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Abstract

The (p, ρ, T ) behavior of trifluoroethene (R1123) was investigated with the iso-

choric method. A total of 87 (p, ρ, T ) data were measured along nine isochores

(42, 98, 151, 197, 296, 493, 691, 790, and 888 kg·m−3) at temperatures from

300 K to 430 K and pressures up to 6.9 MPa. The uncertainties in temperature

are estimated to be within 10 mK below 380 K and 20 mK at higher temperatures,

and the uncertainties in pressure are estimated to be within 1 kPa below 380 K

and 2 kPa at higher temperatures. The estimated relative uncertainties in the den-

sity measurements are 0.15 % or less. A new Helmholtz energy equation of state

was formulated based on the (p, ρ, T ) data and recently published experimental

data for the vapor pressure, liquid and vapor densities including those at satura-

tion, vapor-phase sound speed, and ideal-gas isobaric heat capacity. The equa-
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tion is applicable at temperatures from the triple-point temperature (195.15 K) to

480 K and pressures up to 20 MPa. Typical uncertainties in calculated properties

are 0.1 % for vapor pressures, 0.1 % for liquid densities, and 0.2 % for vapor

densities, except in the critical region where larger deviations up to about 1.5 %

are sometimes observed in densities. The uncertainties in calculated vapor-phase

sound speeds and ideal-gas isobaric heat capacities are 0.03 % and 1 %, respec-

tively. The equation shows reasonable extrapolation behavior at extremely low

and high temperatures, and at high pressures.

Keywords: Density, Equation of state, Heat capacity, Sound speed,

Trifluoroethene, Vapor pressure
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Nomenclature
AAD average absolute deviation (%)
a molar Helmholtz energy (J·mol−1)
B second virial coefficient (dm3·mol−1)
C third virial coefficient (dm6·mol−2)
cp isobaric heat capacity (J·mol−1·K−1)
cv isochoric heat capacity (J·mol−1·K−1)
D fourth virial coefficient (dm9·mol−3)
di density exponent (-)
ei density exponent (-)
Fi relative deviation in calculated value (-)
h molar enthalpy (J·mol−1)
Li penalty for the range of coefficients and exponents (-)
M molar mass (g·mol−1)
mi coefficient (K)
N number of data points (-), number of atoms (-)
Nr number of terms of the residual part (-)
ni coefficient (-)
Pi penalty for thermodynamic constraints (-)
PIP phase identification parameter
p pressure (MPa)
R universal gas constant (8.314462618 J·mol−1·K−1)
S objective function (-)
S 1 Sum of the products of Fi and Wi (-)
S 2 Sum of Pi (-)
S 3 Sum of Li (-)
s molar entropy (J·mol−1·K−1)
T temperature (K)
ti temperature exponent (-)
U uncertainty
v molar volume (m3·mol−1)
Wi weighting factor (-)
w sound speed (m·s−1)
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Superscripts
◦ ideal gas part
′ saturated liquid
′′ saturated vapor
r residual part

Subscripts
b normal boiling point
c critical point
calc calculated value
exp experimental value
ref reference state
tp triple point
s saturation

Greek symbols
α dimensionless Helmholtz energy (-)
βi parameter of the Gaussian terms (-)
γi parameter of the Gaussian terms (-)
δ reduced density (-)
εi parameter of the Gaussian terms (-)
ηi parameter of the Gaussian terms (-)
ρ density (mol·dm−3)
τ reciprocal reduced temperature (-)
ψi scaling factor for S i

ω acentric factor
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1. Introduction

Trifluoroethene (R1123, CAS No. 359-11-5) is a fluorinated ethene isomer,

and its mixtures with difluoromethane (R32) have been considered one possible

alternative to pure R32 as a refrigerant for residential air conditioners due to its

zero ozone depletion, acceptable global warming potential (GWP), and favorable

thermophysical properties. Hashimoto et al. (2019) reported that the 100-yr GWP

of pure R1123 is much less than 1.

In order to evaluate the performance of these novel refrigerant mixtures, ther-

modynamic property measurements were carried out (Fukushima et al., 2015; Hi-

gashi and Akasaka, 2016; Kano et al., 2016; Kayukawa et al., 2016). Based on

these measurements, Akasaka et al. (2016) formulated a preliminary equation of

state for pure R1123, and Akasaka (2016) presented a tentative mixture model for

R1123/32 mixtures. Additional measurements were mode after the publication

of the preliminary equation of state. Kondou and Higashi (2018) measured the

surface tension of pure R1123, and Di Nicola et al. (2018) presented correlations

for the surface tension for low GWP refrigerants including R1123. Mondal et

al. (2019) measured vapor-phase viscosities of R1123/32 mixtures. Raabe (2016)

and Alam and Jeong (2019) performed molecular simulations for thermodynamic

properties of pure R1123 and its mixtures. Kayukawa (2020) published liquid and

vapor densities of pure R1123. Kano et al. (2020) revised their measurements of

the vapor-phase sound speed published in 2016 and performed additional mea-

surements at higher temperatures.

In addition to the property measurements and modeling, experimental studies

on heat transfer characteristics were made for R1123/32 mixtures (Koyama et al.,

2018; Kondou and Koyama, 2018; Kariya et al., 2018; Kondou, 2019). These
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studies used the preliminary equation of state (Akasaka et al., 2016) with the ten-

tative mixture model (Akasaka, 2016) or an estimated model by REFPROP (Lem-

mon et al., 2018). Kondou (2019) pointed out that differences between experimen-

tal and predicted heat transfer coefficients are significant because these mixture

models have not been fully optimized for R1123/32 mixtures.

Safety assessments have also been conducted in parallel with these studies.

