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Abstract
R-1132a is increasingly being considered as a low global warming potential com-
ponent in alternative mixtures to R-23 in specialized low temperature and ultra-
low temperature refrigeration systems. Though the thermodynamic properties of 
R-1132a were investigated in several studies up to 2018, reinvestigations have been 
carried out in recent years. In order to contribute toward these renewed measure-
ments, the critical parameters of R-1132a were experimentally re-determined. 
Thirty-two vapor pressures from 240 K to the critical temperature, fifteen saturated 
vapor and six saturated liquid densities above 254 K and the PvT properties in both 
the vapor phase (98 points) and liquid phase (34 points) from densities of 50 kg·m−3 
to 760 kg·m−3 were also measured. Specific correlations for each of these proper-
ties were optimized and compared to previously available data from the literature. 
Additionally, the Peng–Robinson equation of state was used to represent the afore-
mentioned properties and further utilized to determine the enthalpy and entropy of 
R-1132a.
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1  Introduction

Among the pure hydrofluorocarbons (HFCs) currently being used by the heating, 
ventilation, air-conditioning and refrigeration (HVAC&R) industry, R-23 (trif-
luoromethane) has the highest global warming potential (GWP) which is 14,800 
times that of CO2 [1]. This refrigerant is mainly used either in pure form or in 
mixtures for specialized applications in the refrigeration sector, catering to low 
temperature (LT) and ultra-low temperature (ULT) refrigeration systems which 
can reach temperatures of − 40 °C to − 80 °C. These low temperatures are typi-
cally utilized in specialized laboratory and medical applications such as for the 
storage and transport of COVID-19 vaccines [2]. Under the Kigali amendment, 
R-23 is classified in Annex F-Group II, where it is considered as a byproduct of 
the production of R-22 and does not fall under the typical phase down schedule 
of other HFCs such as R-32, R-134a and R-125. However, considering the tran-
sition of the HVAC&R industry toward using low GWP refrigerants, replacing 
R-23 with a more favorable low GWP alternative seems imminent and essential 
in reducing HFC-related emissions. However, the lack of widely commercialized 
R-23 alternatives limits this transition. Recently, R-1132a, a pure hydrofluoroole-
fin (HFO), is being  considered as a component in mixtures with high potential 
for replacing R-23, R-508, R-170 and similar refrigerants used in LT and ULT 
refrigeration systems [3, 4]. The low GWP value (< 3 [5]) of R-1132a coupled 
with its lower flammability compared to ASHRAE A3 hydrocarbons makes it an 
attractive option for the future. R-1132a was also identified as one of the few 
remaining pure refrigerants which fit several suitable thermodynamic properties 
and modeled performance characteristics as a low GWP next-generation refrig-
erant [6]. Several studies on refrigerant mixtures containing R-1132a have also 
been recently presented by Webster et al. [7], MacNeill et al. [8], Winkler et al. 
[9] and Perera et al. [10], which highlight its potential as a component in future 
low GWP refrigerant mixtures.

As for the thermodynamic properties of R-1132a, Mears et al. [11] presented 
several thermodynamic properties of pure R-1132a in 1955, where several tech-
niques were used to measure the PvT properties in the vapor and liquid phases, 
vapor pressures, saturated liquid and vapor densities, critical parameters and 
liquid viscosities. Otto and Thomas [12] in 1964, presented the PvT properties 
mostly in the subcooled and supercritical regions, the vapor pressures, the satu-
rated densities and the critical parameters. Koschine and Lehmann [13] measured 
the second and third virial coefficients for three isotherms in 1992, and Dymond 
et al. [14] presented the second virial coefficients and correlations in 2002. The 
next complete investigation on R-1132a was carried out by Low [5] in 2018. 
Low measured the vapor pressures, saturated densities, critical parameters and 
heat capacities. Low used these data to formulate a preliminary equation of state 
(EoS) and presented the final data as calculations based on the developed EoS. 
Additionally, Low conducted material compatibility tests, stability and flamma-
bility tests. The most recent investigations related to R-1132a are from Tomas-
setti and di Nicola [15], where the vapor pressures and superheated vapor-phase 
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PvT properties were measured and by Tomassetti et al. [16] where the triple-point 
temperature was presented. Thu et al. [17] recently published the vapor pressures 
along a single isochore in the two-phase region as well.

Till now, an international standard EoS for R-1132a has not been presented in the 
literature. One limiting factor is the lack of multiple sources of overlapping thermo-
dynamic data to ensure the accuracy and validity of measurements. Gimenez-Prades 
et  al. [3] recently pointed out that the data for R-1132a are still scarce and more 
accurate data are required for the development of an EoS for R-1132a. Similar con-
clusions on the lack of data on R-1132a were pointed out by Mota-Babiloni et al. 
[4] in a review on ULT systems. The lack of thermodynamic data has also restricted 
the experimental performance evaluations of R-1132a which is an essential step in 
testing its suitability for LT and ULT systems. In order to contribute to the improved 
information on R-1132a, several thermodynamic properties of R-1132a were meas-
ured in this work, then correlated and compared to the previously available litera-
ture. Additionally, the Peng–Robinson (P-R) EoS was used for calculating the afore-
mentioned properties as well as the extended thermodynamic properties of R-1132a. 
These findings are presented in the following sections.

2 � Experimental Section

2.1 � Isochoric Apparatus

The vapor pressures, critical pressure and single-phase PvT properties of R-1132a 
were all measured using the isochoric method. The isochoric method involves the 
use of an ‘isochoric apparatus’ which consists of a constant volume cell directly 
connected to a pressure transducer which is immersed in a thermostatic bath. The 
bath temperature which is measured using a thermometer can be varied, and the 
pressure (P) and temperature (T) of the refrigerant sample can be measured at the 
desired conditions. By additionally knowing the sample mass (m) and inner volume 
of the cell (Vi), the sample density ( � = m∕Vi ) or specific volume (v) can also be 
calculated to obtain PvT measurements along isochores. Three isochoric apparatus 
were utilized for the experimental measurements in this work. All three devices are 
previously described in detail and are referred to as ‘Apparatus-Higher than Room 
Temperature’ (App-HRT) [18], ‘Apparatus-Lower than Room Temperature’ (App-
LRT) [19] and ‘Apparatus-Wide Range of Temperatures’ (App-WRT) [17]. All three 
apparatus have an upper pressure limit of 7 MPa.

The measurements begin with the cryogenic charging of a required mass of 
refrigerant (m) which has been gravimetrically measured using an electronic mass 
balance and has been explained in detail in the literature [19]. Once the refrigerant is 
charged, the isochoric cell together with the pressure transducer is immersed in the 
thermostatic bath where silicone oil is used as the thermal medium. The desired tem-
perature values are input either in terms of resistance ratio using ITS-90 or in terms 
of Celsius through the data acquisition and control unit. A standard platinum resist-
ance thermometer is used to measure the temperature of the bath, and sufficient time 
is allowed for thermal stability which is signified by the stability of the temperature 
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as well as the pressure readings. Finally, the pressure (P) readings are recorded 
together with the temperature (T) values. This process is repeated for another set 
point temperature until the required points along the isochore are measured.

The final expanded uncertainty is calculated for all measured parameters. For a 
measured parameter x with a 95 % (k = 2) coverage factor, the expanded uncertainty (
Ux

)
 is given in Eq. 1

where k is the coverage factor and ux is the combined standard uncertainty which is 
given in Eq. 2

The combined standard uncertainty ( ux ) consists of the statistical term ( sx ) which 
accounts for the random errors caused by the fluctuations in raw data, while bx 
accounts for the Type-B errors which include the instrument errors. For the meas-
ured parameters of temperature, pressure, volume and density, the final expanded 
uncertainties ( Ux ) for the three apparatus with a coverage factor of (k = 2) are pro-
vided in Table 1. The schematics and detailed uncertainties for App-HRT and App-
LRT and App-WRT have been provided in the literature [17–19].

