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Determination of Interfacial Tension of binary   mixtures 
of               and               using Density 
gradient theory and Peng-Robinson Equation of State at 

elevated temperatures and pressures 
 

Abstract: The interfacial tensions of alkanes in the presence of    and     were predicted using the model 

taken as a combination of Density Gradient theory and Peng-Robinson equation of state and compared with 

existing simulation data. The main aim of this work was to make a progress in modeling the IFTs between 

diverse n-alkanes and    and    natural gases. Several statistical measures and graphical descriptions were 

employed to aid the accuracy analysis of the proposed model. The statistical measures indicate a complex 

relationship among thermal conditions, model selection, and performance metrics, which can be observed by 

examining the tables presented in this work. Overall, the results indicate that the Peng-Robinson equation 

effectively predicted the interfacial tensions. 

Keywords: Density gradient theory; Interfacial tension; n-alkanes; Natural gases and Statistical errors. 

1. Introduction 

Numerous experimental, theoretical, and simulation investigations have been conducted on the interfacial 

characteristics of binary mixtures of n-alkane with natural gases such as    and     in different ranges of 

temperature and pressure [Mahdaviara et al. 2021; Li et al. 2017; Menand et al., 2020; Mique et al.,2008; 

Carey et al., 1980; Ameli et al., 2018; Laffite et al., 2006; Amezquita et al., 2010; Hough et al., 1961;  

Choudhary et al., 2019; Mirzaie et al., 2020, Amar et al., 2021].Several authors have sought to estimate this 

parameter to circumvent the complexities and expenses linked to laboratory measurements. In recent 

decades, various mathematical and thermodynamic models have emerged as promising approaches for 

interfacial tension (IFT) estimation, including the Parachor [Macleod et al., 1923; Sugden et al., 1924], Scaling 

Law Method [Mique et al.,(2008); Guggenheim et al.,1945]Corresponding State Method [Mique et al., 2008; 

Zuo et al., 1996; Guggenheim et al., 1945], Linear Gradient Theory (DGT)[Mique et al., 2008; Pereira et al., 

2016] and Density Gradient Theory (DGT) [Mique et al., 2008; Aahrafizadeh et al., 2011]. Additionally, several 

researchers have utilized combinations of these theoretical models along with different Equations of State 

(EOSs) to concurrently clarify various interfacial properties of fluid systems in the presence of different gases. 

Some simulation methods, such as Molecular Dynamic(MD) simulations [Choudhary et al., 2021], have been 
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also found as useful approaches for addressing the IFT of the diverse systems. To our knowledge, only a 

limited number of -experimental investigations [Choudhary et al., 2021; Mejia et al., 2014; Jaeger et al., 2010; 

Miquez et al., 2014; Mirzaie et al., 2020; Mahdaviara et al., 2022; Zolghadr et al., 2013] examining the 

interfacial tension of (n-alkanes+   ) and (n-alkanes +   ) systems have been conducted at the pressure 

conditions considered in this study. In the paper they [Choudhary et al., 2021] have utilized volume translated 

Peng-Robinson equation of state(VT-PR EOS) for prediction of interfacial tension at these pressures. The van 

der Waals theory is the foundation of density gradient theory for inhomogeneous fluids. It was rediscovered by 

Cahn and Hilliard [Cahn & Hilliard 1958] and represents an extension of the Helmholtz free energy density 

around a step density profile that is truncated after the second term. The local free energy density is calculated 

using an equation of state, such as the Peng-Robinson equation. 

 

2. Density gradient theory 

The density gradient theory (DGT) [Cahn & Hilliard et al., 1958; Li et al., 2008; Mejia et al., 2014; Carey et al., 

1980; Mique et al., 2004] is based on a mean field approximation that describes the uniform evolution of 

Helmholtz energy density across the interface. This approach aids in determining interfacial parameters, such 

as the density profile and interfacial tension. Sahimi [Sahimi et al., 1991] confirmed the DGT to be more 

efficient and precise than other methods. This technique primarily uses the equation of state (EOS) to analyze 

interfacial characteristics and phase equilibrium. The DGT has been combined with various equations of state. 

