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Abstract 

 

Surface tension is one of the most important thermodynamic properties of the working 

fluids for the design of heat pumps, refrigerators and air conditioners. The Linear 

Gradient Theory have been widely used for the prediction of surface tension. Based 

on this theory and combining with the Peng-Robinson Equation of State, a novel 

model for surface tension calculation is proposed in this work. In this model, new 

correlation of pure substance influence parameter (PSIP) with temperature and 

correlation of binary interaction parameters for influence parameter (BIPc) with 

temperature and with mass fraction, alongside with the adjustment method for these 

two parameters are proposed in order to optimize the model. The PSIPs of several 

common refrigerants and the BIPc of several binary mixtures are adjusted, while the 

new predictions with these adjusted parameters are done. Results with the adjusted 

parameters show a great consistency with the experimental data and a great 

improvement compare to the result obtained with the unadjusted parameters. The 

adjusted parameters can also be used to predict other mixtures with the same 

components but with different compositions. 
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Theory; Influence Parameter; Binary Interaction Parameter 
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Symbols and Abbreviations 

a Cohesive energy parameter in the PR EoS (J m
3
 mol

-2
) 

A Helmholtz free energy (J) 

A’ Parameter in the Miqueu et al. equation related to the acentric factor 

b Covolume parameter in the PR EoS (m
3
 mol

-1
) 

B’ Parameter in the Miqueu et al. equation related to the acentric factor 

c Influence parameter (J m
4
 mol

-2
) 

E, F Parameters of Eq. (18) 

f0 Helmholtz free energy density (J m
-3

) 

Fobj Objective function 

h Height (m) 

kij Binary interaction parameter for cohesive parameter a (BIPa)  

lij Binary interaction parameter for influence parameter c (BIPa)  

m Mass (kg) 

n Mole number or exponent in Eq. (1) 

Ncomp Number of components 

P Pressure (Pa)  

R Ideal gas constant (J mol
-1

 K
-1

) 

T Temperature (K) 

V Volume (m
3
) 

v Molar volume (m
3
 mol

-1
) 

w Mass fraction 

x Molar fraction 

z Position in space 

AAD Absolute Average Deviation 

ARD Absolute Relative Deviation 

BIAS Bias 

BIPa Binary interaction parameter for cohesive parameter a 

BIPc Binary interaction parameter for influence parameter c 

CIP Crossed influence parameter 

GWP Global warming potential 

PR EoS Peng-Robinson Equation of State 

PSIP Pure substance influence parameter 

 

Greek letters 

α α-function 

μ Chemical potential (J mol
-1

) 

ρ Density (kg m
-3

) 

σ Surface tension (N m
-1

) 

ϕ Grand thermodynamic potential (J mol
-1

 m
-3

) 

ϕB Negative pressure (J mol
-1

 m
-3

) 

ω Acentric factor 
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Ωa, Ωb Substance depending factors 

 

Subscript 

C Critical property 

cal Calculated property 

comp Components in the mixture 

est Estimated property using fitting result 

exp Experimental property 

i, j and k Refrigerant species 

L Largest one in all considered species 

ref,REF Reference property 

 

Superscript 

I, II Number of bulk phase 

0 Pure substance bulk phase property 

* Ideal gas state property 

res Residual term 
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1 Introduction 

Fluorinated components are wildly used as the refrigerants in the industries. As preventing 

global warming and ozone layer depletion has become one of the most concerning issues for 

environmental protection, developing refrigerant with lower global warming potential (GWP) has 

been a major trend of research in the recent years. The knowledge of the thermodynamic 

properties and the phase diagram of these refrigerants is essential in the industrial application. 

Surface tension, as a fundamental thermodynamic property, which can influence the heat transfer, 

flow, and the phase-change character, is required for the design of the refrigerators[1, 2]. 

When developing new refrigerant compounds, the number of candidates can be very 

considerable, which makes it difficult to obtain detailed experimental data for all the possible 

candidates. On the contrary, using predictive models can reduce greatly the cost and time. In the 

previous studies, several methods for predicting the surface tension have been proposed, including 

the parachor method [3-6] and its derivatives, the corresponding-states principle [7-9], the Monte 

Carlo simulation [10, 11], the perturbation theory [12, 13], and gradient theory [14-23] to mention 

only a few. Besides, Zuo and Stenby developed the Linear Gradient Theory (LGT) [24] based on 

the gradient theory, simplifying the density gradient in a mixture as linear, thus reduced the 

calculation time without losing accuracy. 

In this work, a new model for calculating the surface tension based on the LGT is proposed for 

both pure substance and binary mixtures. Several pure refrigerants’ surface tensions are calculated 

with this model and compared with the experimental data in the previous studies. Then the 

influence parameters for these substances are adjusted in order to better fit the reality. After that, 

the surface tensions for several binary mixtures are calculated with model and with the previously 

adjusted influence parameters. Besides, by comparing the experimental data with the simulations 

for these binary mixtures, a new correlation for the binary interaction coefficient based on 

temperature and composition is established so as to optimize the model.  

2 Model 

2.1 Equation of State 

In this work, the Peng-Robinson Equation of State (PR EoS) [25] is applied (Eq. (1)) to 

represent the thermodynamic properties of the bulk phase of the fluids.  

