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Abstract

:

An oscillating drop rheometer capable of operating under conditions of high pressure and high temperature has been built. The oscillating drop mechanism was able to support pressures as high as 1300 bar and successfully performed oscillations at constant pressure. Apparent elastic and viscous complex moduli were measured for a system of CO2 and synthetic seawater containing 100 ppm of a linear alkyl ethoxylate surfactant for different pressures and temperatures. The moduli had strong dependencies on both pressure and temperature. At temperatures of 40 and 80 °C, the apparent elastic modulus passed through a maximum for pressures between 100 and 300 bar. The harmonic distortion of the oscillations was calculated for all measurements, and it was found that drop oscillations below ca. 2.6 µL caused distortions above 10% due to a mechanical backlash of the motor.
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1. Introduction


The decrease in oil discoveries during the last decades has suggested that enhanced oil recovery (EOR) technologies will play a key role to meet the growing energy demand in the immediate future. The most attractive technology is CO2-EOR methods due to CO2 availability, price and properties [1]. In addition, our society is also facing the challenge of climate change. One immediate way to mitigate climate change is reducing the emissions of anthropogenic CO2 by carbon capture and storage (CCS), where CO2 is stored in underground sedimentary rocks [2].



CO2 injection into the subsurface rock adds some challenges in practice. The density difference between CO2 and water results in gravity segregation and the low viscosity of CO2 compared to waters leads to viscous fingering [3,4,5]. Both mechanisms result in reduced CO2 storage capacity, and in case of CO2-EOR, also reduced oil production. One way to reduce the effect of these mechanisms is by increasing the viscosity of the injected fluid by means of CO2-soluble polymers or by injecting CO2-foam [6,7,8].



Many studies on CO2-foam have been done. These are usually addressed by observing the performance of foam flow through a rock core and by studying the foam stability [9]. Foam core-flooding experiments are carried out at the desired pressure and temperature conditions and following different injection strategies. These usually are alternate injection of water (surfactant slug) and gas, known as Surfactant-Alternating Gas (SAG), and co-injection of both phases. During the injection, the pressure drop across the core is logged. This allows calculations of dynamic properties like apparent foam viscosities and mobility reduction factors [10,11,12,13]. On the other hand, the foam stability can also be determined in bulk measurements. One method to study foam stability is to, e.g., flow the gas phase through a cylinder containing the surfactant solution, then the generated foam volume is measured as well as its lifetime once the gas flow is stopped. However, this last method is often carried out at atmospheric pressure [14,15,16,17].



To adequately study CO2 foam stability, a systematic study of the CO2–water interface at relevant pressure and temperature conditions should be done. The interface characterization is of crucial interest since interfacial properties govern the stability mechanisms of dispersed systems [18]. An effective technique for interface characterization is the axisymmetric drop shape analysis which relates interfacial phenomena to the drop/bubble shape via the Gauss-Laplace Equation [19,20]. Interfacial dilational viscoelasticity and dynamic interfacial tension can be determined by applying transient or harmonic perturbations of the drop shape and measuring the interface response [21,22]. Unfortunately, hitherto, there has not been any available suitable oscillating drop instruments for interface characterization at the conditions of interest.



In collaboration with DataPhysics Instruments GmbH (Germany), a prototype oscillating drop tensiometer has been developed, which is capable of operating at pressure and temperature conditions relevant for CO2 storage and CO2-EOR (up to 200 °C and 700 bar). This new instrument can become useful also for other applications, e.g., allowing a better understanding of mechanisms governing oil-water demulsification. In addition, it could contribute to fundamental science by allowing studies of the effect of pressure and temperature on interfacial layers. Moreover, the instrument can be used to develop effective and rapid screening methods for foaming agents, de-emulsifiers, nanomaterials, new chemicals, etc.



In this study, we perform dilational rheology measurements for a system of CO2 and synthetic seawater containing a linear alkyl ethoxylate under conditions of high pressure and high temperature. The purpose of this work is not primarily to investigate the properties of the selected test system in detail, but to demonstrate that measurements at high pressure and high temperature are possible and that the method is sensitive to pressure- and temperature-induced variations in the rheological parameters.