Pure R1123 can go a disproportionation reaction with a sudden increase in pres-

sure and release of heat. For this reason, R1123 is not suitable for use as a single-

component refrigerant. Ito et al. (2018) and Otsuka et al. (2018a,b) reported the

analysis of the disproportionation process of pure R1123 and R1123/32 mixtures.

Wu et al. (2019) investigated the flammability of pure R1123 and its mixtures with

R32 and 2,3,3,3-tetrafluoropropene (R1234yf).

In this work, the (p, ρ, T ) behavior was investigated again for pure R1123 with

a higher purity sample than those used in the previous work (Higashi and Akasaka,

2016). Based on the (p, ρ, T ) data and other published experimental data, a new

Helmholtz energy equation of state was formulated. Compared to the preliminary

equation (Akasaka et al., 2016), the new equation provides better agreement with

experimental data in most cases and shows more reasonable extrapolation behav-

ior. Accuracies are improved particularly in the calculations of the liquid density

and vapor pressures at temperatures below 300 K. The applicable range of the

new equation is expanded from that of the preliminary equation. The new equa-

tion will be used to update the mixture model for mixtures of R1123 with R32 and

R1234yf in a future project.
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2. (p, ρ, T) behavior

Figure 1 shows the experimental apparatus used in this work, which employs

the isochoric method and has been often used in our recent studies both for pure

fluids and mixtures of refrigerants, for example, for R1234ze(Z), R245fa (Hi-

gashi et al., 2015), R1123, R1123/32 mixtures (Higashi and Akasaka, 2016), and

R1243zf (Higashi and Sakoda, 2018).

A pressure vessel made of stainless steel was installed in a silicon-oil bath, and

it was connected to a pressure sensor (Paroscientifics, model 42K-101) for direct

pressure measurement. Temperatures were measured with a 25 Ω standard plat-

inum resistance thermometer (Chino, model RF800-2) calibrated against ITS-90

with the aid of an AC thermometer bridge (Tinsley, model 5840). The thermome-

ter was mounted in the vicinity of the pressure vessel at the same level in the

thermostated bath. A PID controller, stirrer, main heater, sub heater, and cooler

were used to keep the temperature constant.

The PID controller detected temperature differences between the set point and

actual measured values, and the output of the sub heater was accordingly adjusted.

Fluctuations in the temperature were observed within 3 mK in the range from

310 K to 380 K, and the expanded uncertainty (k = 2) in the temperature mea-

surements is estimated to be within 10 mK in this range. At higher temperatures

up to 440 K, the fluctuations became greater, and the uncertainty is estimated to be

within 20 mK. The pressure sensor was connected to a pressure indicator to read

the period of the pressure transducer signals. The expanded uncertainty (k = 2) in

the pressure measurements is estimated to be within 1 kPa from 310 K to 380 K

and 2 kPa at higher temperatures up to 440 K, due to the temperature fluctuations.

The density of the sample fluid was calculated from the mass filled in the ves-
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sel and the total inner volume of the vessel and tubing. The mass of the filled sam-

ple was determined from the difference between the masses of the filled and evacu-

ated vessels. They were measured with a precision balance (Mettler Toledo, model

XP1203S) with an uncertainty of 1 mg. The total inner volume (≈ 63.5 cm3) was

given by a function of temperature and pressure, which was previously calibrated

with high purity samples of R32 and R134a. In this work, the function for the

inner volume was revised from that used in previous works (Higashi et al., 2015;

Higashi and Akasaka, 2016) through more accurate calibrations. The expanded

relative uncertainties (k = 2) in the density measurements are 0.15 % or less.

The purity information provided by the manufacturer is summarized in Ta-

ble 1, and the (p, ρ, T ) data measured in this work are given in Table 2. Relative

deviations in the data from calculated values with the new equation are also given.

3. Fundamental equation of state

3.1. Fundamental constants

Table 3 lists fixed-point constants of R1123, as well as other characteristic

properties calculated from the new equation of state. Accurate values for the crit-

ical parameters, particularly, the critical temperature, are required for the formu-

lation of reliable equations of state, since they are often used as the reducing pa-

rameters for the independent variables. This work adopted the critical temperature

and density determined by Higashi and Akasaka (2016); they are 331.73± 0.01 K

and 504±3 kg·m−3 (≈ 6.145 mol·dm−3). This critical temperature was used as the

reducing temperature for the new equation of state without any adjustments. Ex-

perimental critical densities involve uncertainties larger than those in critical tem-

peratures due to the infinite compressibility at the critical point and the difficulty
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of reaching thermodynamic equilibrium; therefore, the critical density determined

by Higashi and Akasaka (2016) was slightly adjusted during the fitting of the new

equation in order to obtain better agreement with densities and vapor pressures

near the critical point. The final value for the critical density is 6.147 mol·dm−3.

Higashi and Akasaka (2016) determined the critical pressure (4.546±0.003 MPa)

by extrapolation of the vapor pressure curve to the critical temperature. The final

equation of this work calculates the critical pressure as 4.5488 MPa at 331.73 K

and 6.147 mol·dm−3. Lentz et al. (2004) reported that the melting point of R1123

is −78 ˚C (195.15 K). In this work, this value is regarded as the triple-point tem-

perature and the lower temperature limit of the applicable range of the equation of

state. The vapor pressure at this point is calculated as 0.03902 MPa.

3.2. Available experimental data

Table 4 summarizes the currently available experimental data for R1123 and

their average absolute deviations (AADs) from calculated values with the new

equation of state. The AAD in any property X is defined as

AADX =
100
Nexp

Nexp∑
i=1

∣∣∣∣∣∣Xi, exp − Xi, calc

Xi, exp

∣∣∣∣∣∣ , (1)

where Nexp is the number of data points in a dataset, Xi, exp is the ith experimental

value, and Xi, calc is the calculated value at the state conditions for Xi, exp. AADs

in density are shown for the (p, ρ, T ) data. Although the equation of state was

fitted to the selected experimental data, comparisons were made to all available

experimental data, including those not used in the development of the equation.