  
  

   
 

    

           (1) 

where   is the pressure,   is the temperature,   is the ideal gas constant,   the molar volume, and  

             (2) 



5 

 

     
    

 

  
  (3) 

              
   

  
 

  (4) 

                                (5) 

    
   

  
  (6) 

with    and    the critical temperature and pressure,   the acentric factor,    
 

  
,    

        , and           . It is also worth mentioning that in this research, for the mixtures, a 

mixing rule of van der Waals, also known as the classical mixing rule[26], is applied, which is 

represented with the following equations. 

For the mixture, we have considered the classical mixing rule (Eq. (7)). 

              and          (7) 

with                 ,     and    are the mole fraction of the component   and  , and   ,    

are respectively the cohesive energy parameter   and the covolume parameter   in the PR EoS for 

component  , and     is the binary interaction parameter (BIPa) for the cohesive parameter  . In 

this research, all the BIPa used are calculated with the model of E-PPR78 proposed by Qian et 

al.[27] based on the group contribution method. 

 

2.2 Linear Gradient Theory 

The Gradient Theory (GT) has been thoroughly investigated in the previous studies [14-23, 28], 

so here, only the framework and essential equations of the Linear Gradient theory (LGT) are 

presented. According to GT, before the calculation of the surface tension, a series of equations 

should be solved so as to acquire the density profile in the mixture. In order to eliminate this time-

consuming process, without significantly losing the accuracy[29], an assumption is introduced 

where the density of each component in the mixture between bulk phase is assumed to be linearly 

distributed. In this research, the molar density (noted as  ) is used. For a planar interface with a 

height  , the molar density of component   among the       (number of components) 

components at position   is given by Eq. (8). 

      

  
                              (8) 

where    is a constant for each component  , and we also have to consider Eq. (9). 

   
   

 
 

  
     

 

 
  (9) 

where   
  and   

   denote the molar density of the bulk phase I and II, while     is well the 
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difference between these two molar densities. Similar to the GT, the surface tension is calculated 

with Eq. (10). 

                    
     

  

     
   (10) 

where   is the influence parameter, whose calculation method will be presented in the section 2.3, 

     is the grand thermodynamic potential,    is the negative pressure (   ). The subscript ref 

represents that a reference density is used in this calculation. The selection of this reference molar 

density will also be discussed in the section 2.4. 

According to its definition, the grand thermodynamic potential (Eq. (11)) is determined via the 

Helmholtz free energy density of the mixture       and the chemical potential of bulk phase   
  

for each component  . 

                 
   (11) 

In this equation, the       (Eq. (12)) can be obtained from the Helmholtz free energy  , which 

can be divided into a term    representing the contribution of the pure substances in their ideal gas 

state and a residual term     . 

      
          

 
 

           

 
 

             

 
  (12) 

where   is the total volume of the mixture and     is a vector containing the amount of substance 

for each component  . Then the       can be calculated by Eq. (13). 

            
                   

    

                
 

   
   

             
  

    
   

          

          
                        (13) 

The chemical potential   
  (Eq. (14)) can be obtained from the derivative of the Helmholtz 

energy with respect to the amount of substance for each component, or, the derivative of the 

Helmholtz energy density with respect to the molar density. Similarly, due to the presence of 

Helmholtz free energy, can also be divided into a term representing the contribution of 

components in an ideal gas state and a residual term. 

  
    

               
    

           
 

  
   

  
       

    
   

          

          
  

     

      
  

 
   

        
          

          
             

    

                         
       (14) 

In this equation, all the superscripts 0 denote the bulk phase, while the     is the same     in the 

Eq. (7). In fact, the first two terms in both       and   
  which represent the ideal gas state term 

will cancel each other out in the calculation of      (c.f. Eq. (11)), so in the real calculations, 
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there is no need for searching for a reference pressure, only calculating the residual terms of       

and   
  will be enough.  

 

2.3 Influence parameters 

For Eq. (10), the calculation method of the influence parameter   should correspond to the 

choice of the reference molar density     . Nonetheless, no matter which reference is chosen, the 

crossed influence parameters     (CIPs) are essential for further calculation. It can be obtained 

from the pure substance influence parameter    (PSIP) (Eq. (15))  which is firstly proposed by 

Carey[30]. 

                  (15) 

where     is binary interaction parameter of influence parameter   (BIPc), if      , the CIPs are 

the geometry mean of the PISP, and in analogy with the BIPa     (Eq. (16)). 

        and      ,                    (16) 

Besides, combining the symmetry of Eq. (15) with Eq. (16), we obtained Eq. (17). 

       and        ,                    (17) 

As for the PISPs, being inspired by the work of Zuo and Stendy[28], this work has used Eq. 

(18). 

  

    
            

    (18) 

where    ,    are respectively the constant   and   in the PR EoS for component  ,    and    are 

two coefficients depending on the substance, to be more specific, depending on the acentric factor 

with the Eq. (19). 

   
 

       
 and    

 

       
  (19) 

where   ,   ,    and    are four constants which will be determined with the method introduced in 

section 2.5. Our choice concerning the equations of Ei and Fi is in consistance with equations 

selected by Miqueu et al. 2003 [15], for the prediction of influence parameter c. In fact, the 

polynomial equations proposed by Zuo and Stenby [28] can lead to important deviations if the 

model is applied in predictive way for molecules when their acentric factor are not in the range of 

acentric factors of molecules considered in the fitting procedures. 

 

2.4 Reference molar density 
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In general, the molar density of either the mixture or one of the components can be chosen as 

the reference, so in the following parts, two approaches of choosing the reference and its 

corresponding method for calculating the influence parameter will be presented. 

