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    Density data for carbon dioxide (CO2) +trans-1,3,3,3-tetrafluoroprop-1-ene (R-1234ze(E)) mixture at temperatures from 283.32 to 353.02K and pressures up to 10MPa

Therefore, in 1987, the Montreal Protocol proposed that those refrigerants with high ODP should be replaced and eliminated by an environmentally friendly one to protect the ozonosphere (United Nations [START_REF]Montreal Protocol on Substances that Deplete the Ozone Layer (with annex). Concluded at Montreal on 16[END_REF]). In 1998, the Kyoto Protocol to the United Nations proposed that all the countries participating in this protocol should take in charge of limiting greenhouse gas emissions (United Nations [START_REF]Kyoto Protocoltothe United Nations Framework Conventionon Climate Change[END_REF]). In 2014, a F-gas regulation in Europe is created to fix the limit of utilization of the total amount of the most important fluorinated greenhouse gases (F-gases), to ban the use of high GWP fluorinated compound in many new types of equipment, and preventing emissions of F-gases from existing equipment (Anonymous [START_REF][END_REF]). In October 2016, the parties of Montreal Protocol reached an agreement to phase-down HFCs during the meeting in Kigali (UNEP [START_REF]The Kigali Amendment to the Montreal Protocol: HFC Phase-down[END_REF]).

Besides the ODP and GWP, the ideal refrigerant should also meet those standards: high diathermancy, high mobility, high chemical and thermal durability, no toxicity, no flammability and suitable thermodynamic and volumetric properties in the refrigeration system.

To find out a suitable refrigerant with low ODP and low GWP, the optimal composition of refrigerant, and an accurate thermodynamic model, some researches on thermodynamic properties have been done.

In recent years, R1234ze (E) (trans-1,3,3,3-tetrafluoroprop-1-ene) is considered as the next generation refrigerants for its zero ODP and low GWP (GWP<1). However, because of its low latent heat of vaporization and slightly low evaporation pressure, its Coefficient of Performance (COP) and Volumetric Cooling Capacity (VCC) is relatively smaller than usual refrigerants such as R134a and R410a (Qiu et al. [START_REF] Qiu | A study on new refrigerant R1234ze(E) and its mixture[END_REF]).

Carbon dioxide (CO 2 ) was once used as an important refrigerant for half a century. After 1930, the widespread use of CFCs refrigerants eliminated CO 2 . As the current CFCs are eliminated, it is revalued and reapplied. It has ODP=0, GWP=1 (3260 times smaller than that of R404a), safety level A1, at the same time, it is a natural fluid. Those properties enable it to replace CFCs and HCFCs. Its other advantages are: the cooling capacity is 5 times larger than R22;

the pressure ratio of the compressor is small; the heat transfer performance is good; the relative pressure loss during flow is small. However, its critical temperature is around 31°C, which is relatively small (Wu [START_REF] Wu | Refrigeration principle and equipment[END_REF]).

Therefore, the idea of utilization of refrigerant mixtures has been proposed to increase the cycle efficiency and adjust the environment of refrigeration and obtain a coherent temperature glide. Currently, some of the most promising refrigerant mixtures are composed of R1234yf

or R1234ze(E) with HFC or natural refrigerants.

The mixture CO 2 + R1234ze(E) systems have been researched from different aspects. In 2014, the critical loci of CO 2 + R1234ze(E) were measured over the whole composition range (Juntarachat [7]). In 2017, the P-x-y VLE data of CO The uncertainty of molar fractions is determined by the equation ( 1):

(

With where a is the accuracy of the mass balance (a=±0.0001g).

[Table 1] 

Apparatus

The Vibrating Tube Densitometer (VTD), Anton Paar DMA HPM was used to measure the densities. This equipment is similar to that described by Coquelet et al. [10] or Nazeri et al. [START_REF] Nazeri | Densities and derived thermophysical properties of the 0.9505 CO2 + 0.0495 H2S mixture from 273 K to 353 K and pressures up to 41 MPa[END_REF]. A schematic diagram of the apparatus used is presented in figure 1.