Figure 3 shows the distribution of the experimental (p, ρ, T ) data, vapor pressures,

and sound speeds as well as the vapor pressure curve obtained from the equation

of state.
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3.3. Equation of state

The new equation of state for R1123 is formulated with the Helmholtz en-

ergy as the fundamental property with independent variables of temperature and

density. The equation of state is of the form:

a(T, ρ)
RT

= α(τ, δ) = α◦(τ, δ) + αr(τ, δ), (2)

where a is the molar Helmholtz energy, α is the dimensionless Helmholtz en-

ergy, R is the universal gas constant, τ = Tc/T is the reciprocal reduced tem-

perature, and δ = ρ/ρc is the reduced density. The value of R used in this work

is 8.314462618 J·mol−1·K−1; this is a concise form of the exact value (CODATA,

2018). The dimensionless Helmholtz energy α is split into an ideal-gas part α◦ ex-

pressing ideal-gas properties and a residual part αr corresponding to the influence

of intermolecular forces between molecules. All thermodynamic properties can

be calculated directly from derivatives of Eq. (2). The location of the saturation

boundaries requires an iterative solution of the physical constraints on saturation

(Maxwell criteria). Kretzschmar et al. (1990), Span (2000), and Akasaka (2008)

discuss robust numerical algorithms to correctly obtain the Maxwell solutions.

3.3.1. Ideal-gas Helmholtz energy

The ideal-gas Helmholtz energy α◦ is analytically obtained from an equation

for the isobaric heat capacity of the ideal gas (c◦p) according to the following equa-

tion:

α◦(τ, δ) =
h◦refτ

RTc
−

s◦ref

R
− 1 + ln

δτref

δrefτ
− τ

R

∫ τ

τ0

c◦p
τ2 dτ +

1
R

∫ τ

τ0

c◦p
τ

dτ, (3)

where τref = Tc/Tref , δref = ρref/ρc = pref/(RTrefρc), Tref is the temperature at a

reference state, pref is a reference pressure for the ideal-gas properties, and ρref
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is the ideal-gas density at (Tref , pref). In this work, the Planck-Einstein form was

used to formulate a c◦p equation. The equation has the form

c◦p
R
= n◦0 +

2∑
i=1

n◦i

(
m◦i
T

)2 exp(m◦i /T )
[exp(m◦i /T ) − 1]2 . (4)

The coefficients n◦i and m◦i were initially determined by fitting experimental c◦p

data (Kano et al., 2016), and they were further adjusted during the fitting of the

residual part so that the equation of state expresses vapor-phase sound speeds

within their uncertainties. The final values of n◦i and m◦i are given in Table 5.

Calculated c◦p values from Eq. (4) are shown in Fig. 2, as well as the experi-

mental data of Kano et al. (2016) and those of Kano et al. (2020). The latter data

were not used in the fitting of Eq. (4) because they were published after the equa-

tion of state had been established. Equation (4) represents the data of Kano et al.

(2016) within 0.74 %; the average deviation is 0.34 %. For comparison, c◦p values

obtained from the quantum analysis with Gaussian 09 (Frisch et al., 2013) are also

plotted, and they show a similar trend to Eq. (4) over a wide range of temperature.

Applying Eq. (4) to Eq. (3), the following expression for the ideal-gas Helmholtz

energy is obtained:

α◦(τ, δ) = ln δ + n◦3 + n◦4τ + (n◦0 − 1) ln τ

+

2∑
i=1

n◦i ln
[
1 − exp

(
−

m◦i τ
Tc

)]
, (5)

where values of n◦3 and n◦4, which are also given in Table 5, were determined

so that the specific enthalpy and entropy of the saturated liquid state at 0 ˚C are

200 kJ·kg−1 and 1 kJ·kg−1·K−1, respectively, corresponding to the common con-

vention of the refrigeration industry. Table 5 gives additional digits for n◦3 and
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n◦4 beyond those required to obtain the expected uncertainties in order to better

reproduce the enthalpy and entropy values specified at the reference state.

3.3.2. Residual Helmholtz energy

A functional form for the residual Helmholtz energy was empirically deter-

mined by fitting experimental data. According to recent developments of Helmholtz

energy equations of state for refrigerants, this work used the functional form:

αr(τ, δ) =
5∑

i=1

niτ
tiδdi +

10∑
i=6

niτ
tiδdi exp(−δei)

+

Nr∑
i=11

niτ
tiδdi exp

[
−ηi(δ − εi)2 − βi(τ − γi)2

]
, (6)

where the first, second, and final summations are called polynomial, exponen-

tial, and Gaussian bell-shaped (simply Gaussian) terms, respectively. The values

of ti should be greater than zero, and di and ei should be integers greater than

zero (Lemmon et al., 2009). The polynomial and exponential terms form the ba-

sis of the corresponding states principle, and the coefficients and exponents of

these terms are similar in equations for HFO refrigerants. The Gaussian terms, on

the other hand, are used to model the properties of each fluid more accurately, and

their coefficients, exponents, and number of terms (Nr) are quite different between

fluids. The new equation for R1123 uses a total of 17 terms for the residual part

(Nr = 17).

Various thermodynamic properties can be used while the fitting, including

density, vapor pressure, critical parameters, sound speed, virial coefficients, and

heat capacities. Density and sound speed data are essential to develop accurate

equations of state, because the uncertainties in these properties are significantly

smaller than those in other properties. Selected experimental data for this work are
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given in Table 4, as well as the number of data points incorporated in the fitting.

