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Abstract

:

Based on the TraPPE force field, previously unknown values of the parameters of the intermolecular interaction potential of trans-decalin were determined. Parametrization was carried out using experimental data on saturated vapor pressure and density at atmospheric pressure. The found parameters make it possible to adequately describe the boiling and condensation lines of trans-decalin and also predict the critical values of pressure, density, and temperature with satisfactory accuracy. Calculations of vapor-liquid phase equilibrium conditions for a binary CO2—trans-decalin mixture in supercritical conditions for CO2 were carried out. When quantitatively comparing the calculated values with experimental data, an underestimation of pressure at a temperature of 345.4 K by 30% is observed, which decreases to 5% for temperatures up to 525 K.
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1. Introduction


Phase equilibrium data is often required to model various industrial processes and technology development. For the processes of separation of liquid mixtures by distillation, data on vapor-liquid equilibrium are important. To determine the vapor-liquid phase equilibrium conditions in multicomponent systems, it is necessary to be able to calculate the saturated vapor pressures and activity coefficients of the components. In practice, this is usually done using various models of equations of state or activity coefficients based on the excess Gibbs energy. However, experimental data are needed to determine the parameters in these models. Unfortunately, they are not always available for the system in question or for the required process conditions (pressure, temperature, composition).



Reliable alternatives to experimental data are molecular simulation methods such as molecular dynamics and Monte Carlo. These methods are theoretically rigorous but have their own advantages, disadvantages, and limitations when calculating various properties. However, for any method, the adequacy of the calculation results is mainly related to the correct description of the intermolecular interactions. Their reliable description is an important task when using molecular simulation methods. It is usually solved using site–site interaction by Lennard Jones, Buckingham, and other potentials. So, the main task is to accurately determine the parameters in the intermolecular interaction potentials.



The parameters of intermolecular interaction models can be configured according to various properties. Parameters of intermolecular interaction potentials differ depending on the properties by which the model is configured. To this date, many force fields have been developed to describe intermolecular interactions. The OPLS (optimized potentials for liquid simulations) force field [1] was originally developed for the united atom approach. In this case, the hydrogen atoms of the carbon chain are not considered separate interaction sites. Fewer interaction sites reduce computational costs. Later, parameters of the OPLS force field were fitted [2] according to the all-atom approach (OPLS-AA). This force field has many modifications, for example, to describe amino acids and RNA [3]. Therefore, this force field is often used in molecular biology as it correctly reproduces the energy characteristics of molecules and their interactions with solvents. Also, CHARMM (Chemistry at Harvard Macromolecular Mechanics) force fields [4,5] are often used for the simulation of bio-molecules.



For chemical technology, the correct description of the phase diagram and pVT properties is more important. Therefore, the TraPPE (transferable potentials for phase equilibria) force field is used in this area more often [6,7,8,9]. This force field was developed specifically to describe the thermodynamic properties of the liquid phase and the vapor–liquid phase equilibrium conditions. The parameters of this force field are available for many classes of substances: hydrocarbons, branched hydrocarbons, alcohols, amines, aromatic compounds, etc. It is worth noting that although the force field was tuned to phase equilibrium conditions, the TraPPE force field shows a good description of other properties as well, such as diffusion coefficients [10].



An important feature of the considered force fields is their transferability. Transferability allows to use of the same potential functions and parameters to describe interactions of identical atoms or groups of atoms located in different molecules. The property of transferability turns out to be especially convenient for describing intermolecular interactions of homologous series of substances, for example, alkanes or alkenes, etc. It is worth noting that the number of functional groups that can be described by the TraPPE force field is inferior compared to the OPLS-AA force field. Therefore, situations arise when it is necessary to find the parameters of any of the missing functional groups in the molecule of the substance under study.



The object of study in this work is the intermolecular interactions of trans-decalin (CAS 493-02-7). Decalin is an industrial solvent for rubbers and polymers [11,12,13]. Decalin can be used as a solvent in processes for supercritical syntheses of polymer mixtures. The use of solution-enhanced dispersion by supercritical fluids is promising [14,15] to obtain polymer compositions with specified properties. CO2 is most widely used in supercritical technologies. This is due to the critical characteristics of CO2 that are acceptable for practical use. To select the optimal conditions for the process, it is necessary to know the phase equilibrium conditions. Therefore, in this work, in addition to describing the properties of pure trans-decalin, phase diagrams in the trans-decalin-CO2 mixture at temperatures above the critical temperature of CO2 were calculated.



