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ABSTRACT
The experimental analysis and the qualification of an Electrical Capacitance Probe (ECP), for the void fraction measurement, is presented. The ECP, developed at the SIET Company, is used to investigate a vertical air/water flow, characterized by high void fraction. Mass flow rates have been analyzed between 0.094 and 0.15 kg/s for air and between 0.002 and 0.021 kg/s for water, corresponding to void fraction up to 90% and to annular and wavy-annular flow patterns. The ECP signals are used to obtain the geometrical shape functions (signals as a function of electrode distances) in single and two phase flows. The dependence of the signal from the void fraction is derived and other flow characteristics as the liquid film thickness and the phase velocities are evaluated by means of rather simple models. The experimental analysis allows to characterize the ECP, showing the advantages and the drawbacks of this technique for the two-phase flow characterization at high void fraction, and it provides a reliable tool for the selection of the instrumentation for the SIET Company SPES3 facility. 
[bookmark: _Toc302481425]INTRODUCTION
The design of new nuclear reactors requires to carry out integral and separate effect tests on simulation facilities, as well as to perform safety systems verification and safety code validation. Within the framework of an Italian R&D program on Nuclear Fission, managed by ENEA and supported by the Ministry of Economic Development, the SPES3 experimental facility [1], able to simulate the  innovative small and medium size PWR nuclear reactors, is being built and will be operated at SIET Company laboratories. In such facility some design and beyond design basis accidents, like Loss Of Coolant Accidents (LOCAs), with and without the emergency heat removal systems, will be simulated [2], according to an experimental matrix of a series of primary and secondary loops breaks  which data will be fundamental for the certification process of those reactors. New accidental transients, following the Fukushima accident learning lesson, will be also studied.
The LOCA tests and the secondary side breaks foresee two-phase flow conditions in the pipes simulating the break flow paths, in critical flow during the early phases of the transients and driven by differential pressure in the later phases. An accurate accident analysis requires the measurement of the mixture mass flow rate occurring in a LOCA, when a piping break occurs at high temperature and pressure. For this reason, instruments and methodologies to evaluate  mass flow rates, at the break and at other locations of the plant, need  to be developed, considering the severe thermal-hydraulic conditions during the blow-down phase (the velocity reaches a hundred m/s, the average void fraction is more than 95% and the flow pattern is annular or annular-mist). 
Typically a set of instruments (Spool Piece) must be installed in order to evaluate the mass flow rate of the phases [3][5]. One of such instruments has to be able to measure the void fraction and to identify the flow pattern. In fact the response of a meter in two-phase flow tends to be highly sensitive to the flow pattern, to the upstream configuration and flow history. Moreover the flow pattern is likely to be time dependent in transient tests. As a first step to achieve this purpose, the present study deals with the characterization of a capacitive meter device for  annular flow. The behavior of the sensor is tested and advantages and drawbacks are highlighted.
The void fraction in the region of interest is one of the key parameters in gas–liquid two-phase flow systems, as it is used for determining several other important parameters (density and viscosity, velocity of each phase etc.) and for predicting heat transfer and pressure drops. It can be measured using a number of techniques, including radiation attenuation (X or γ-ray or neutron beams) for line or cross-sectional averaged values, optical or ultrasound techniques for local and chordal void fraction measurement, impedance techniques using capacitance or conductance sensors and direct volume measurement using quick-closing valves. The use of the different techniques depends on the applications, and whether a volume averaged or a local void fraction measurement is desired. All the different techniques are based on the use of a sensor that is sensitive to the variation of the physical properties of the phase mixture and then able to detect the presence of one of the phases.
The impedance method is based on the fact that the liquid and gas phases have different electrical conductivity and relative permittivity, and the electrical impedance of a mixture is usually different by the impedance of each component. The gases are generally poor conductors with a low dielectric constant, while the liquids although not good conductors, assume  higher value of the dielectric constant due to a greater concentration of dipoles.  In the electrical impedance void meters the resistive and/or the capacitive response of the two phase flow field to electrical activation by injecting current or applying voltage is measured and the resultant resistance and/or capacitance reading is used to estimate the void fraction. Impedance sensors have been used successfully to measure time and volume averaged void fraction, and its instantaneous output signal has been used to identify the flow pattern [6]. The fast response of the impedance meter allows to obtain information about virtually instantaneous void fractions and their distributions across a pipe section. This type of meter can work at high pressure and temperature also with high velocity fluid flow. Moreover, it is more attractive than other techniques from an economic point of view. The measurements of the void fraction with impedance sensors are quasi-local: the sensor determines the percentage of both phases not strictly in a selected cross section of the pipe but in a certain volume, based on the electrodes geometry. The exact boundary of this volume cannot be precisely drawn due to fringe effects. The measurements of the impedance takes place in a volume defined by the lines of an electric field associated with the electrodes system. Concerning the impedance probes, one of the most important drawbacks is the strong sensitivity to the flow pattern. To address this problem, in the last years tomography sensors using the impedance probes have been developed and several researches have been carried out (Huang et al. [11],  Wu et al. [12] and Warsito and Fan [13]). The impedance measurements are taken from a multi-electrode sensor surrounding a process vessel or pipeline. The working principle consists of injecting a sinusoidal signal inside an electrode and measuring the output signal in the remaining electrode. This procedure is repeated for all the other electrodes pairs until a full rotation is completed to get a set of measurements. 
Each dataset is interpreted by algorithms to compute a cross-sectional electrical capacitance distribution. The concentration of each phase can be computed based on the knowledge of the electrical permittivity of each phase. The advantage is its excellent time resolution arising from the very fast measurement of electrical resistances. The drawback is the relatively low spatial resolution, since the phases distribution reconstruction is based on measurements at the periphery of the sensor. This problem is stressed in presence of an annular flow as the liquid film at the wall creates a preferential path for the electric field lines that shields the core region and makes the sensor poorly sensitive to the void fraction. In order to solve this problem a sensor consisting of 9 external electrodes and an internal one has been developed. In this paper the sensor design and the experimental chraracterization at very high void fraction and in presence of annular air/demineralised-water flow is described. The possibility to obtain information about other  thermal-hydraulic parameters is also discussed.
NOMENCLATURE
A	[m2]		area
D	[m]		pipe internal diameter 
E∞	[-]		equilibrium Entrainment	
ECP	[-]		Electrical Capacitance Probe  
fac	[Hz]		signal acquisition frequency 
fec	[Hz]		signal excitation frequency 
g	[m/s2]		gravity acceleration	
J  	[m/s]		superficial velocity		
Re	[-]		Reynolds number 
U	[m/s]		phase velocity
V*	[-]		normalized RMS signal 
We	[-]		Weber number	
x	[-]		flow quality
w	[-]		signal weight