Lemmon and Jacobsen (2005) originally presented the methods used in the

nonlinear least-squares fitting algorithm to obtain reliable equations of state, and

subsequently some correlators have advanced it during the last decade, e.g., Lem-

mon et al. (2009), Thol et al. (2012), Akasaka et al. (2015), Thol and Lemmon

(2016), Gao et al. (2016), Herrig et al. (2018), and Akasaka and Lemmon (2019).

The most recent fitting techniques are summarized here.

An objective function minimized in the fitting (S ) consists of three sums as

follows:

S = ψ1S 1 + ψ2S 2 + ψ3S 3, (7)

where

S 1 =
∑

Wp,iF2
p,i +

∑
Wρ,iF2

ρ,i +
∑

Ww,iF2
w,i + · · · , (8)

S 2 =
∑

Pi, (9)

and

S 3 =
∑

Li. (10)

The sums S 1, S 2, and S 3 are the sum of squared deviations in experimental prop-

erties from calculated values (F2
i ), the sum of penalties added to keep the equation

within certain thermodynamic constraints (Pi), and the sum of penalties added to

keep the coefficients and exponents of the equation within appropriate ranges (Li),

and ψ1, ψ2, and ψ3 are their scaling factors.

Deviations in density Fρ and in sound speed Fw were calculated as

Fρ =
pexp − pcalc

ρexp

(
∂ρ

∂p

)
T

(11)

and

Fw =
wexp − wcalc

wexp
, (12)
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where the subscripts exp and calc indicate experimental and calculated values,

respectively. The ith data point is individually weighted by weighting factors Wi

according to type, region, and experimental uncertainty. Typical weighting factors

used in this work were 1 for saturated liquid and vapor densities and ideal-gas

isobaric heat capacities, 10 to 102 for vapor pressures and vapor densities, 102

to 104 for liquid densities, and 103 to 104 for vapor-phase sound speeds. Large

weighting factors were sometimes used for vapor pressure data if they were very

consistent with (p, ρ, T ) and sound speed data.

Various thermodynamic constraints were applied to the fitting to ensure that

the equation of state was well behaved near the critical point and would reliably

extrapolate beyond the range of the experimental data. Span and Wagner (1997),

Lemmon and Jacobsen (2005), and Lemmon et al. (2009) discussed these con-

straints in detail. If the equation violated the ith constraint, then a penalty Pi was

added to S 2. Values of Pi changed gradually depending on how much a constraint

was violated. If the equation would completely fulfill all constraints, then S 2

would approach zero.

The final sum S 3 relates to the range of the coefficients and exponents. This

work kept the Gaussian parameters (ηi, εi, βi, and γi) within the following ranges

during the fitting:

0.9 ≤ ηi ≤ 2.5, (13)

0.6 ≤ εi ≤ 1.6, (14)

0.8 ≤ βi ≤ 2.5, (15)

and

0.9 ≤ γ ≤ 1.45. (16)
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These ranges were obtained from the analysis of the new equation of state for

R1234yf (Lemmon and Akasaka, 2020), which was used as a starting point of the

fitting in this work. A penalty Li was added to S 3 when the Gaussian parameters

approached their upper or lower boundaries, even if they were still within the

ranges. If the parameters exceeded the boundaries, then a very large value of Li

was added. No penalty was added if they were far from the boundaries. This

forced the parameters to always remain within the ranges.

The scaling factors ψ1, ψ2, and ψ3 are used to change the contributions of S 1,

S 2, and S 3 to the objective function S . At the early part of the fitting, larger values

were given to ψ2 and ψ3 rather than ψ1 to roughly determine the functional form.

Once the S 2 and S 3 had become sufficiently small, the value of ψ1 was gradually

increased until selected experimental data were properly represented. If some

data were not represented within their uncertainties even though a large weighting

factor was given, then the value of ψ3 was slightly decreased.

The final values of the coefficients and exponents in Eq. (6) are given in Ta-

ble 6. The first two terms in the Gaussian terms (11th and 12th) were used for

properly modeling properties in the critical region because the difference between

their contributions becomes more significant while approaching the critical point.

An example is shown further below that demonstrates the effect of these terms on

the modeling of the isochoric heat capacity.

3.4. Comparisons to experimental data

Figures 4 and 5 show relative and absolute deviations in experimental vapor

pressures. The equation of state was fitted to the data of Higashi et al. (2018),

which are represented with a maximum deviation of 0.44 %; their average devi-

ation is 0.09 %. Due to the difficulty of temperature control near ambient tem-
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peratures, the data at the lowest two temperatures (278 K and 280 K) show larger

relative deviations, where absolute deviations (about 5 kPa) are much greater than

the experimental uncertainty estimated by the author (1 kPa). These data were

less consistent with the (p, ρ, T ) data. While fitting, these data were incorporated

with small weighting factors. For the data above 284 K, the maximum and aver-

age deviations are 0.12 % and 0.03 %, respectively, and their absolute deviations

are mostly within 1 kPa. The data of Higashi and Akasaka (2016) are identical

to those of Higashi et al. (2018) at temperatures above 300 K. Deviations in the

data of Fukushima et al. (2015) are almost always positive, whereas the data of

Kayukawa et al. (2016) show systematic negative deviations. Absolute deviations

in these data often exceed 10 kPa, and they lie outside the y-axis bounds of Fig. 5.

The saturation boundary calculated from the equation of state is shown in

Fig. 6, as well as experimental saturated liquid and vapor densities. The equa-

tion was fitted to the data of Higashi and Akasaka (2016) with small weighting

factors due to their large experimental uncertainties; nevertheless, the equation

reasonably represents all experimental data up to the critical point.