2.4.1 Density gradient approach 

The first approach consists in choosing the component with the maximal difference between 

the molar density of the two phases in equilibrium in order to have a maximal coverage in the 

integral (Eq. (20).  

        with                                (20) 

The subscript   denotes that this is the component with the “Largest” difference of molar density. 

For this type of reference molar density, the influence parameter should be determined with the 

difference of the molar density (Eq. (21)). 

        
   

   
  

   

   
     (21) 

 

2.4.2 Mole fraction approach 

The molar density of the mixture can be also chosen as the reference (Eq. (22)).  

       with        and         (22) 

where the    is the mole fraction of component   in the liquid phase. For this type of reference, the 

influence parameter is determined with the mole fractions by Eq. (23).: 

               (23) 

It is worth mentioning that if the studied fluid is well a pure substance (    ), for both 

approaches, we shall have     , since         or     . This property is the basis of the 

adjustment of the PSIP, which will be discussed in the next section.  

2.5 Pure substance influence parameter adjustment 

As it is discussed in the previous section, for a pure substance,     , besides, since   is 

independent to a variable of molar density inside the integral, Eq. (10) can well be rewritten as Eq. 

(24). 

                      
     

  

     
   (24) 

if we note                       
     

  

     
 , then Eq. (24) becomes Eq. (25). 
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   (25) 

By injecting this equation into Eq. (18), we have Eq. (26). 

        
   

  

    
    

  

    
 

 

    
     (26) 

Recalling here that    is also depending on the temperature, Eq. (26) can be written as Eq. (27). 

     
 

  
 
  

 
     

    
    

 

       
       (27) 

On the right side of this equation, by introducing a group of   experimental surface tension 

data with different temperatures, noted as                         we can calculate the 

experimental  , noted as            
      

    

    
    

 

       
               . On the left side, the set 

of estimated    noted as                     
 

  
 
      

             is calculated with the 

estimated        and       . Now, an objective function is defined by Eq. (28). 

                        
                   

         
 
 

  
     (28) 

The adjustment of the pair                 is in fact the search for a such pair that minimizes the 

objective function       , and the adjusted influence parameter for this substance can be calculated 

with the pair                 and with Eq. (18). In order to have a more comprehensive estimation 

of PSIP for other substance, the constants   ,   ,    and    remind to be determined. After 

repeating the process of searching for the pair                 for a sufficient amount of substance, 

we can move to the adjustment of   ,   ,    and   . Similarly, the dataset of estimated        and 

       of    substance is noted as                                    , while that calculated 

with   ,   ,    and    is noted as             
 

       
             

 

       
            . We 

can define 2 other objective functions similar to        (Eqs.(29-30)). 

                
                     

          
 
 

  
     (29) 

                
                     

          
 
 

  
     (30) 

Similarly, the adjusted group of constants   ,   ,    and    is in fact a such group that 

minimize        and       . In the end, with all the coefficients and constants adjusted, given with 

the temperature and the acentric factor of a studied fluid, its PSIP can be calculated with Eq. (19) 

then with Eq. (18). 

2.6 Binary interaction parameter adjustment 
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Unlike the PSIP, the BIP only occurs when the studied fluid is well a mixture. Since the 

determination method of BIPa has already been mentioned in the previous section, here in this 

section, only the calculation and adjustment method for the BIPc     will be discussed. Besides, in 

this work, we mainly focus on the binary mixtures (    ); thus, according to Eq. (16), only     

need to be determined and adjusted. 

As can be found in the experimental data on the surface tension of the binary mixtures in the 

previous research,     for two substances depend on both the temperature and the composition of 

the mixture. Since in the prior works, mass fractions are usually used to represent the composition 

of the mixture, we also use in this work the mass fraction     of the component   as the 

measurement for the composition. In addition, by convention, when           , the mixture is 

well a pure substance, so we define                 . As a result, we use Eq. (31) for the 

calculation of     with   and   : 

                                               
   (31) 

where     ,      and      are three coefficients which depend only on the temperature (Eq. 

(32)). 

          
  

    
 and           

  

    
 and      

  

      
  

  

      
       (32) 

where   ,   ,   ,   ,   ,   ,   ,   ,    and    are ten temperature-independent parameters that 

need to be determined for one pair of substance. One can easily found that with this correlation, 

                    , while we also have        , since this is well a binary mixture. 

The first step of adjustment     consists in finding the value of the three temperature-dependent 

coefficients under constant temperature with the help of different mass fractions. However, before 

moving into the detailed adjustment process,     need to be calculated with the experimental data. 

Similar to the adjustment of PSIP, we start with Eq. (10) by extracting the influence parameter, by 

using the same notation as the adjustment of PSIP, we consider Eq. (33). 

  
  

    
   (33) 

Only this time, the influence parameter   is no longer equal to the PSIP of one component but a 

sum of a few terms. As it is discussed in section 2.3, two different approaches can be used to 

calculate  , however, in this section, only the first density gradient approach for choosing the 

reference density is used to demonstrate the adjustment of    . We can derive from Eqs. (15 and 21) 

that for a binary mixture (Eq. (34)). 

     
   

   
 
 
    

   

   
 
 
  

   

   
  

   

   
              (34) 

Then combining Eqs. (32 and 34), we obtain Eq. (35). 
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  (35) 

Similarly, by introducing the experimental data of surface tension, we can calculate the dataset 

of          with    different mass fractions under a given temperature. Then with the correlation 

defined in Eq. (35), and with an estimated group                 , we can calculate the 

estimate     with the same temperature, noted as         . We can also define another objective 

function (Eq. (36)). 