Special characters
α	[-]		void fraction
δ	[mm] 		annular film thickness 
θ 	[°] 		angle between measuring electrodes 
µ	[Ns/m2] 		dynamic viscosity 
ρ	[kg/m3]		density 
σ	[N/m]		surface tension 

Subscripts
ac			 acquisition
c			 core region (annular flow)
d 			 droplet
ex			 excitation
f			 film region (annular flow)
g			 gas
i			 i-th electrode
j			 j-th electrode
l			 liquid   
max			 maximum
TP			 Two-Phase

ELECTRICAL CAPACITANCE PROBE (ECP)
The sensor (ECP), developed by the SIET Company, consists of  10 measurement electrodes: 9 external and one internal  (Fig. 1). The internal and the external diameters of the Plexiglas pipe, where the probe is mounted, are 80 mm and 90 mm  respectively. The external electrodes (steel stripes of 400 mm length and 5 mm width) are spaced with 22.5° angle only on a half-circumference of  the pipe, due to the vertical flow symmetry. The angle corresponds to an external chord of 17.56 mm and an internal chord of 15.6 mm. The external electrodes are pasted on the Plexiglas pipe and are welded with the conductor that allows the link with the electronic part; while the internal electrode is connected through a metallic support at the outside of the pipe.

[image: sonda]
[bookmark: _Ref300238663][bookmark: _Toc302375431]Fig. 1 Schematic of the ECP


The electrodes are connected in an electronic circuit (Fig. 2) by several reed relays and two insulation transformers that prevent common mode disturbances. Each external electrode is connected, at the upper and lower extremity, to two reed relays to activate, in a predefined sequence, the excited electrode and the measuring one; the internal one is connected only in the upper extremity and it is always used as measuring electrode, when the corresponding reed relay is activated. The device is managed by NI USB-6259 DAQ, within the LabView® environment. 
[image: circuito_elettrico]
[bookmark: _Ref319304705][bookmark: _Toc302375433]Fig. 2 Schematic of the ECP electronics
EXPERIMENTAL FACILITY AND TEST SECTION
[bookmark: _Ref264375142][bookmark: _Toc264376164]The experimental facility consists of the feed water and the feed air loops with  instruments used to measure the single phase flow parameters (flow meter, temperature and pressure). The water mass flow rate is measured by means of a rotameter with 2%  full scale accuracy, while the air flow rate is measured by  a calibrated orifice flow meter. The facility, shown in Fig. 3, is composed by a Plexiglas vertical pipe having a nominal diameter of 80 mm and total length of about 4000 mm. The mixing zone is located at 400 mm from the test section inlet. Air enters axially in the test section and water flow is also injected axially by means of a porous bronze (Fig. 3). The test section, having a total length of 2500 mm, is equipped with two pneumatic quick closing valves used to measure the volumetric void fraction. The test section, in Plexiglas  allows to visualize the flow.
Downstream of the upper valve, a tank, that allows  to separate the phases, is installed. The flow is discharged at atmospheric pressure.  Experiments are made at a constant water temperature of 20°C, and measuring the absolute pressure, by a transducer Rosemount 3051/1, at the inlet of the test section. 
EXPERIMENTAL METHODOLOGY AND SIGNAL ACQUISITION
The signals from the sensor are acquired using the NI USB-6259 DAQ, and managed using a LabView® program. The predefined measurement sequence is read and the corresponding reed relay is activated by using a 5 V DC signal. The excitation signal is sent to the electrodes (sinusoidal signal with fec = 25 kHz and 5 V amplitude) and the output signal is sampled using a frequency of 250 kHz; the RMS value corresponding to 2000 samples is acquired.
The measurement sequence is defined as follows. The external electrodes are excited in sequence and for each one the output signal of the other external electrodes is read.
After the scan of the external electrodes, the output signal relative to the central electrode is acquired for each excited external electrode. For each measurement cycle all the 81 possible combinations are then registered and for each experimental run 50 cycles are acquired, in order to evaluate the mean signal and its time variation. 

[image: DSCF3699][image: verticale]
  	 (a)                                                                         (b)
[bookmark: _Ref318120695][bookmark: _Toc302375435]Fig. 3 Experimental facility. Schematic (a) and picture (b)

Before each set of experimental runs the static values of the signals for air and water are measured. Then, for each run,  the mass flow rates of water and air are fixed and when the flow is stabilized in the test section, the pressure value and the signal from the sensor are acquired. At the end of the measurement procedure, the volume averaged void fraction is measured using the quick closing valves. The uncertainty associated to the void fraction measurement has been estimated as ∆α = ±  0.0012.
EXPERIMENTAL MATRIX
In order to evaluate the response of the sensor at high void fraction, corresponding to annular and dispersed flow, a mixture of air and demineralized water is introduced  in the test section.  Mass flow rates have been analyzed between 0.094 and 0.15 kg/s for air and 0.002 and 0.021 kg/s for water, corresponding to void fraction up to 95%. The tests have been performed at atmospheric pressure. In Fig. 4, 5 the experimental void fraction is plotted as a function of the air superficial velocity (Fig. 4) and of the  flow quality (Fig. 5) at different liquid superficial velocities.  
In the tested range the observed flow pattern is annular smooth and annular wavy. The annular flow regime in vertical configuration, for the symmetry, can be analyzed, in a simplified scheme, as a liquid film region and a core region (Fig. 6). The liquid film is characterized in terms of film thickness, and frequency and amplitudes of waves at the interface. The core region, instead, is characterized in term of mean void fraction value. By increasing the water flow rate, the amplitude of the waves increases and the flow tends to become annular-churn while increasing the air flow rate, the film becomes smooth and thin (smooth annular flow). By further increasing the air flow rate, the liquid entrainment, from the film to the gas-core flow, occurs and increases. 
[image: ]
[bookmark: _Ref318181877]Fig. 4 Experimental void fraction as a function of water and air superficial velocities
[image: ]
[bookmark: _Ref300323948][bookmark: _Toc302375436]Fig. 5 Experimental void fraction as a function of the flow quality