Intermolecular interactions in decalin have been considered previously in several studies. The work [16] proposed parameters for the intermolecular interaction of decalin. The all-atom interaction model was used. The authors used arranged charges on the carbon and hydrogen atoms so that the CH2 group was neutral. It has been shown that the radial distribution function changes significantly only when the charge on oxygen atoms is greater than 0.8ē. The authors concluded that for a uniform density distribution, the atoms should not be uncharged or have a weak charge. The parameters of the Lennard–Jones interaction of hydrogen and carbon were determined from the experimental values of the density of the liquid phase.



In article [17] three force fields were evaluated: nonreactive OPLS-AA, reactive ReaxFF, and AIREBO-M for hydrocarbon simulation. The assessment was carried out on hydrocarbons of various structures. In that work, decalin was used as one of the representatives of cyclic hydrocarbons. Comparison with experimental data was carried out in terms of density and isentropic bulk modulus. Of these three force fields, OPLS-AA was found to be the best. ReaxFF also shows good results on the studied properties, but it is more computationally expensive.



In the article [18] accuracy of the critical properties description was described for hydrocarbons with various force fields using the molecular dynamics method. It was shown that CHARMM and OPLS-AA force fields underestimate the critical temperature of trans-decalin by more than 30 K.



This work aimed to determine the force field parameters for the correct description of thermodynamic properties on the phase equilibrium line and pVT properties. For this purpose, the TraPPE force field was used as a basis. In TraPPE parameters are fitted for cyclic alkanes [19]. However, in that case, work has been limited to a single cyclic group. In this work, however, the force field was modified to cover the case of fused rings. This required new parameters for CH groups between the two fused rings. The parameters of intermolecular interaction in this work were determined from the saturated vapor pressure and density of the liquid phase of pure trans-decalin.




2. Molecular Simulation


There are two molecular simulation methods for calculating the properties of substances: the molecular dynamics and the Monte Carlo method. These two methods produce the same results, and the calculated values are determined by intermolecular interactions. These methods have several advantages and disadvantages, and the scope of application is determined by the objectives of the study.



The molecular dynamics method is based on solving the equation of motion of molecules. Thus, the molecular dynamics method allows, in addition to thermodynamic properties, to also calculate changes in characteristics over time. This allows you to calculate transport properties: diffusion coefficient, viscosity coefficient, and thermal conductivity. This method also allows one to study nonequilibrium processes (for example, membrane separation [20], and processes in biological membranes [21,22]). To solve the equation of motion, it is necessary to calculate the molecular interaction forces, and this algorithm is effectively implemented using graphical processing units. This allows for significantly reduced computation time.



In the Monte Carlo method, thermodynamic properties are determined by averaging over phase space [23]. The Metropolis algorithm was developed for the most effective integration over phase space. This algorithm is based on changing the configuration of molecules (movement, rotation, changing the position of the carbon chain of the molecule, etc.) and subsequent calculation of the probability of acceptance or rejection of these changes.



There are several molecular statistical methods for calculating phase equilibrium conditions. At equilibrium, the temperature, pressure, and chemical potential in the two phases must be the same. Therefore, the first method is to calculate the chemical potential at given values of pressure (or density) and temperature (NpT or NVT ensemble) for two phases. By varying pressure (density) or temperature, equality of chemical potentials in the phases is achieved [24]. However, this approach is inconvenient for two reasons. First, it is necessary to carry out several calculations under different conditions. Secondly, when calculating multicomponent mixtures, it is necessary to vary the compositions of the phases, which significantly increases the volume of required calculations. This approach can be implemented both by the molecular dynamics method and the Monte Carlo method.



Another way to calculate phase equilibrium is to simulate a large number of molecules in a box elongated along one of the coordinates [25]. Due to the fact that only one box is being simulated, the conditions for equality of temperatures, pressures, and chemical potentials in the system will be satisfied automatically. The box will simultaneously contain liquid and vapor phases. However, averaging of the desired properties must be carried out far from the phase interface. Also, using this method, it is problematic to determine the pressure in the system due to the presence of two phases in the box at the same time. This approach to calculating phase equilibrium is used by the molecular dynamics method.



However, due to several advantages over other approaches, the Gibbs ensemble (Monte Carlo simulation) method [26] has become most widespread. Unlike other ensembles, it simulates several boxes. Additional new types of configuration changes are also introduced—the transfer of a molecule between boxes, and a joint change in volumes of boxes. This ensures equality of temperatures, pressures, and chemical potentials of the components in the two phases. Many programs have been developed for Monte Carlo simulation [27]: towhee [28], ms2 [29], GOMC [30,31], etc. Each program has its advantages and disadvantages.