At the critical point the critical isotherm should exhibit a zero slope and in-

flection in the slope. Therefore,(
∂p
∂v

)
T=Tc

=

(
∂2 p
∂v2

)
T=Tc

= 0. (17)

Applying Eq. (17) to the equation of state, the critical temperature and density are

calculated as

Tc,calc = 331.729985 K and ρc,calc = 6.14705966 mol·dm−3. (18)

These values are very close to the reducing temperature and density (331.73 K

and 6.147 mol·dm−3).
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The rectilinear diameter, a mean value of the saturated liquid and vapor den-

sities, is also plotted in Fig. 6. The rectilinear diameter should be straight on T -ρ

diagrams from Tc down to low temperatures such as 0.5 Tc. This is observed in

Fig. 6.

Figure 7 shows deviations in experimental densities from calculated values

with the equation of state. The present data and the liquid density data of Kayukawa

(2020) were used while fitting. The overall average deviation in the present data

is 0.27 %. The average deviations are 0.14 % along the vapor isochores (42, 98,

151, 197, and 296 kg·m−3) and 0.12 % along the liquid isochores (691, 790, and

888 kg·m−3). They are similar to the experimental uncertainty (0.15 % or less).

Along the isochore 493 kg·m−3 (near the critical density) the average deviation is

1.62 %. Larger deviations up to 0.97 % are observed in the data points at the low-

est temperature (close to saturation) along the isochores 197 and 296 kg·m−3. The

average deviation in the liquid densities of Kayukawa (2020) is 0.12 %. Only one

data point at 340 K and 5 MPa shows a larger deviation (−1.46 %) than the other

data, and if this data point is excluded, the average deviation decreases to 0.08 %.

The vapor density data of Kayukawa (2020) were not used in the fitting, and the

equation represents the data with an average deviation of 0.42 %. In these data,

only three data points close to the critical point show particularly larger deviations

up to about 3 %. If these data points are excluded, the average deviation falls to

0.31 %. This is still larger than their experimental uncertainties but acceptable in

engineering applications.

Relative deviations in the experimental data for the vapor-phase sound speed

are shown in Fig. 8. The data of Kano et al. (2016) were used in the fitting, and

the equation represents the data within their experimental uncertainties (0.1 %);

17



the maximum and average deviations are 0.058 % and 0.028 %, respectively. Re-

cently, Kano et al. (2020) slightly revised these data and their uncertainties, and

performed additional measurements up to 333 K. Because this was done after the

equation of state had been established, these new data were not used in the fitting.

The data at 323 K and 333 K show systematic positive deviations up to 0.1 %, but

deviations in other data are similar to those in the old data. The average deviation

in the new data is 0.044 %. This is comparable to the experimental uncertainties

(0.04 %).

3.5. Extrapolation behavior

Figure 9 shows plots of the second, third, and fourth virial coefficients (B, C,

and D) calculated from the new equation of state. Based on the analysis of an

equation of state for the Lennard-Jones fluid, Thol et al. (2016) described the ex-

pected behavior of the virial coefficients over wide ranges of temperature; specifi-

cally, B and C should go to negative infinity at zero temperature, pass though zero

at a moderate temperature, increase to a maximum, and then approach zero at ex-

tremely high temperatures. The theoretical trend in D is slightly different from

those of B and C at temperatures higher than the first maximum; there should be a

second maximum that is smaller in magnitude than the first maximum; thereafter

D should also decrease to zero at very high temperatures. The observed behavior

is in accord with the expected behavior.

Behavior of derived properties such as heat capacities and sound speed in the

critical and extrapolated regions were carefully controlled while fitting. Figure 10

shows the residual isochoric heat capacities cr
v (= cv−c◦v) versus temperature along

the saturation lines, isobars, and the critical isochore (ρ = ρc). Figure 11 depicts

the residual isobaric heat capacities cr
p (= cp − c◦p) versus temperature along the
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saturation lines and isobars in a wider range of temperature. These figures demon-

strate reasonable behaviors of the equation of state not only within the range of

the experimental data, but also for extrapolated states at higher temperatures and

pressures, and lower temperatures. The very steep positive gradients in cr
v along

the saturation lines in the critical region come from the first two terms in the Gaus-

sian terms. The critical isochore monotonically decreases from the critical point

to higher temperatures; this means that temperature derivatives of the residual

Helmholtz energy are properly correlated, because the isochoric heat capacity is

calculated only from the second partial derivative of the Helmholtz energy with

respect to temperature.

The phase identification parameter (PIP) (Venkatarathnam and Oellrich, 2011),

which was originally used to distinguish whether a state point is in the vapor or

liquid phase, has often been used to inspect the behavior of the equation. The PIP

can highlight incorrect behavior in an equation of state, since it is calculated from

higher-order derivatives of the Helmholtz energy. The PIP is defined as

PIP = 2 − ρ


∂2 p
∂ρ∂T(
∂p
∂T

)
ρ

−

(
∂2 p
∂ρ2

)
T(

∂p
∂ρ

)
T

 . (19)

Figure 12 shows the PIP versus temperature along the saturation lines and isobars

from 0.5 MPa to 100 MPa. The saturation lines and isobars are smooth over wide

ranges of temperature and pressure, and no unreasonable behavior is observed.

3.6. Ancillary equations

Ancillary equations are presented for the vapor pressure and saturated liquid

and vapor densities. These equations were formulated based on calculated values
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with the final equation of state. They provide rapid calculations of very close

estimates of the saturation properties and also give excellent initial guesses for

the iterative process to find rigorous solutions for the saturation state from the full

equation of state based on the Maxwell criterion. Coefficients ni of each equation

are given in Table 7.