2. Materials and Methods


2.1. Methods


In an oscillating drop experiment, the drop volume is varied in a sinusoidal manner. This results in a sinusoidal variation of the interfacial area, A, which causes an interfacial tension response to the perturbation. The interfacial tension can be determined by fitting a Laplacian profile to the drop contour. When the variation of interfacial area follows from a small-amplitude single harmonic, the elastic modulus can be expressed as [23]:


  E =   d γ   d ln  A   A 0       



(1)




where   d γ   is the amplitude of interfacial tension response,  A  is the amplitude of the interfacial area variation and    A 0    is the average interfacial area during oscillations. For the simplest case, where both interactions between adsorbed surfactant molecules at the interface and mass transfer between interface and bulk can be neglected, the elasticity becomes constant when deformations are small, known as the Gibbs elasticity [24,25]. These assumptions give the Gibbs modulus as:


  E =   d γ   d ln  Γ     



(2)




where  Γ  is the surfactant concentration at the interface. However, in cases where mass transfer cannot be neglected, the complex elastic modulus (   E *   ) should be considered. This modulus will depend on the oscillating frequency [23,26,27].



The complex dilational elastic modulus can be expressed as the Fourier transform of the interfacial tension variation to the interfacial area change as a function of time. The elastic properties of the interface are defined by the real part (E′), while the imaginary part describes the viscous properties (E″) [19]:


   E *    i ω   =  E ′   ω  + i  E ″   ω  =   F   d γ  t      F   d ln A  t       



(3)







During measurements, it is important to work under conditions of mechanical equilibrium. By increasing the perturbation frequency, a situation can be reached where there is no more mechanical equilibrium. At this threshold, viscous forces occur causing shape distortion of the drop/bubble [28,29]. This limitation on the oscillation frequency may vary depending on the nature of the system, but studies have shown that for frequencies below 1 Hz, the drop can be considered to be in mechanical equilibrium [22].



Performing these oscillating measurements in the laboratory will lead to practical complications. External disturbances may inflict harmonics with higher frequencies than the experimental frequency [30]. Thus, it is important to extract the higher harmonics with respect to a sinusoidal fitting procedure. Loglio et al. described a mathematical procedure for the extraction of higher harmonics and amplitude values from the signal response [31]. As a means to characterize the linearity of the system, the total harmonic distortion (THD) parameter is used [30,31]:


  T H D =        a 2 2  +  a 3 2  + ⋯ +  a n 2       1 2       a 1     



(4)




where    a 1    is the fundamental frequency amplitude and    a 2   ,    a 3   , …,    a n    are the amplitudes for the higher harmonics. In this work, the amplitudes up to the fifth harmonic were considered and the THD was expressed as a percentage of the fundamental frequency amplitude.




2.2. Experimental Set-Up


The experimental set-up consisted of two main parts: a high-pressure cell with visualizing windows, and a high-pressure drop oscillator. A schematic of the set-up is depicted in Figure 1. The oscillator prototype and experimental set-up have been developed in cooperation between SINTEF Industry and DataPhysics Instruments GmbH.



The high-pressure cell incorporates two sapphire windows, allowing direct visualization, and it is surrounded by a heating element with a thermostat that allows for temperature control and covered with a thermal insulation material. The cell has two injection ports in the vertical plane, one at the top of the cell and one at the bottom. These ports allow needle tips to be installed inside the cell for the formation of an oscillating drop. In addition, there are two ports used for auxiliary purposes. The total volume of the cell is about 45 mL. The cell can operate at pressures up to 700 bar and is equipped with a heating system that allows temperatures up to 200 °C.



The oscillations are achieved by a double-shaft motor that actuates on two high-pressure pistons with a volume capacity of 14 µL. One piston is connected to one of the cell’s needle ports and the other one is connected to one of the cells auxiliary ports, in communication with the bulk phase. Hence, during oscillation measurements, a fluid volume equal to that injected in the drop is retracted from the bulk phase to maintain constant system volume. The oscillator was tested under pressure before the experimental set-up was assembled. Both oscillator chambers were connected to a pump, flooded with isopar-L (synthetic isoparaffinic oil, ExxonMobil), and pressurized. Then, the motor was turned on to check for leaks and malfunctions. No leaks or problems were detected. Tests were repeated successfully in increasing pressure steps up to 1300 bar. The device is limited to a maximum operating frequency of 2.0 Hz.



The light source, camera and oscillator are computer-controlled by using the software SCA20 for Microsoft Windows provided by DataPhysics Instruments GmbH. The lighting system and the high-performance camera were also received from DataPhysics Instruments GmbH.