                         
                 

        
 
 

  
    (36) 

In this way, the adjustment of the group                           consists of finding such a 

group that minimizes the objective function       . 

After calibrating the group                  with different temperatures, we can move on to 

the determination of the nine constants to establish the expressions of                 . 

Similarly, we can calculate the group                              with the estimated value of the 

nine constants and compare it with the group                              obtained in the 

previous step by using the objective functions defined by Eqs. (37-39). 

                   
                 

        
 
 

  
     (37) 

                   
                 

        
 
 

  
     (38) 

                      
                 

        
 
 

  
     (39) 

Then this last step consists in searching for a group of these nine constants that minimize these 

three objective functions. 

3 Results and discussion 

As the method is based on the evaluation of the density gradient, we have checked the 

predicted densities deviations between PR EoS and REFPROP for the pure component and the 

mixtures. The results are presented in the Supplementary File. As we can see, the PR EoS under 

predicts the liquid densities. We can consider that it is not a problem as the parameters of 

influence parameter or the BIPc are adjusted on experimental data. The problem concerning 

surface tension calculation happens only close to the pure component and mixture critical point.  

3.1 Prediction of the surface tension before adjustment 

The very first application of the model focuses on the prediction of the surface tension for a 
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pure substance. Due to a lack of the prior adjustment of PSIP for the model, the expressions for 

the PSIP presented in the work of Miqueu et al., which is proven suitable for the gradient theory 

combining with the PR EoS model, is used in this part. These expressions are given by[16]:  

 
  

    
              (40) 

where           the reduced temperature, while    and    are two coefficients related to the 

acentric factor as: 

     
      

               
  

     
      

               
 (41) 

The surface tensions of several common refrigerants are calculated with the model. The results 

are then compared with the experimental data in the prior works. Table 1 shows relative 

information of the tested refrigerants.  

The results are shown in Fig. S1 in supplementary file. In general, even without calibrating the 

influence parameter, the calculated results still show a high consistency with the experimental data, 

which shows the validity of the model. Nonetheless, some small differences (e.g., Fig. S1 (a), (h) 

at a low temperature and Fig. S1 (i)) can still be observed between the prediction and the 

experiment, which has induced a necessity of the adjustment.  

 

Table 1: Tested refrigerants, their critical temperatures, critical pressures, acentric factors, 

reference number for the thermodynamic properties and for the experimental data 

Refrigerant    /K    MPa   
Properties’ 

reference 

Data’s 

reference 

R32 351.26 5.782 0.2769 REFPROP [32] 

R125 339.17 3.6177 0.3052 REFPROP [33] 

R134a 374.21 4.0593 0.32684 REFPROP [33] 

R152a 386.41 4.5168 0.27521 REFPROP [33] 

R1123 331.73 4.5426 0.261 REFPROP [32] 

R1233zd(E) 438.75 3.573 0.3050 [34] [34] 

R1234yf 367.85 3.382 0.280 [35] [35, 36] 

R1234ze(E) 382.51 3.6349 0.313 REFPROP [37] 

R1234ze(Z) 423.27 3.533 0.3274 [34] [34] 

R1243zf 376.93 3.517 0.2605 [34] [34] 

 

3.2 Adjustment of PSIP 
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In order to better calibrate the related coefficient and constants for calculating influence 

parameter, more refrigerants are introduced in this part. Table 2 presents the relative information 

regarding all the refrigerants used in this part. It is worth mentioning that for some of the 

substances, not all the data from the reference are used in the adjustment process. The unused data 

are mainly concentrated on the data with the temperature near the critical points, and the 

calculated results with these unused data show some enormous differences with the experimental 

data. This is mainly caused by the default of the PR EoS near the critical points, where certain 

hypotheses are no longer valid. Thus, the densities of the two phases at equilibrium calculated by 

using this equation of state, which are essential for the later calculation of the surface tension, are 

not corresponding to the experimental data. 

The results of the adjustments of the coefficients    and   , which are used to calculate the 

PSIP with Eq. (18) for these refrigerants, are shown in Table 3. Besides, in order to evaluate the 

quality of the adjustment in all the results of adjustments, the Average Relative Deviation (ARD) 

or the Average Absolute Deviation (AAD) and the bias (BIAS) of the adjustment are calculated 

with the Eq. (42), where        and        denote respectively parameter   obtained from 

experiments and the adjusted parameter X. 

    
   

 
  

             

      
  

     (42a) 

    
   

 
                

 
     (42b) 

     
   

 
 

             

      

 
     (42c) 

 

Table 2: Used refrigerants for the adjustment of PSIP reference number for the thermodynamic properties, 

and the experimental data. 

