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 GENERAL PROBLEMS OF METROLOGY AND MEASUREMENT TECHNIQUE

METHODOLOGY FOR CONSTRUCTING THE EQUATION OF STATE AND THERMODYNAMIC 
TABLES FOR A NEW GENERATION REFRIGERANT

V. A. Kolobaev,1 S. V. Rykov,2 I. V. Kudryavtseva,2 E. E. Ustyuzhanin,3 
P. V. Popov,1 V. A. Rykov,2 A. V. Sverdlov,2 and A. D. Kozlov1 UDC 546.294; 536.76

A unifi ed fundamental equation of state has been developed for 2,3,3,3-tetrafl uoropropene (R1234yf), 
a fourth-generation ozone-safe refrigerant, and a method for constructing the equation has been proposed. 
In the gas region, this equation transforms into an equation of state of the virial form, and in the vicinity of 
the critical point it satisfi es the requirements of the modern scale theory of critical phenomena and trans-
forms into the Widom scale equation. Based on a single fundamental equation of state in accordance with 
GOST R 8.614-2018, “GSI. State Service of Standard Reference Data. Basic Provisions,” we developed 
standard reference data GSSSD 380-2020 on density, enthalpy, isobaric heat capacity, isochoric heat capac-
ity, entropy and speed of sound in R1234yf in the temperature ranges 230–420 K and pressures 0.1–20 MPa. 
We compared the calculated values of equilibrium properties with the most reliable experimental data ob-
tained in well-known global laboratories and tabular data obtained from the known fundamental equations 
of state R1234yf. Uncertainties of tabulated data for saturated vapor pressure, density, enthalpy, isobaric 
heat capacity, isochoric heat capacity, entropy and speed of sound of 2,3,3,3-tetrafl uoropropene are esti-
mated – standard relative uncertainties for types A, B, total standard relative and expanded uncertainties. 
The results obtained in this work show that the proposed unifi ed fundamental equation of state adequately 
describes the equilibrium properties of R1234yf in the above stated range of state parameters.
Keywords: standard reference data, 2,3,3,3-tetrafl uoropropene, thermodynamic properties, fundamental 
equation of state, uncertainty, Helmholtz energy.

 Introduction. The compound CF3–CF=CH2 (2,3,3,3-tetrafl uoro-propene, R1234yf) is a fourth generation ozone-
friendly refrigerant. R1234yf has a potential for depleting the Earth’s ozone layer ODP = 0 and a global warming potential 
GWP = 4. Since 2011, European Union legislation prohibits the use of refrigerants with a GWP > 150 in transport vehicles of 
new type and in all new vehicles since 2017 [1]. R1234yf replaced the previously used refrigerant R134a (GWP = 1600) in ve-
hicle air conditioning systems. At the same time, the performance characteristics of both refrigerants are similar, which makes 
it possible to use R1234yf without signifi cant modifi cations to the air conditioning systems of cars. The American Society of 
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) safety standard assigns R1234yf the classifi cation A2L. 
Data on the thermodynamic properties of R1234yf [2–16] and the equations of state developed on their basis [9, 17] appeared 
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in the open literature relatively recently. Moreover, the fundamental equations of state (FEOS) [9, 17] do not even qualitative-
ly convey the features of the thermodynamic surface in the vicinity of the critical point. Therefore, FEOS [9, 17] cannot be 
classifi ed as a unifi ed FEOS (UFEOS) [18]. The purpose of this work is to develop a UFEOS for the refrigerant R1234yf and 
to calculate tables of standard reference data based on it.
 Method for constructing UFEOS for R1234yf. To construct a UFEOS, the properties of R1234yf suggest a simple 
model in the form of the Helmholtz free energy F(ρ, T) [18]:

F( , T ) F0 ( , T ) RT (Ci, jtl
j i ) RTcr exp[ a( )2/ b ] 1 a(x)

j 0

3

i 0

14

 + RTτl(ω
2 – 3ω)D1 + RT[τl(ω

3 – 2ω2)D2 + ωy2 + ω(y4 + y6)D3 + ω(Zcr – 0.2)y6], (1)

where F0(ρ, T) is the ideal gas component of free energy [9]; ρ is the density; T is the temperature; R is the gas constant;

ω = ρ/ρcr;     Δρ = ω – 1;     y1 = dy2/dω;     y2 = –15.4/12 + 5.8/(12Δρ) – 2.2/(12Δρ2) + 0.05Δρ3;     y3 = dy4/dω;

y4 = 5 – 4Δρ + 3Δρ2 – 2Δρ3 + Δρ4;     y5 = dy6/dω;     y6 = 4 – 3Δρ + 2Δρ2 – Δρ3 + Δρ5;     τl = Tcr/T – 1;