Then the void fraction can be written as:


             				(1)

where

             				(2)

             			(3)

 Ac is the core region area and αd is the cross-sectional fraction occupied by the droplets in the core.  Then the value of the αc is an indirect index of the liquid film thickness.
In order to characterize the interface evolution in annular flow, Ishii [14] derived the criteria for the onset of entrainment based on the balance of the forces acting on the waves. The fraction of the liquid flux flowing as droplet is derived [14][15] as:


 		(4)

where


 			(5)

and 


 				(6)

In the tested range the liquid Reynolds number Rel ranges from 44 to 332 and the Weber number ranges from 2200 to 7000.
In pure annular flow, the liquid flows entirely in the film region, then the maximum value of thickness is evaluated from the measured void fraction as:


 				(7)

Under the hypothesis of pure annular flow the liquid film velocity and the core gas velocity are evaluated as:


             				(8)


             				(9)

In Fig. 7, the film thickness is plotted as a function of the superficial velocities.

[image: ][image: ]
[bookmark: _Ref318726457]Fig. 6 Schematic of annular vertical air-water flow
Actually this model is valid for the pure annular flow regime. In the tested range, for liquid superficial velocity higher than 0.00152 m/s, the flow tends to become annular-churn. Above this value the model is no more applicable.

[image: ]
[bookmark: _Ref318791926]Fig. 7 Maximum film thickness as a function of the phases’ superficial velocity

[image: ]
[bookmark: _Ref319306172]Fig. 8 Equilibrium entrainment predicted by the Ishii’s model [14] as a function of the tested void fraction

By introducing the correction due to the entrainment, the core gas fraction is evaluated. The velocities of the phases are corrected considering the same liquid droplets velocity as of the gas in the core region:


   				(10)


   			(11)


   			(12)

The phases’ velocities are plotted in Fig. 9, 10. In Fig. 11, the derived slip ratio (S= Ug /Ul ) is plotted as a function of the flow quality, at different liquid superficial velocities. The liquid film thickness is corrected, as shown in Fig. 12, taking into account the amount of liquid that is entrained into the core region: 

 				(13)

[image: ]
[bookmark: _Ref319312536]Fig. 9 Water velocity as a function of the flow quality


[image: ]
[bookmark: _Ref318966164]Fig. 10 Air velocity as a function of the flow quality


[image: ]
[bookmark: _Ref318966743]Fig. 11 Slip ratio S= Ug /Ul as a function of the flow quality
[image: ]
[bookmark: _Ref319312609]Fig. 12 Corrected mean film thickness as a function of the phases’ superficial velocities

ECP EXPERIMENTAL RESULTS
The first qualification step consists of the characterization of the sensor for single phase conditions. Measurements with air and demineralized water have been carried out before each test, in order to evaluate the stability of the system, and to normalize the signals for the two phase flow. The single phase measurements are used to build the characteristic shape function of the sensor. In Fig. 13 the RMS signals of  all the  possible combinations of the external electrodes are reported, as a function of the value of the angle θ between the excited and the measuring electrode (defined in Fig. 1). The little difference between the signals at the same angle value is due to the electronic circuit characteristic. The measured RMS value is proportional to the electrical capacitance between the measuring electrodes. It also depends on the excitation frequency and on the resistance, that is different between air, water and two-phase mixture, also with demineralized water. As it is shown in Fig. 13, the signal variation range is very limited due to the presence of the quite large Plexiglas thickness (5 mm) and the absence of any signal amplification.


[bookmark: _Ref318183720]

Fig. 13 Single phase ECP signals as a function of the angle θ
The theoretical ratio between the water electrical permittivity and the air electrical permittivity, that is equal to 80, is reduced, in the practical case, at a value from 1.05 to 1.1 depending on the electrodes distance. The ratio is lower at θ=22.5° due to the strong influence of the wall. The angle dependency is stronger for the signal measured in air single phase flow, while it seems to reach a constant value at angles higher than 90° in presence of only water.
For each electrodes combination the ratio RMSg/RMSl  shows a very high repeatability. The ratio of the RMSs, obtained measuring between external electrodes produces the shape shown in Fig. 14.
The analysis of the signals of the central electrode shows a higher sensitivity due to the direct contact of the probe with the mixture. In this case the mean RMSg/RMSl  ratio is equal to 0.582 ±0.002.
In order to take into account the single phase signal variations, the two-phase flow measured values are normalized as follows:


   			(14)

where the subscript ij identifies the measuring electrodes combination.
Because of the physical differences between internal and external electrode response, the signal of external and internal electrodes has been analyzed separately.



[bookmark: _Ref318187017]Fig. 14 Single phase ECP signals ratio as a function of the angle θ, for the electrode 1 excited

External Electrodes Signals
In order to evaluate the behavior of the sensors as a function of the mean void fraction, only the i-j combination signals are considered (deriving the mean value and the standard deviations), while in order to evaluate the interface phenomena in the liquid film and in the core region the time dependent signals (an example is reported in Fig. 15 for the electrodes combination 1-2 and void fraction equal to 0.995) and the relative differences between the value of the i-j and the j-i combinations have to be analyzed.
Each combination is analyzed in terms of dependency from the fluid-dynamic quantities (experimental void fraction, superficial velocities of air and water) and geometrical quantities (θ).  
[image: ]
[bookmark: _Ref318280259]Fig. 15 RMS value in time for 1-2 electrodes combination at Jl = 0.00055 m/s and Jg = 23.8 m/s