The vapor pressure ps is correlated with the equation

ln
(

ps

pc

)
=

Tc

T

(
n1θ + n2θ

1.5 + n3θ
1.84 + n4θ

4.54 + n5θ
14.3

)
, (20)

where Tc and pc are the critical temperature (331.73 K) and pressure (4.5488 MPa),

respectively, and θ = 1 − T/Tc. The saturated liquid and vapor densities (ρ′ and

ρ′′) are represented as

ρ′

ρc
= 1 + n1θ

0.337 + n2θ
1.38 + n3θ

2.15 + n4θ
2.59 + n5θ

13.6 (21)

and

ln
(
ρ′′

ρc

)
= n1θ

0.39 + n2θ
1.37 + n3θ

3.96 + n4θ
8.72 + n5θ

19.4 + n6θ
29.4, (22)

where ρc is the critical density (6.147 mol·dm−3). Typical deviations in calculated

values with Eqs. (20), (21), and (22) from the rigorous Maxwell solutions with the

full equation of state are 0.011 %, 0.013 %, and 0.034 %, respectively.

4. Conclusions

The (p, ρ, T ) behavior was investigated for trifluoroethene (R1123) with the

isochoric method. A total of 87 (p, ρ, T ) data were measured along nine isochores

at temperatures 300 K to 430 K and pressures up to 6.9 MPa. The expanded

uncertainties (k = 2) in temperature are estimated to be 10 mK below 380 K and

20 mK at higher temperatures, and those in pressure are estimated to be 1 kPa
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below 380 K and 2 kPa at higher temperatures. The expanded relative uncertainty

(k = 2) in the density measurements is 0.15 % or less.

The new (p, ρ, T ) data, together with published experimental data for R1123,

were used to formulate a new Helmholtz energy equation of state. The experimen-

tal data used in the fitting of the equation are located at temperatures from 263 K

to 430 K and pressures up to 6.9 MPa; however, the equation can be extrapolated

to temperatures to the triple-point temperature (195.15 K) and to 480 K and pres-

sures up to 20 MPa with uncertainties acceptable for engineering applications, be-

cause the equation extrapolates well to higher temperatures and pressures, and to

lower temperatures. Expected uncertainties in calculated properties are 0.1 % for

vapor pressures, 0.1 % for liquid densities, and 0.2 % for vapor densities, except

in the critical region where larger deviations of up to about 1.5 % are sometimes

observed in densities. The uncertainties in calculated vapor-phase sound speeds

and ideal-gas isobaric heat capacities are 0.03 % and 1 %, respectively. Since

the equation of state represents densities, vapor pressures, and vapor-phase sound

speeds within their experimental uncertainties, the heat capacities in the vapor

phase and the latent heat would be calculated reasonably.

As an aid in computer implementation, calculated property values from the

new equation of state are given in Table 8. Supplementary material provides a fluid

file (R1123.FLD) for use in REFPROP (Lemmon et al., 2018) and TREND (Span

et al., 2019), a fluid file (R1123.json) for use in CoolProp (Bell et al., 2014), and

Python codes to display the values in Table 8.

Commercial equipment, instruments, or materials are identified only in order

to adequately specify certain procedures. In no case does such identification im-

ply recommendation or endorsement by the National Institute of Standards and
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Technology, nor does it imply that the products identified are necessarily the best

available for the purpose.
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Fig. 1: Experimental apparatus used in this work: (A) Pressure vessel; (B) Pressure transducer;

(C) Pressure indicator; (D) 25 Ω standard platinum resistance thermometer; (E) Thermometer

bridge; (F) A/D converter; (G) PID controller; (H) Voltage converter; (I) Heater; (J) Stirrer;

(K) Power supply; (L) Computer
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Fig. 2: Ideal-gas isobaric heat capacity (c◦p) of R1123 calculated from Eq. (4): (□) Kano et al.

(2016); (◁) Kano et al. (2020); (×) Gaussian 09 D.01 B3LYP/6-31G(d,p) (Frisch et al., 2013);

(—) Eq. (4).
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Fig. 3: Distribution of experimental data for the (p, ρ, T ) property, vapor pressure, and sound speed

of R1123: (⃝) Higashi and Akasaka (2016) (p, ρ, T ); (△) Kayukawa (2020) ((p, ρ, T ), Vapor);

(▲) Kayukawa (2020) ((p, ρ, T ), Liquid); (×) This work (p, ρ, T ); (▽) Fukushima et al. (2015)

(Vapor pressure); (♢) Higashi and Akasaka (2016) (Vapor pressure); (⊚) Kayukawa et al. (2016)

(Vapor pressure); (∗) Raabe (2016) (Vapor pressure, Simulation); (□□□) Higashi et al. (2018) (Vapor

pressure); (+) Kano et al. (2016) (Sound speed); (◁) Kano et al. (2020) (Sound speed).
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Fig. 4: Relative deviations in experimental vapor pressures of R1123 from calculated values with

the equation of state: (▽) Fukushima et al. (2015); (♢) Higashi and Akasaka (2016); (⊚) Kayukawa

et al. (2016); (□□□) Higashi et al. (2018).
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Fig. 5: Absolute deviations in experimental vapor pressures of R1123 from calculated values with

the equation of state: (▽) Fukushima et al. (2015); (♢) Higashi and Akasaka (2016); (⊚) Kayukawa

et al. (2016); (□□□) Higashi et al. (2018).
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Fig. 6: Saturation boundary and rectilinear diameter calculated from the equation of state and

experimental or simulation data for the saturated liquid and vapor densities: (♦, ⊚) Fukushima et

al. (2015); (∗, ⊕) Raabe (2016): (■,▼) Higashi and Akasaka (2016).
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Fig. 7: Relative deviations in the experimental densities from calculated values with the equation

of state: (⃝) Higashi and Akasaka (2016); (△) Kayukawa (2020) (Vapor); (▲) Kayukawa (2020)

(Liquid); (×) This work.
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Fig. 8: Relative deviations in the experimental data for the vapor-phase sound speed from calcu-

lated values with the equation of state: (+) Kano et al. (2016); (◁) Kano et al. (2020).