Refrigerant 
Properties’ 

reference 

Data’s 

reference 

Amount 

of data 

used 

R32 [38] [39] 5 

R125 [40] [33] 11 

R152a [41] [33] 12 

R134a [42] [33] 14 

R143a [43] [33] 10 

R1234ze(Z) [44] [34] 13 

R1243zf [45] [34] 11 
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Table 3: Used refrigerants for the adjustment of PSIP, acentric factors, adjusted   s and   s, with ARD and 

BIAS for the adjustments 

Refrigerant      (      )     ARD (%) BIAS (%) 

R32 0.2769 3.440 -0.3580 1.2 -0.019 

R125 0.3052 3.396 -0.3653 0.93 -0.011 

R152a 0.27521 2.957 -0.4776 0.61 -0.0066 

R134a 0.32684 3.315 -0.3444 1.3 -0.029 

R143a 0.2615 3.378 -0.4304 0.38 -0.0017 

R1234ze(Z) 0.327 3.100 -0.4767 1.8 -0.40 

R1243zf 0.2604 3.438 -0.4166 1.6 -0.044 

With these adjusted   s and   s, we can then determine the four constants   ,   ,    and    (c.f. 

Eq. (19)) in order to summarize a general expression that relate these two coefficients with the 

acentric factor. The results are shown in the Table 4. 

Table 4: Adjusted results for   ,   ,    and    with ARD and BIAS. 

   (     )    (     ) ARD /% BIAS /% 

2.658 1.378 4.81% 0.559% 

      ARD /% BIAS /% 

-1.462 -3.623 10.4% 0.654% 

By injecting these constants into Eq. (19), we now have the expression for any    and    as a 

function of acentric factor and given by Eq. (43). 

   
     

             
 and     

 

             
           (43) 

 

3.3 Adjustment of BIPc 

 

All the calculated results were also compared with calculations done by a modified Mulero et 

al.[46] correlations adapted for mixtures. More details concerning the development of the method 

are given in the Supplementary File. 

 

3.3.1 R32+R134a binary system 

A binary mixture of R32 (Component 1) and R134a (Component 2) is used as a first example 

to demonstrate the adjustment of BIPc. The thermodynamic properties of these two refrigerants 

can be found in Table 2, while the experimental data presented in the work of Duan et al.[47] are 

used for the adjustment. In addition, the already adjusted expression for calculating PSIP (Eq. (43)) 
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is used in this part. 

Theoretically, the first step is to use the data with constant temperature but different 

compositions to calibrate the three temperature-dependent coefficients. However, in most of the 

prior works, the experiments are done with constant composition and by changing the temperature, 

and it is difficult to find the data with exactly the same temperature but different composition (e.g., 

the data in the work of Duan et al.[47]). Thus, before the adjustment, a fitting process needs to be 

done to reconstruct the experimental dataset and obtain a continuous group of data with respect to 

the temperature.  

In this work, for the experimental data in the work of Duan et al.[47], Eq.(44) is used to do the 

fitting for the BIPc calculated from the experimental data (for a fixed   ). 

               
  

    
  (44) 

where   ,    and    are three constants to be determined concerning   . We can define a similar 

objective function given by Eq. (45). 

                   
                       

           
 
 

  
     (45) 

and search for the group            that minimizes this objective function. 

 

Table 5: Values of Eq. (44)’s parameters   ,    and    for the four studied    for the R32 (1) + R134a (2) 

binary system. 

   23.79% 40.17% 62.35% 76.28% 

   (         ) 1.000 1.000 1.000 1.000 

   (    ) 9.238 7.724 7.491 7.537 

   (     ) 3.555 3.414 3.364 3.377 

ARD (%) 3.1 2.5 6.2 7.1 

BIAS (%) 0.14 -0.090 -0.57 -0.67 

 

Table 5 shows the results for the adjusted   ,    and    for the four studied mass fractions in the 

work of Duan et al., while the comparison between the fitting data and original data calculated 

from experimental data is shown in Fig. 1. 
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(a)   =23.79% (b)   =40.17% 

  

(c)   =62.35% (d)   =76.28% 

Figure 1:         compared with         for the four studied    for the R32 (1) + R134a (2) binary system. 

 

This reconstructed and enlarged dataset is then used to calibrate the 3 temperature-dependent 

coefficients. The adjusted coefficients are shown in Table 6, while the adjusted     with respect to 

   under different temperatures is shown in Fig. 2. 

 

Table 6: Values of Eq. (31)’s parameters A, B and C for different temperatures for the R32 + R134a binary 

system. 

T /K A B C ARD /% BIAS /% 

260 -3.715 -0.2206 -6.890 0.65 -0.0046 

270 -4.266 -0.3746 -7.631 0.52 -0.0030 

280 -5.008 -0.6231 -8.539 0.37 -0.0015 

290 -6.061 -1.050 -9.667 0.21 -0.00048 

300 -7.672 -1.856 -11.08 0.059 -0.000032 

310 -10.44 -3.603 -12.80 0.011 0.000013 

320 -16.25 -8.463 -14.52 0.505 -0.0030 
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330 -35.55 -32.44 -15.25 4.7 -0.29 

335 -76.96 -118.9 -53.37 18 -5.9 

 

 

Figure 2:      obtained from experiments (Exp) and adjusted     (Cal) vs    under different temperatures 

for the R32 (1) + R134a (2) binary system. 

 

Table 7: Values of Eq. (32)’s temperature-independent parameters for the BIPc for the R32 (1) + R134a (2) 

binary system. 

Constant Value Constant Value Constant Value 

   (     ) 1.171    (     ) 6.657    (    ) -2.537 

   (    ) 3.193    (    ) 1.358    (    ) 2.946 

   (    ) 3.389    (    ) 3.359    (    ) 3.391 

       (  ) -7.184 

 

Table 8: ARD and BIAS of fitting parameters A, B and C with the ten adjusted constants for the R32 + 

R134a binary system. 