[Figure 1] The pressure transducers can measure the pressure with the standard uncertainties of u(p) = 0.002 MPa and u(p) = 0.005 MPa in the ranges of 0-3 MPa and 3-10 MPa, respectively. The pressure and the temperature were recorded using Agilent HP34970A data acquisition unit and the vibration period, τ, also was recorded using a HP53131A data acquisition unit. The calibration will be realized by using a common fluid CO 2 . The relation between the pressure and the density of CO 2 is given by REFPROP™ 10.0 [START_REF] Lemmon | NIST Standard Reference Database 23: Reference Fluid Thermodynamic and Transport Properties-REFPROP[END_REF].

Calibration and Experimental procedure

The densitometer was firstly calibrated using pure CO 2 and forced path mechanical calibration (FPMC) model [13 -14 -15]. The density data from Span and Wagner EoS, implemented in REFPROP 10.0 software [START_REF] Span | A New Equation of State for Carbon Dioxide Covering the Fluid Region from the Triple-Point Temperature to 1100 K at Pressures up to 800 MPa[END_REF] were used to tune the unknown parameters in this model at full ranges of pressures for each measured isotherm. The measurement procedure is well described in previous publication (Coquelet et al. [10], Nazeri et al. [START_REF] Nazeri | Densities and derived thermophysical properties of the 0.9505 CO 2 +0.0495 H 2 S mixture from 273 K to 353 K and pressures up to 41 MPa[END_REF]). It can be noticed that before the appearance of dew point, the temperature of liquid bath should be slightly higher than that of the jacket (around the vibrating tube) (difference about 0.2-0.3°C), to make sure that the first drop of refrigerant appears exactly in the densitometer.

Also, before the appearance of bubble point, the temperature of liquid bath should be slightly low than that of the jacket (around the vibrating tube) (difference about 0.2-0.3°C) to make sure that the first bubble of refrigerant appears exactly in the densitometer.

The uncertainties of densities are therefore calculated using Eq. ( 2) taking into account the calibration with the reference fluid, i.e. carbon dioxide. Measurements are realized at constant temperature and the temperature contribution to the density uncertainty is not considered.

(

) 2 
In Eq. 2, α represents the maximum of absolute deviations ( ) between the experimental CO 2 densities (reference fluid) and that calculated by REFPROP 10.0 at the same conditions of T and P. , the derivative of carbon dioxide density with respect to pressure, is calculated by REFPROP 10.0. As the compressibility depend on the temperature, the density and the pressure, the uncertainties of the compressibility are therefore expressed using the Eq. ( 3):

(3)

Correlation

Two models will be used to correlate the new experimental data.

The first one is the model developed by Wang et al. [START_REF] Wang | Vapor-liquid equilibrium and molecular simulation data for carbon dioxide(CO2) +trans-1,3,3,3-tetrafluoroprop-1-ene(R-1234ze(E)) mixture at temperatures from 283.32 to 353.02K and pressures up to 7.6MPa[END_REF]. The critical temperatures (Tc), critical pressures (Pc) and acentric factors of each pure compound are taken from the REFPROP 10.0 and presented in Table 3.

[Table 3] [START_REF] Peng | A new two-constant equation of state[END_REF], the Wong-Sandler (WS) mixing rules (Eqs. (4) ~ ( 7)) [START_REF] Wong | A theoretically correct mixing rule for cubic equations of state[END_REF] and the NRTL local composition model (Eq. ( 8)) [START_REF] Renon | Local compositions in thermodynamic excess functions for liquid mixtures[END_REF] as excess Gibbs energy model.
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k ij is a binary interaction parameter and .

(

) 8 
with  ii = 0 and  ii = 0.  ji ,  ji (≠ ij ) are adjustable parameters and  ji = 0.3. The adjusted parameters are presented in Table 4.

[Table 4] The second model is of Helmholtz type Eos. All the thermodynamics properties can be determined by derivation of Helmholtz energy. Fundamental Helmholtz EoS are used in REFPROP10.0 to calculate the mixture thermodynamic properties. The definition of Helmholtz energy is given by Eq. 9.

(

) 9 
where is the Helmholtz energy, is the entropy, is the chemical potential of component i, and is the number of components. For each component, the reduced Helmholtz energy α depending on the temperature and the molar density is defined by Eq. 10 (Kunz and Wagner [START_REF] Kunz | The GERG-2008 Wide-Range Equation of State for Natural Gases and Other Mixtures: An Expansion of GERG-2004[END_REF]).