A typical series of curves is reported in Fig. 16: also with this low sensitivity, it is possible to extract important information concerning the void fraction in the annular flow configuration. The sensor is sensitive at very little variation of the void fraction, and this variation is detected from all the measuring electrodes combinations.
The relationship between the capacitance and the void fraction is dependent on the dielectric values of the two phases, but also on the cross-section of the sensors, on the separation distance between the two electrodes and on the voltage distribution inside the measurement volume, that in turn depends on the phases distribution. Considering the flow pattern, it is possible to develop a qualitative model for the signal variation: in the annular flow the measurements taken from the external electrodes are rather insensitive to the core region, because the preferential path of the electrical field lines is located in the continuous liquid film. The analysis of the signal shows that the measurement, taken between close electrodes (θ=22.5°), is affected by the presence of the liquid film because the measured volume is that relative to the liquid film zone,  while electrodes having higher distances are partially affected by the core region. In the hypothesis of axial symmetric flow, and in order to evaluate the sensor sensitivity to the mean void fraction variation, all the signals measured between electrodes,  placed at the same angular distance, are used to evaluate the average normalized signal at the angle θ. The average signals measured between electrodes at 22.5°, 45°, 90° and 180°  are plotted in Fig. 17 as a function of the measured void fraction. V* increases with θ at constant void fraction, and approaches the air value at higher angular distance. 
No significant difference has been found between the signals of electrodes at 90° and 132.5° and at157.5° and 180°. 

Central Electrode Signals
The signal of the central electrode, that is in direct contact with the fluid, is sensitive to the mean cross section void fraction and could be directly related to the measured void fraction and to the amount of liquid droplets in the core region. In Fig. 18, the mean signal, measured in the central electrode, is represented as a function of the experimental void fraction, measured by means of the quick closing valves: the signal is linearly dependent on the void fraction at value higher than 0.98 and it is characterized by a higher standard deviation at lower values.
         (a)

            (b)

[bookmark: _Ref318194854][bookmark: _Ref318299597]Fig. 16 V*=f(θ,α)

[bookmark: _Ref318279007]Fig. 17 Mean signal measured in the external electrodes as a function of the experimental void fraction

In the tested range, the observed flow pattern is annular, with rather low turbulence at the film interface, at liquid superficial velocities lower than 0.00152 m/s. While at a higher water mass flow rate, and void fraction values lower than 0.98, the flow pattern tends to become more turbulent with a higher mass of liquid entrained in the core region (churn-annular flow). This flow pattern change is clearly detected from the sensor, as it is shown in Fig. 18.


[bookmark: _Ref318277214][bookmark: _Ref318796921]Fig. 18 Mean signal measured in the central electrode as a function of the measured void fraction

Liquid film thickness and core droplets fraction dependency 
In order to analyze the dependency of the sensor signal from the measured volumetric void fraction, the data of the different electrodes combination are related with the liquid film thickness δ by means of the core void fraction αc, and with the liquid fraction in the core region by means of the droplets fraction αd. A model correlating the probe signals to the two phase flow parameters, as c, d , jl, jg, pressure p, geometrical and fluid parameters is needed. For an axial symmetrical two phase flow at constant pressure and temperature a simple model with two parameters and two signals (an external and the central electrodes) can estimate the film thickness, the liquid core droplet fraction and the void fraction. In Fig. 19 the signals measured in the central electrode are shown as a function of the core fraction. The flow pattern change from annular to churn-annular is clearly detected. In Fig. 20, the same signal is evaluated as a function of the droplets fraction; the internal probe is more sensitive than the external ones to the effect of the liquid and gas velocity change.   
In the future  the measurement of the liquid film thickness and of the frequency of the film waves will be performed. The influence of these parameters will be considered in the signal analysis. 

CONCLUSIONS
The design of new nuclear reactors requires to carry out integral and separate effect tests on simulation facilities, as well as to perform safety systems assessment and safety code validation. The SPES3 experimental facility, able to simulate the innovative small and medium size PWRs, is being built and will be operated at SIET Company laboratory. In such facility some design and beyond design basis accidents, like LOCAs, with and without the emergency heat removal systems, will be simulated. 
An accurate accident analysis requires the measurement of the mass flow rate of the mixture during the LOCA.
[image: ]
[bookmark: _Ref319082143]Fig. 19 Normalized-mean signal of central electrode, as a function of the core void fraction.


[image: ]
[bookmark: _Ref319307155]Fig. 20 Normalized-mean signals of the central electrode, as a function of the core droplets fraction at different liquid superficial velocity