 A B C 

ARD /% 0.63 16 10 

BIAS /% -0.0062 -4.0 -1.7 

 

By using these data relating temperature-dependent coefficients with the temperatures, the ten 

temperature-independent constants   ,   ,   ,   ,   ,   ,   ,   ,    and    can be determined 

and the relations in Eq. (32) can be established. Table 7 presents the adjusted temperature-

independent constants, while the Table 8 shows the ARD and BIAS of the fitting for 
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                 using theses ten adjusted constants. Meanwhile, Fig. S2 presents a 

comparison between temperature-dependent coefficients for BIPc calculated from the 

experimental data and from the estimated group of ten temperature-independent constants. 

 

Table 9: ARD and BIAS for the predictions compared to the experimental data for the four studied   . for 

the R32 (1) + R134a (2) binary system. 

   23.79% 40.17% 62.35% 76.28% 

ARD /% 2.1 0.99 2.2 2.4 

BIAS /% 1.4 0.59 -1.4 -1.2 

 

With all these coefficient and constants adjusted, a new prediction of the surface tension can be 

well acquired. The results of the predictions, compared with the original experimental data and 

with calculated surface tensions with unadjusted BIPc (     ) are shown in the Fig. 3, while the 

ARDs for all 4 studied    are presented in the Table 9. 
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(a)   =23.79% (b)   =40.17% 

  

(c)   =62.35% (d)   =76.28% 

Figure 3: Surface tensions predicted by the model with the adjusted     compared with experimental data, 

with surface tensions calculated with unadjusted     (      ) and with method proposed by Mulero et al. 

(supplementary file) for the R32 (1) + R134a (2) binary system. 

 

From the results presented above, we can see clearly the prediction with adjusted     has a 

good consistency with the experimental data (with an ARD around 2%). However, compared to 

the prediction with       (which means that the CIP is just the geometric mean of the PSIP), 

prediction with adjusted     are much closer to the experimental data. It demonstrates the 

effectiveness of the adjustment and of the model. 

 

3.3.2 R32+R125 and R125+R152a 

Besides, the same adjusted process is implemented with other binary mixtures, including 

mixtures between R32 and R125 by using the experimental data from the works of Okada et al.[48] 
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and of Fröba and Leipertz[49] and mixtures between R125 and R152a by using the experimental 

data from the work of Bi et al.[50]. It is worth noticing that for these two types of mixture, there 

are data with only three different concentrations, so the temperature-dependent coefficient      in 

Eq. (31) is omitted so that the total number of temperature-dependent coefficients determining the 

BIPc is always inferior than the number of different concentrations in the experimental data. Thus, 

for these two types of mixtures, Eq. (31) can be defined as Eq. (46). 

                                     (46) 

 

Table 10: Values of Eq.(44)’s parameters   ,    and    for the R32 (1) +R125 (2) binary system. 

   44.3% 49.6% 50% 

   (         ) 1.000 1.000 1.000 

   (    ) -2.345 -2.445 -4.329 

   (     ) 3.512 3.500 3.868 

ARD (%) 4.6 4.6 4.4 

BIAS (%) -0.31 -0.36 -0.24 

 

Table 11: Values of Eq.(44)’s parameters   ,    and    for the R125 (1) +R152a (2) binary system. 

   9.7% 20.19% 29.96% 

   (        ) 1.506(        ) 8.175 8.175 

   (    ) 6.093 12.81 3.155 

   (     ) 4.369 7.377 3.840 

AAD (%) 16 8.0 5.8 

BIAS (%) 75 -6.4 -4.3 

 

Table 12: Values of Eq. (31)’s parameters A and B for the R32+R125 binary system. 

T /K A B ARD /% BIAS /% 

240 1.006 1.385 9.2 1.2 

250 1.097 1.447 8.4 1.0 

260 1.207 1.502 7.5 0.79 

270 1.339 1.5364 6.3 0.56 

280 1.503 1.527 4.9 0.33 

290 1.711 1.418 3.0 0.13 

300 1.980 1.087 0.58 0.0048 

310 2.339 0.2193 2.8 0.11 

320 2.883 -2.098 7.5 0.80 

330 3.519 -9.148 14 3.1 

340 4.383 -38.43 24 10 

 

Table 13: Values of Eq. (31)’s parameters A and B for the R125+R152a binary system. 
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T /K A B AAD /% BIAS /% 

240 -3.101 -4.486 8.3 21 

250 -3.292 -4.713 8.3 19 

260 -3.494 -4.932 8.3 17 

270 -3.706 -5.136 8.1 15 

280 -3.926 -5.313 7.8 13 

290 -4.149 -5.447 7.3 9.9 

300 -4.377 -5.523 6.6 6.8 

310 -4.571 -5.479 5.4 3.9 

320 -4.735 -5.305 3.6 1.4 

330 -4.844 -4.965 0.87 0.060 

The adjusted results for these two types of mixtures are shown in the following part. The first 

step for the adjustment of these two mixtures also consists of the reconstruction of the experiment 

data in order to obtain data under the same temperatures. Tables 10 and 11 show the corresponding 

adjusted parameters of the two mixtures. Then, these reconstructed data are used to calibrate the 

temperature-dependent coefficients A and B (Eq. (31)), the adjusted results are shown in Tables 12 

and 13. 

Similarly, since the third temperature dependent coefficient is omitted, only the first two 

equations concerning      and      in the Eq. (32) are used for the adjustment of these two 

temperature dependent coefficients. The adjusted results of the temperature-independent constants 

determining      and      for the two types of the mixtures are shown in Tables 14 and 15. 

