
halogenated compounds, such as chlorofluorocarbons
(CFCs), persist in the atmosphere for many years and
eventually diffuse into the stratosphere. The molecules of
CFCs, contain only carbon and the halogens chlorine and
fluorine. Once in the upper atmosphere, CFC molecules
break down and release chlorine, which destroys ozone
(ozone depletion). In the lower atmosphere, these
molecules absorb infrared radiation, which may contribute
to the warming of the earth. Substitution of a hydrogen
atom for one or more of the halogens in a CFC molecule
greatly reduces its atmospheric lifetime and lessens its
environmental impact. These compounds are called
hydrochlorofluorocarbons (HCFCs).

In the last years, the hydrofluorocarbons (HFCs) are used
as refrigerants, owing to their low ozone depletion potential.

No single fluid satisfies all the attributes desired of a
refrigerant; as a result, a variety of refrigerants is used.
Refrigerant selection involves compromises between
conflicting desirable thermodynamic properties. In the
classical thermodynamic framework it is possible to
develop relations to calculate the Helmholz and Gibbs
energies, enthalpies, entropies, fugacity coefficients and
other thermodynamic properties of fluids. Such
relationships together with equations of states (EOS) can
be applied to obtain estimation techniques for
thermodynamic property departure functions [1]. Then the
“true” thermodynamic properties are calculated for pure
components and mixtures.

The development of models for representation and
prediction of physical properties and phase equilibria as
well as the improvement of current equations of state (EOS)
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is of particular interest for the refrigeration industry [2-5].
In our previous works [6-8], thermodynamic properties of
pure refrigerants and refrigerant mixtures were predicted
by cubic equations of state.

In this work, vapour - liquid equilibrium and
thermodynamic properties were predicted, along the
saturation curve and in the single-phase region for two
hydrofluorocarbons: R143a (CF,CH,) and R152a (CHF,CH,).
Five cubic equations of state were used: Soave-Redlich-
Kwong (SRK) [9], Peng-Robinson (PR) [10], Schmidt-
Wenzel (SW) [11], Freze etal. (C1) [12] and GEOS3C [13].
A wide comparison with recommended NIST (National
Institute of Standard and Technology, USA) data [14],
considered as experimental data, was made. So far
GEOS3C, with three estimated parameters, compares
favorably to other equations in literature, being simple
enough for applications.

The GEOS3C equation of state

The GEOS3C equation of state is a general form [1, 6]
for the cubic equations of state with two, three and four
parameters:

RT

p- Ko 0
V-b (V-d)+c

The four parameters a, b, c, d for a pure component are

expressed by:
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The GEOS3C equation is based on the GEOS equation
[15] and uses a new temperature function:

ﬂ(T,)=1+C1y+C2y2+C3y3 Jor T, <1 (©)

BT)=1+C,y forT,> 1 4

y=1-T (5)
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The expressions of the parameters €2, €, Q, Q _ are:

Q,=(1-B)’; Q,=Z,-B; Q,=(1-B)’(B-0.25);
Q,=Z7 -05(1-B) 6)
B= ERLSE a, - Riedel’s criterion @
a,+C,

Using experimental values of the critical constants and
the acentric factor for the calculation of ¢, from the
equation:

o, = 5.808 +4.93w (8)

the C,, C, and C, parameters were estimated by
constrammg the equatlon of state to reproduce the
experimental vapor pressure and liquid volume on the
saturation curve.

The following features of GEOS3C parametrisation are
important:

- it gives exactly the experimental critical point of any
substance, and also the experimental critical
compre551b111ty factor Z

- the prediction of hqu1d volume is improved, without
translation, by the parameter C, from the temperature
function of the attractive term;

- the three parameters C,, C and C, can provide very
well the saturation pressure curve

- the involving of the parameter C in the expressions of
a and b, leads to a “coupling” between the repulsive and
attractive terms in a cubic equation of state.

As pointed out previously [6], the relations (6) are general
forms for all the cubic equations of state with two, three
and four parameters. Our software used in calculations is
based on these equations for the reduction of GEOS to
different cubic EOS from the literature. This is the meaning
of the statement “general cubic equation of state” used
for GEOS.