2.2 � Critical Point Apparatus

The ‘critical point apparatus’ (App-Crit) which has been previously described [20, 
21] was used to measure both the critical temperature and density of R-1132a as 
well as the saturation densities near the critical point.

The principle behind these measurements includes the direct observation of the 
meniscus disappearance level as well as the critical opalescence phenomena which 
occur near the critical point. The main components of the apparatus consist of three 
pressure vessels, i.e., supplying vessel, expansion vessel and optical cell. These three 
vessels are interlinked with isolation valves and mounted on a rocking stage (for agi-
tation and maintaining homogeneity of the sample). These vessels are immersed in a 
thermostatic bath with silicone oil. Temperature was measured with a 25 Ω standard 
platinum resistance thermometer calibrated against ITS-90. The sample density was 
calculated from the sample mass and inner volume.

One of the main advantages of this apparatus is its ability to use an initial mass 
of refrigerant charged into the system to measure multiple points of variable den-
sity values along the coexistence curve. This is achieved by decreasing the sample 
density by removing a fixed amount of sample (evacuation) and the expansion of 
the remaining sample either between the optical cell and expansion cell (secondary 
expansion) or across the three vessels (primary expansion). The detailed process and 
apparatus descriptions are provided in the literature [20, 21].

The experimental uncertainties (k = 2) for the measured saturation conditions are 
dependent on the number of expansions used for changing the sample density. By 
limiting the number of expansions, the uncertainties in density have been kept below 

(1)Ux = k ⋅ ux
||k=2,

(2)ux =

√
s2
x
+ b2

x
.
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0.3 %, while the temperature measurements have an uncertainty of UT = 10 mK. The 
uncertainty at the critical point varies slightly from this due to the larger uncertain-
ties associated with critical opalescence phenomena and difficulty in distinguishing 
the disappearance of the meniscus level. These uncertainties are reported together 
with the new critical parameters of R-1132a.

2.3 � Refrigerant

The refrigerant R-1132a (CAS No. 75-38-7, 1,1-difluoroethene) belongs to the HFO 
family and has a carbon = carbon double bond. It only contains the elements of car-
bon, fluorine and hydrogen as seen in Fig. 1. A summary of several properties of 
R-1132a is provided in Table 2. The high-purity sample used in this work was pro-
vided by Daikin Industries Ltd. The sample purity is reported by manufacturers as 
more than 0.9995 in mass fraction. Additional purification was not carried out.

Fig. 1.   3D molecular structure of R-1132a obtained using Mathematica [29]

Table 2   Information and 
properties of the pure refrigerant 
R-1132a

Parameter Value

Molecular formula C2H2F2

IUPAC chemical name 1,1-difluoroethene
CAS No 75-38-7
Molecular mass/g·mol−1 64.0341 [30]
ASHRAE Std. 34 Name A2 [31]
ASHRAE Std. 34 class R-1132a [31]
ODP 0 [3]
GWP < 3 [5]
Sample purity (mass%) > 99.95
Supplier Daikin Industries Ltd
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The thermodynamic properties of R-1132a presented within this work include: 
the critical temperature and density measured using the meniscus observation 
method; the critical pressure directly measured using an isochoric apparatus at the 
new critical point  (and verified using another isochoric apparatus); the saturated 
vapor pressures measured using three isochoric apparatuses; the saturated liquid and 
vapor densities determined using the direct observations of meniscus disappearance 
near the critical point and using the inflection points of the PvT isochores; the PvT 
properties in the vapor and liquid phases measured along several isochores. Indi-
vidual correlations were optimized for each of these properties. These correlations 
were also compared to previous measurements of R-1132a properties from the lit-
erature sources of Mears et al. [11], Otto and Thomas [12], Low [5], Tomassetti and 
di Nicola [15] and Thu et al. [17]. Additionally, the P-R EoS was utilized to repre-
sent the overall thermodynamic behavior of R-1132a and to obtain its enthalpy and 
entropy.

3 � Results and Discussion

3.1 � Critical Temperature and Density

The critical temperature and density were measured using the App-Crit. Both the 
observations of the disappearance of the meniscus as well as the intensity of the crit-
ical opalescence phenomena were taken into consideration. Through several evacua-
tions and expansions, saturated densities near the critical point were observed.

A sample with a density of 429.9 kg·m−3 had a meniscus level at the center of 
the optical cell at room temperature. When the temperature of the thermostatic bath 
was increased, the meniscus level rose slightly. At a certain temperature, the menis-
cus began to show a change in color to a light yellow (critical opalescence). With 
increasing temperature, the liquid phase began to change in color and the meniscus 
intensity also increased to a dark brown and finally disappeared at 302.601 K. This 
was the first measurement determined to be near the critical point. Since the menis-
cus level was above the center level and the meniscus showed the critical opales-
cence, this point was determined to be located in the saturated liquid phase with a 
higher density than the critical value.

Next the density of 404.6 kg·m−3 was measured, with the meniscus level at room 
temperature being located similarly at the center level. As the temperature was 
increased, the meniscus level dropped very slightly and started to change color (light 
yellow), signifying the critical opalescence phenomena. Though initially the two 
phases above and below the meniscus remained clear, the vapor and liquid phases 
both started to change color together with the increasing of intensity of the menis-
cus at higher temperatures. Finally, the meniscus was almost completely opaque and 
it disappeared at 302.620 K, leaving behind an indistinguishable phase. Since the 
meniscus level was located slightly below the center as it disappeared, the sample 
was determined to be in the saturated vapor phase (lower density than the critical 
density). However, this sample was determined to be very close to the critical point 
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due to the intensity of the observed critical opalescence in both the meniscus and 
two phases.

Additionally, the lower density of 340.3  kg·m−3 was also measured, and the 
meniscus level at room temperature was much lower than the previous sample. With 
increasing temperature, the meniscus level continued to drop till it hit the bottom 
of the optical cell and disappeared at 302.051 K (saturated vapor). This point was 
clearly on the saturated vapor curve with a density much lower than the critical 
density.

Through these measurements and the observations of the meniscus level and 
critical opalescence, the critical density was determined to have a value higher 
than 404.6 kg·m−3 and lower than 429.9 kg·m−3

. The critical temperature should be 
between 302.620 K and 302.601 K. Based on the level at which the meniscus dis-
appeared and the intensity of the critical opalescence of both the meniscus and the 
vapor and liquid phases, the critical density of R-1132a was determined as

Based on the slope of the coexistence curve near the critical point together with 
the temperatures of the saturated liquid and saturated vapor points mentioned above, 
the critical temperature of R-1132a was determine to be

3.2 � Critical Pressure

Using the above critical density, a sample at 413.8 ± 0.6 kg·m−3 was prepared and 
charged into the App-HRT. The isothermal bath temperature was increased to the 
critical temperature of 302.62 K and allowed to stabilize. The critical pressure was 
directly measured and is given below with an expanded uncertainty including a 95 % 
coverage factor (k = 2),

The new measurements for the critical temperature, density and pressure are 
summarized in Table 3 and compared with the previous values from the literature 
as well as predictions using group contributions. The Ambrose group contribution 
method was chosen since it could predict all three parameters and it had the smallest 
combined errors based on the previous work [19, 22].