Their ARD and BIAS are shown in Tables 16 and 17. Figs S3 and S4 present a comparison 

between the      and      calculated from the experimental data and from the estimated group 

of these temperature-independent constants. 

With all these coefficients and constants adjusted for the two types of mixture, new predictions 

of the surface tension can also be acquired. The results of the predictions, compared with the 

original experimental data and with calculated surface tensions with unadjusted BIPc (     ) are 

shown in Fig. S5 and Fig. 4, while the ARDs for all the studied    for the two types of mixtures 

are presented in Tables 18 and 19. 

 

Table 14: Values of Eq. (32)’s temperature-independent parameters for the BIPc for the R32+R125 binary 

system. 

Constant Value Constant Value 

   (     ) 2.330    (     ) 1.173 

   (    ) -2.219    (    ) 1.116 

   (    ) 3.825    (    ) 3.425 
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Table 15: Values of Eq. (32)’s temperature-independent parameters for the BIPc for R125+R152a binary 

system. 

Constant Value Constant Value 

   (     ) -8.095    (     ) -2.021 

   (    ) 2.448    (    ) -2.799 

   (    ) 4.342    (    ) 3.462 

 

Table 16: ARD and BIAS of values of fitting for A and B for the R32+R125 binary system. 

 A B 

ARD /% 0.67 18 

BIAS /% -0.0067 -5.0 

 

Table 17: ARD and BIAS of values of fitting for A and B parameters for R125+R152a binary system. 

 A B 

ARD /% 1.9 1.1 

BIAS /% -0.062 -0.016 

 

Table 18: ARD and BIAS for the predictions with adjusted BIPc compared to the experimental data for the 

three studied    for R32 (1) +R125 (2) binary system. 

   44.3% 49.6% 50% 

ARD /% 0.45 0.84 0.73 

BIAS /% -0.058 -0.068 0.62 

 

Table 19: ARD and BIAS for the predictions with adjusted BIPc compared to the experimental data for the 

three studied    for R125 (1) +R152a (2) binary system. 

   9.7% 20.19% 29.96% 

ARD /% 0.88 1.9 0.84 

BIAS /% 0.65 -1.8 0.48 

 

As it can be seen from the figures and ARD, the adjustment implemented for the mixtures 

R32+R125 has a similar performance as that for the mixture R32+R134a: the prediction results 

with adjusted BIPc show great consistency with the experimental result, while they are much 
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closer than the prediction results with unadjusted BIPc (with      ). In addition, for the mixture 

R125+R152a, although the prediction results with the adjusted BIPc show also a great consistency 

with the experimental result, it’s rather difficult to judge directly which one between the adjusted 

result and unadjusted result is better from the figures (especially Figs. 4 (a) and 4(b)). The ARD 

and the BIAS of the prediction with unadjusted BIPc are also calculated and shown in Table 20. 

By comparing these two values with those calculated with the adjusted BIPc, we can still observe 

that the predictions with the adjusted results are better since they have smaller ARD and the 

smaller absolute value of BIAS for all the studied concentrations. 

In the end, it is worth mentioning that, due to a lack of experimental data, all the adjustments 

done in this work are done in the subcritical conditions, while the methods and correlations are 

valid for subcritical conditions. It is possible that different correlations can be found to better 

represent the situation under supercritical conditions with more experimental data in these 

conditions. 

 

Table 20: ARD and BIAS for the predictions with unadjusted BIPc (     ) compared to the experimental 

data for the three studied    for R32 (1) +R152a (2) binary system. 

   44.3% 49.6% 50% 

ARD /% 0.93 3.3 5.3 

BIAS /% 0.72 -3.3 -5.3 

These results above have once again demonstrated both the necessity and effectiveness of the 

adjustment and prediction method proposed in this work. 
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(a)   =9.7% (b)   =20.19% 

 

(c)   =29.96% 

Figure 4: Surface tensions predicted by the model with the adjusted     compared with experimental data, 

with surface tensions calculated with unadjusted     (      ) and with method proposed by Mulero et al. 

(supplementary file) for mixture R125 (1) +R152a (2) binary system. 

 

3.3.3 R32+R1234yf and R32+R1234ze(E) 

 

Two systems with R32 (R32+R1234yf and R32+R1234ze(E)) are then studied by using the 

experimental data from Cui et al.[39]. This time, similar correlation of the     with only two 

temperature dependent coefficients is used since only data with three different group of 

concentrations are available in the literature for either of these mixtures. In the contrary, the molar 

fraction of component 1,   , is used in the correlation, instead of the mass fraction,   , since the 

data are based on the molar fraction. Thus, the Eq. (47) is used for these two mixtures. 

                                     (47) 
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The results of the adjustment of these two mixtures are shown in the Tables 21 to 24 for the 

R32+R1234yf binary system and in the Tables 25 to 28. 

 

Table 21: Adjusted results of   ,    and    for the R32 (1) +R1234yf (2) binary system. 

   51.93% 69.88% 79.45% 

   (         ) 1.000 1.000 1.000 

   (    ) -1.911 -6.823 -6.051 

   (     ) 3.682 3.479 3.468 

ARD (%) 4.9 24 26 

BIAS (%) -0.41 -11 -9.5 

 

Table 22: Adjusted results of A and B for the R32+R1234yf binary system. 