The needle tip used in the tests had an external diameter of 1.57 mm. The initial drop volume was variable depending on the conditions of the system. The amplitude of the oscillations corresponded to 30–40% of the initial interfacial area. The reason for using such large amplitudes is explained in the Discussion Section. The frequency sweep was performed between 0.1 and 1.0 Hz.




2.3. Materials


The non-ionic linear alkyl ethoxylated surfactant Brij L23 (also known as Brij 35) was obtained from Sigma-Aldrich in solid form. CO2 was obtained from AGA A.S. (purity 99.7%). The synthetic seawater (SSW) composition is shown below in Table 1. The SSW was filtered using a 0.45 µm cellulose nitrate filter.



The aqueous phase studied in this work was composed of 100 ppm of Brij L23 in SSW (8.87 × 10−5 M). The cell was charged with CO2 together with SSW (approximately 23 mL) and allowed to equilibrate overnight prior to measurements. Thus, the CO2 was assumed to be water-saturated.



Brij L23 was selected as a surfactant due to its low CO2 solubility and good performance as a foaming agent in core flooding experiments [32,33,34].





3. Results


The sessile bubble method was considered at an initial stage of this work. Our intention was to study interfacial phenomena of CO2 bubbles in SSW, simulating conditions of CO2 foam flooding, where CO2 is dispersed in aqueous phase. However, many difficulties were encountered when studying this system. The main problem was that water crept into the needle when the pressure was increased, thus creating lamellas that altered the bubble oscillations. The experimental configuration was therefore changed to study an SSW drop in CO2 bulk phase (pendant drop method).



Air was displaced from the cell by CO2. Once the cell was filled with CO2, aqueous phase was injected through the needle, creating a pool of this phase at the bottom of the cell. Consecutively, the cell was pressurized with CO2 and heated to the desired conditions. Once the system reached thermal equilibrium, a few drops (4 or 5) were formed and allowed to detach from the needle tip to discard impurities. Then, a new drop was formed, and the measurement started.



Before performing oscillating measurements, the interface must be in mechanical equilibrium. A drop of constant volume must be kept stationary at the needle tip until the interfacial tension remains constant. Once the interface has reached equilibrium, the oscillator measurements can take place.



The pressure in the cell was carefully monitored during measurements. A small pressure decrease was usually observed during measurements, but the variations were no larger than 0.2–0.5 bar. This small pressure decrease was attributed to small leakages—not in the oscillating unit, but due to diffusion in the Viton seals of the high-pressure cell.



3.1. Interfacial Tension


To verify that the drop was initially in mechanical equilibrium, dynamic interfacial tension measurements were performed. Figure 2 shows the dynamic interfacial tension for the system composed of 100 ppm of Brij L23 in SSW droplet in CO2 at different pressure and temperature conditions.



As pressure and temperature were increased, the systems reached equilibrium faster. At 60 bar and 25 °C, the system needed about 17 min (1000 s) to equilibrate. This was a considerable reduction in the equilibration time compared to the system at 1 bar (11 h). Systems at higher temperature and pressure showed comparable equilibration times shorter than 1000 s. Rheology measurements at 100, 200 and 300 bar were therefore started about 30 min after the drop was formed to ensure equilibrated interfaces.



At 80 °C, the system was equilibrated for 30 min before the oscillation measurements. The interfacial tensions (IFT) remained constant before and after measurements also at this temperature.




3.2. Effect of Pressure on Dilation Rheology


The systems were studied at 25, 40 and 80 °C at the pressures of 100, 200 and 300 bar. At 25 °C, pressures of 1.1 and 60 bar were also studied. Figure 3 depicts the apparent complex elastic (E′) and viscous (E″) moduli as functions of the drop oscillating frequency for the different experimental conditions.



At 25 °C, both elastic and viscous modulus decreased as the pressure increased (Figure 3a). There was a relatively significant decrease of both moduli as pressure increased from 1.1 to 100 bar. From 100 to 300 bar, the reduction of both moduli became less affected by increasing pressure within the range studied.