The newly determined critical temperature is around 0.1 % lower than the values 
provided previously in the literature by Otto and Thomas [12] and Low [5] and is 
0.2 % lower than those by Mears et  al. [11]. The experimental uncertainty of the 
temperature measurement at the critical point of the present work is 0.01 K; Mears 
et al.’s uncertainty is 0.5 K, Low’s [5] uncertainty was stated to be 0.3 K, while Otto 
and Thomas [12] optimized the critical parameter using a correlation for the satura-
tion pressures. Therefore, the new measurement can be considered as an improved 
direct measurement of the critical temperature due to the smaller uncertainty and 

(3)�c = 414 ± 5 kg ⋅m−3.

(4)Tc = 302.62 ± 0.01K.

(5)Pc = 4448 ± 2kPa.



1 3

International Journal of Thermophysics (2023) 44:84	 Page 9 of 30  84

also since the values are within the uncertainty range of Low’s measurements. The 
Ambrose method shows a higher deviation of 0.4 % from the expected values. The 
critical densities on the other hand are all within the experimental uncertainty of 
5 kg·m−3. The values provided by Otto and Thomas [12] are identical to the values 
measured by Higashi, while measurements by Low [5] differ by only 4 kg·m−3 and 
those by Mears et al. [11] differ by 3 kg·m−3. The Ambrose method under-predicts 
the density by 9 kg·m−3, which exceeds the uncertainty of the current experimental 
measurements, but is still relatively quite close to all three measurements from dif-
ferent sources. The similar measurements by four individual laboratories ensure the 
accurate representation of the critical density for R-1132a.

To ensure the reproducibility of the newly measured critical pressure using 
App-HRT, App-WRT was used to re-measure the critical pressure for a sample of 
ρ = 414.3 kg·m−3. The two measurements were within 1 kPa or 0.03 %. This sig-
nifies the reproducibility of the measurement using a different apparatus as well 

Table 3   Critical parameters of R-1132a compared to the values in the literature and to the Ambrose 
empirical prediction based on group contributions

a Meniscus method (App-Crit)
b Meniscus method (sealed tube)
c Meniscus method (variable volume cell)
d Empirical equation (group contribution)
e Extrapolation of rectilinear diameter line (saturated densities)
f Direct measurement (App-HRT)
g Direct measurement (App-WRT)
h Extrapolation of vapor pressure equation
i Direct measurements (isochoric apparatus)

Critical parameter Source Value Deviation Deviation/% Method

Tc/K Present work 302.62 – – a
Mears et al. [10] 303.25 0.63 0.21 b
Otto and Thomas [11] 302.85 0.23 0.08 b
Low [13] 302.81 0.19 0.06 c
Ambrose [23] 301.32 − 1.3 − 0.43 d

ρc/kg·m−3 Present work 414 – – a
Mears et al. [10] 417 3 0.72 e
Otto and Thomas [11] 414 0 0 e
Low [13] 418 4 0.9 c
Ambrose [23] 405 − 9 – 2.23 d

Pc/kPa Present work 4448 – – f
Present work 4447 − 1 − 0.03 g
Mears et al. [10] 4433 − 15 − 0.33 h
Otto and Thomas [11] 4463 15 0.34 h
Low [13] 4461 13 0.29 i
Ambrose [23] 4662 214 4.81 d
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as the accuracy of the critical temperature and density. The R-1132a critical pres-
sures previously provided in the literature by Mears et al. [11], Low [5] as well as 
Otto and Thomas [12] show around 0.3 % deviations from the current value, while 
the Ambrose method has much higher deviations reaching 5 %. Due to the lower 
temperature uncertainties as well as the similar values of the critical density value, 
the newly determined critical pressure within this work can be considered as an 
improved and updated direct measurement.

Overall, it was seen that the empirical methods based on group contributions 
would predict values which showed significant deviations to the experimentally 
determined critical points. Therefore, the use of direct critical point measurements 
with lower uncertainties will be beneficial for the improved development of an equa-
tion of state for R-1132a.

3.3 � Optimized Correlations for the Thermodynamic Properties of R‑1132a

3.3.1 � Vapor Pressures in the Two‑Phase Region along the Saturation Curve

The vapor pressures along the saturation line were measured using a critical isochore 
(App-WRT) in the temperature range of 260 K to 302.62 K (Tc)  and several points 
near the critical point (including the critical pressure) using App-HRT. These meas-
urements are given in Tables 4 and 5, respectively. In order to represent the newly 
measured saturation pressures, a Wagner type correlation [19] shown in Eq. 6 was 
optimized by minimizing the absolute average deviations in pressure (AADP) given 
in Eq. 9. In Eq. 6, the parameters A-D are constants, T is in Kelvin, P is in kPa, Tc is 
the new critical temperature, Pc is the new critical pressure and � =

(
1 − T∕Tc

)
 . The 

optimized parameters A-D together with the AADP are given in Table 6. In order to 
verify this new saturation pressure curve, App-LRT was used to measure the vapor 

Table 4   Vapor pressures and 
sample density along the critical 
isochore up to the critical point 
using App-WRT​

a The critical pressure directly measured at the critical point
b The expanded uncertainties with coverage factor (k = 2) are UT = 10 
mK, UP = 1 kPa and Uρ = 0.002·ρ kg·m−3

T/K P/kPa ρ/kg·m−3

260.000 1567.82 414.67
260.000 1567.78 414.67
270.000 2051.77 414.51
270.000 2051.99 414.51
280.000 2638.93 414.34
280.000 2639.02 414.34
290.000 3344.95 414.18
290.000 3345.06 414.18
300.000 4194.86 414.01
300.000 4194.61 414.01
302.600 4444.66 413.97
302.620 4446.59a 413.97
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pressure in the two-phase region along an additional isochore in the temperature 
range of 240 K to 285 K (Table 7).

(6)lnPCalc = lnPc + (Tc∕TExp)(A� + B�1.5 + C�2.5 + D�5),

Table 5   Vapor pressures and 
sample density along the critical 
isochore near the critical point 
including the critical pressure 
measurement using App-HRT

a The critical pressure directly measured at the critical point
b The expanded uncertainties for the critical point with a coverage 
factor (k = 2) are UT = 10 mK, UP = 2 kPa and Uρ = 5 kg·m−3

c The expanded uncertainties with coverage factor (k = 2) 
are UT = 10 mK, UP = 1 kPa and Uρ = 0.0015 ρ kg·m−3

T/K P/kPa ρ/kg·m−3

295.079 3755.86 413.81
298.178 4028.00 413.86
300.001 4195.54 413.72
302.620b 4447.97a,b 413.67b

Table 6   Optimized parameters for Eq. 6 and the AADP for representing the saturation pressure curve

A/− B/− C/− D/− AADP/%

− 6.8555 1.5762 − 1.8261 − 2.9966 0.007

Table 7   Vapor pressures and 
sample density along the 
saturation curve measured using 
App-LRT for verification of 
the optimized Wagner pressure 
correlation of Eq. 6

a The expanded uncertainties with coverage factor (k = 2) are UT = 30 
mK, UP = 1 kPa and Uρ = 0.003 ρ kg·m−3

T/K P/kPa ρ/kg·m−3

239.696 848.45 411.85
240.099 859.94 411.84
240.104 859.71 411.84
240.116 860.29 411.84
245.086 1008.29 411.77
250.202 1178.85 411.70
250.222 1179.45 411.70
255.113 1363.78 411.63
260.152 1573.63 411.56
260.152 1572.75 411.56
265.073 1799.97 411.49
270.094 2056.84 411.42
270.094 2055.88 411.42
275.137 2338.85 411.34
280.085 2641.96 411.27
285.026 2977.57 411.20
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Two-phase experimental vapor pressure data from the literature by Otto and 
Thomas [12], Tomassetti and di Nicola [15] and Thu et al. [17] and also vapor pres-
sure data determined using the EoS developed by Low [5] were obtained for com-
parison. Though Tomassetti and di Nicola’s data are the newest, it does not include 
a new measurement of the critical point and was limited to the range between 220 K 
and 280  K. The present measurements overlap Tomassetti and di Nicola’s range 
starting from 240  K to 280  K and additionally provide higher temperature vapor 
pressures up to the critical pressure, overlapping those provided by Otto and Thomas 
and Low.