Cahn and Hilliard developed the well-known equation, which describes the separation of phases in binary 

alloys. Since its inception, the CH equation has been applied across numerous fields, including science, 

chemistry, physics, and biology. Consequently, understanding how this equation operates within different 

models is essential. Currently, density gradient theory serves as an effective method for determining the 

interfacial tension of mixtures. Understanding the influence parameter is essential for computation. Assume 

the interface between the liquid and vapor bulk phases is planar. The interface thickness is represented by z, 

which denotes the distance normal to this interface. According to the density gradient theory, in the absence of 

external potentials, the differential equation governing the density distributions      through a planar interface 

is given by equation (1) [Reno et al., 1943; Hough et al., 1961; Ameli et al., 2018; Blas et al., 2001]. In this 

context,    represents the number of components in the mixture, and     represents the grand 

thermodynamic potential. 
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The information regarding the intermolecular geometry of the interface is encapsulated within the influence 

parameter. This parameter also establishes a link between the extent of deviation in the Helmholtz energy 

density and the chemical potential. The grand thermodynamic potential, represented by the symbol       , is 

defined as follows: 

                                                    ∑    
 

 

                                                                                               

where      is the local Helmholtz free energy of homogeneous fluid at interfacial region of density      

whereas  
  the chemical potential of component i  in the bulk phase. In equation (1), the second component of 
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the left-hand side (L.H.S.) will not be present when considering that the influence parameter      are 

independent of composition. This allows for the simplification of the governing equation (1) for the planar 

interface to 

∑   

    

   

  

   

         
                                                                                                          

where the       is the chemical potential at the interfacial region where the density equals to  . Multiplying 

equation(3) by      ⁄ , summing over   and integrating gives 

∑∑
 

 
  

   

   

  

   

  
                                                                                                  

Equation (4) describes the difference between the grand thermodynamic potential             ∑     
 

  at 

local composition and its corresponding value in the bulk phases, which is denoted as       , where P 

represents the vapor-liquid equilibrium pressure. The differential equation (3) is governed by the following 

boundary condition                                                                      

 

          

where the   and    are the liquid and vapor phase densities. Using gradient theory, the interfacial tension is 

computed as: 

∫ (         )∑∑   

   

  
  

  

  

   

  
                                                                           

The equilibrium pressure (P), Helmholtz free energy density (  ), and chemical potential (  ) at the interface 

can be calculated. Now, the density profiles can be obtained from the following expression 

     ∫ √
∑ ∑    

   

  

   

    

      

  

  
   

where   is an arbitrarily chosen position. 

Here we have utilized the Peng-Robinson equation of state [Mejia et al., 2014; Choudhary et al., 2021] to 

calculate the densities    and    in the liquid and vapor phase in equilibrium. 

  
  

   
 

    

             
 

Carey and co workers [Carey et al., 1980] were the first to offer such a combination of the gradient theory and 

PR-EOS, and since then, it has been adopted on multiple times in the literature. 

This study employs the classical van der Waals mixing rules for the co-volume parameter    and the 

temperature-dependent energy parameter     of the mixture: 

  ∑    

 

                                                                                                                             

  ∑∑          

  

 √                                                                                               
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where   are the mole fractions of component  in each phase and are the binary interaction parameters.The 

parameter of pure fluids are defined by classical equations 
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with 
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Table 7 gives the critical properties and acentric factor for alkanes and gases used in equations (8) to (11). 

 

3. Influence parameter 

According to the mixing rule, the pure component influence parameters    and   are connected to the cross 

influence parameters: 

    (     )√                                                                                                                  

where    are binary interaction coefficients. For thermodynamic stability of the interface, the values     must be 

constrained between 0 and 1. The mixing rule is simplified to the geometric mean. Previous literature indicates 

that the geometric mixing rule for influence parameters provides the most efficient estimation for 

hydrocarbon/hydrocarbon pairs and gas (carbon dioxide, methane, or nitrogen)/hydrocarbon pairs. The 

expression for the influence parameter applicable to non-polar pure fluids is determined when the gradient 

theory is combined with the PR-EOS. It describes the variation of the influence parameter with the reduced 

temperature          
⁄  as follows: 

  

    
   

         

where  is the co-volume and   is the energy parameter in the PR-EOS. The coefficients   and   are only 

associated with the acentric factor of the component   by the relationships: 

   
      

              

     

   
      

               
          

To compute interfacial tension values using equation (5), estimate the density distribution of each 

component(     ⁄ ). The profile of each component may be computed by applying the Helmholtz free energy 

minimization criterion to planar surfaces and solving the set of    non-linear differential equations in a finite 

domain[0,L] defined as: 
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4. Result and Discussion  

The effect of temperatures and pressures on the IFT of(              and (               has been 

studied.Figure 1-3, the simulated density data[Choudhary et al., 2021] have been compared with the chosen 

model of DGT+EOS for the (               and (               systems on two isotherms at 323K 

and 343K and pressure up to 30 MPa. The simulated density data have been fitted as a function of pressure 

for correlating DGT+EOS for each isotherm with a maximum absolute percentile deviation of 4.0% and 

average absolute deviation of 1.5%. So, a good agreement between the theory and experiment was found. 