The measurement device used for the flow parameters measurement must be able to work at high temperature and pressure, and at fluid velocity higher than one hundred m/s. This  requires to develop a non-intrusive probe with no moving parts, but also sensitive at very little variation of the flow parameters,  and with a very high frequency response, in order to evaluate the parameter variations during the transient. Concerning the measurement of the void fraction, the impedance meter fulfills these requirements, but in presence of annular flow the sensitivity is reduced due to the presence of the liquid film on the wall. 
The sensor (ECP),  that is presented in this paper, has been developed  by the SIET Company, and consists of 10 measurement electrodes, 9 external and one internal. The presence of the internal electrode, introduces very little flow disturbances,  but allows to obtain important information on the phase distribution, into the core region of the annular flow.
The response of the sensor has been qualified in terms of single phase flow sensitivity and signal variation dependency. Geometry and fluid-dynamic influences on the signal have been evaluated. The first analysis performed in single phase flow shows a poor sensitivity of the ECP system, so a signal amplification is required in order to increase the measurement accuracy. Although the sensitivity in single phase flow is low, variations lower than 1% in void fraction are detected. The presence of the central electrode allows to evaluate the mean cross-sectional void fraction also in annular flow, where the liquid film is the principal cause of the sensor low sensitivity. The  signal measured in the central electrode is linear with the void fraction in the range 98-100% and is quite sensitive to flow pattern variation. The variation of the signal measured in the external electrodes has been related to the mean liquid film thickness, that is evaluated, with simple model and geometrical considerations. In the future, the film thickness and the wave frequencies will be evaluated in order to develop a model of the sensor suitable to evaluate the chordal void fractions and other fluid dynamic parameters. In this context, the time analysis of the signal of these electrodes can be used to identify important fluid-dynamic parameters as the frequency of the waves in the film, the mean film thickness and the film interface oscillations. The tests have shown the potentiality of this technology for the measurement of two phase flow parameters at very high void fraction conditions (higher than 95%); in the future on the ground of the present experimental results the modifications concerning electronics and sensor design aspects will improve the electrical capacitance probe performance and will extend the measurement parameters range.
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AIR	22.5	45	67.5	90	112.5	135	157.5	180	0	22.5	22.5	45	67.5	90	112.5	135	157.5	0	45	22.5	22.5	45	67.5	90	112.5	135	0	67.5	45	22.5	22.5	45	67.5	90	112.5	0	90	67.5	45	22.5	22.5	45	67.5	90	0	112.5	90	67.5	45	22.5	22.5	45	67.5	0	135	112.5	90	67.5	45	22.5	22.5	45	0	157.5	135	112.5	90	67.5	45	22.5	22.5	0	180	157.5	135	112.5	90	67.5	45	22.5	0	0.90359999999999996	0.87930000000000064	0.87010000000000065	0.86830000000000063	0.86610000000000065	0.86450000000000005	0.86460000000000581	0.85970000000000502	0.90080000000000005	0.90310000000000001	0.90649999999999997	0.88080000000000214	0.87400000000000444	0.869900000000005	0.86730000000000063	0.8667000000000058	0.86129999999999995	0.90149999999999997	0.87670000000000581	0.90400000000000003	0.90659999999999996	0.88160000000000294	0.87300000000000444	0.86839999999999995	0.86680000000000501	0.86080000000000501	0.89950000000000052	0.86860000000000581	0.8798000000000058	0.90780000000000005	0.90449999999999997	0.88130000000000053	0.87220000000000064	0.868900000000005	0.86180000000000501	0.89920000000000166	0.86700000000000443	0.87330000000000063	0.88280000000000214	0.90500000000000003	0.91249999999999998	0.8840000000000019	0.87570000000000581	0.86639999999999995	0.90190000000000003	0.86490000000000478	0.86920000000000064	0.87420000000000064	0.88170000000000281	0.91259999999999997	0.90810000000000002	0.8840000000000019	0.869900000000005	0.90180000000000005	0.86439999999999995	0.8677000000000058	0.87050000000000005	0.87360000000000582	0.88530000000000053	0.90939999999999999	0.91220000000000001	0.87940000000000063	0.90300000000000002	0.86420000000000063	0.86680000000000501	0.8687000000000058	0.87000000000000444	0.87670000000000581	0.88490000000000213	0.91190000000000004	0.90480000000000005	0.90439999999999998	0.86150000000000004	0.86360000000000581	0.86480000000000501	0.86510000000000065	0.86950000000000005	0.87300000000000444	0.88149999999999951	0.90739999999999998	0.90339999999999998	WATER	22.5	45	67.5	90	112.5	135	157.5	180	0	22.5	22.5	45	67.5	90	112.5	135	157.5	0	45	22.5	22.5	45	67.5	90	112.5	135	0	67.5	45	22.5	22.5	45	67.5	90	112.5	0	90	67.5	45	22.5	22.5	45	67.5	90	0	112.5	90	67.5	45	22.5	22.5	45	67.5	0	135	112.5	90	67.5	45	22.5	22.5	45	0	157.5	135	112.5	90	67.5	45	22.5	22.5	0	180	157.5	135	112.5	90	67.5	45	22.5	0	0.95090000000000063	0.94420000000000004	0.94070000000000065	0.94470000000000065	0.94470000000000065	0.94510000000000005	0.94690000000000063	0.94410000000000005	1.5236999999999876	0.95090000000000063	0.95300000000000062	0.94350000000000001	0.94660000000000444	0.94650000000000001	0.94680000000000064	0.94850000000000001	0.94580000000000064	1.5286999999999911	0.94210000000000005	0.95080000000000064	0.94990000000000063	0.94590000000000063	0.94490000000000063	0.94499999999999995	0.94670000000000065	0.94390000000000063	1.5261	0.94020000000000004	0.94290000000000063	0.95150000000000001	0.95150000000000001	0.94510000000000005	0.94430000000000003	0.94590000000000063	0.94299999999999995	1.523599999999989	0.94380000000000064	0.94570000000000065	0.94710000000000005	0.95120000000000005	0.95809999999999995	0.94970000000000065	0.95020000000000004	0.94710000000000005	1.534899999999991	0.94330000000000003	0.94499999999999995	0.94550000000000001	0.94420000000000004	0.95750000000000002	0.95650000000000002	0.95100000000000062	0.94680000000000064	1.533499999999989	0.94430000000000003	0.94599999999999995	0.94630000000000003	0.94420000000000004	0.94990000000000063	0.95720000000000005	0.96080000000000065	0.94910000000000005	1.5361	0.94510000000000005	0.94670000000000065	0.94699999999999995	0.94460000000000444	0.94930000000000003	0.95060000000000455	0.95970000000000444	0.95630000000000004	1.5390999999999901	0.94359999999999999	0.94520000000000004	0.94550000000000001	0.94299999999999995	0.94740000000000002	0.94770000000000065	0.94920000000000004	0.957600000000005	1.535499999999989	θ [°]
RMS 
alpha=1	22.5	45	67.5	90	112.5	135	157.5	180	0.949942038149445	0.93089905530199391	0.92457654202619999	0.91874403309643515	0.91641031080937729	0.91432509808079765	0.91278577476714651	0.91370342851078246	θ [°]

RMSg / RMSl


0.97	22.5	45	67.5	90	112.5	135	157.5	180	0.10526315789473696	0.16743471582181291	0.2288135593220339	0.30287206266318939	0.33883248730965876	0.37252475247525224	0.39563106796116498	0.42189421894218931	0.976	22.5	45	67.5	90	112.5	135	157.5	180	0.17684210526315716	0.29032258064516742	0.39265536723164468	0.48172323759791036	0.53172588832488765	0.56683168316832511	0.56917475728155364	0.6002460024600339	0.98	22.5	45	67.5	90	112.5	135	157.5	180	0.26105263157894681	0.40706605222734382	0.51271186440677985	0.60704960835510857	0.65228426395939165	0.66955445544555425	0.66990291262137047	0.70110701107011164	0.99	22.5	45	67.5	90	112.5	135	157.5	180	0.38315789473684791	0.55299539170506917	0.63983050847459355	0.71148825065274168	0.74619289340102379	0.76732673267328133	0.78519417475728159	0.81795817958179562	0.995	22.5	45	67.5	90	112.5	135	157.5	180	0.59157894736842154	0.69892473118279663	0.74717514124293738	0.80548302872061517	0.8324873096446701	0.84158415841584133	0.84951456310679641	0.87822878228782264	θ [°]
V*