The vapor pressure measurements from the four groups were compared to the 
new Wagner correlation of Eq. 6 introduced within this work. Equation (6) is based 
on a majority of the PT data measured using App-WRT, several PT data near the 
critical point and the newly determined critical pressure measured using App-HRT 
as well as the critical temperature determined using App-Crit. The correlation is 
applicable within the temperature range of 260 K to the critical point based on the 
data used for optimization. The relative deviations of the vapor pressure in compari-
son with the optimized correlation are presented in Fig. 2.

As shown in Fig. 2, the new correlation reproduces the present data within ade-
quate reproducibility since most of the deviations are within ± 0.1 %. The isochore 
which was used for verification purposes (measured using App-LRT) shows a good 
agreement with several measurements of App-WRT for temperature below 275 K. 
Additionally, the deviations from 240  K to 260  K (which is beyond the present 

(7)ΔP = P − PCalc,

(8)ΔP[%] = 100 ⋅
(
P − PCalc

)
∕PCalc,

(9)AADP =

∑
�ΔP[%]�
N

.

Fig. 2   Vapor pressure deviations in the two-phase region along the saturation pressure curve in compari-
son to the optimized correlation of Eq. 6: App-WRT; App-HRT; App-LRT; Otto and Thomas [12]; Low 
[5]; Tomassetti and di Nicola [15]; and Thu et al. [17]
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correlation temperature range) are also within 0.1 %. The small deviations even at 
the extrapolated points suggest that the optimized correlation can accurately pre-
dict vapor pressures beyond the experimental range up to 240 K. The measurements 
from Thu et al. [17] also show similar deviations as expected; most data are within 
0.1  % deviations, except for the low temperature point of 240  K, where they are 
slightly larger at 0.3 %. Higher relative deviations at lower temperatures are more 
acceptable, since the absolute pressure values are much smaller and hence amplify 
the effect on the relative deviations.

The measurements by Tomassetti and di Nicola [15] are around 0.2  % smaller 
for temperature above 240 K up to 280 K. At 240 K, the measurements show good 
consistency with both the measurements from App-LRT as well as the extrapolated 
correlation. The deviations below 240 K up to 230 K are distributed around the axis 
at deviations of around 0.1 %. They have an absolute deviation of less than 2 kPa 
which is similar in value to the experimental uncertainties.

The saturation pressure data provided by Low [5] are calculations based on Low’s 
correlation and are not experimental measurements. These calculations are smaller 
than the new correlation in all instances. They have a distribution of deviations 
between 0.8 % and 0.2 %, with the largest deviations occurring near to the critical 
point and the lower temperatures. The higher deviations at both ends are expected. 
Toward the higher temperature end or nearer to the critical point, Low’s correla-
tion will be closer to their own critical point values. Since these critical points are 
different to those which are newly measured within this work, Low’s calculations 
will show larger deviations near the critical point. The relative deviations can also 
increase at lower temperatures due to the smaller absolute pressures as mentioned 
before. The deviations between 250 K and 280 K are somewhat similar to the devia-
tions for the data of Tomassetti and di Nicola. However, for lower temperatures, the 
data by Tomassetti and di Nicola are closer to the present measurements and corre-
lation, than the data by Low.

The data by Otto and Thomas [12] have positive deviations in all instances, 
unlike the other data from the literature. The deviations reduce in value as they 
reach the new critical point. The measurements within this work and the correla-
tion are located between the measurements by Otto and Thomas and those by Low. 
Tomassetti and di Nicola [15] commented on the consistency of the data by Otto and 
Thomas, due to the very large deviations in comparison to their results. Similar con-
clusions can be made in comparison to the present work, except nearer to the new 
critical point. It is interesting to note that the measurements by Otto and Thomas just 
below the critical point seem to be very similar to the measurements in this work 
and they seem to converge near the new critical point. However, the exact critical 
point provided by Otto and Thomas (based on the optimization of a correlation) is 
almost identical to the value of Low rather than the new measurements of this work.
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3.4 � Derivation of Additional Parameters Based on the Saturation Pressure 
Correlation

The acentric factor (�) for R-1132a was provided by Low [5] as 0.181, and the nor-
mal boiling point (NBP) was also stated to be 190.34 K. Utilizing the new correla-
tion in this work and the new critical parameters, a new acentric factor and NBP for 
R-1132a were calculated and compared. The acentric factor was calculated based 
on the equation provided by Pitzer et  al. [23] given in Eq. 10, where temperature 
is T = 211.834  K, with a saturation vapor pressure of PSat = 296.82  kPa estimated 
through the extrapolation of the vapor pressure correlation Eq. 6. Pr is the reduced 
pressure with respect to the critical pressure Pc, and Tr is the reduced temperature 
with respect to the critical temperature Tc.

The new acentric factor is 0.176, which is around 2.8 % lower than the value pro-
vided by Low. By utilizing the Wagner correlation, the NBP is determined when the 
pressure is 1 atm (101.325 kPa). The NBP = 189.85 K (− 83.30 °C), which is 0.49 K 
or 0.3 % smaller than the value reported by Low.

3.4.1 � Coexistence Curve

The saturated densities were first presented by Otto & Thomas [12] and then by Low 
[5] for the temperature range of 273.15 K to 302.85 K and 193.15 K to 293.15 K 
and the density range of 92 kg·m−3 to 809 kg·m−3 and 4.91 kg·m−3 to 1099 kg·m−3, 
respectively. The saturated densities in this work were measured using two methods 
in the temperature range of 254.52 K to 302.62 K and density range of 51.6 kg·m−3 
to 757.0 kg·m−3 and are shown in Fig. 3. Firstly, App-Crit was used to measure the 
saturated densities and temperatures near the critical point. This method involved 

(10)� = −1 − logPr
||Tr=0.7.

Fig. 3   Coexistence curve for R-1132a constructed using experimental measurements from both the direct 
meniscus measurement method and those derived through the inflection points of the PvT isochores, and 
the saturated densities obtained from Otto and Thomas [12] and Low [5]
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the observation of the meniscus level at room temperatures and the meniscus disap-
pearance with the change in temperature [20].

The second method used the isochoric PvT data together with the saturation 
pressure curve of Eq. 6 to determine the inflection point which signifies the tran-
sition from the two-phase region to either the single-phase vapor region or the 
single-phase liquid region. This method allows a wide range of saturation data to 
be obtained away from the critical point, by using the PvT data. Special consid-
eration was required in determining the inflection points of isochores with higher 
densities. This is due to the presence of PvT measurements in the supercritical 
region. The authors recommend that data in this region are ignored whenever 
possible, to provide a more accurate estimation of the inflection points. The omit-
ted PvT data during these fittings are marked with a superscript ‘a’ in the PvT 
data tables in the next section.