The simulated IFT data were compared with the predictions using DGT + PR EOS at two isotherms 323K and 

343K for pressure up to 30 MPa. Figures 4 - 6give the comparison results of calculated and simulated IFTs 

data [26] as a function of pressure. It can be seen that the calculated results are in good accordance with the 

simulated data. The IFTs in these Figures show an opposite dependence on the temperature at lower 

pressures and positive at higher pressure. The general trend can be observed in each of the plotted graphs. 

Error analysis: Interfacial tension determination of three(               and three(              

systems have been performed for temperatures at 323K and at 343K  and pressure upto 30 MPa for each 

system. The available simulated data were utilized to meticulously assess the performance of the proposed 

model by statistical error functions[38], namely Coefficient of Determination     , Chi-square,  Residual Sum 

of Squares Error(ERRSQ/SSE),  Average Relative Error(ARE),Standard Deviation(SD), Mean Square 

Error(MSE), Root Mean Square Error(RMSE),Percentage Average Relative Deviation (AAD%) and 

Percentage Absolute Average Relative Deviation(AARD%). The error analysis equations are conveyed as 

follows: 

 Determination Coefficient, a well-known statistical measure that is defined as follows: 
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 Chi-square, it is defined as follows:                        
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 ERRSQ/SSE, Residual Sum of Square Error is also defined as: 

          ∑(    
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 ARD, the Average Relative Deviation is defined as: 
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 ARD%, the Percentage Average Relative Deviation is defined as: 
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 Standard Deviation, a measure indicating the distribution of the values: 
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 Mean Square of Error, the average of the squares of discrepancies between the calculated values and the 

target: 
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 Root Men Square of Error, the second root of the MSE 
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 Absolute Average Relative Deviation, the absolute average relative AARD: 
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The lower values of the SD, AAD, MSE, RMSE, and AARD, the higher would be the accuracy of the model. 

The reverse is true in case of the    parameter.  :  From Table 1-6, Determination coefficient has more value 

at 443K then at 323K for        while for        it is nearly constant. The same was noted for mixtures of 

all alkanes and natural gases used in this study. So, at higher temperature the accuracy of the model is good. 

The lower values of standard deviation (SD), average absolute deviation (AAD), mean squared error (MSE), 

root mean squared error (RMSE), and average absolute relative deviation (AARD) indicate greater accuracy in 

the model. The opposite is true for the   parameter. According to Table 1-6, the coefficient of 

determination    ) is higher at 443K than at 323K; however, it remains relatively constant at these 

temperatures. The mixtures of all alkanes and natural gases examined in this study exhibited similar trends at 

these temperatures. At the elevated temperature of 443K, the model's accuracy is deemed acceptable. 

Regarding the chi-square analysis, the accuracy of the model is more reliable at 323K compared to 443K, as 

indicated by the lower value. The same observation has also been noted in the mixtures of all alkanes and 

natural gases utilized in this study. For the standard deviation (SD), the values are higher at 323K than at 

443K. Therefore, the selected model and mixture show better performance at higher temperatures compared 

to lower temperatures. In contrast, the percentage average relative deviation (ARD%) indicates that the 

selected model and mixture perform better at lower temperatures. The findings from the study on alkane and 

natural gas performance reveal a nuanced relationship between temperature and efficiency for these mixtures 

and the model considered. The performance disparities became more pronounced with temperature 

variations. Notably, the increased standard deviation at 323K compared to 443K suggests that higher 

temperatures yield more consistent performance outcomes, which could be advantageous for applications 

requiring reliability. Conversely, the ARD% metric underscores that these mixtures demonstrate improved 

efficiency at lower temperatures, highlighting a complex interplay between thermal conditions, model selected 

and performance metrics.  
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Figure 1 Comparison of predicted density with simulated data[Choudhary et al., 2021] versus pressure P for 

       (Figure 1(a) and Figure 1(b))and         (Figure 1(c) and Figure 1(d)) at 323K and 443K 

respectively[Choudhary et al., 2021]. 