θ=22.5°	0.97000000000000064	0.98	0.97600000000000064	0.995	0.99	0.10526315789473696	0.11999999999999744	0.77263157894736767	0.26105263157894681	0.17684210526315716	0.13473684210526504	0.59157894736842154	0.35157894736842604	0.36000000000000032	0.20842105263157942	0.64421052631579645	0.38315789473684725	0.35368421052631427	0.30526315789473601	θ=45°	0.97000000000000064	0.98	0.97600000000000064	0.995	0.99	0.16743471582181291	0.20430107526881647	0.78187403993855664	0.40706605222734382	0.29032258064516675	0.22273425499232347	0.69892473118279663	0.49155145929339489	0.42089093701997654	0.32718894009217236	0.75883256528417764	0.55299539170506917	0.49155145929339489	0.44086021505376438	θ=90°	0.97000000000000064	0.98	0.97600000000000064	0.995	0.99	0.30287206266318895	0.34464751958224532	0.81201044386423016	0.60704960835510657	0.48172323759791036	0.39947780678851563	0.80548302872061628	0.66579634464752668	0.57832898172323077	0.51044386422976529	0.85117493472584904	0.71148825065274168	0.67232375979112269	0.62532637075717945	θ=180°	0.97000000000000064	0.98	0.97600000000000064	0.995	0.99	0.42189421894218931	0.46248462484625374	0.87576875768759133	0.70110701107011164	0.6002460024600329	0.53136531365314332	0.87822878228782264	0.7835178351783525	0.70479704797048826	0.6592865928659295	0.90282902829028966	0.81795817958179562	0.7835178351783525	0.74292742927430022	α
V*