Towhee is a fairly old and well-debugged program but does not allow full use of multi-core processors. The advantages of ms2 include the presence of a graphical interface, which is useful for inexperienced users.



In this work, the GOMC package (version 2.70) was used. A distinctive feature of this program is the ability to use a graphics processor to calculate long-range forces.



Density calculations in the single-phase region were carried out in the NpT ensemble. The calculation of long-range forces was carried out only in the presence of charges in the system (for example, for CO2). The topology (psf file) of the atomic structure of molecules (pdb file) was generated using a proprietary program [32]. The initial state of the system was generated using the packmol package [33].



When searching for parameters, the cells of the liquid phase contained a total of 500 molecules for both the Gibbs ensemble and the NpT ensemble. This allowed us to reduce the time required to search for parameters. When calculating the properties of trans-decalin and the binary mixture of trans-decalin—CO2, the number of molecules was increased to 1000 to reduce the statistical deviation of the simulation results.



When calculating the phase equilibrium conditions in the Gibbs ensemble, the initial number of molecules in the gas phase was set to about 50, and the volumes of the gas phase were determined based on the approximate pressure according to the ideal gas equation.



The calculation of phase equilibrium was carried out in two stages. First, 6 million Monte Carlo steps were carried out without the transfer of molecules between the boxes of the gas and liquid phases. The ratio of different types of system configuration changes was as follows: displacement move 69%, rotation move 10%, regrown by coupled-decoupled configurational-bias algorithm 10%, crankshaft move 10%, volume change 1%. During this stage, there was a decrease in the initially high values of energy and pressure and a change in the volumes of the gas and liquid phases.



The second stage involved the swap move of molecules between gas and liquid volumes. The ratio of configuration change types was as follows: displacement move 49%, molecule swap move between boxes 20%, rotation move 10%, regrown by coupled-decoupled configurational-bias algorithm 10%, crankshaft move 10%, volume change 1%. 6 million Monte Carlo steps were allocated to establish equilibrium, and 15 million were allocated to averaging the thermodynamic properties. Averaging was carried out in blocks of 3 million Monte Carlo steps each.



When calculating phase equilibrium, the correctness of pure substances was checked by the compressibility value zV = pV/NRT as proposed in the article [34].




3. Force Field Parameterization Algorithm


Decalin has cis-(CAS 493-01-6) and trans-(CAS 493-02-7) isomeric forms that differ in the position of hydrogen atoms in the structure of the carbon skeleton (Figure 1). This is due to the differences in the thermodynamic properties of various isomers. The united atom force field TraPPE [19], which describes the interaction of cyclohexane, was taken as a basis. The values of the parameters of the intermolecular and intramolecular interaction potential are presented in Table 1 and Table 2. The Lorentz–Berthelot rule was used to describe cross-interactions.



Unlike cyclohexane, decalin has two articulated rings. The parameters of the CH2 group were the same as for cyclohexane, therefore, in this work, unknown values for CH groups were determined. The values of bond lengths, bond and dihedral angles were the same as for cyclohexane in the TraPPE force field (Table 2).



Intermolecular interaction in the TraPPE force field is described by the Lennard–Jones potential:


  φ  ( r )  = 4 ε  (     (   σ r   )    12   −    (   σ r   )   6   )  ,  



(1)




where σ is the distance at which the potential is zero, and ε is the depth of the potential well, r is the distance between interaction sites. For trans-decalin, as well as for cyclohexane, the interaction centers were uncharged. Thus, in this work, two parameters ε and σ for the CH group were determined.



To search for parameters, firstly, the vapor-liquid equilibrium of pure trans-decalin was calculated at various values of σ in the range from 3.5 to 5.5 angstroms. For each of the values of σ, the value of ε was determined by the best description of the experimental values of saturated vapor pressure [35,36,37]. Figure 2 shows an example of a comparison of experimental and calculated vapor pressure for the value σ = 3.6 Å. An increase in the attractive force (increase in ε) leads to a decrease in vapor pressure.