The following equations of the departure (residual)
functions from ideal gas state at the same temperature
and pressure were used with the GEOS equation (or
GEOS3C) [16]:

AG" =RTIn VV +RT(Z-1)-RTInZ-aE (13
Ingp=1In v +Z-1-InZ--2E (19
V-b RT
woo| G V_z(aPJ v |
s ¢, M \av (15)
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AC)= A8UT)| _poa ~E (16)
or |, " er
2
act =act -7 0PN _p ()
(ep1ov),
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2N-¢ V-d-+-c
1 ¢ (18b)
E= —arctg—— for >0
\/Earch_d
-1 ; forc=0 (18c)
V-d

The above expressions of the residual departure
functions based on GEOS equation may be also used for
other cubic equations, which can be converted to the GEOS
form. The values of the thermodynamic functions are
calculated from:

Y=Y+ AR (19)

where Y" is the ideal gas contribution.
Results and discussions

The knowledge of PVT and thermodynamic properties
of hydrofluorocarbons (HFCs) is of importance in relation

oa to their use as refrigerants.
AU" = [a T— BT)E ©) Five equations of state have been used in this work, to
calculate the phase equilibrium and the thermodynamlc
. a properties for R143a (CF,CH,) and R152a (CHF,CH,): Soave-
AH =‘[“‘TEjE +RI(Z-1) (19 Redlich-Kwong (SRK) Peng -Robinson (Pff $chmidt-
Wenzel (SW), Freze et al. (C1) and GEOS3C. The
AS® = —RIn—— + RinZ+ Bk ap  investigated PVT range covers single-phase (liquid or gas)
V-b ar and two-phase (liquid-vapour) regions, using
. recommended NIST data. The calculations were made
AF® =RTIn ~RTInZ-aE 12
V-b
Component C, C, C, T range P range Table 1
(K) (bar) VALUES OF C}, Co AND C3
R143a(CF;CH;)  0.2464 0.8819 -0.8637 161.34— 0.01 — PARAMETERS FOR R143a (CF,CH,)
345.86 37.6 AND R152a (CHF,CH,). CRITICAL
R152a(CHF,CH;)  0.2733 0.7819 -0.6391 15456 —  6.4e-4— DATA AND ACENTRIC FACTORS
386.41 45.168 FROM NIST DATABASE [14]
AAD (%) —AAD » Table 2
EOS P OV AgH | H H S S PVT AND THERMODYNAMIC
(k/kg) (kIkg) (kIkg/K) (kIkg/K)  pyNCTION DEVIATIONS ON THE
SRK 2.30 22.0 4.05 3.30 4.54 5.98 0.01 0.02 SATURATION CURVE FOR R143a.
PR 053 814 200 231 | 328 462 0.01 0.02 TEMPERATURE RANGE (K): 161,34
SW 1.00 10.7 3.09 2.53 2.45 532 0.01 0.02 345.86. PRESSURE RANGE (BAR):
Ci 2.00 5.37 3.61 2.82 3.32 6.20 0.01 0.02 0.01 = 37.6 . NUMBER OF DATA
GEOS3C 031 370 208 261 | 570  2.73 0.02 0.01 POINTS: 94
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with the software package PHEQ (Phase Equilibria)
developed in our laboratory [17].

The values of the parameters C,, C, and C, of the
GEOS3C equation for the two refrigerants are presented in
table 1.

The following thermodynamic properties have been
predicted: compressibility factor, Z; enthalpy, H; enthalpy
of vaporisation, A'H: entropy, S; heat capacity at constant
pressure, C,; heat capacity at constant volume, C,; heat
capacity ratio, C,/C ; speed of sound, Ws; fugacity
e-Thomson coefficient, JT. No data on

(AAD), between calculated values by EOSs and NIST
recommended data are given. For each table the number
of data points, the pressure and temperature ranges are
indicated. The two-phase region properties have been
calculated at temperatures from the triple point to the
critical point.