The saturated densities, temperatures and pressure data are provided in Table 8 
for the meniscus based method and Tables 9 and 10 for the inflection point based 
method. The meniscus method does not have a direct pressure measurement, 
and hence, pressure values are estimated using optimized Eq. 6. The exact pres-
sure at the inflection points was also not directly measured and are also based 

Table 8   Saturation density and 
temperature data obtained using 
the critical point apparatus and 
the saturated pressures from 
Eq. 6

a Critical opalescence was observed at these temperatures
b The expanded uncertainties with coverage factor (k = 2) are 
UT = 10 mK and Uρ are given above

Saturated phase ρ/kg·m−3 Uρ/kg·m−3 T/K PCalc/kPa

Vapor 227.5 0.5 297.381 3956
241.7 0.5 298.650 4070
287.4 0.5 300.923 4282
320.3 0.4 302.051 4391
340.3 0.4 302.420 4428
404.6 0.3 302.620a 4448

Liquid 429.9 0.3 302.601a 4446
511.2 0.2 302.029 4389
543.2 0.2 301.254 4314

Table 9   Saturation density and 
temperature data obtained using 
App-HRT and the inflection 
point method and the saturated 
pressures from Eq. 6

a The expanded uncertainties with coverage factor (k = 2) are 
Uρ = 0.0015 ρ kg·m−3, UT = 30 mK and UP = 2 kPa

Saturated phase �′′/kg·m−3 T/K PCalc/kPa

Vapor 58.9 259.63 1552
80.6 270.12 2059
99.9 277.06 2455
129.8 284.60 2947
160.2 290.05 3349
181.5 293.40 3616
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on the above correlation. The errors associated with each method are as fol-
lows: the meniscus method has expanded uncertainties (k = 2) for temperature of 
UT = 10 mK and Uρ for densities which are provided in Table 8 with the experi-
mental data; the PvT inflection points have expanded uncertainties (k = 2) for 
temperature, pressure and density of UT = 30 mK, UP = 2 kPa and Uρ = 0.0015·ρ 
kg·m−3 for App-HRT and UT = 30  mK, UP = 2  kPa and Uρ = 0.002·ρ kg·m−3 for 
App-WRT.

These data together with the critical parameters defined within this work were used 
to optimize a new coexistence curve [24]. A simplified five-term Guggenheim’s equa-
tion [25] was chosen to represent the two saturated curves separately and is given in 
Eq. 11 representing the saturated liquid density 

(
�′
)
 and Eq. 12 for the saturated vapor 

density 
(
�′′

)
 . The optimized coefficients for each phase together with the absolute aver-

age deviation in density (AADρ) are given in Table 11. The deviations between the new 
correlation and the experimental data within this work and those by Otto and Thomas 
[12] and Low [5] are presented in Fig. 4.

(11)��(�c, �) = �c
(
1 + B1�

1∕3 + B2�
2∕3 + B3� + B4�

4∕3 + B5�
5∕3

)
,

Table 10   Saturation density and 
temperature data obtained using 
App-WRT and the inflection 
point method and the saturated 
pressures from Eq. 6

a The expanded uncertainties with coverage factor (k = 2) are 
Uρ = 0.002 ρ kg·m−3

,UT = 30 mK and UP = 2 kPa

Saturated phase ρ/kg·m−3 T/K PCalc/kPa

Vapor 51.6 254.49 1340
100.2 275.99 2390
151.1 288.76 3250

Liquid 633.1 296.78 3903
711.5 288.46 3228
757.0 282.05 2773

Table 11   Optimized parameters for Eqs.  11 and 12 representing the coexistence curve along the satu-
rated liquid and vapor states separately, their respective AADρ and their applicable temperature and den-
sity ranges

Saturated liquid density ( �′ ) parameters for Eq. 11 Saturated Vapor density ( �′′ ) parameters for 
Eq. 12

B1 1.6363 C1 -1.6099
B2 2.0163 C2 -1.9695
B3 -3.0709 C3 -3.5910
B4 0.1658 C4 -0.3869
B5 2.5728 C5 -0.8534
AADρ/% 0.51 AADρ/% 1.09
Density range/kg·m−3 441 (ρc)–757 Density range/kg·m−3 51.6–441 (ρc)
Temperature range/K 296.8–302.62 (Tc) Temperature range/K 254.5–302.62 (Tc)
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The new correlation and measured data in the saturated liquid and vapor states 
match well with the previous results of Otto and Thomas [12] as well as those 
of Low [5] within the applicable density range shown in Table 11 as seen by the 
similar distributions of deviations in Fig.  4. The correlation has slightly higher 
deviations when representing data beyond the current experimental and tempera-
ture ranges, especially when compared to the results by Low. This is a typical 
characteristic observed when extrapolating beyond the experimental ranges. The 
data obtained using both the meniscus method and the PvT inflection points also 
show similar deviations, except for a few measurements nearer to the critical 

(12)���(�c, �) = �c ⋅ e
(C1�

1∕3+C2�
2∕3+C3�+C4�

4∕3+C5�
5∕3),

(13)Δ� = � − �Calc,

(14)Δ�[%] = 100 ⋅
(
� − �Calc

)/
�Calc,

(15)AAD� =

∑
�Δ�[%]�
N

.

Fig. 4   Deviations in densities compared to (a) Eq. 11 for the saturated liquid densities and (b) Eq. 12 for 
the saturated vapor densities
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point. The data in the saturated vapor phase near the critical point show slightly 
larger deviations. Due to the complexity of observing the exact point at which the 
meniscus disappears and the occurrence of critical opalescence, combined with 
the shape of the coexistence curve near the critical point, the higher density devi-
ations for these points are acceptable.

3.4.2 � PvT Properties in the Single Phase

The PvT properties in the single-phase regions were measured using App-HRT for 
temperatures above 300 K and using App-WRT for temperatures above 260 K. The 
isochores in the vapor phase consisted of six measurements using App-HRT with a 

Table 12   PvT properties in the single-phase superheated vapor region measured using App-HRT

a Data in the supercritical region omitted when determining the PvT inflection points
b A single PvT data point in the supercritical region was required for determining the inflection point
c These data are the continuations of the critical isochore beyond the critical point (supercritical region)
d The expanded uncertainties with coverage factor (k = 2) are UT = 10  mK, Uρ = 0.0015  ρ kg·m−3 and 
UP = 1 kPa