Figure 3 shows the dependences of ε on σ, found from the saturated vapor pressure. It can be seen from the figure that as σ increases, the required value of the parameter ε decreases. It should be noted that the CH groups of decalin are surrounded by CH2 groups of the rings. Thus, CH groups make not the main, but a corrective contribution to intermolecular interaction. The influence of this factor on the parameter values can be observed on the CH3 (ε/kB = 98 K, σ = 3.75 Å), CH2 (ε/kB = 46 K, σ = 3.95 Å), CH (ε/kB = 10 K, σ = 4.68 Å) C (ε/kB = 0.5 K, σ = 6.4 Å) alkane groups in the TraPPE force field [6,7]. The CH3 groups in alkanes are terminal and make the main contribution to the interaction. Such groups are characterized by a small size (parameter σ) and a large depth of the potential well (parameter ε). Also, a small change in these parameters will dramatically change the simulation result. In the indicated sequence of groups from CH3 to C, hydrogen atoms are gradually replaced by hydrocarbon radicals. Thus, the interaction site under study is covered by other sites. This fact leads to the interaction distance increases (parameter σ). However, the strength of interaction (parameter ε) is significantly reduced. Thus, these sites make a corrective contribution to the interaction for a better description of the thermodynamic properties.



This observation allows us to predict the ranges in which it is necessary to search for parameters. For trans-decalin, one can expect fairly large values for the parameter σ.



In the next step, using the found values of the pairs of parameters ε and σ, densities at atmospheric pressure were calculated. A comparison of simulation results with experimental densities [38] of trans-decalin is presented in Figure 4.



It can be seen from Figure 4 that the slopes of the pressure versus temperature lines do not coincide. Therefore, compromise values of the parameters were chosen to describe the density in both the low and high-temperature regions.




4. Results and Discussion


The found values of the parameters of the intermolecular interaction of the CH group are presented in Table 1. The parameters of the trans-decalin force field determined in the work were tested for the adequacy of describing the various thermodynamic properties of pure decalin on saturation lines and in the single-phase region, as well as in a mixture with supercritical CO2.



In Table 3 the results of calculating various thermodynamic properties (p—saturated vapor pressure, ρx—liquid phase density, ρy—vapor phase density, Hvap—heat of vaporization) for pure trans-decalin on saturation lines are presented. In the table, the sign Δ indicates the standard deviations of the calculation results.



The calculated boiling and condensation lines make it possible to predict the coordinates of the critical point using equations:


   1 2   (   ρ x  +  ρ y   )  −  ρ c  =    A τ   μ  ,  



(2)




and


   ρ x  −  ρ y  =  τ β   (   B 0  +  B 1   τ Θ   )  ,  



(3)




with


  τ =    T c  − T    T c    ,  



(4)




where values of the critical indices were taken as follows: β = 0.326, μ = 0.90, and Θ = 0.54 [39]. The values of the critical temperature, critical density, as well as the parameters A, B0, and B1 in Equations (2) and (3) were determined by regression analysis of the calculated boiling and condensation lines. To determine the value of the critical pressure, the calculated dependence of the saturated vapor pressure on temperature was approximated by the Clapeyron equation. Then the critical pressure was determined using the Clapeyron equation with the critical temperature.



The obtained critical point parameter values (Tc = 706 K, ρc = 298 kg/m3, pc = 34.15 bar) are consistent with the values used in the equations of state [40] (Tc = 703.6 K, ρc = 288 kg/m3, pc = 32.0 bar). Currently, the direct use of molecular dynamics and Monte Carlo methods in chemical engineering calculations is limited by computational power. However, the use of these methods is justified when adjusting the parameters of “classical” models of phase equilibrium. In case of an insufficient amount of experimental data, it is possible to adjust the parameters using existing experimental data and supplement them with the results of a numerical experiment.



Figure 5 shows the results of calculating the phase diagram of pure trans-decalin.



In Figure 6 comparison of calculated values of saturated vapor pressure with experimental values is shown. A good agreement between experimental and calculated data can be seen.



Figure 7 shows a comparison of the enthalpy of vaporization of trans-decalin with experimental data.



The densities of pure trans-decalin in the single-phase region were calculated at different temperatures and pressures. The comparison with experimental data [41] is given in Table 4. It can be seen that in the temperature range from 303.15 to 343.15 K, the found parameters show a slight overestimation of the density. The average deviation from the experimental data is 0.89%., the maximum is 1.15%.