α α α (10) 
where A represents the molar Helmholtz energy, represents the ideal part, and represents the residual part. is the reduced density and is the reduced temperature defined by and with the molar critical density and the critical temperature. The equation of ideal part is given by Eq. 11.

(

) 11 
where and are series of parameters given. The equation of residual part is given by Eq. 12.

(

) 12 
where , , and are series of parameters given, , and are three integers given. For a mixture, the reduced Helmholtz energy is defined by Eq. 13.

α α α (13) 
where represents the molar fraction, and .

represents the reference density, and represents the reference temperature, as shown in Eqs. 14 and 15. The ideal part of the reduced Helmholtz energy depends on that of each component and their molar fraction Eq. 16.

(

) 16 
The residual part depends besides the residual part of component, the empirical multi-parameters function Eq. ( 16).

α α (17) 
where is the binary parameter between each two components, and the departure function of two components, as calculated by Eq. 18.

α , )

In this correlation, is defined as 0, and the departure function isn't taken into account in this model.

The parameters for each pure component is presented in Table 5 [Table 5] By the definition of Helmholtz energy, some of the thermodynamic properties can be calculated by the derivation.

-Calculation of the pressure P (Eq. [START_REF] Wong | A theoretically correct mixing rule for cubic equations of state[END_REF].

By definition, and so,

, = =1 0 0 , + (19) 
-Calculation of the fugacity for each component:

By definition, . For the residual part , the calculation is given by Eq. 20.

and [START_REF] Renon | Local compositions in thermodynamic excess functions for liquid mixtures[END_REF] Eq. 21 is considered for the initialization of binary interaction parameters (Stefan Herrigaus Essen [START_REF] Herrig | New Helmholtz-Energy Equations of State for Pure Fluids and CCS-Relevant Mixtures[END_REF]).

(

) 21 
Binary interaction parameters and are adjusted using Matlab ® , based on the experimental data of bubble point pressure and the composition of vapor phase obtained by Wang et al. [START_REF] Wang | Vapor-liquid equilibrium and molecular simulation data for carbon dioxide(CO2) +trans-1,3,3,3-tetrafluoroprop-1-ene(R-1234ze(E)) mixture at temperatures from 283.32 to 353.02K and pressures up to 7.6MPa[END_REF], using a bubble pressure algorithm and Eq. 22 following objective function of minimization.

(

) 22 
where represents the number of experimental data points. and are given by experimental data, and are calculated by Matlab ® using Helmholtz equation.

The binary interaction parameters , and are adjusted based on experimental data of the molar density obtained during the experiment while and obtained by the previous adjustment for each temperature will be used to the adjustment.

The objective function of minimization is presented by Eq. 23.

(

) 23 
where represents the number of experimental data points. is given by experimental data, is calculated by Matlab ® in using Helmholtz equation.

Results and discussion

The experimental data are presented in Table 6. As it is shown in the Table 6, at a fixed composition, and a fixed pressure, as the temperature rises, the compressibility rises. At a fixed temperature, as the pressure rises, the compressibility of vapor phase decreases and that of liquid phase increases.

Comparisons are done with the predictions using the PR EoS model and presented on figure 2. It can be seen that, the predictions for the PR EoS are in good agreement with the experimental data, but some important deviations particularly for the liquid phase were observed. It justifies the utilization of Helmholtz equation of state.

[Table 6] The adjusted and , as well as the objective function is presented in Table 8.

[Table 8] As it can be seen in Table 8, if the temperature is close to, even higher than the critical temperature, the objective function is larger. It is probably due to the fact that experimental data are less stable and the adjustment is more difficult.

Figure 4 presents the phase diagrams and the comparison with experimental data obtained by Wang et al. [START_REF] Wang | Vapor-liquid equilibrium and molecular simulation data for carbon dioxide(CO2) +trans-1,3,3,3-tetrafluoroprop-1-ene(R-1234ze(E)) mixture at temperatures from 283.32 to 353.02K and pressures up to 7.6MPa[END_REF]. It can be seen that the data are well correlated for temperature lower than the critical temperature of CO 2 . For temperature higher than the critical temperature of CO 2 , the model is not able to represent correctly the data close to the mixture critical point. This point was previously highlighted by Xie et al. [START_REF] Xie | Utilization of CO2 and R1234ze(E) as refrigerant: determination of mixture volumetric properties at the vicinity of critical point[END_REF]. For binary systems, it is not uncommon for multiparametric or molecular models to have difficulties to correctly represent VLE at temperatures below and above the critical temperatures of the most volatile component. We have plotted on figure 4 the results obtained with the CP-PC-SAFT EoS [24] model. The molecular parameters (Table 9) are solved at the critical points and binary interaction parameter k 12 = 0. We can conclude that SAFT model predicts the VLE data with similar and even superior accuracy than the Fundamental Helmholtz energy based EoS.