T/K ρ/kg·m−3 P/kPa T/K ρ/kg·m−3 P/kPa T/K ρ/kg·m−3 P/kPa

305.000 59.0 1951.19 305.000 100.1 2905.91 305.000 160.6 3825.48
310.000 59.0 1997.40 310.000 100.1 2993.32 310.000 160.5 3984.84
320.000 59.0 2088.92 320.000 100.1 3165.90 320.000 160.5 4297.36
330.000 58.9 2179.62 330.000 100.0 3335.88 330.000a 160.4 4603.27
340.000 58.9 2269.56 340.000 100.0 3503.63 340.000a 160.3 4903.96
350.000 58.9 2358.79 350.000 99.9 3669.66 350.000a 160.2 5200.56
360.000 58.9 2447.41 360.000 99.9 3834.03 360.000a 160.2 5493.53
370.000 58.8 2535.44 370.000 99.9 3996.86 370.000a 160.1 5783.37
380.000 58.8 2622.95 380.000 99.8 4158.37 380.000a 160.0 6070.53
390.000 58.8 2709.92 390.000 99.8 4318.66 390.000a 160.0 6354.98
400.000 58.7 2796.35 400.000a 99.7 4477.82 400.000a 159.9 6637.43
310.000 80.8 2560.02 305.000 130.1 3427.20 310.000 181.8 4222.01
320.000 80.7 2692.70 310.000 130.1 3548.97 320.000a,b 181.7 4587.02
330.000 80.7 2823.76 320.000 130.0 3788.52 330.000a 181.7 4943.83
340.000 80.7 2953.29 330.000 129.9 4023.62 340.000a 181.6 5294.39
350.000 80.6 3081.69 340.000 129.9 4255.20 350.000a 181.5 5639.85
360.000 80.6 3209.04 350.000a 129.8 4483.85 360.000a 181.4 5981.03
370.000 80.6 3335.26 360.000a 129.8 4709.83 370.000a 181.3 6318.68
380.000 80.5 3460.53 370.000a 129.7 4933.60 380.000a 181.2 6652.97
390.000 80.5 3585.00 380.000a 129.6 5155.35 305.000a,c 413.6 4681.24
400.000 80.4 3708.61 390.000a 129.6 5375.27 310.000a,c 413.5 5169.19
– – – 400.000a 129.5 5593.46 315.000a,c 413.4 5658.53
– – – – – – 320.000a,c 413.3 6149.24
– – – – – – 325.000a,c 413.3 6640.06
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density range of 60 kg·m−3 to 180 kg·m−3 and three measurements using App-WRT 
with the density range of 50 kg·m−3 to 150 kg·m−3. The isochores in the liquid phase 
were measured only using App-WRT and consisted of three isochores in the density 
range of 630  kg·m−3 to 760  kg·m−3. Additionally, a single isochore in the super-
critical region as a continuation of the critical isochore was also measured using 
App-HRT. These PvT properties are presented in Tables 12 and 13. Previous meas-
urements in the vapor phase were carried out by Tomassetti and di Nicola[15] with 
the densities being in the lower range (11 kg·m−3 to 76 kg·m−3) and the temperature 
reaching 220 K. Otto and Thomas [12] carried out PvT measurements mostly in the 
liquid phase for the density range of 358 kg·m−3 to 897 kg·m−3 and for temperatures 
between 258 K and 343 K. Mears et al. [11] provided vapor-phase PvT in graphical 
form for the density range of 98 kg·m−3 to 212 kg·m−3 for temperature above 303 K.

3.4.3 � PvT Properties in the Superheated Vapor Phase

The vapor-phase PvT properties shown in Tables 12 and 13 were correlated with the 
virial EoS truncated at the third term given in Eq. 16.

Firstly, for each isotherm the second (B) and third (C) virial coefficients are 
obtained by minimizing the AADP at each temperature. The obtained B and C coef-
ficients for each isotherm are given in Table 14. These B and C values are then used 
to optimize the temperature profiles for each coefficient in order to be able to obtain 

(16)P =
RT

v

(
1 +

B

v
+

C

v2

)
.

Table 13   PvT properties in the single-phase superheated vapor region measured using App-WRT​

a Data in the supercritical region omitted when determining the PvT inflection points
b The expanded uncertainties with coverage factor (k = 2) are UT = 10 mK, Uρ = 0.002  ρ kg·m−3 and 
UP = 1 kPa

T/K ρ/kg·m−3 P/kPa T/K ρ/kg·m−3 P/kPa T/K ρ/kg·m−3 P/kPa

270.150 51.7 1458.29 280.150 100.3 2450.19 300.150 151.2 3569.13
280.150 51.7 1541.68 280.150 100.3 2450.55 300.150 151.2 3569.51
290.150 51.6 1623.22 290.150 100.3 2637.53 305.150 151.2 3719.38
300.150 51.6 1703.42 290.150 100.3 2637.98 305.150 151.2 3719.73
305.150 51.6 1743.09 300.150 100.2 2817.98 310.150 151.2 3867.15
310.150 51.6 1782.52 300.150 100.2 2818.38 310.150 151.2 3867.70
320.150 51.6 1860.72 305.150 100.2 2906.51 320.150 151.1 4157.23
330.150 51.6 1938.17 305.150 100.2 2906.93 320.150 151.1 4157.81
340.150 51.5 2014.93 310.150 100.2 2994.01 330.150a 151.0 4441.45
345.150 51.5 2053.10 310.150 100.2 2994.49 340.150a 151.0 4720.76
– – – 320.150 100.2 3166.70 340.150a 151.0 4721.18
– – – 330.150 100.1 3336.63 345.150a 150.9 4858.94
– – – 340.150 100.1 3504.30 – – –
– – – 345.150 100.1 3587.44 – – –
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the relevant virial coefficient at any temperature. The temperature profiles are rep-
resented using Eqs.  17 and 18, where the optimized coefficients are obtained by 
minimizing the AADP. The AADP is minimized to 0.21 %, and the optimized coef-
ficients for Eqs. 17 and 18 are given in Tables 15 and 16. The virial coefficients for 
each isotherm and the new temperature-dependent functions are shown in Fig. 5.

Table 14   Second (B) and third (C) virial coefficients for experimental isotherms determined by minimiz-
ing the AADp and the B and C coefficients calculated using Eqs. 17 and 18

T/K B/dm3·mol−1 C/dm6·mol−2 BCalc/dm3·mol−1 CCalc/dm6·mol−2

270.150 − 0.2531 0.0134 − 0.2533 0.0146
280.150 − 0.2361 0.0169 − 0.2340 0.0154
290.150 − 0.2187 0.0165 − 0.2165 0.0150
300.150 − 0.1998 0.0139 − 0.2004 0.0142
305.000 − 0.1912 0.0130 − 0.1931 0.0137
310.000 − 0.1838 0.0123 − 0.1859 0.0131
320.000 − 0.1707 0.0115 − -0.1723 0.0121
330.000 − 0.1587 0.0107 − 0.1598 0.0111
340.000 − 0.1477 0.0100 − 0.1482 0.0102
345.150 − 0.1447 0.0107 − 0.1426 0.0098
350.000 − 0.1372 0.0091 − 0.1375 0.0094
360.000 − 0.1278 0.0084 − 0.1275 0.0088
370.000 − 0.1192 0.0078 − 0.1182 0.0082
380.000 − 0.1112 0.0073 − 0.1095 0.0077
390.000 − 0.1046 0.0073 − 0.1014 0.0073
400.000 − 0.0978 0.0070 − 0.0938 0.0070

Table 15   Coefficients for the temperature-dependent function for representing the second virial coeffi-
cient B given in Eq. 17

b0/dm3·mol−1 b1/dm3·K·mol−1 b2/dm3·K2·mol−1

0.122515 − 55.3194 − 12486.2

Table 16   Coefficients for the 
temperature-dependent function 
for representing the third virial 
coefficient C given in Eq. 18

c1/J·K−1·mol−1 c2/J·K−1·mol−1 c3/J·K−1·mol−1 c4/J·K−1·mol−1

0.003693 0.344758 0.016502 − 0.021025
c5/J·K−1·mol−1 c6/J·K−1·mol−1 c7/J·K−1·mol−1 c8/J·K−1·mol−1

1.9626 − 4.24474 − 0.712908 0.093939
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The optimized temperature functions for B(T) and C(T) follow the expected trend 
[10] as seen in Fig. 5. The second virial coefficient experimental data obtained from 
Koshchine and Lehmann [13] and Dymond et al. [14] correspond well to both the 
experimental data determined in this work and to the new temperature-dependent 
function of Eq. 17. The shape of optimized Eq. 18 shows the expected peak near 
the critical point of R-1132a and slowly moves toward the origin as the tempera-
ture is increased. The availability of experimental data on either side of the critical 
point is beneficial in ensuring the proper fitting of C. The third virial coefficient data 
provided by Koschine and Lehmann are very close to the predicted curve except at 
423 K which lies beyond the present experimental range. The general trend in the 
data from Koschine and Lehmann is slightly inconsistent when considering the high 
temperature point of 423 K as it increases in value when it is expected to decrease 

(17)B(T) = b0 +
b1

T
+

b2

T2
,

(18)

C(T) =
RT2
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Fig. 5   Experimentally determined virial coefficients B and C with the optimized temperature dependence 
functions from Eqs. 17 and 18 as well as data from the literature: B of the present work; B of Koschine 
and Lehmann [13]; B of Dymond et al. [14]; B temperature-dependent function of the present work; C 
of the present work; C of Koschine and Lehmann [13]; and C temperature-dependent function of the 
present work
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with higher temperatures after the peak and thus can be ignored. Experimental data 
beyond the present experimental range in both the low temperature and high temper-
ature regions would be further useful for verifying the new correlation and further 
improving it.