T /K A B         AAD /% BIAS /% 

240 0.5226 -3.948 1.5 3.2 

250 0.5697 -4.223 1.6 3.1 

260 0.6261 -4.530 1.7 2.9 

270 0.6946 -4.870 1.9 2.8 

280 0.7797 -5.234 2.0 2.6 

290 0.8880 -5.597 2.2 2.3 

300 1.030 -5.878 2.4 2.0 

310 1.224 -5.824 2.6 1.6 

320 1.502 -4.565 2.8 1.1 

330 1.920 1.771 2.8 0.58 

343 2.584 110.2 5.5 0.19 

 

Table 23: Adjusted results of the temperature-independent constants for the R32+R1234yf binary system. 

Constant Value Constant Value 

   (     ) -1.130    (     ) -2.663 

   (    ) -1.098    (    ) -1.465 

   (    ) 3.794    (    ) -3.442 

 

Table 24: ARD and BIAS of values of fitting for A and B parameters for the R32+R1234yf binary system. 

 A B 

ARD /% 1.2 18 

BIAS /% -0.022 -4.7 
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Table 25: Adjusted results of   ,    and    for the R32 (1) +R1234ze(E) (2) binary system. 

   29.85% 56.97% 75.01% 

   (        ) -4.580 -1.169 -3.804 

   (    ) -4.015 -3.933 -8.603 

   (     ) 3.556 3.544 3.573 

ARD (%) 1.7 23 5.8 

BIAS (%) -1.1 -6.7 -6.4 

 

Table 26: Adjusted results of A and B for the R32+R1234ze(E) binary system. 

T /K A          B          AAD /% BIAS /% 

295 0.5768 3.634 2.2 26 

300 1.052 5.000 1.9 17 

305 2.845 6.202 1.5 9.3 

310 6.180 7.169 1.1 4.3 

315 11.23 7.910 0.74 1.3 

320 18.28 8.492 0.29 0.13 

325 27.94 9.012 0.30 0.10 

330 41.48 9.597 1.1 0.74 

335 61.70 10.44 2.3 1.7 

340 95.19 11.93 4.02 2.5 

348 247.7 19.71 8.6 2.1 

 

Table 27: Adjusted results of the temperature-independent constants for the R32+R1234ze(E) binary system. 

Constant Value Constant Value 

   (     ) -5.767    (     ) -1.523 

   (    ) -9.778    (    ) -8.321 

   (    ) 3.513    (    ) 4.671 

 

Table 28: ARD and BIAS of values of fitting for A and B parameters for the R32+R1234ze(E) binary system. 

 A B 

ARD /% 30 13 

BIAS /% -11 -2.4 

 

In the end, the prediction results of the surface tensions for the two mixtures after adjustments, 

alongside with the comparison with the experimental data are shown in the following Tables 29 

and 30, and Fig.S6 for the R32+R1234yf binary system and Fig.5 for R32 + R1234ze(E) binary 
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system. 

Table 29: ARD and BIAS for the predictions with adjusted BIPc compared to the experimental data for the 

three studied    for the R32 (1) +R1234yf (2) binary system. 

   51.93% 69.88% 79.45% 

ARD /% 1.0 6.8 4.7 

BIAS /% 0.79 -2.6 0.66 

 

Table 30: ARD and BIAS for the predictions with adjusted BIPc compared to the experimental data for the 

three studied    for the R32 (1) +R1234ze(E) (2) binary system. 

   29.85% 56.97% 75.01% 

ARD /% 1.1 2.1 1.4 

BIAS /% -0.053 -0.15 1.3 

 

  

(a)   =29.85% (b)   =56.97% 

 

(c)   =75.01% 

Figure 5: Surface tensions predicted by the model with the adjusted     compared with experimental data, 

with surface tensions calculated with unadjusted     (      ) and with method proposed by Mulero et al. 
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(supplementary file) for the R32 (1) +R1234ze(E) (2) binary system. 

3.3.4 R143a+R134a binary system 

In the end, the binary system between R143a and R134a is also studied under three different 

compositions (thus, eq.(47) is used for the BIPc), by using the experimental data of Lin and Duan 

[51]. The detailed results are shown in the supplementary file.  

4 Remarks and Conclusion 

In this work, based on the Linear Gradient Theory, a novel model combining the Peng-

Robinson Equation of State has been proposed. In this model, we have also proposed correlations 

representing the PSIP and the BIP for the influence parameter, alongside the methods to calibrate 

and obtain the expression for these two parameters. These improvements have greatly optimized 

the model. With the proposed model, the surface tensions of several common pure refrigerants are 

calculated while their PSIP is adjusted. By using these adjusted parameters, and with the help of 

the experimental data in the prior works, the BIPcs of several binary mixture of are adjusted for 

the subcritical scenario. The calculation result with the adjusted BIPc shows a great consistency 

with the experimental data, and a great improvement compared to the result obtained with the 

unadjusted BIPc.  

With our approach, we can observe that the BIP for the influence parameter c is temperature 

dependent as expected but also composition dependent. For a given temperature, the variation of 

the BIP with the composition is similar to a variation of a thermodynamic excess property. Far 

from the critical temperature, its value seems not to vary too much in the whole range of 

composition (not in infinite dilution region). As we have selected an equation of state not so 

accurate in liquid density prediction, particularly close to the critical point, it could be interesting 

to observe if we have similar behavior with an equation of state more accurate for density 

prediction. 
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