The average absolute deviations for a property Y are
relative (%):

i{()}lc’as _ Y;exp)/Yviexp . 100

coefficient, ¢; Jou AAD %= - (20)
these thermodynamic properties were regressed in this N
work. The ideal gas contribution to the thermodynamic )
properties was calculated using the heat capacity functions ~ eXcepting the enthalpy and entropy where:
recommended in [18]. L s pyem
The results of the calculations for PVT and ZiH —H, @1
thermodynamic propetrties are summarized in tables 2-7, AAD H (or §) = = Y
for the two refrigerants. The average absolute deviations
AAD (%) Table 3
EOS Cpo Cp' (CpICy)" (ColCy)' Wy ws' JT JTY THERMODYNAMIC FUNCTION
SRK 103 119 129 294 114 204 622 376 DEVIATIONS AT SATURATION FOR
PR 990 123 126 326 103 104 554 373 R143a. TEMPERATURE RANGE (K):
SW 102 122 128 319 104 139 563 373 161.34- 345.86. PRESSURE RANGE
c1 996 123 127 328 163 083 651 369 (BAR): 0.01 - 37.6 . NUMBER OF DATA
GEOS3C 100 132 923 512 448 257 479 373 POINTS: 94
* AAD% calculated from 90 data points
AAD AAD (%) Table 4
EOS H S Z Cr Ws Go/Cy JT THERMODYNAMIC FUNCTION
ki’kg/K _ kl/kg DEVIATIONS IN SINGLE-PHASE REGION
SRK 0.01 5.17 9.39 2.57 4.41 3.86 68.4 FOR R143a. TEMPERATURE RANGE (K):
PR 0.01 2.40 2.78 2.87 4.15 3.64 55.0 200 - 650. PRESSURE RANGE (BAR):
SW 0.02 6.30 4.17 6.07 428 4.4] 190 0.01-1000. NUMBER OF DATA
C1 0.01 3.08 2.87 2.83 7.11 3.65 88.0 POINTS: 229
GEOS3C 0.02 5.55 2.95 4.15 200  4.07 45.9
AAD (%) AAD
EOS PPV AgH| H H s S Table 5
(kikg) (klkg)  (kI/kg/K) (ki/kg /K) PVT AND THERMODYNAMIC
SRK 334 239 517 339 | 665 119 0.02 0.04 FUNCTION DEVIATIONS ON THE
PR 081 990 221 248 | 639  8.00 0.02 0.03 SATURATION CURVE FOR R152a.
SW 231 119 439 251 | 411 816 002 0.03 TEMPERATURE RANGE (K):
cl 2.50 492 401 288 | 637 107 0.2 0.04 15456 -386.41 PRESSURE RANGE
GEOS3C 031 428 172 245 | 771 48  0.03 0.02 (BAR): 6.4e-4 - 45.168 .
NUMBER OF DATA POINTS: 118
AAD (%)
EOS Cp- Cp' (ColCy)- (Co/Cy)'  Ws-  Ws'  JT™  JT' Table 6
SRK 10.9 9.76 12.6 2.68 8.26 1.98 51.6  38.71 THERMODYNAMIC FUNCTION
PR 10.8 10.2 12.3 2.90 8.43 1.06 450 385 DEVIATIONS AT SATURATION FOR R152a.
SW 109 101 12.5 288 853 134 483 384 TEMPERATURE RANGE (K): 154.56 -
Cl1 10.8 10.2 12.4 2.92 12.3 0.85 521  38.1 386.0. PRESSURE RANGE (MPa): (bar):
GEOS3C 10.0 11.2 8.96 4.70 54.6 2.41 364 384 6.4e-4 - 45.0.NUMBER OF DATA POINTS:
* AAD% calculated from 112 data points 117
AAD AAD (%)
EOS S H Z Cp W Cp/Cy JT Table 7
kJ/kg/K  kl/kg THERMODYNAMIC FUNCTION
SRK 0.02 6.96 10.5 3.30 3.30 3.89 31.4 DEVIATIONS IN SINGLE-PHASE REGION
PR 0.01 412 | 3.88 389 357 372 31.6  FORRI52a. TEMPERATURE RANGE (K):
SW 001 38 | 494 470 361 407 409 200 - 500. PRESSURE RANGE (bar):
Cl 002 511 | 216 397 59 374 386  0.01-600. NUMBER OF DATA POINTS: 239
GEOS3C 0.02 4.90 2.86 4.78 26.1 3.98 30.2
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The following observations can be made on the basis
of the results of the tables 2-7.