By using the temperature-dependent functions for B(T) and C(T), the virial EoS 
was used to determine the deviations in pressure for the PvT data in this work and 
those by Tomassetti and di Nicola [15] and Mears et al. [11] beyond the temperature 
and density range of the present data. The single vapor-phase isochore of Otto and 
Thomas [12] was excluded since it is in the supercritical phase. The data of Mears 
et al. [11] were not provided in tabular form and were extracted from graphical form 
and thus carry a slightly larger uncertainty. The deviations are shown in Fig. 6.

The data by Tomassetti and di Nicola [15] occupy lower densities and can be con-
sidered to be closer to the ideal gas state and are represented better with the virial 
EoS. The AADp for the data by Tomassetti and di Nicola increased very slightly to 
0.22 % compared to the fitting carried out by Tomassetti and di Nicola which gave 
an AADp of 0.20 %. However, this increase is acceptable since the new fitting was 
purely optimized based on the data of the present work and it is still capable of pro-
viding similar deviations to those reported by Tomassetti and di Nicola. This illus-
trates the ability of the new virial coefficient functions to reproduce data from the 
literature which are beyond the fitting range.

The present data show somewhat larger deviations at higher temperatures since 
they have relatively higher densities and are further away from ideal gas behavior. 
However, the deviations are comparable to those of lower densities even at 350 K. 

Fig. 6   Deviations in pressure of the single-phase superheated vapor PvT isochores from the virial EoS 
with optimized B(T) and C(T) coefficients of Eqs.  17 and 18. App-WRT isochores with densities: 50, 
100, 150  kg·m−3; App-HRT isochores with densities: 59, 80, 100, 130, 161 and 181  kg·m−3; Tomas-
setti and di Nicola [15]: 12, 14, 25, 48 and 76  kg·m−3; and Mears et  al. [11]: 98, 128, 154, 164 and 
212 kg·m−3
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The AADp for the present data is 0.21  % which is similar to the AADp obtained 
for Tomassetti and di Nicola’s [15] data. Thus, the newly optimized virial coeffi-
cient functions can be used to reproduce data over a wider range of temperatures and 
densities.

Though the present data and the data by Tomassetti and di Nicola [15] show com-
parable deviations, the data by Mears et al. [11] show a wider distribution of devia-
tions for several of its isochores. A trend similar to those seen above is not visible 
for these data, since the deviations do not correspond to the sample densities or tem-
perature. The uncertainty in experimental data of Mears et al. was stated to be 2 kPa, 
while the extractions of data from graphical representation would also result in a 
slight increase in uncertainty. However, the AADp for Mears et al.’s data is 0.67 % 
which is much smaller than the AADp obtained when using Tomassetti and di Nico-
la’s fitting. The fitting from Tomassetti and di Nicola was restricted to the second 
term of the virial EoS which results in a lower capacity to predict PvT properties for 
higher densities such as those of Mears et al. The new correlation for the vapor PvT 
properties could be considered as an improvement in the previous model due to the 
addition of the third virial coefficient and the wider applicable range.

3.5 � Subcooled Liquid Densities

The Tait correlation given in Eq. 19 together with the β term in Eq. 20 is capable of 
using a combined form of the saturation pressure correlation (Ps) Eq. 6 and saturated 

Table 17   Subcooled liquid-phase PvT properties measured using App-WRT​

a Data in the supercritical region omitted when determining the PvT inflection points
b PvT data in the supercritical region was required for determining the inflection point
c The expanded uncertainties with coverage factor (k = 2) are Uρ = 0.002·ρ kg·m−3, UT = 10  mK and 
UP = 1 kPa

T/K ρ/kg·m−3 P/kPa T/K ρ/kg·m−3 P/kPa T/K ρ/kg·m−3 P/kPa

302.000 633.2 5025.38 290.000 711.6 3673.31 284.000 757.2 3438.91
302.000 633.2 5025.93 290.000 711.6 3674.56 284.000 757.2 3439.32
304.000a,b 633.1 5445.54 292.000 711.6 4236.87 286.000 757.1 4112.35
304.000a,b 633.1 5449.09 292.000 711.6 4238.19 286.000 757.1 4113.09
306.000a 633.1 5874.30 294.000 711.5 4804.74 288.000 757.0 4790.11
306.000a 633.1 5876.40 294.000 711.5 4806.70 288.000 757.0 4790.65
308.000a 633.0 6304.29 296.000 711.5 5376.69 290.000 757.0 5471.08
308.000a 633.0 6307.00 296.000 711.5 5378.00 290.000 757.0 5471.41
310.000a 633.0 6736.92 298.000 711.4 5952.72 292.000 756.9 6154.59
310.000a 633.0 6740.82 298.000 711.4 5953.69 292.000 756.9 6154.89
– – – 299.000 711.4 6242.01 – – –
– – – 299.000 711.4 6242.61 – – –
– – – 300.000 711.4 6531.69 – – –
– – – 300.000 711.4 6531.74 – – –
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liquid density function ( �′ ) Eq. 11 to represent PvT properties in the subcooled liq-
uid region. Its application is strictly limited to the subcooled liquid region and can-
not represent properties in the supercritical region (beyond the critical temperature 
for liquid PvT isochores). Thus, the data which were used for fitting were limited to 
those with pressure and temperature pairs below the critical point. These subcooled 
liquid-phase PvT data are provided in Table 17 with the omitted data signified with 
the superscript ‘a.’ The fitting process was carried out by reducing the error function 
of the AAD� given in Eq. 15. The optimized coefficients a–f and AADρ are given in 
Table 18.

(19)
1

�
=

1

��

[
1 − c ln

(
� + P

� + Ps

)]
,

(20)� = Pc

(
−1 + a�1∕3 + b�2∕3 + d� + f �4∕3

)
.

Table 18   Optimized parameters for Eqs. 19 and 20 for representing the subcooled liquid PvT isochores 
and the AADρ of the fitting

a b c d f AADρ/%

− 0.55099 7.9777 0.15048 4.5732 3.2478 0.4

Fig. 7   Deviations in density of the single-phase subcooled liquid PvT isochores from optimized Eq. 19: 
App-WRT isochores of densities 633, 710 and 760 kg·m−3, and isochores from Otto and Thomas [11] 
618, 645, 684, 695, 728, 742, 798, 832, 851 and 897 kg·m−3
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The deviations for the predictions using Eq. 19 are presented in Fig. 7, with the 
results providing a AADρ of 0.4 %. The measurements of Otto–Thomas [12] in the 
subcooled liquid region have also been included in the deviation plot. The scattering 
of deviations is similar to those measured within this work.