The found parameters of the trans-decalin force field were used to calculate the phase equilibrium of the CO2—trans-decalin mixture. To describe the intermolecular interactions of CO2, the TraPPE [42] force field was used, which provides high accuracy for the calculation of thermodynamic properties on saturation lines [43]. A comparison of the results of calculations of p–x,y diagrams with experimental data [44] is presented in Figure 8. The qualitative agreement of the results with the experimental data is visible. In a quantitative comparison, the obtained parameters show an underestimation of pressure. At a temperature of 345.4 K, a decrease in pressure by approximately 30% is observed. With increasing temperature, the deviation decreases to 5%. Since the force fields used provide high accuracy in calculating the saturated vapor pressure of pure trans-decalin and CO2, the increase in the error of calculating such pressure for a two-component system can only be explained by an incorrect description of the cross-interactions of trans-decalin molecules with CO2 molecules. Most likely, this is due to the presence of a small charge in the decalin molecule, the contribution of which is significantly manifested when interacting with a highly polar CO2 molecule. For example, in [45] proposed model with the additional charges in the ethylene molecule. This improved the description of phase equilibrium in mixtures with water and CO2. The description of phase equilibrium can also be improved by using corrective parameters in the mixing rule. Studying this phenomenon may be the subject of future research.




5. Conclusions


In this work, the parameters of intermolecular interaction of the CH group of trans-decalin were determined. The parameters were fitted to correctly describe the vapor pressure and density of pure trans-decalin. Calculations of various thermodynamic properties of trans-decalin on saturation lines and in the single-phase region, as well as the coordinates of the critical point, showed the high accuracy of the obtained results.



Using the found parameters, the phase equilibrium in the CO2—trans-decalin mixture was characterized. At a temperature of 345.5 K, the parameter values deviate in pressure for this mixture by about 30%. However, at higher temperatures, the deviation from the experimental values decreases.



In the force field that was utilized in this work, uncharged force interaction centers were used. Although there should be weak induced charges in the trans-decalin molecule. These charges can be found using quantum chemistry methods, which is the subject of future research.
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Figure 1. Molecular structure of trans- and cis- decalin. 
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Figure 2. Saturated vapor pressure of trans-decalin as a function of temperature at σ = 3.6 Å and various values of the parameter ε; symbols—simulation results, lines—experimental data. 
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Figure 3. Dependence of ε/kB on σ, found from saturated vapor pressure, points—simulation results, line—polynomial approximation. 
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Figure 4. Trans-decalin densities as a function of temperature at atmospheric pressure for different values of the parameter σ, the value of ε/kB was found in Figure 2. Symbols—simulation results, line—experimental data [38]. 
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Figure 5. Phase diagram of trans-decalin, green dot—critical point, red dots – vapor line, black dots—liquid line. 






Figure 5. Phase diagram of trans-decalin, green dot—critical point, red dots – vapor line, black dots—liquid line.



[image: Chemengineering 08 00006 g005]







[image: Chemengineering 08 00006 g006] 





Figure 6. Saturated vapor pressure of trans-decalin, black symbols—experimental data, circles—[35], squares—[37], diamonds—[36], red triangles—simulation results. 
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Figure 7. The heat of vaporization on the saturation line, black circles—experimental data [36], red squares—simulation results. 
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Figure 8. p—x,y diagram of CO2—trans-decalin mixture; black circles—experimental data, red squares—simulation results with the found parameters. (a)—T = 345.4 K. (b)—T = 399.7 K. (c) T = 523.5 K. 






Figure 8. p—x,y diagram of CO2—trans-decalin mixture; black circles—experimental data, red squares—simulation results with the found parameters. (a)—T = 345.4 K. (b)—T = 399.7 K. (c) T = 523.5 K.



[image: Chemengineering 08 00006 g008]







 





Table 1. Intermolecular interaction parameters of trans-decalin.
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	Interaction Site
	σ, Å
	ε/kB, K





	CH (this paper)
	5.0
	9.0



	CH2
	3.91
	52.5










 





Table 2. Intramolecular interaction parameters of trans-decalin.






Table 2. Intramolecular interaction parameters of trans-decalin.





	
Type

	
Parameter

	
Value

	
Unit






	
Bonds (fixed)




	
CH2—CH2

	
b0

	
1.54

	
Å




	
CH—CH

	
b0

	
1.54

	
Å




	
CH2—CH

	
b0

	
1.54

	
Å




	
   Angles   (  φ θ  =    k θ   2   (  θ −  θ 0   ) )    




	
CH2—CH—CH

	
θ0

kθ/kB

	
114

62,500

	
deg

K/rad2




	
CH2—CH2—CH

	
θ0

kθ/kB

	
114

62,500

	
deg

K/rad2




	
CH2—CH2—CH

	
θ0

kθ/kB

	
114

62,500

	
deg

K/rad2




	
  Dihedral   angles   *   (  φ ϕ  =  c 0  +  c 1  cos  ( ϕ )  +  c 2  cos  (  2 ϕ  )  +  c 3  cos  (  3 ϕ  )   )