 

 

 

 

Figure 2 Comparison of predicted density with simulated data[Choudhary et al., 2021] versus pressure P for 

        (Figure 2(a) and Figure 2(b) ) and         (Figure 2(c) and Figure 2(d) ) at 323K and 443K 

respectively[Choudhary et al., 2021]. 
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Figure 3 Comparison of predicted density with simulated data[Choudhary et al., 2021] versus pressure P for 

        (Figure 3(a) and Figure 3(b))and         (Figure 3(c) and Figure 3(d)) at 323K and 443K 

respectively[Choudhary et al., 2021]. 

 

 

 

 

 

 

Figure 4:Plot of IFT versus Pressure (a) (C7+CH4) (b) (C7+CH4) at                          ; 

(c) (C7+CO2) (d)  ( C7 + CO2) at                                                      
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Figure 5:Plot of IFT versus Pressure  (a)  ( C12 + CH4 ), (b) (C12 + CH4) at                            ; 

 (c)  ( C12 + CO2), (d) ( C12 + CO2) at                                                      

  

 

Figure6: Plot of IFT versus Pressure(a)(C19+CH4),(b)(C19+CH4)at                          ; 

(c)(C19+CO2), (d) (C19 + CO2) at                                                      
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Table 1: Pressure with simulated [Choudhary et al., 2021] and calculated IFT Data (this work) and 

performance evaluation of DGT+EOS for the binary mixture ( C7 +    ) at 323K and 443K. 

       

323K 

       

443K 

Pressure 

in 

MPa 

IFT 

Expt. 

mNm
-1

 

IFT 

Calc. 

mNm
-1

 

Residual Residual
2 

Pressure 

in 

MPa 

IFT 

Expt. 

mNm
-1 

IFT 

Calc. 

mNm
-1

 

Residual Residual
2 

1.953 14.78 14.87 -0.09 0.0081 2.010 4.62 5.36 -0.74 0.5476 

3.166 12.27 12.98 -0.71 0.5041 2.813 4.95 4.59 0.36 0.1296 

4.972 11.05 10.54 0.51 0.2601 4.804 3.78 3.18 0.60 0.3600 

8.103 7.96 7.38 0.58 0.3364 7.349 1.78 1.96 -0.18 0.0324 

11.553 4.65 4.94 -0.29 0.0841  

   

 

0.99997 

 

       

 

0.126 

 

      

   

    

1.193 

    

 

-0.1460 

 

   

 

12.5311 

   

 

0.99948 

       

 

0.258 

 

      

   

    

1.069 

    

 

-0.7459 

   

 

4.6168 

   ̅̅ ̅̅ ̅ 

        

10.1420 

    

 

0.239 

     

 

9.7950 

     

 

914.054 

      

 

914.054 

   ̅̅ ̅̅ ̅ 

        

3.7825 

    

 

0.2674 

 

     

 

3.0517 

     

 

277.504 

      

 

277.504 

 

 

Table 2: Pressure with simulated [Choudhary et al., 2021] and calculated IFT Data (this work) and 

performance evaluation of DGT+EOS for the binary mixture ( C7 +    ) at 323K and 443K 

       

323K 

       

443K 

Pressure 

in 

MPa 

IFT 

Expt. 

mNm
-

1
 

IFT 

Calc. 

mNm
-1

 

Residual Residual
2 

Pressure 

in 

MPa 

IFT 

Expt. 

mNm
-1 

IFT 

Calc. 

mNm
-1

 

Residual Residual
2 

2.031 13.10 13.51 -0.41 0.1681 2.081 5.14 5.86 -0.72 0.5184 

2.931 11.10 10.62 0.48 0.2304 2.968 4.13 4.65 -0.52 0.2704 

3.998 8.89 7.93 0.96 0.9216 4.084 4.04 3.49 0.55 0.3025 

5.167 6.53 5.71 0.82 0.6724 5.870 1.61 2.22 -0.61 0.3721 

   

 

0.99987 

       

 

0.240 

      

   

    

1.992 

    

 

6.1376 

   

 

13.0737 

   

 

0.99922 

       

 

0.472 

 

      

   

    

1.463 

    

 

-12.7182 

   

 

4.4517 

   ̅̅ ̅̅ ̅ 

        

9.9050 

    

 

0.498

     

 

9.2800 

     

 

896.637 

      

 

896.637 

   ̅̅ ̅̅ ̅ 

        

3.7300 

    

 

0.3658 

     

 

2.9650 

     

 

260.281 

      

 

260.281 

UNDER PEER REVIEW



11 
 

 

Table 3: Pressure with simulated [Choudhary et al., 2021] and calculated IFT Data (this work) and 

performance evaluation of DGT+EOS for the binary mixture ( C12 +    ) at 323K and 443K. 