At temperatures of 40 and 80 °C, E′ passed through a maximum when the system was pressurized from 100 to 300 bar. The largest values were measured at 200 bar for both temperatures. E″ decreased as pressure increased at 40 °C. At 80 °C, the viscous modulus values were similar to the modulus values obtained at 40 °C at pressures of 200 and 300 bar, but the values obtained at 100 bar were anomalously low. The latter values were considered unreliable because of relatively high uncertainty in the analysis. The uncertainty was caused by condensation of water on the inner window surfaces (in the CO2 phase). This affected the drop contour recognition. The issue was addressed by protecting the windows with heat insulation material, allowing a small opening for direct visualization of the system. Despite that the system visualization improved, it was not good enough to obtain an accurate Laplacian fit of the drop contour, thus resulting in inferior measurement results. The condensation problem must be solved in order to perform measurements at all temperature/pressure conditions.



Figure 4 depicts the ratio between the viscous modulus and the elastic modulus. At 25 °C, the ratio increases with increasing pressure up to 200 bar, indicating that E′ is reduced more than E″ with pressure. From 200 to 300 bar however, E″ decreased relatively more than E′, causing a relative increase in the elastic behavior. At 40 °C, the interfacial elastic behavior increased as the pressure increased from 100 to 200 bar. Further increase of pressure to 300 bar did not cause a significant change in the elastic behavior. However, the elastic behavior decreased from 200 to 300 bar at 80 °C. It was also found that the slope of the ratio versus oscillating frequency decreased as temperature was increased.




3.3. Effect of Temperature on Interfacial Rheology


Figure 5 presents the same data presented above but in terms of E′ and E″ versus frequency of oscillation for 100 bar (a), 200 bar (b) and 300 bar (c).



At 100 bar, it was observed that both moduli decreased as temperature was increased. As explained above, the measurements at 100 bar/80 °C must be discarded due to problems with water condensation at the cell windows. At 200 and 300 bar, E′ increased with increasing temperature. On the other hand, E″ had the tendency to decrease but the differences were minor.



The ratio between E″ and E′ is depicted in Figure 6. At 100 bar, there was an increase in the ratio when temperature was increased from 25 to 40 °C, implying that E′ decreased more than E″ and causing a relative decrease of the interface elastic behavior. The opposite trend was observed at 200 bar, where the ratio decreased with increasing temperature from 25 to 80 °C. The results at 300 bar were similar to those at 200 bar except that the temperature dependence was less pronounced.





4. Discussion


4.1. Observations


The measurements were performed using synthetic seawater and dense CO2 as this work was done within the frame of a CO2-EOR and CO2 storage project. The main findings of this research are the following.



The interfacial equilibration times using dense CO2 (100, 200 and 300 bar) were comparable and below 1000 s. This time was considerably reduced from the equilibration time observed at 1.1 bar (11 h). The development of a kinetic model that could explain the differences in the equilibration times between gas and dense phase was out of the scope of this work, however.



It has been possible to perform dilational oscillating interface rheology measurements under conditions of high pressure and high temperature. The visco-elastic properties of the studied interfaces were found to be affected by both temperature and pressure.



At 25 °C, both moduli decreased as pressure increased. However, a maximum between 100 and 300 bar was observed at 40 °C. At 80 °C and 100 bar, condensation of water vapor at the cell windows prevented accurate measurement, but the indications are that both moduli passed through a maximum also at that temperature.



Brij L23 is a non-ionic surfactant which partitions between CO2 and aqueous phase. In general, and for CO2/aqueous systems in particular, non-ionic surfactants tend to increase their partitioning into CO2 with increasing temperature and pressure [35,36,37]. The observed variations of the complex elastic moduli could possibly be explained by increased solubility of the surfactant in the CO2 phase, resulting in:




	
Variation of interface composition.



	
Altered orientation of the CO2-philic moiety of the adsorbed surfactant molecules.








An accurate mechanistic study is required to verify/falsify the hypothetical mechanisms proposed above. Determination of interface composition isotherms for the conditions studied is a requisite for a proper comprehension of the phenomena. However, the scope of the research presented here is limited to showing and validating that the measurements of interfacial rheology by the oscillating drop method under high-pressure and high-temperature conditions are possible as well as demonstrating that alteration of pressure and temperature might have a significant effect on the viscoelastic properties of interfaces.




4.2. Validity of Measurements


After the assembly of the instrument, pendant drop measurements were performed with a pure water (with 100 ppm Brij L23) air system at atmospheric pressure and room temperature. The measured IFT after interfacial equilibration was 40.27 mN/m ± 0.16. This result is in agreement with values reported in the literature [38].