Zcr = pcr/(RρcrTcr)·106; Tcr, ρcr, pcr are critical parameters (temperature, density, pressure); Ci, j, D1, D2, D3, a, b are constant 
coeffi cients; δ is the critical index of the critical isotherm.
 In UFEOS (1), the scale function a(x) of the Helmholtz free energy is determined by the expression [19]:

 a(x) = A[(x + x1)
2–α – ε(x + x2)

2–α] + B(x + x3)
γ + C, (2)

where x = τ /|Δρ|1/β is the scale variable, which is found from a unique nonanalytic equation of state [20]; (2 – α)a(x = –x0) – 
– xaʹ(x = –x0) = 0; τ = T/Tcr – 1; A = –Γkγ1/[2αb2α1(1 – ε)]; B = Γ(2k)–1; α1 = (α – 2)(α – 1); γ1 = γ(γ –1); x1, x2, x3, C are 
constant parametersr; ε = x1/x2; b

2 = (γ – 2β)/[γ(1 – 2β)]; k = [(b2 – 1)/x0]
β; Γ is an individual paramete; α, β, γ are critical 

indices related to the index δ by the Griffi ths equalities: 2 – α = βδ + β; γ = βδ – β.
 First, the choice of the Helmholtz free energy in form (1) greatly simplifi es the algorithm for fi nding the UFEOS 
parameters in (1); second, as shown in [18, 20], structure (1) accounts for the experimentally confi rmed Benedek hypothesis 
[21] and the phenomenological theory of the critical point [22]. According to the analysis of the authors of this article, when 
ρ → 0, UFEOS (1) reduces to a virial equation of the form Z = 1+ ωB(T) + ..., where Z = p/(ρRT) is the compressibility; 
B(T) is the second virial coeffi cient, and in the region of strongly developed density fl uctuations, UFEOS (1) transitions into 
a physically based Widom equation [23].
 The latter means that within the framework of the approach proposed by the authors of this article, power-law depen-
dences are fulfi lled at all scales, including the dependences for isochoric CV and isobaric Cp heat capacities, respectively:

 CV(T → Tcr, ρ = ρcr) ~ |T – Tcr|
–α|T→Tcr

 → +∞; (3)

 CP(T → Tcr, ρ = ρcr) ~ |T – Tcr|
–γ|T→Tcr

 → +∞. (4)

 Consequently, UFEOS (1), in accordance with the requirements of the scaled theory [24], describes a thermodynam-
ic surface in the asymptotic vicinity of the critical point.
 The UFEOS parameters in (1) were found using the data set [2–16] in accordance with GSSSD ME 247-2016, 
“Method for calculating the thermodynamic properties of 2,3,3,3-tetrafl uoropropane in the temperature range from 230 K to 
370 K and pressures from 0.1 MPa to 10 MPa”:

 x0 = 0.245;  Tcr = 367.85 K;  pcr = 3.3822 MPa;  ρcr = 475.55 kg/m3;
 R = 72.907 kJ/(kg·K);  a = 2;  b = 0.183 (see (3));
 D1 = 0.89922137262609;  D2 = 0.78721668194721;  D3 = 0.011189966702953;
 ϕ1 = 2.80724769;  ϕ2 = 14.4717304;  ϕ3 = 5.73246825,  where ϕi = xi/x0, i = 1, 2, 3;
 β = 0.3255;  γ = 1.239;

the coeffi cients Ci, j are presented in Tables 1, 2. The parameter Γ = 5.568426059213551 was calculated according to the 
method considered in [25] and based on the Lysenkov–Rykov similarity relation [26].
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 The calculated values of the properties of R1234yf from UFEOS (1) for checking the computer code are presented 
in Table 3, where H is the enthalpy; S is entropy.
 Analysis and discussion of research results. Using UFEOS (1), we computed tables of standard reference data 
(GSSSD 380-2020) for the properties of R1234yf, G = (ρ, H, S, CV, CP, w, L), where L is the specifi c heat of vaporization, for 
the temperature range 230–420 K and pressures 0.1–20 MPa.
 The p, ρ, T, CV, CP, w values calculated from UFEOS (1) are compared with the corresponding experimental data 
[2–16]. In Figs. 1–4 we show the relative deviations δr = (rexp – req)/rexp·100 of the values req  calculated from UFEOS (1) from 