 

Table 4: Pressure with simulated [Choudhary et al., 2021] and calculated IFT Data (this work) and 

performance evaluation of DGT+EOS for the binary mixture ( C7 +    ) at 323K and 443K. 

        

323K 

        

443K 

Pressure 

in 

MPa 

IFT 

Expt. 

mNm
-1

 

IFT 

Calc. 

mNm
-1

 

Residu

al 

Residual
2 

Pressure 

in 

MPa 

IFT 

Expt. 

mNm
-1 

IFT 

Calc. 

mNm
-1

 

Residu

al 

Residua

l
2 

2.023 17.46 19.42 -1.96 3.8416 2.280 10.70 12.08 -1.38 1.9044 

3.290 14.55 14.96 -0.41 0.1681 3.792 9.84 10.07 -0.23 0.0529 

3.925 13.49 13.16 0.33 0.1089 6.298 8.64 7.49 1.15 1.3225 

6.266 8.37 8.18 0.19 0.0361 7.899 6.11 6.17 -0.06 0.0036 

7.233 5.93 6.73 -0.8 0.6400 10.055 4.22 4.78 -0.56 0.3136 

 11.898 3.34 3.79 -0.45 0.2025 

   

 

0.99991 

       

 

0.243 

           

4.794 

    

 

-4.5635 

   

 

14.8212 

   

 

0.99991 

       

 

0.974 

           

0.337 

    

 

-4.9416 

   

 

8.3533 

   ̅̅ ̅̅ ̅ 

        

11.9600 

    

 

0.9589 

     

 

11.6991 

     

 

1091.43

      

 

1091.436 

   ̅̅ ̅̅ ̅ 

        

7.1416 

    

 

0.6332 

     

 

6.7102 

     

 

609.225 

      

 

609.225 

0 

        

323K 

        

443K 

Pressure 

in 

MPa 

IFT 

Expt. 

mNm
-1

 

IFT 

Calc. 

mNm
-1

 

Residu

al 

Residual
2 

Pressure 

in 

MPa 

IFT 

Expt. 

mNm
-1 

IFT 

Calc. 

mNm
-1

 

Residual Residual
2 

2.132 19.07 19.91 -0.84 0.7073 2.114 11.28 12.25 -0.97 0.9409 

4.784 16.22 16.11 0.11 0.0121 4.686 9.13 9.69 -0.56 0.3136 

9.916 11.12 10.79 0.33 0.1089 10.002 6.29 6.02 0.27 0.0729 

14.761 7.12 7.41 -0.29 0.0841 15.674 3.66 3.62 0.04 0.0016 

19.934 4.54 4.89 -0.35 0.1225 19.881 3.68 2.47 1.21 1.4641 

25.167 3.29 3.25 0.04 0.0016 25.012 1.54 1.56 -0.02 0.0004 

   

 

0.99998 

       

 

0.059 

        

    

1.036 

    

 

-1.8885 

   

 

12.0940 

   

 

0.99991 

       

 

0.129 

        

    

2.793 

    

3.7057 

 

   

 

6.8209 

   ̅̅ ̅̅ ̅ 

        

10.2265 

    

 

0.1727 

     

 

10.9088 

     

 

920.761 

      

 

920.761 

   ̅̅ ̅̅ ̅ 

        

5.9300 

    

 

0.4655 

     

 

5.9711 

     

 

496.705 

      

 

496.705 
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Table 5: Pressure with simulated [Choudhary et al., 2021] and calculated IFT Data (this work) and 

performance evaluation of DGT+EOS for the binary mixture ( C19 +    ) at 323K and 443K. 