The instrument was found to allow satisfactory oscillating drop interfacial rheology measurements if the drop volume is sufficient to perform large enough volume variations. In the prototype design, backlash of the motor during change of the direction of the piston action perturbed the interfacial area response. The sinusoidal signal was flattened where maximum and minimum values were reached. This can be seen in Figure 7, which shows the interfacial response of a drop of average interfacial area (IA) 18 mm2 (corresponding to volume 7.6 µL) to oscillations with different amplitudes at frequency 0.05 Hz.



Figure 7b depicts the same information as Figure 7a with the addition of IA amplitude of 30.79% to a drop with IA = 38 mm2 and an oscillation frequency of 0.08 Hz. It can be noticed how the motor backlash influences the oscillations as the amplitude is reduced. Thus, because of constraints of the oscillator prototype design, the quality of measurements is influenced and limited by the amplitude of the oscillations.



Table 2 shows the data for the measurements shown in Figure 7. THDIA gives the total harmonic distortion calculated from the interfacial area perturbation, and THDIFT was calculated based on the IFT response to the interfacial area perturbation. Thus, THDIA provided information about how sinusoidal the perturbation was, and THDIFT describes how linear the response of a surfactant monolayer is to a sinusoidal perturbation.



It can be observed from Figure 8 how increasing oscillation amplitudes reduce the interfacial area-based harmonic distortion (THDIA) of the fit. The relation of THDIA to the volume amplitude can be fitted by an Equation of the form:


  T H  D  I A   = A + B ·  e  − C · Δ V    



(5)




with the coefficients A = 4.008, B = 21.476 and C = 0.482, corresponding to R2 = 0.94 (Figure 8). If an arbitrary limit value of THDIA is set to 10%, the oscillations should, according to this estimate, be performed with volume amplitudes larger than approximately 2.6 µL.



Since these measurements involve a fixed pressure and temperature and a system with relatively low IFT, the maximum practical droplet size becomes limited. Table 3 shows the experimental conditions for different measurements at an oscillating frequency of 0.5 Hz and the THDIA obtained in each case. It is observed that for those conditions with larger density difference between phases, it was not possible to form large enough droplets to allow oscillation amplitude above the validity limit set above (2.6 µL). For these measurements, THDIA values above 10% were obtained. The validity limit could be decreased to allow smaller volume oscillations by a re-design of the motor acting on the pistons. However, the prototype limited experiments to systems with oscillating volume amplitudes larger than 2.6 µL.



Based on the above investigation of the instrument’s limitations of oscillating amplitude, it was decided to perform measurements with the largest possible amplitudes. The maximum amplitude was determined by two constraints: (i) the drop should not detach from the needle tip and (ii) it should ensure good Laplace-fitting when the minimum volume was reached. This resulted in amplitudes ranging between 30% and 40% of the interfacial area. However, for such large amplitude perturbations (above 10% of the average size), the higher harmonics of the basic frequency of the oscillations start to play a role and a non-linear response is obtained [39], as it was observed in the THDIFT values shown in Table 3. To enable measurements with lower amplitudes ensuring linear responses in the interfacial properties, the motor backlash in the present instrument must be reduced by an improved design of the piston movement mechanism.





5. Conclusions


In close collaboration with DataPhysics Instruments GmbH, a high-pressure high-temperature oscillating drop rheometer has been successfully designed, built and tested. The design of the mechanism for drop oscillation successfully kept the pressure constant during oscillating measurements and the mechanism itself was successfully tested at pressure as high as 1300 bar.



The pressure and temperature influence on the apparent elastic modulus (E′) and viscous modulus (E″) were studied for a system of CO2 and synthetic seawater with the presence of 100 ppm of a linear alkyl ethoxylate surfactant (Brij L23). The moduli showed strong and varying dependency on the pressure and temperature conditions. It is of particular interest that E′ at fixed temperatures of 40 and 80 °C was found to go through a maximum value for pressure between 100 and 300 bar, whereas indications are that E″ decreased uniformly with increasing pressure.



The tests demonstrated in particular two aspects offering room for improvement:




	
The accuracy of measurement at conditions of maximum temperature (80 °C) and minimum pressure (100 bar) was found to be inferior to that at other temperature and pressure conditions because of reduced visibility. Heat loss at the cell windows caused the windows to be slightly lower in temperature than other parts of the sample chamber. When the bulk phase is in gaseous state and contains water vapor (as in the tests reported here), water vapor can therefore condense on the windows and cause reduced visibility. Improved heat insulation of the windows was not found sufficient to prevent condensation of water vapor. This problem could be solved by implementing an auxiliary heating system for the cell windows.