TABLE 1. Coeffi cients Ci, j in UFEOS (1) for j = 0, 1, 2 and i = 0, ..., 14

i
j

0 1 2

0 0 0 3.8345844468923

1 0 0 –2.8808611060469

2 0 0 –7.9865644333515

3 0 –1.7771222471904 6.8044344467258

4 0 0.6612752894173 5.5092394537848

5 0 1.2094032988104 –6.3531746271372

6 –0.13667709651448 –2.3537549545934 0

7 0.055501009790127 0.46858609578942 1.1806302167967

8 0.14716157202534 2.1895632282315 0

9 –0.098581526582477 –1.7915557238315 –0.12301263857206

10 –0.053748938191633 –0.27209887825091 0

11 0.043058009399463 1.1084723186749 0

12 0.014385180690611 –0.68887903533559 0

13 –0.015602453236281 0.1957358657611 0.00075699339788856

14 0.0029794523724809 –0.02231006381890 0

TABLE 2. Coeffi cients Ci, j in UFEOS (1) for j = 3, 4 and i = 0, ..., 4

i
j

3 4

0 –3.0655723401449 –0.07026915602040

1 4.5546829518257 0

2 –0.945872553041 0

3 –1.8232593166182 0

4 1.3342773338404 0

TABLE 3. Standard Reference Data for R1234yf Properties

p, MPa T, K ρ, kg/m3 H, kJ/kg S, kJ/(kg·K) CV, kJ/(kg·K) CP, kJ/(kg·K) w, m/s

3.2 366 274.33 397.6 1.587 1.125 4.627 90.47

3.7 380 270.73 415.6 1.631 1.104 2.541 102.3
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the experimental data rexp of the corresponding property r. It was found that UFEOS (1) describes with low uncertainty (with-
in the error of experimental data) both a thermal surface (Figs. 1, 2) and experimental data on isochoric CV (Fig. 3) and iso-
baric CP heat capacities (Figs. 4, 5). Unlike FEOS [9, 17], the UFEOS developed within the proposed method (1) describes 
the thermodynamic surface of R1234yf in the vicinity of the critical point in accordance with scaled theory of critical phe-
nomena [24] (cf. Fig. 5). Therefore, we also calculated detailed tables of standard reference data G = (ρ, H, S, CV, CP, w, r) 
for the properties of R1234yf in a broad neighborhood of the critical point.

Fig. 1. Relative divergence values of density δρ calculated as per the equations presented in this study UFEOS (1) 
as compared with the experimental data [9].

Fig. 2. Relative divergence values of pressure δp calculated as per the equations presented in this study UFEOS (1) 
as compared with the experimental data [12].

Fig. 3. Relative divergence values of isochoric heat capacity δCV calculated as per the equations presented in this 
study UFEOS (1) and EOS [9] as compared with the experimental data [11]: 1) UFEOS (1); 2) EOS [9].
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 For a more complete assessment of the uncertainty of information on the equilibrium properties of R1234yf, obtained 
from UFEOS (1), two approaches were used. The fi rst approach is based on GOST 34100.3-2017/ISO/IEC Guide 98-3:2008, 
“Measurement Uncertainty. Part 3. Guide to the Expression of Uncertainty in Measurement.” The standard uncertainty of type 
A is calculated by comparing the experimental values of ri with the corresponding properties found by the recommended equa-
tion (1). The uncertainty uA for the property r is estimated by the expression

 
uA(r) (ri rav )2/ [n(n 1)]

i 1

n
( ri )2/ [n(n 1)]

i 1

n
,

 
(5)

where Δri = ri – rav is the absolute deviation from the experimental values ri of the property rav = r(x, y) calculated using 
UFEOS (1) and arguments (x, y) at the ith point; n is the number of experimental values ri selected in the array X = (r, x, y) to 
estimate the uncertainty uA(r).
 Based on Eq. (5) and GOST 34100.3-2017, the standard deviation S(r) is introduced in the form of the standard 
relative uncertainty

 
S(r) ( ri )2/ [n(n 1)]

i 1

n
,

 
(6)

where δri = Δri·100.

Fig. 4. Relative divergence values of isobaric heat capacity δCP calculated as per the equations presented in this 
study UFEOS (1) as compared with the experimental data [8].