θ=22.5°	0.97664987195782682	0.99042549762305665	0.98380147000424201	0.97616228814440198	0.99022382600363401	0.98316563542358082	0.97194709841871596	0.99455486627559964	0.98636551285838603	0.98407205136195297	0.98686921775736558	0.97491464256155924	0.97037450232681965	0.98641972395984456	0.97654144975489965	0.97443401294190801	0.96777916560069854	0.98870544101320301	0.9786646915537478	0.97557355242155963	0.96849955685564904	0.99290435160348645	0.986287910377871	0.98265434413138397	0.97838557550366001	0.99417507246566805	0.98965042111706258	0.98727967323985011	0.98489343647650196	0.98817075834195756	0.97571279434688163	0.99625927594946151	0.98447523655094804	0.97455855623040011	0.97641817086528349	0.97528716607799049	0.98913912982487551	0.9768128213619115	0.99544563527800844	0.98548233024919196	0.98737260655662851	0.97613873871548895	0.98719432631626158	0.97898189761972465	0.97076188252995665	0.97023526040149954	0.99049835860781599	0.98051640369570559	0.97678310798851764	0.97314037485023797	0.99395807000997305	0.9874113287719376	0.98363061810722396	0.97943154946708999	0.99507848545674749	0.99049029806503297	0.98762833122765159	0.98519562780590597	0.99035563958560702	0.98050850120277444	0.97669681276580289	0.99446967740187864	0.98995277049633756	0.98676853999751257	0.99032466181334156	0.97996623213834033	0.97531782775053599	0.99343935037443698	0.9892633570136341	0.98611010428707957	0.98770593370816595	0.97966087981174599	0.97599175234711677	0.993741383654003	0.98837227191151644	0.98641213756662682	0.98869769657014817	0.98048526787358503	0.97665809055046882	0.99494540747590765	0.98831031636699851	0.98569474925899103	0.98885305958102399	0.97992750992300504	0.9757316022800524	0.96935982223536465	0.99248599362807965	0.98665995974473697	0.98155431711634644	0.97726231515943296	0.97365988473506604	0.98329760705540303	0.18254164223242958	0.53020364354193639	0.28742524493112326	9.1902840590743246E-2	0.44559740098225481	0.20876458254405394	6.3785939173908734E-2	0.51754884630294706	0.18342744245489856	0.18184149910848338	0.29505640193795779	5.2230173578356055E-2	4.8459066636624415E-2	0.12501149816769858	9.8652223870367206E-2	0.14283044085949326	0.10721512329539112	0.39977137368287136	0.25310005672140029	0.18805471964902981	0.13601795603665573	0.42054955762067681	0.29912787382046779	0.22359597118392044	0.19204463558036663	0.53330531843627282	0.32447683950143941	0.2812776025177226	0.24264192416481328	0.34458170717225578	7.9139226550908534E-2	0.52213706743734756	0.13126056096610761	1.4449101614454224E-2	2.5319050586372252E-2	9.7724309062829293E-3	0.34939520452219214	0.10052930372769972	0.45456056345620338	0.14157393026560292	0.25227446711517082	2.7189970899775685E-2	0.2155622719682122	5.6211350334798307E-2	5.9947864741196122E-2	7.572345509104543E-2	0.40276179887526986	0.18385324866982344	0.11577903462853174	8.7170256549357686E-2	0.37947950097942279	0.23984105786853571	0.19487024151594171	0.15384016080355672	0.47813745241844074	0.26234917812720338	0.23885343739312928	0.20822147170513491	0.3211103193945038	0.16638685757245344	8.0407635471633945E-2	0.43656151754999556	0.29891786096100526	0.30407558278689067	0.38354897476544236	0.21918360518973984	0.18283488729710537	0.45069299377618349	0.33561392078780938	0.32077641501396548	0.3578907105830198	0.18498670070219894	0.14516654620178782	0.42288712427838931	0.29293975577815778	0.27106917685899096	0.33040731491187375	0.22791865329813449	0.13503734715869245	0.45117496684810082	0.33202566097503827	0.28812979367740793	0.14916731777772727	-2.3075357670905416E-2	5.5745884195872578E-2	1.6000000000000021E-2	0.36543474330056408	0.19154850453750799	0.15457808640401899	9.6638704798824027E-2	2.50197690607942E-2	0.18865017945721221	θ=45°	0.97664987195782682	0.99042549762305665	0.98380147000424201	0.97616228814440198	0.99022382600363401	0.98316563542358082	0.97194709841871596	0.99455486627559964	0.98636551285838603	0.98407205136195297	0.98686921775736558	0.97491464256155924	0.97037450232681965	0.98641972395984456	0.97654144975489965	0.97443401294190801	0.96777916560069854	0.98870544101320301	0.9786646915537478	0.97557355242155963	0.96849955685564904	0.99290435160348645	0.986287910377871	0.98265434413138397	0.97838557550366001	0.99417507246566805	0.98965042111706258	0.98727967323985011	0.98489343647650196	0.98817075834195756	0.97571279434688163	0.99625927594946151	0.98447523655094804	0.97455855623040011	0.97641817086528349	0.97528716607799049	0.98913912982487551	0.9768128213619115	0.99544563527800844	0.98548233024919196	0.98737260655662851	0.97613873871548895	0.98719432631626158	0.97898189761972465	0.97076188252995665	0.97023526040149954	0.99049835860781599	0.98051640369570559	0.97678310798851764	0.97314037485023797	0.99395807000997305	0.9874113287719376	0.98363061810722396	0.97943154946708999	0.99507848545674749	0.99049029806503297	0.98762833122765159	0.98519562780590597	0.99035563958560702	0.98050850120277444	0.97669681276580289	0.99446967740187864	0.98995277049633756	0.98676853999751257	0.99032466181334156	0.97996623213834033	0.97531782775053599	0.99343935037443698	0.9892633570136341	0.98611010428707957	0.98770593370816595	0.97966087981174599	0.97599175234711677	0.993741383654003	0.98837227191151644	0.98641213756662682	0.98869769657014817	0.98048526787358503	0.97665809055046882	0.99494540747590765	0.98831031636699851	0.98569474925899103	0.98885305958102399	0.97992750992300504	0.9757316022800524	0.96935982223536465	0.99248599362807965	0.98665995974473697	0.98155431711634644	0.97726231515943296	0.97365988473506604	0.98329760705540303	0.29892232103226679	0.68556217703637956	0.46414017731872192	0.24570114356210054	0.63693028290843112	0.41464781995905342	0.19512232392094367	0.70481323585833844	0.39375665092181888	0.35924276904477653	0.51194956095486199	0.16132694342077136	0.17106729769865786	0.27783610974837097	0.25070956163689556	0.28476901395575732	0.27366094172470584	0.60690236297263456	0.47047852151700592	0.38260921140047238	0.31826431888040851	0.67322409086301749	0.52977046990348564	0.44387877327497099	0.40551926722296616	0.73415680417064444	0.56648489451163153	0.51839043758755132	0.47357964938357588	0.53281194829928424	0.23463420642014471	0.7201295094107657	0.33351003940264001	0.14760489599462298	0.14780371094182848	0.12670455763613384	0.54372057540908825	0.24333647917480183	0.66585156342660534	0.31603084234036632	0.47698404319051674	0.11925071063594049	0.42171761617768982	0.18661122176781339	0.17976187122741771	0.21417118830385787	0.62579175604013892	0.39778298955485453	0.29302268089673789	0.23245793364521444	0.6191004693488269	0.46245477696532888	0.37596301737076487	0.33432424167178876	0.69183735352480213	0.50400026313988888	0.4611894291089218	0.41806412797676756	0.53934846985421336	0.39415025319192482	0.30022675699122431	0.61171361928336165	0.51123375307257912	0.51489223985703136	0.58943266834261532	0.43739596519052687	0.40059331257805653	0.63315136222124035	0.54602168874591717	0.53119959870389966	0.49072842402938482	0.40489731867157525	0.36363467959238532	0.60629277080943977	0.50799856862192028	0.48515589114242347	0.5400521491568101	0.43973143065337816	0.34917539031677108	0.62408836726558614	0.53815565741630422	0.49993099831521953	0.33449421161663762	0.15110461838365127	0.24137715501680848	0.17195706563343929	0.56073282512129952	0.41621388690025202	0.36405133430836645	0.31663571438739091	0.21884044669696046	0.40988859307842207	