	
X—CH2—CH2-X

	
c0/kB

c1/kB

c2/kB

c3/kB

	
5073

6840

3509

63

	
K

K

K

K




	
X—CH2—CH-X

	
c0/kB

c1/kB

c2/kB

c3/kB

	
5073

6840

3509

63

	
K

K

K

K




	
X—CH—CH-X

	
c0/kB

c1/kB

c2/kB

c3/kB

	
5073

6840

3509

63

	
K

K

K

K








* X—any site.  θ —angle,  ϕ —dihedral angle, b0,    k θ   ,    c 0   ,    c 1   ,    c 2   ,       c   3   —parameters.













 





Table 3. Phase equilibrium conditions of pure trans-decalin.
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	T, K
	p, bar
	Δp, bar
	ρx, kg/m3
	Δρx, kg/m3
	ρy, kg/m3
	Δρy, kg/m3
	Hvap, kJ/mol
	ΔHvap, kJ/mol





	400
	0.24
	0.05
	796.28
	4.11
	1.03
	0.20
	42.99
	11.63



	450
	0.84
	0.30
	758.26
	3.91
	3.23
	1.20
	38.23
	11.63



	500
	2.34
	0.29
	715.85
	3.65
	8.41
	1.11
	36.40
	1.45



	550
	6.04
	0.96
	672.88
	5.07
	21.25
	3.95
	32.01
	1.60



	600
	11.28
	1.23
	617.35
	2.82
	40.35
	3.86
	-
	-



	610
	12.72
	2.71
	604.77
	16.72
	45.53
	12.96
	-
	-



	620
	14.23
	0.87
	596.46
	2.24
	52.00
	3.97
	-
	-



	630
	16.07
	1.57
	580.66
	9.43
	59.40
	8.22
	-
	-



	640
	17.93
	2.09
	562.16
	16.05
	66.34
	12.84
	23.95
	0.39



	650
	19.89
	2.03
	545.94
	15.80
	74.62
	13.34
	22.58
	0.32



	660
	22.22
	0.50
	532.17
	7.29
	84.78
	2.71
	21.23
	0.52



	670
	24.09
	1.28
	506.69
	10.79
	93.63
	8.97
	19.47
	0.68



	680
	26.96
	0.96
	489.08
	12.19
	110.23
	10.87
	17.68
	0.34










 





Table 4. Experimental (ex) and calculated (MC) density of trans-decalin as a function of pressure at various temperatures.






Table 4. Experimental (ex) and calculated (MC) density of trans-decalin as a function of pressure at various temperatures.





	
p, bar

	
T = 303.15 K

	
T = 323.15 K

	
T = 343.15 K




	
ρex, kg/m3

	
ρMC, kg/m3

	
ΔρMC, kg/m3

	
Relative Deviation%

	
ρex, kg/m3

	
ρMC, kg/m3

	
ΔρMC, kg/m3

	
Relative Deviation%

	
ρex, kg/m3

	
ρMC, kg/m3

	
ΔρMC, kg/m3

	
Relative Deviation%






	
1

	
862.1

	
867.3

	
1.7

	
0.60

	
847.1

	
854.8

	
1.9

	
0.90

	
832

	
838.2

	
5.3

	
0.74




	
100

	
868.7

	
874.0

	
2.6

	
0.60

	
854.4

	
862.0

	
2.1

	
0.88

	
840.1

	
846.7

	
2.9

	
0.78




	
200

	
874.6

	
881.9

	
2.1

	
0.83

	
861

	
868.4

	
2.8

	
0.86

	
847.4

	
855.7

	
2.1

	
0.97




	
300

	
880.3

	
886.7

	
2.9

	
0.73

	
867.1

	
874.7

	
2.1

	
0.87

	
854.1

	
862.4

	
3.3

	
0.96




	
400

	
885.6

	
893.5

	
2.4

	
0.88

	
872.8

	
882.0

	
4.2

	
1.04

	
860.3

	
869.7

	
3.1

	
1.08




	
500

	
890.6

	
899.1

	
1.8

	
0.95

	
878.3

	
887.1

	
1.0

	
1.00

	
866.1

	
874.9

	
2.0

	
1.00




	
600

	
895.3

	
903.0

	
1.8

	
0.85

	
883.4

	
892.6

	
3.8

	
1.03

	
871.5

	
881.6

	
2.7

	
1.15
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