- vapor pressures and saturated volumes are better
predicted by GEOS3C, compared to the results obtained
using other equations. Surprisingly small are the deviations
in vapor pressure predicted by PR equation.

- The liquid volumes calculated with the SRK equation
are in poor agreement with experimental data (22% and
24% average deviation). The vapor volume is well
reproduced by all five equations of state.

- equations SRK and PR can be used with the same
temperature function with three parameters like the
GEOS3C equation (eqs. 3-5). This fact leads to better values
for vapor pressures but the values of saturated volumes
can not be improved without a translation procedure [1].
The advantage of the GEOS3C equation is that the
prediction of liquid volume is improved without translation
by the parameter C, [6].

- GEOS3C equatlon predicts better results for the
enthalpies and the entropies in the vapour phase and also
for the heat capacity ratio and Joule-Thomson (JT)
coefficient in the liquid phase, on the saturation curve. The
AAD% given in tables 3 and 6 for the JT coefficient in the
saturated liquid range are relatively high, determined by
very small values of the NIST JT coefficients at temperatures
where the function changes the sign.

- speeds of sound values predicted by GEOS3C have
large errors in comparison with NIST recommended data.
As can be seen from the eq. (15), the value of W, (speed of
sound) is depending of both heat capacity ratio and the

derivative ( j The GEOS3C equation predicts better the

heat capacity ratio, but the derivative (G—Vj has higher
,

errors. From this analysis results that the correlation of vapor
pressures and saturated liquid density does not guarantee

oP . .
accurate values of the derivative ( an in the liquid region.

- difference in performance between the EOSs is less
noticeable for other thermodynamic properties: enthalpy
of vaporization, liquid enthalpy and entropy on the
saturation curve and in the single phase region, the both
isochoric and isobaric heat capacities in the entire range
of T and P, the speed of sound and the Joule-Thomson
coefficient for liquid on the saturation curve.

Examples of calculated properties are presented in the
figures 1 - 8. Figures 1 and 2 show the pressure - density
diagrams for R143a. Points figure NIST data, while the
curves are calculated with the GEOS3C and SRK equations,
for the saturation region and subcritical and superecritical
isotherms. Large deviations can be observed in the
saturated liquid densities predicted by the SRK equation in
comparison with NIST recommended data. The same
situation is in the single phase region, on the subcritical
isotherms: the densities calculated with the GEOS3C
equation are in better agreement with the experimental
data in comparison with the densities calculated with the
SRK equation.

A comparison of the calculated enthalpies by GEOS3C
and Cl1 equations, on the saturation curve and in the single
phase region is shown in figure 3 (points: NIST
recommended data). The both equations give good
predicted values of enthalpies in the entire range of T'and P.

The heat capacity, C,, prediction from GEOS3C equation,
on the saturation curve and in the single phase region is
shown in the figure 4. All five equations of state perform
similarly for this property and predict correctly an infinite

4 http://www.revistadechimie.ro
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Fig. 1. Pressure-density diagram for R143a. Points: NIST data [14].
Prediction with the GEOS3C equation.
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Fig. 2. Pressure-density diagram for R143a. Points: NIST data [14].
Prediction with the SRK equation
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Fig. 3. Pressure-enthalpy diagram for R143a. Points: NIST data [14].
Prediction with the GEOS3C and C1 equations

value for isobaric heat capacity at the critical point. As a
“memory” effect of this behavior, a maximum in the C,
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Fig. 4. Pressure-heat capacity diagram for R143a. Points:
NIST data [14]. Prediction with the GEOS3C equation
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Fig. 5. Pressure-entropy diagram for R152a. Points: NIST
data [14]. Prediction with the GEOS3C equation
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Fig. 6. Pressure-heat capacity ratio saturation curve for R152a.
Points: NIST data [14]. Prediction with the GEOS3C, SW and PR
equations

function is predicted on the supercritical isotherms.