θ=90°	0.97664987195782682	0.99042549762305665	0.98380147000424201	0.97616228814440198	0.99022382600363401	0.98316563542358082	0.97194709841871596	0.99455486627559964	0.98636551285838603	0.98407205136195297	0.98686921775736558	0.97491464256155924	0.97037450232681965	0.98641972395984456	0.97654144975489965	0.97443401294190801	0.96777916560069854	0.98870544101320301	0.9786646915537478	0.97557355242155963	0.96849955685564904	0.99290435160348645	0.986287910377871	0.98265434413138397	0.97838557550366001	0.99417507246566805	0.98965042111706258	0.98727967323985011	0.98489343647650196	0.98817075834195756	0.97571279434688163	0.99625927594946151	0.98447523655094804	0.97455855623040011	0.97641817086528349	0.97528716607799049	0.98913912982487551	0.9768128213619115	0.99544563527800844	0.98548233024919196	0.98737260655662851	0.97613873871548895	0.98719432631626158	0.97898189761972465	0.97076188252995665	0.97023526040149954	0.99049835860781599	0.98051640369570559	0.97678310798851764	0.97314037485023797	0.99395807000997305	0.9874113287719376	0.98363061810722396	0.97943154946708999	0.99507848545674749	0.99049029806503297	0.98762833122765159	0.98519562780590597	0.99035563958560702	0.98050850120277444	0.97669681276580289	0.99446967740187864	0.98995277049633756	0.98676853999751257	0.99032466181334156	0.97996623213834033	0.97531782775053599	0.99343935037443698	0.9892633570136341	0.98611010428707957	0.98770593370816595	0.97966087981174599	0.97599175234711677	0.993741383654003	0.98837227191151644	0.98641213756662682	0.98869769657014817	0.98048526787358503	0.97665809055046882	0.99494540747590765	0.98831031636699851	0.98569474925899103	0.98885305958102399	0.97992750992300504	0.9757316022800524	0.96935982223536465	0.99248599362807965	0.98665995974473697	0.98155431711634644	0.97726231515943296	0.97365988473506604	0.98329760705540303	0.45262149084033421	0.81435819842820001	0.64974534030275832	0.41464951151050045	0.78266544398149562	0.61469670286513389	0.34389735597472082	0.8254484984285837	0.60024815206920412	0.56226384594370549	0.67986906761293064	0.26737867525675219	0.29471992046736262	0.43173848069883985	0.41404399417970938	0.43797180924996293	0.43216034802601583	0.76525013772814265	0.66062897017681865	0.57362156407804565	0.50585298187958938	0.81337255634351813	0.71613423089851902	0.64062025092320363	0.60530276809499639	0.84056712978389359	0.74294675656314646	0.70452332509333737	0.66665173637194375	0.70019593659741108	0.40837533269657078	0.83443805032550677	0.54230311505254858	0.28190029579345105	0.28086385170362732	0.24109768544940294	0.71508001193244008	0.41206210612008082	0.80380723285032274	0.52044910699142521	0.66256833583718966	0.21464200081764559	0.61519639026686634	0.33530352137594693	0.30826961542160081	0.35547657209068007	0.78124401432101465	0.59987965758242345	0.48187305732710256	0.40622894817866001	0.78253176466420549	0.66396112661581874	0.57858461849268461	0.52307295482818861	0.82435729128651269	0.69950641403125158	0.66369287583383041	0.6194539085417563	0.75393010696113361	0.54501861005915864	0.47126798459074182	0.79298979030564187	0.73545915724569022	0.63168749211249475	0.77928629691963969	0.57328891788786052	0.5417273037107897	0.80735885170501742	0.75527100631070643	0.64282306391893962	0.70320408456261696	0.55294508617230564	0.5126795448361986	0.790628300429152	0.73198292005025956	0.61824620684718778	0.7543270008948666	0.57688055144000971	0.50869708973228955	0.80176971407038833	0.75483126204603812	0.62747573932824763	0.58054126681258034	0.30528796849320888	0.37950194271348281	0.31679923689551914	0.76430149922486001	0.56807942143246881	0.51873577901188472	0.47529407902489401	0.38084024825184898	0.55022780114802661	θ=180°	0.97664987195782682	0.99042549762305665	0.98380147000424201	0.97616228814440198	0.99022382600363401	0.98316563542358082	0.97194709841871596	0.99455486627559964	0.98636551285838603	0.98407205136195297	0.98686921775736558	0.97491464256155924	0.97037450232681965	0.98641972395984456	0.97654144975489965	0.97443401294190801	0.96777916560069854	0.98870544101320301	0.9786646915537478	0.97557355242155963	0.96849955685564904	0.99290435160348645	0.986287910377871	0.98265434413138397	0.97838557550366001	0.99417507246566805	0.98965042111706258	0.98727967323985011	0.98489343647650196	0.98817075834195756	0.97571279434688163	0.99625927594946151	0.98447523655094804	0.97455855623040011	0.97641817086528349	0.97528716607799049	0.98913912982487551	0.9768128213619115	0.99544563527800844	0.98548233024919196	0.98737260655662851	0.97613873871548895	0.98719432631626158	0.97898189761972465	0.97076188252995665	0.97023526040149954	0.99049835860781599	0.98051640369570559	0.97678310798851764	0.97314037485023797	0.99395807000997305	0.9874113287719376	0.98363061810722396	0.97943154946708999	0.99507848545674749	0.99049029806503297	0.98762833122765159	0.98519562780590597	0.99035563958560702	0.98050850120277444	0.97669681276580289	0.99446967740187864	0.98995277049633756	0.98676853999751257	0.99032466181334156	0.97996623213834033	0.97531782775053599	0.99343935037443698	0.9892633570136341	0.98611010428707957	0.98770593370816595	0.97966087981174599	0.97599175234711677	0.993741383654003	0.98837227191151644	0.98641213756662682	0.98869769657014817	0.98048526787358503	0.97665809055046882	0.99494540747590765	0.98831031636699851	0.98569474925899103	0.98885305958102399	0.97992750992300504	0.9757316022800524	0.96935982223536465	0.99248599362807965	0.98665995974473697	0.98155431711634644	0.97726231515943296	0.97365988473506604	0.98329760705540303	0.5910541042054841	0.93806579716725658	0.77016354165213352	0.5641066302119	0.91166575529733396	0.74073000683526979	0.49404237867396139	0.94025222146274756	0.75996035543403961	0.72666917293233091	0.80271428571428516	0.38756322624743988	0.41035543403964991	0.58074400739739762	0.53097233089123441	0.56937122128174078	0.55507361832279101	0.89390283803968995	0.78220143680204834	0.71185717334092002	0.64746070133010902	0.91823316025321156	0.84659790881285957	0.7822995945657587	0.70999502098300993	0.93320079664271971	0.86690874173127508	0.83596059463688865	0.80913009460132268	0.84545584179650235	0.54911660777385207	0.9432371655016335	0.70263577431931912	0.40153591891329204	0.40582240322613244	0.36392508491688502	0.86837127374315148	0.55263656864614952	0.90505393746283525	0.69349384613659582	0.77527866286701663	0.33354753116199781	0.69337938033086299	0.50424443916371164	0.45292766840183546	0.48841120671231048	0.9180180361949426	0.74320235122156819	0.64052397328348898	0.5690240906054348	0.91317271435168745	0.82207483496463163	0.74747750332911189	0.69920587237465104	0.93762350563968166	0.85083814203878205	0.82389743520764491	0.78598376323981967	0.86341086839266357	0.68919071377202468	0.59232133225459438	0.90779688061849351	0.8710182937792158	0.86682690578928467	0.8482353469974826	0.66463682128730661	0.64688241639699073	0.91846637900034445	0.88640169902912613	0.87515349694355504	0.79731006177611741	0.64790346382513564	0.6240965701644916	0.90511308628547282	0.86816000045320063	0.85570068177505088	0.86119115516276012	0.71841590131096456	0.61563594275852485	0.91518914051180211	0.88571260340239377	0.86648971604390634	0.76682077688174377	0.45567972822416358	0.49601892848278167	0.43165111902604081	0.89176954471197456	0.81777369523930565	0.68418343137198345	0.59814051757480824	0.51766127309777465	0.81124051122490004	α
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