The 760 kg·m−3 isochore shows the smallest deviations. The deviations typically 
increase when the sample density approaches the critical density value. The devi-
ations also typically increase with increasing temperature along an isochore as it 
moves away from the saturated conditions. The isochore of 710 kg·m−3 shows rela-
tively large deviations almost reaching 1.5  %. The isochores of Otto and Thomas 
[12] with similar densities to those in this work show a similar trend. Therefore, 
the results within this work are corroborated through the measurements of Otto and 
Thomas. Several other isochores of Otto and Thomas (above the largest density of 
760 kg·m−3 of this work) present larger deviations and have not been shown in the 
deviation plot above. Additionally, the isochore of 633 kg·m−3 which is very close to 
the supercritical region does not have adequate points below the critical temperature 
to show a trend in deviation.

3.6 � Generalized Representation of R‑1132a Using the Peng–Robinson Equation 
of State

The previous section provided specific correlations for individual properties at dif-
ferent phase conditions. These are important for scientists and researchers involved 
in property measurements and the development of equations of state for refrigerants 
as well as to verify the accuracy of the measurements. However, a more generalized 
representation of refrigerants is crucial for the industry and practical use. The P-R 
EoS [26] given in Eq. 21 has been extensively used for this purpose [27]. There-
fore, the P-R EoS is used to represent R-1132a. This includes its saturation pressure 
curve, coexistence curve, PvT isochores in the single-phase regions and additionally 
the calculated pressure–enthalpy (P–h) properties and temperature–entropy (T–s) 
relationship. In order to utilize the P-R EoS, the following parameters are required: 
critical temperature, pressure and density (Tc, Pc and �c ), which were newly meas-
ured within this work; acentric factor (�) , which was determine using the optimized 
saturation pressure correlation, and the ideal gas specific heat capacity at constant 
pressure ( cIG

P
 ) which was estimated using the Joback method [28] and is given in 

Eq. 22 as a function of temperature.

In Eqs. 21 and 22, P is the pressure in kPa, T is the temperature in K, v is the 
molar volume in m3·mol−1, a is the attraction term, and b is the repulsion term due 
to the volume of molecules as given by Peng and Robinson [26]. The P-R EoS was 
used to compare the measured properties within this work for the saturation pres-
sures, saturated vapor density, saturated liquid density and both the vapor- and 

(21)P =
RT

v − b
−

a

v(v + b) + b(v − b)
,

(22)cIG
P

= −36.63 + 0.1974T + 1.43 × 10−4 ⋅ T2 + 4.38 × 10−8 ⋅ T3.
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liquid-phase PvT properties. Table 19 provides the AAD with respect to pressure or 
density when either the specific correlation is used or the P-R EoS is applied.

Through the observation of the AAD values in Table 19, it is evident that the P-R 
EoS cannot achieve the same precision as the individual correlations. The P-R EoS also 
faces limitations when predicting the liquid-phase behavior. This is an ingrained char-
acteristic of the P-R EoS which could be improved upon by applying the volume trans-
lation to the P-R EoS. Even though the AAD for the specific correlations is smaller, 
the P-R EoS is capable of providing an overall representation of R-1132a as a single 
equation. This makes it useful and easier for practical applications. By utilizing the P-R 

Table 19   Comparison of 
absolute average deviations 
(AAD) of pressure or density 
for the optimized equations for 
each thermodynamic property 
relation and the P-R EoS

Thermodynamic property Specific correla-
tion

P-R EoS
AAD/%

Eqs. AAD/%

Vapor-phase (saturation) pressure (Ps) 6 0.01 0.34
Saturated liquid density 

(
�′
)

11 0.51 13.74

Saturated vapor density 
(
�′′

)
12 1.10 4.39

Superheated vapor pressure (P) 16 0.21 1.29
Subcooled liquid density ( �) 19 0.40 18.94

Fig. 8   Pressure–enthalpy (P–h) diagram for R-1132a constructed using the P-R EoS
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EoS, the P–h diagram and the T-s diagram for R-1132a are constructed and provided in 
Figs. 8 and 9. Additionally, several properties of R-1132a are summarized in table form 
for specific temperatures and pressures and included in the supplementary files.

The P–h diagram shows the saturation curves for R-1132a and the enthalpy at the 
critical temperature calculated using the P-R EoS. The isotherms from 193.15 K to the 
critical temperature (302.62 K) and 330.15 K are shown as well.

The T-s diagram shows the saturation curve for R-1132a and the entropy at the criti-
cal temperature calculated using the P-R EoS. The isobaric lines from the atmospheric 
pressure of 101.325 kPa to the critical pressure (4447.97 kPa) and 7000 kPa are pro-
vided as well.

4 � Conclusions

The interest in the HFO refrigerant R-1132a has been increasing due to its potential 
as an alternative for the high GWP HFC R-23, and this work presented renewed 
measurements of its thermodynamic properties. The new critical temperature, den-
sity and pressure for R-1132a were measured and compared to previous values from 
the literature. The new measurements can be considered as improved measurements 
with lower uncertainties. The saturation pressures of R-1132a were measured using 
the isochoric method, and a correlation was optimized. Measurements from an inde-
pendent apparatus were used to verify this correlation and additional comparisons to 
results in the literature were carried out. The new measurements show good repro-
ducibility among different isochoric apparatuses; they show some acceptability with 
the results of Tomassetti and di Nicola toward the lower temperatures of 230  K, 

Fig. 9   Temperature–entropy (T–s) diagram for R-1132a constructed using the P-R EoS
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while the results by Low increasingly deviate toward both the low temperatures 
and critical temperature; the results by Otto and Thomas near the new critical point 
match well with the present measurements.

The saturated liquid densities and saturated vapor densities were determined 
using the inflection points of the isochores and with the disappearance of the 
meniscus level using the critical point apparatus. These coexistence data were 
used to optimize a correlation for the liquid- and vapor-phase saturated densities 
and they were compared to results from the literature. Data obtained from the 
PvT inflection points and the direct visual observations were comparable to each 
other. The saturated liquid densities were similar to values from the literature 
and showed relatively small deviations; the saturated vapor-phase data showed 
slightly higher deviations, but were similar in values to data obtained from the 
literature. Determining the inflection points through PvT data is an important 
method for increasing the range of obtainable saturated density data.

Next the PvT properties in the single-phase regions were correlated using the 
virial EoS truncated at the third term for the superheated vapor-phase data and 
using a Tait correlation for the subcooled liquid region data. These correlations 
were also compared to previous results from the literature. For the superheated 
vapor phase, the optimized temperature functions of the second virial coefficient 
B showed good consistency with results from Koschine and Lehmann as well as 
Dymond et al. The third virial coefficient C also showed the expected trend with 
temperature, with a peak occurring close to the new critical point, and was sim-
ilar to the results from Koschine and Lehmann as well. The present isochores 
were all well represented by the virial EoS. The relative deviations for the lower 
density isochores from Tomassetti and di Nicola showed a similar distribution to 
present data. The data by Mears et  al. showed slightly larger deviations, which 
could possibly be caused by the extraction of data from graphical sources. The 
liquid-phase PvT data on the other hand showed somewhat larger deviations for 
the second isochore nearer to the critical density, which could be more difficult to 
represent due to the closeness to the supercritical region. The liquid data by Otto 
and Thomas were fairly scattered, but showed similar deviations to the present 
work.

Finally, the P-R EoS was used to predict all of the above property measure-
ments as a generalized representation of R-1132a. The P-R EoS showed difficulty 
in representing liquid-phase properties. Though the AAD was larger when com-
pared to the specific correlations presented above, the P-R EoS was additionally 
used to determine the P–h and T-s diagrams. Several thermodynamic properties 
of R-1132a determined using the P-R EoS are provided in the supplementary 
material in table form.

Supplementary Information  The online version contains supplementary material available at https://​doi.​
org/​10.​1007/​s10765-​023-​03184-4.
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