	
The instrument did not allow measurements to be performed with small oscillation amplitudes. For volume amplitudes lower than approximately 2.6 µL, the measurements showed values of total harmonic distortion (THDIA) larger than 10%. An objective of a future work will be to reduce the THDIA by developing a better motor design with reduced backlash.
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Figure 1. Schematic representation of the experimental set-up. 
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Figure 2. Dynamic interfacial tension (IFT) for 100 ppm (8.87 × 10−5 M) Brij L23 in synthetic seawater (SSW) droplet in CO2 at different conditions for (a) all conditions measured and (b) only pressurized systems. 
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Figure 3. Apparent complex elastic modulus (E′) and viscous modulus (E″) at pressures from 1.1 to 300 bar for temperatures of (a) 25 °C, (b) 40 °C and (c) 80 °C. 
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Figure 4. E″/E′ ratio for systems from 1.1 to 300 bar at temperatures of (a) 25 °C, (b) 40 °C and (c) 80 °C. 
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Figure 5. Elastic modulus (E′) and viscous modulus (E″) at temperatures from 25 to 80 °C for pressures of (a) 100 bar, (b) 200 bar and (c) 300 bar. 
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Figure 6. E″/E′ ratio for systems from 25 to 80 °C at pressures of (a) 100 bar, (b) 200 bar and (c) 300 bar. 
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Figure 7. Effect of the motor backlash as a function of the interfacial area amplitude. (a) Interfacial area for variations of 2.69%, 5.51%, 13.65% and 20.71% of the average interfacial area (18 mm2), and (b) same data including an interfacial area variation of 30.79% (average IA = 38 mm2). 
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Figure 8. Experimental relation of interfacial area-based Total Harmonic Distortion (THDIA) to oscillation volume amplitude. 
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Table 1. Synthetic seawater composition.
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	Salt
	Concentration (g/L)





	NaCl
	23.612



	CaCl2·2H2O
	1.911



	MgCl2·6H2O
	9.149



	KCl
	0.746



	Na2SO4
	3.407
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Table 2. Effect of the amplitude on sinusoidal signal fitting.
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	IA Amplitude (%)
	Drop IA (mm2)
	F (Hz)
	ΔV (µL)
	P (bar)
	T (°C)
	THDIA (%)
	THDIFT (%)





	2.69
	18
	0.05
	0.27
	1
	25
	24.92
	52.30



	5.52
	18
	0.05
	0.52
	1
	25
	17.77
	26.72



	13.66
	18
	0.05
	1.35
	1
	25
	16.01
	20.28



	20.71
	18
	0.05
	1.97
	1
	25
	12.52
	12.90



	30.80
	38
	0.08
	10.39
	300
	25
	4.05
	10.57
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Table 3. THD for the different measurement conditions at frequency 0.5 Hz, where: Δρ is the density difference between the aqueous phase and the CO2 phase, IFT is the average interfacial tension during oscillations, V is the average droplet size during measurements and ΔV is the volume amplitude.
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THDIA (%)

	
THDIFT (%)

	
Δρ (g/mL)

	
IFT (mN/m)

	
V (µL)

	
ΔV (µL)






	
25 °C

	
60 bar

	
12.65

	
17.46

	
0.834

	
9.71

	
3.59

	
1.00




	
100 bar

	
5.36

	
8.26

	
0.208

	
8.62

	
12.62

	
6.42




	
200 bar

	
6.23

	
12.73

	
0.116

	
7.52

	
11.77

	
6.36




	
40 °C

	
100 bar

	
14.44

	
25.35

	
0.392

	
6.26

	
4.02

	
1.80




	
200 bar

	
8.49

	
11.12

	
0.185

	
7.68

	
12.31

	
6.06




	
300 bar

	
7.20

	
14.90

	
0.119

	
8.12

	
12.92

	
6.28




	
80 °C

	
100 bar

	
15.92

	
21.15

	
0.778

	
8.58

	
3.40

	
1.02




	
200 bar

	
13.02

	
14.61

	
0.410

	
8.38

	
4.73

	
2.78




	
300 bar

	
6.78

	
9.46

	
0.262

	
9.62

	
8.93

	
4.43
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