38



Fig. 9: Second, third, and fourth virial coefficients (B, C, and D) versus temperature. In this plot,

the values along the y-axis are equal to the value of B, the value of 10 C, and the value of 100 D.

The units of B, C, and D are (dm3·mol−1), (dm6·mol−2), and (dm9·mol−3), respectively.
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Fig. 10: Residual isochoric heat capacity (cr
v) versus temperature along isobars at 0.5, 1, 1.5, 2, 3,

4, 5, 10, 20, 50, and 100 MPa. The critical isochore is the line from the critical point to higher

temperatures with a density equal to the critical density.
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Fig. 11: Residual isobaric heat capacity (cr
p) versus temperature along isobars at 0.5, 1, 1.5, 2, 3,

4, 5, 10, 20, 50, and 100 MPa.

41



Fig. 12: Phase identification parameter (PIP) versus temperature along isobars at 0.5, 1, 1.5, 2, 3,

4, 5, 10, 20, 50, and 100 MPa.
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Table 1: Purity specifications (AHRI Standard 700) for the sample used in this work

Refrigerant Manufacturer Sample purity
(mole fraction)

R1123 AGC Inc., Japan R1123 > 0.9999
HCl < 0.000001
H2O < 0.00002
others < 0.0001
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Table 2: (p, ρ, T ) data of R1123 measured in this work

T p ρ ∆ρ T p ρ ∆ρ

(K) (MPa) (kg·m−3) (%) (K) (MPa) (kg·m−3) (%)
300.183 1.1098 42.07 0.092 370.000 4.2293 150.92 −0.274
310.000 1.1589 42.05 0.052 380.003 4.4408 150.85 −0.255
320.000 1.2081 42.03 0.030 390.000 4.6496 150.77 −0.231
330.000 1.2568 42.01 0.017 400.003 4.8560 150.70 −0.196
340.000 1.3053 41.99 −0.006 320.000 3.4817 197.76 0.820
350.000 1.3531 41.97 −0.012 323.000 3.5851 197.73 0.532
360.000 1.4007 41.96 −0.018 325.000 3.6530 197.71 0.406
370.000 1.4480 41.94 −0.020 330.000 3.8199 197.66 0.203
380.000 1.4951 41.92 −0.023 340.000 4.1435 197.57 0.062
390.000 1.5419 41.90 −0.023 350.000 4.4576 197.48 0.028
400.000 1.5884 41.88 −0.018 360.000 4.7648 197.38 0.012
310.000 2.2522 98.50 0.071 370.000 5.0663 197.29 0.006
320.000 2.3901 98.45 −0.026 380.000 5.3632 197.20 0.002
330.000 2.5247 98.41 −0.079 390.000 5.6560 197.10 0.007
340.000 2.6567 98.36 −0.110 400.000 5.9459 197.01 0.006
350.000 2.7866 98.31 −0.134 410.000 6.2322 196.92 0.024
360.000 2.9148 98.27 −0.153 420.000 6.5158 196.83 0.047
370.000 3.0414 98.22 −0.163 330.000 4.3069 296.74 0.974
380.000 3.1667 98.17 −0.168 335.000 4.5879 296.67 0.139
390.000 3.2907 98.13 −0.164 340.000 4.8610 296.60 −0.005
400.000 3.4141 98.08 −0.169 350.000 5.3932 296.46 0.022
410.000 3.5362 98.04 −0.156 360.000 5.9121 296.33 0.081
420.000 3.6574 97.99 −0.142 370.000 6.4220 296.19 0.100
430.000 3.7775 97.94 −0.111 333.000 4.6679 493.97 4.836
315.000 2.9907 151.31 0.006 335.000 4.8643 493.93 2.489
320.000 3.1118 151.27 −0.146 340.000 5.3592 493.81 1.138
330.000 3.3466 151.20 −0.263 345.000 5.8568 493.69 0.671
340.000 3.5744 151.13 −0.300 350.000 6.3565 493.58 0.402
350.000 3.7966 151.06 −0.295 355.000 6.8578 493.46 0.229
360.000 4.0146 150.99 −0.283 330.000 4.4321 691.61 −0.619
310 K ≤ T < 380 K: UT ≤ 10 mK, Up ≤ 1 kPa, and Uρ ≤ 0.15 %
380 K ≤ T : UT ≤ 20 mK, Up ≤ 2 kPa, and Uρ ≤ 0.15 %
∆ρ = 100(ρexp − ρcalc)/ρexp

(continued)
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T p ρ ∆ρ T p ρ ∆ρ

(K) (MPa) (kg·m−3) (%) (K) (MPa) (kg·m−3) (%)
331.000 4.5888 691.58 −0.283 336.000 6.5489 789.94 0.312
332.000 4.7473 691.55 −0.063 315.000 3.3564 888.47 0.060
334.000 5.0703 691.48 0.137 316.000 3.6557 888.43 0.089
336.000 5.3981 691.42 0.226 317.000 3.9567 888.38 0.112
338.000 5.7304 691.35 0.254 318.000 4.2580 888.34 0.137
340.000 6.0658 691.29 0.266 319.000 4.5608 888.30 0.158
342.000 6.4043 691.22 0.266 320.000 4.8643 888.26 0.178
344.000 6.7454 691.15 0.261 321.000 5.1688 888.22 0.196
324.000 3.8846 790.38 −0.188 322.000 5.4744 888.17 0.212
326.000 4.3153 790.31 −0.012 323.000 5.7809 888.13 0.228
328.000 4.7531 790.23 0.099 324.000 6.0881 888.09 0.242
330.000 5.1960 790.16 0.176 325.000 6.3961 888.05 0.255
332.000 5.6431 790.08 0.234 326.000 6.7046 888.01 0.269
334.000 6.0945 790.01 0.277
310 K ≤ T < 380 K: UT ≤ 10 mK, Up ≤ 1 kPa, and Uρ ≤ 0.15 %
380 K ≤ T : UT ≤ 20 mK, Up ≤ 2 kPa, and Uρ ≤ 0.15 %
∆ρ = 100(ρexp − ρcalc)/ρexp
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Table 3: Fixed-point constants and other characteristic properties of R1123a