Fig. 5. Behavior of isobaric heat capacity in the critical region on isothermal lines: 1, 4) 373.15 K; 2, 5) 393.15 K; 
3, 6) 413.15 K; 1–3) experimental data [13]; 4–6) calculated as per UFEOS (1).
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 The estimate of non-excluded systematic relative errors δri has the form of the standard relative uncertainty of type B:

 uB(r) = (bi– + bi+)/(2√3), (7)

where bi– = ri – ai–; bi+ = ri – ai+; ai–, ai+ are the lower and upper boundaries of the range of ri changes (see GOST 34100.3-2017, 
Sec. 4.3.8).
 The total standard relative uncertainty for the property r is determined by the formula

 uc(r) = [S(r)2 + uB(r)2]1/2. (8)

 The expanded uncertainty at k = 2 and the confi dence level P = 0.95 for the property r is calculated from the formula

 U(r) = kuc. (9)

 From Eqs. (5)–(9) we compute the uncertainties for saturated vapor pressure ps (from the data [3, 7, 9, 10, 15]), 
density ρ (from the data [4, 7, 9, 16]), isochoric CV and isobaric heat capacity CP (using [11] and [5, 8], respectively), as well 
as the speed of sound w (using [2, 13]), %:

 S(ps) = 0.15;  uB(ps) = 0.08;  uc(ps) = 0.16;  U(ps) = 0.32;
 S(ρ) = 0.12;  uB(ρ) = 0.12;  uc(ρ) = 0.24;  U(ρ) = 0.48;
 S(CV) = 0.07;  uB(CV) = 0.35;  uc(CV) = 0.6;  U(CV) = 0.72;
 S(CP) = 0.18;  uB(CP) = 0.71;  uc(CP) = 0.73;  U(CP) = 1.46;
 S(w) = 0.084;  uB(w) = 0.23;  uc(w) = 0.24;  U(w) = 0.48.

 Within the framework of the second approach, to assess the accuracy of the GSSSD 380-2020 tables, the following 
statistical characteristics (criteria) with relative units of measurement (in percent) were selected [27]:
 – absolute average deviation of the property p (absolute average deviation, AAD)

 AAD = 1/nΣ|δpi|, (10)

where δpi = 100Δpi/pi exp; Δpi = pi exp – pi eq; pi exp, pi eq are experimental and calculated pressure values, respectively;
 – systematic deviation (BIAS)
 BIAS = 1/nΣδpi; (11)
 – standard deviation (SDV)
 SDV = [Σ(δpi – BIAS)2/(n – 1)]1/2; (12)

 – root-mean square deviation (RMS)
 RMS = [1/nΣ(δpi)

2]1/2. (13)

 Table 4 shows the values of the criteria calculated from Eqs. (10)–(13) and characterizing the deviations of the ex-
perimental values of the equilibrium properties r of the refrigerant R1234yf [2, 6–9, 11, 13, 14] from those calculated from 
UFEOS (1), for N experimental points.

TABLE 4. Deviations of Experimental Values of R1234yf Properties r

Source r AAD BIAS SDV RMS N

[6] ρ 0.141 –0.0976 0.158 0.185 131

[9] ρ 0.128 –0.0249 0.208 0.209 106

[7] ρ 0.073 0.0619 0.0789 0.100 278

[11] CV 0.500 –0.0113 0.591 0.587 74

[8] CP 1.170 1.1600 0.387 1.220 74

[13] CP 2.070 0.7540 2.710 2.780 33

[2] w 0.105 0.1040 0.0837 0.133 41

[14] w 0.697 –0.6580 0.906 1.100 22
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 On the line of elasticity, the experimental data [12] are described in the framework of UFEOS (1) within the exper-
imental uncertainty of these data. The maximum relative deviation

δps max = (ps exp – ps eq)/ps exp·100

of the calculated value of the saturated steam pressure from the experimental data of J. Yin et al. (2019) [12] is δps max = 0.1%, 
while for FEOS M. Richter et al. (2011) [9] give δps max = 0.35%.
 Conclusion. The method proposed by the authors of this article for constructing the UFEOS of the refrigerant 
R1234yf enables increasing the accuracy of calculating the equilibrium properties as a result of a physically based choice for 
the structure of the equation of state both in the regular part of the thermodynamic surface and in the vicinity of the critical 
point. The use of statistical characteristics (AAD, BIAS, SDV, RMS) and GOST 34100.3-2017 in estimating the calculated 
characteristics of the UFEOS, adopted in international thermophysical laboratories of leading metrological institutes (for ex-
ample, NIST USA), makes it possible to objectively estimate the accuracy of known experimental information of equilibrium 
properties of R1234yf and of tables of standard reference data developed on the basis of UFEOS.
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