[Table 9] 10.0 especially for the liquid phase. However, when the temperature is close to the critical temperature or even at supercritical phase, the model over predict the experimental data. We have also compared the density prediction obtained with the predictive CP-PC-SAFT EoS [24] model with our experimental data. The deviations between calculation value and experimental value, MRDρ and BIASρ on densities are defined by Eqs [START_REF] Herrig | New Helmholtz-Energy Equations of State for Pure Fluids and CCS-Relevant Mixtures[END_REF](24).

(

) 23 
The BIAS is defined by:

The deviations in between calculation value and experimental value, MRD and BIAS are presented by Table 10 for the three models. In general, the deviations are smaller with the Helmholtz equation of state and they became larger when the temperature is close to the critical temperature or even at supercritical phase. It appears also that deviations are slightly lower with the CP-PC-SAFT than with the Peng Robinson Equation of state particularly at low temperature, far from the mixture critical point. For the low temperature, the deviation is mainly from the vapor phase, while at high temperature, the deviation is mainly from the liquid phase.

In order to improve the prediction around and above the mixture critical point, it is necessary to have more experimental data. Another possibility is to take into account the departure function and adjust corresponding parameters on more mixture density or speed of sound data.

CO calculated with Helmholtz Eos in Matlab ® using FLASH method with parameters from Table 6.

Figure 5: Comparison between experimental data and predictions using Helmholtz EoS. Table 1: Chemical samples used for experimental work.
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 1 Figure 1 Schematic diagram of pressure and density measurement apparatus. LC: loading cell; V: valve; PP: platinum probe; PT: pressure transducer; PC: personal computer; VP: vacuum pump; DU: data acquisition; Full line: tube; Dotted line: electric wire

  parameters adjusted by VLE experimental data.
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 3 Figure 3 Variation of as a function of the temperature

Figure 4 P

 4 Figure 4 P-x-y Diagram of the CO 2 (1) + R1234ze(E) (2) binary systems. () 283.32K (exp), (▲) 293.15K (exp), (█) 298.15K (exp), (•) 308.13K (exp), () 318.11K (exp), (△) 333.01K (exp), (□) 353.02K (exp). Helmholtz Equation of state (solid line), CP-PC-SAFT EoS (dashed line).
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 232 Figure 2: Comparison between experimental data and predictions using PR EoS model developed by Wang et al.[8] (solid line), REFPROP 10.0 (dotted green line), Helmholtz Equation of state (dotted red line), CP-PC-SAFT EoS (black dashed line).
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 551 Figure 5: Comparison between experimental data and predictions using Helmholtz EoS.
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 2 Figure 2: Comparison between experimental data and predictions using PR EoS model developed by Wang et al.[8] (solid line), REFPROP 10.0 (dotted green line), Helmholtz Equation of state (dotted red line).

Figure 3

 3 Figure 3 Evolution of in function of the temperature.

Figure 4 P

 4 Figure 4 P-x-y Diagram of the CO 2 (1) + R1234ze(E) (2) binary systems. () 283.32K (exp), (▲) 293.15K (exp),(█) 298.15K (exp), (•)308.13K (exp), ()318.11K (exp), (△)333.01K (exp), (□)353.02K (exp). Solid lines:

  .32 K, 293.15 K and 298.[START_REF] Bouchot | Direct Pressure-Volume-Temperature and Vapor-Liquid Equilibrium Measurements with a Single Equipment Using a Vibrating Tube Densimeter up to 393 K and 40 MPa: Description of the Original Apparatus and New Data[END_REF] K below the critical temperature of CO 2 , 308.13 K, 318.11 K, 333.01 K and 353.02 K above) are selected. Density measurements were performed using a vibrating tube densitometer: temperature pressure and period of vibration of the tube were recorded. Calibration must be realized to link density and period of vibration and CO 2 , as reference fluid, is considered. Experimental data will be fitted into Matlab ® environment using Fundamental Helmholtz equation of state by adjustment of the binary interaction parameters. Comparisons will be done with Peng-Robinson equation of state predictions developed by Wang et al.[START_REF] Wang | Vapor-liquid equilibrium and molecular simulation data for carbon dioxide(CO2) +trans-1,3,3,3-tetrafluoroprop-1-ene(R-1234ze(E)) mixture at temperatures from 283.32 to 353.02K and pressures up to 7.6MPa[END_REF].

	2 Experimental part
	2.1. Materials
	CO
	In this work, four mixtures of CO 2 +R-1234ze(E) (in mole %: (20/80), (40/60), (60/40)

[START_REF]Kyoto Protocoltothe United Nations Framework Conventionon Climate Change[END_REF] 

and R1234ze(E) mixture have been measured at temperatures ranging from 283.32 to 353.02 K and pressures up to 7.6 MPa (Wang et al.

[START_REF] Wang | Vapor-liquid equilibrium and molecular simulation data for carbon dioxide(CO2) +trans-1,3,3,3-tetrafluoroprop-1-ene(R-1234ze(E)) mixture at temperatures from 283.32 to 353.02K and pressures up to 7.6MPa[END_REF]

). In 2018, P-ρ and T-ρ VLE diagrams of four mixtures of CO 2 + R1234ze(E) with different compositions (mole fraction % (20/80), (40/60), (60/40), (80/20)) have already been established, at the vicinity of critical point (Xie et al.

[START_REF] Xie | Utilization of CO2 and R1234ze(E) as refrigerant: determination of mixture volumetric properties at the vicinity of critical point[END_REF]

).

However, the database of new refrigerant is still rare, especially the P-ρ diagrams out of VLE for the different mixtures. In general, the strategy of selection of a working fluid is to compare experimental values with the calculated densities and equilibrium properties (VLE), then the enthalpy and finally the COP. Then, if model predictions are not very good, the next step is the optimization of model's parameters that can predict other data that isn't measured. and (80/20) with different compositions (%) were prepared. Measurements are done at a constant temperature. For each mixture, four temperatures between the seven temperatures among (2832 and R-1234ze(E) were purchased from Air Liquide and Honeywell with a purity higher than 99.995 vol.% and 99 vol.% (Table

1

) respectively. Table

2

presents the exact composition of the 4 mixtures. The composition was determined after successive weighing (Wi) of empty recipient, W 1 , recipient with R1234ze(E), W 2 and recipient with R-1234ze(E) and CO 2 ,W 3 . Consequently, and . Considering molar mass, one can calculate the R-1234ze(E) composition:

.

Table 1 : Chemical samples used for experimental work.

 1 

	Chemicals	CAS number	Supplier	Purity (vol %) Analysis method a
	CO 2	124-38-9	Air Liquide	99.995	GC
	R-1234ze(E)	29118-24-9	Honeywell	99	GC

a GC: Gas Chromatography

[Table 2]

Table 2 : Expected composition and real composition mole fractions.

 2 

	Expected composition mole fractions CO 2 R1234ze(E)	Real composition mole fractions CO 2 R1234ze(E)	Uncertainties U(x 1 )
	0.2	0.8	0.21263	0.78737	10 -5
	0.4	0.6	0.40016	0.59984	10 -5
	0.6	0.4	0.59632	0.40368	10 -5
	0.8	0.2	0.79409	0.20591	10 -5

Table 3 : Critical parameters and acentric factors of CO 2 and R-1234ze(E) from REFPROP 10.0 [12].

 3 

	Compound	T c (K)	P c (MPa)	Acentric factor (ω)
	CO 2	304.13	7.377	0.224
	R-1234ze(E)	382.51	3.635	0.313
	The model developed by Wang et al. [8] consists of the Peng-Robinson cubic Equation of
	State (PR EoS) (1978)			

Table 4 : Values of the binary interaction parameters from Wang et al. [8] at each temperature.