Property Symbol Value
CAS number 359-11-5
Chemical formula CF2=CHF
Molar mass M 82.02455 g·mol−1

Critical temperature Tc 331.73 K
Critical pressure pc 4.5488 MPa
Critical density ρc 6.147 mol·dm−3

(≈ 504.2 kg·m−3)
Triple-point temperature Ttp 195.15 K
Triple-point pressure ptp 0.03902 MPa
Saturated liquid density

at triple point ρ′tp 17.01 mol·dm−3

Saturated vapor density
at triple point ρ′′tp 0.02450 mol·dm−3

Normal boiling point temperature Tb 211.911 K
Saturated liquid density

at normal boiling point ρ′b 16.39 mol·dm−3

Saturated vapor density
at normal boiling point ρ′′b 0.05968 mol·dm−3

Acentric factor ω 0.2429
a All properties in this table were determined in this work except M, Tc, and Ttp.
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Table 4: Available experimental data of R1123

Range
Author (year) N(used)a Purity (mass %) T (K) p (MPa) AAD (%) Remarks

Vapor pressure
Fukushima et al. (2015) 16 99.7 313–331 0.59 Isochoric method
Higashi and Akasaka (2016) 13 99.9 300–330 0.01 Isochoric method
Kayukawa et al. (2016) 20 99.9 260–325 1.46 Single-sinker densimeter
Raabe (2016) 7 – 230–300 2.48 Molecular simulation
Higashi et al. (2018) 28(10) 99.99b 278–330 0.09 Isochoric method

Saturated liquid density
Fukushima et al. (2015) 7 99.7 313–331 0.59 Glass float
Higashi and Akasaka (2016) 6(4) 99.9 316–331 0.76 Meniscus observation
Raabe (2016) 7 – 230–300 1.19 Molecular simulation

Saturated vapor density
Fukushima et al. (2015) 5 99.7 330–331 3.20 Meniscus observation
Higashi and Akasaka (2016) 10(6) 99.9 322–331 2.55 Meniscus observation
Raabe (2016) 7 – 230–300 4.25 Molecular simulation

(p, ρ, T ) data
Higashi and Akasaka (2016) 63 99.9 310–430 2.25–6.86 1.41 Isochoric method
Kayukawa (2020) 57 99.9 259–400 0.15–4.24 0.42 Single-sinker densimeter
Kayukawa (2020) 33(7) 99.9 261–340 1.00–7.02 0.12 Single-sinker densimeter
This work 87(20) 99.99b 300–430 1.11–6.86 0.27 Isochoric method

Sound speed
Kano et al. (2016) 36(14) 99.9 263–313 0.05–0.52 0.03 Cylindrical resonator
Kano et al. (2020) 48 99.9 263–333 0.05–0.52 0.04 Cylindrical resonator

Ideal-gas isobaric heat capacity
Kano et al. (2016) 6(6) 99.9 263–313 0.34 Estimated from sound

speed data
Kano et al. (2020) 8 99.9 263–333 0.63 Estimated from sound

speed data
a Numbers in parentheses indicate the number of data points used in the fitting.
b Mole percent
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Table 5: Coefficients of Eq. (4)

i n◦i m◦i (K)
0 4.0
1 7.203 784
2 4.797 2251
3 −9.899717236
4 7.265308393
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Table 6: Coefficients and exponents of Eq. (6) for R1123

i Ni ti di ei ηi βi γi εi

1 0.03549472 1.0 4
2 1.930575 0.244 1
3 −2.198695 0.663 1
4 −0.8067075 1.157 2
5 0.2329929 0.65 3
6 −1.62044 2.0 1 2
7 −1.457021 2.12 3 2
8 0.58284441 1.115 2 1
9 −0.590613 2.286 2 2

10 −0.0209976 0.84 7 1
11 0.4400995 1.26 1 14.1 502.9 1.0615 1.0495
12 −0.4425344 1.187 1 14.1 502.6 1.0616 1.0496
13 2.210698 1.29 1 1.324 1.18 1.293 0.8585
14 −0.46059068 1.45 1 1.904 1.16 1.12 1.145
15 −0.4125844 1.935 1 1.224 1.37 1.05 1.3
16 0.1220793 1.04 1 1.275 1.85 1.284 1.55
17 −0.3193233 1.92 1 2.21 0.72 1.27 0.768
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Table 7: Coefficients of Eqs. (20), (21), and (22)

Eq. (20) Eq. (21) Eq. (22)
n1 −7.416 1.9578 −3.0270
n2 3.349 2.4060 −8.3356
n3 −2.855 −5.3582 −29.515
n4 −4.101 4.0164 −77.370
n5 −4.173 0.49887 −222.98
n6 −38.743
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Table 8: Calculated property values from the new equation of state for R1123 to verify computer

code

T ρ p cv cp w
(K) (mol·dm−3) (MPa) (J·mol−1·K−1) (J·mol−1·K−1) (m·s−1)
260 0 0 54.9842 63.2986 174.185
260 15 13.11323 67.9165 108.577 677.374
260 0.2 0.4003891 57.2899 69.1233 164.681
320 11 5.456590 74.3579 158.839 296.996
320 2 3.235708 75.2904 148.488 134.836
332 6.2 4.576478 87.7735 17935.9 112.642
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