        

323K 

        

443K 

Pressure 

in 

MPa 

IFT 

Expt. 

mNm
-1

 

IFT 

Calc. 

mNm
-1

 

Residual Residual
2 

Pressur

e 

in 

MPa 

IFT 

Expt. 

mNm
-1 

IFT 

Calc. 

mNm
-1

 

Residual Residual
2 

2.012 22.73 23.76 -1.03 1.061 2.125 16.04 16.72 -0.68 0.462 

4.911 19.08 19.68 -0.60 0.360 4.802 13.42 14.12 -0.70 0.490 

10.004 14.87 14.01 0.86 0.739 10.382 10.25 10.08 0.17 0.029 

14.570 10.84 10.38 0.46 0.211 14.959 7.62 7.67 -0.05 0.0025 

18.988 7.50 7.75 -0.25 0.062 20.738 6.82 5.46 1.36 1.850 

24.915 5.05 5.22 -0.17 0.029 25.339 4.27 4.06 0.21 0.044 

 30.243 2.68 3.05 -0.37 0.137 

   

 

0.99998 

       

 

0.134 

      

   

    

2.463 

    

 

-0.7247 

   

 

15.8951 

   

 

0.99997 

       

 

0.068 

 

      

   

    

3.014 

    

 

0.3714 

   

 

9.9939 

   ̅̅ ̅̅ ̅ 

        

13.3450 

    

 

0.4105 

     

 

13.8176 

     

 

1233.775 

      

 

1233.775 

   ̅̅ ̅̅ ̅ 

        

8.7285 

    

 

0.4306 

     

 

8.9212 

     

 

773.228 

      

 

773.228 

 

Table 6: Pressure with simulated [Choudhary et al., 2021] and calculated IFT Data (this work) and 

performance evaluation of DGT+EOS for the binary mixture ( C7 +    ) at 323K and 443K. 

        

323K 

        

443K 

Pressure 

in 

MPa 

IFT 

Expt. 

mNm
-1

 

IFT 

Calc. 

mNm
-1

 

Residual Residual
2 

Pressur

e 

in 

MPa 

IFT 

Expt. 

mNm
-1 

IFT 

Calc. 

mNm
-1

 

Residual Residual
2 

1.995 21.41 22.38 -0.97 0.9409 2.197 14.38 15.34 -0.96 0.9216 

3.006 18.41 18.38 0.03 0.0009 3.661 13.98 13.78 0.20 0.0400 

3.95 16.01 15.36 0.65 0.4225 6.115 12.02 11.51 0.51 0.2601 

5.739 11.21 10.81 0.40 0.1600 8.227 10.04 9.92 0.12 0.0144 

6.906 8.13 8.62 -0.49 0.2401 9.980 8.29 8.74 -0.45 0.2025 

 11.795 7.87 7.65 0.22 0.0484 
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0.99998 

 

0.084 

 

1.764 

 

-0.5532 

 

18.6976 

 

0.99998 

 

0.090 

 

1.487 

 

-0.4066 

 

13.2013 

   ̅̅ ̅̅ ̅ 

        

15.0340 

    

 

0.3528 

     

 

14.8280 

     

 

1402.846 

      

 

1402.846 

   ̅̅ ̅̅ ̅ 

        

11.0967 

    

 

0.2478 

     

 

10.4111 

     

 

1009.260 

      

 

1009.260 

 

Table 7: Critical properties and acentric factor for alkanes and gases 

Component Tc (K) Pc (MPa) Acentric Factor 

C7 540.2 2.74 0.350 

C12 658.0 1.82 0.576 

C19 773.8 1.24 0.853 

    190.6 4.56 0.011 

    304.2 7.29 0.239 

 

5. Conclusion: 

This work aimed to enhance the prediction of interfacial tension (IFT) between various n-alkanes and the 

natural gases methane and carbon dioxide using density gradient theory and an equation of state. The 

interfacial tension of the CH₄/CO₂-alkane systems is known to diminish with rising pressure. In the case of the 

IFT-temperature relationship, however, a contradictory trend is observed, in which the IFT decreases or 

increases with temperature in low and high pressures, respectively. While studying model accuracy analysis, it 

has been observed that the performance differences increased with temperature. The greater standard 

deviation at 323K compared to 443K shows that higher temperatures produce more consistent performance, 

which may benefit reliability-critical applications. The ARD% statistic shows that these combinations are more 

efficient at lower temperatures, demonstrating a complicated relationship between thermal circumstances, 

model selection, and performance metrics. 
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