 4 

	k
	12

T/ K  12 / J.mol -1  21 / J.mol -1

Table 5 : Values of parameters of CO 2 [16] and R1234ze(E) [22] for Helmholtz EoS

 5 

	k	n 0i,k	d oi,k	t oi,k	c oi,k
			CO 2		
	1	0.388568	1	0	
	2	2.938548	1	0.75	
	3	-5.586719	1	1	
	4	-0.767532	1	2	
	5	0.31729	2	0.75	
	6	0.548033	2	2	
	7	0.122794	3	0.75	
	8	2.165896	1	1.5	1
	9	1.584174	2	1.5	1
	10	-0.231327	4	2.5	1
	11	0.058117	5	0	1
	12	-0.553691	5	1.5	1
	13	0.489466	5	2	1
	14	-0.024276	6	0	1
	15	0.062495	6	1	1
	16	-0.121759	6	2	1
	17	-0.370557	1	3	2
	18	-0.016776	1	6	2
	19	-0.119607	4	3	2
	20	-0.045619	4	6	2
	21	0.035613	4	8	2
	22	-0.007443	7	6	2
	23	-0.00174	8	0	2
	24	-0.02181	2	7	3
	25	0.024332	3	12	3
	26	-0.03744	3	16	3
	27	0.143387	5	22	4
	28	-0.13492	5	24	4
	29	-0.023151	6	16	4
	30	0.012363	7	24	4
	31	0.002106	8	8	4
	32	-0.00034	10	2	4
	33	0.005599	4	28	5
	34	-0.000303	8	14	6
			R1234ze(E)		
	1	0.039828	4	1	
	2	1.812227	1	0.223	
	3	-2.537512	1	0.755	
	4	-0.533325	2	1.24	

Table 6 Experimental isothermal density data for CO 2 +R1234ze(E) mixture system

 6 

	. U(T)=0.08°C,

Table 8 : Adjusted and and objective function OF2.

 8 

	Composition	T/K	β T	γ T	β v	γ v	OF2
		318.17	0.986412 0.998124 1.044502 1.065207	0.0032
	21.3% CO 2 + 78.7% R1234ze(E)	333.01	0.986650 0.994529 1.053472 1.061821	0.0035
		353.05	1.006391 0.991355 1.076660 0.973199	0.0056
		283.09	0.982038 1.005529 1.065055 1.041867	0.0036
	40.0% CO 2 + 60.0% R1234ze(E)	318.19	0.986412 0.998124 1.075621 1.016056	0.0001
		353.00	1.006391 0.991355 1.093223 0.969159	0.0130
		283.04	0.982038 1.005529 1.017762 0.935516	0.0129
	59.6% CO 2 + 40.4% R1234ze(E)	298.33 318.07	0.99488 1.006619 1.012940 1.029388 0.986412 0.998124 1.030651 0.999307	0.0053 0.0007
		353.02	1.006391 0.991355 1.051448 1.242321	0.0078
		283.12	0.982038 1.005529 1.065550 0.959538	0.0049
	79.4% CO 2 + 20.6% R1234ze(E)	293.17 308.26	0.991769 1.004044 1.044714 0.979503 0.983614 1.004744 1.042739 0.966820	0.0038 0.0017
		333.03	0.986650 0.994529 1.028689 1.193879	0.0042

Table 9 : Parameters of the CP-PC-SAFT EoS [24].

 9 

	Component	m		k
	CO 2	2.03351	2.81786	163.49073
	R1234ze[E]	2.95808	3.33702	175.47269

Table 5 :

 5 Values of parameters of CO 2 and R1234ze(E) for Helmholtz EoS

Table 6 :

 6 Experimental isothermal density data for CO 2 +R1234ze(E) mixture system. U(T)=0.08°C,

	U(p)=0.002MPa if p<3MPa and U(p)=0.005MPa if p>3MPa.

Table 7 :

 7 Adjusted and and its objective function

Table 8 :

 8 Adjusted andand objective function OF2.

Table 9 :

 9 Parameters of the CP-PC-SAFT EoS[24].

Table 10 :

 10 MRDρ and BIAS using the Helmholtz EoS, PR EoS and CP-PC-SAFT EoS

 7. The values of the objective function (OF1) are also presented. As an example, the plot of β T in function of the temperature is shown in the figure 3. It can be seen from the figure that there is a discontinuity of β T when the temperature is above the critical temperature of CO 2 .

[Table 7]