The pressure - entropy diagram of R152a calculated by
GEOS3C s presented in figure 5. The calculated values are
in good agreement with the NIST data. All other equations
of state perform similarly.

The heat capacity ratio predictions by GEOS3C, SW and
PR equations for R152a on the saturation curve are
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Fig. 7. Joule Thomson coefficient prediction for R152a by GEOS3C
and SW equations. Points: NIST data [14]
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Fig. 8. Pressure-speed of sound diagram for R152a. Points: NIST
data [14]. Prediction with the PR equation

presented in figure 6. The results obtained by GEOS3C are
in a better agreement with the NIST data, in comparison
with the SW and PR equations.

The Joule-Thomson coefficient predictions for R152a
from the GEOS3C and SW equations on the saturation curve
and in the single phase region are presented in figure 7. A
satisfactory agreement with NIST data may be remarked.

Figure 8 shows the pressure — speed of sound diagram
for R152a, in the entire range of T and P. The predicted
values are in good agreement with the NIST data for this
refrigerant.

On the basis of the studied HFCs (R143a and R152a), it
is possible to conclude that GEOS3C predict better PVT
properties and all five EOS’s predict consistent results apart
from the failure to give an infinite value for the isochoric
heat capacity (C,) at the critical point.

Conclusions

The vapour - liquid equilibrium and the thermodynamic
propetties of refrigerants R143a and R152a were predicted
by five equations of state SRK, PR, SW, C1 and GEOS3C on
awide PVT range, including the entire saturation region. A
large comparison with PVT and equilibrium recommended
NIST data was made.

The following thermodynamic properties were
calculated: compressibility factor, Z; enthalpy, H; enthalpy
of vaporisation, A¥H: entropy, S; heat capacity at constant
pressure, C,; heat capacity at constant volume, C,; heat
capacity ratio, C,/C; speed of sound, Ws; fugacity
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coefficient, ¢; Joule-Thomson coefficient, JT. The
comparisons with recommended literature data for these
properties were also presented.

The GEOS3C equation gives better predictions of vapor
pressure and saturated liquid volume than the other
equations of state. The saturated vapour volume is well
reproduced by all five equations of state.

Regarding the thermodynamic properties, the GEOS3C
equation predicts better results for the enthalpies and the
entropies in the vapour phase and also for the adiabatic
index and Joule Thomson coefficient in the liquid phase,
on the saturation curve. The speeds of sound values
predicted by GEOS3C have large errors in comparison with
NIST recommended data.

The difference in performance between the five EOSs is
less noticeable for other thermodynamic properties:
enthalpy of vaporization, liquid enthalpy and entropy on
the saturation curve and in the single phase region, both
isochoric and isobaric heat capacities in the entire range
of T and P, the speed of sound and the Joule Thompson
coefficient for liquid on the saturation curve.

So far GEOS3C, with three estimated parameters,
compares favorably to other equations in literature, being
simple enough for applications.
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List of symbols

a, b, ¢, d - parameters in GEOS

AAD - absolute average deviation

B - dimensionless parameter in GEOS, defined by eq. (7)
(1, C9 and (5 - parameters in GEOS3C temperature function
C,, C, - isochoric and isobaric heat capacities

E - expression based on GEOS, defined by eq. (18)

F - Helmholtz function

H - enthalpy

JT - Joule-Thomson coefficient

M - molar mass

P, P - pressure, saturation pressure

R - universal gaz constant

S - entropy

T - temperature

U - internal energy

V, V&, V¥ - molar volume, liquid volume, vapor volume
Ws - speed of sound

Y - thermodynamic function (general notation)

Z - compresibility factor

6 http://www.revistadechimie.ro

Greeks

o, - Riedel’s criterium (parameter in GEOS)
[3- reduced temperature function in GEOS
¢ - fugacity coefficient

Q, Q, Q, Q, - parameters of GEOS

- acentric factor

Subscripts
¢ - critical property
r - reduced property

Superscript
exp - experimental (NIST recommended) data
eos - calculated values
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