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Abstract

:

Fluid friction in elastohydrodynamically lubricated (EHL) contacts depends strongly on the lubricant considered. Synthetic oils can have significantly lower fluid friction than mineral oils. Water-containing fluids have the potential to significantly reduce fluid friction further. The aim of this study is to investigate the film formation and frictional behavior of highly-loaded EHL contacts with water-containing fluids. Comparisons are made with mineral and polyalphaolefin oils. Measurements at an optical EHL tribometer show good lubricant film formation of the considered water-containing gear fluids. Measurements at a twin-disk test rig show coefficients of friction smaller than 0.01, which is referred to as superlubricity, for all considered operating conditions.
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1. Introduction


Fluid friction in elastohydrodynamically lubricated (EHL) contacts, e.g., in gears and bearings, is determined by inner friction due to molecular interactions of molecules. Characteristic flow behavior of gear fluids is non-Newtonian with decreasing viscosity with increasing shear rate. Friction curves are typically represented by the coefficient of friction over slip ratio (e.g., Mayer [1], Bobach et al. [2], Bader et al. [3], Evans et al. [4], Björling et al. [5]). The pressurized contact area of highly-loaded EHL contacts with more than 1000 N/mm2 results in a complex lubricant behavior and different friction regimes over the slip ratio (Ndiaye et al. [6], Bair et al. [7], Martinie et al. [8], Bair [9], Bair et al. [10]). For very low slip ratios, a linear (Newtonian) regime is observed. This is followed by a non-linear (shear thinning) regime with the coefficient of friction increasing digressively until, commonly, a maximum of the coefficient of friction is reached. This plateau is generally referred to as limiting shear stress. Its physical origin is discussed in terms of shear banding, wall slip, glassy state transitions, and shear localization (Martinie et al. [8]). For even higher slip ratios, the coefficient of friction is governed by the thermal regime and is reduced due to increasing frictional heat and contact temperatures.



Mayer [1] measured friction curves of highly-loaded EHL contacts at a twin-disk test rig under various operating conditions and with various base oils. For fluid film lubrication, the measured coefficient of friction was between 0.020 ≤ µ ≤ 0.060 for a mineral oil, between 0.010 ≤ µ ≤ 0.040 for a polyalphaolefin oil, between 0.010 ≤ µ ≤ 0.035 for a polyalkylene glycol oil and between 0.008 ≤ µ ≤ 0.020 for a polyether oil. Even though the base oil’s molecular structure and relating properties, e.g., viscosity index, pressure–viscosity coefficient, and density, are different, the friction curves exhibit the typical characteristic regimes described above. Sagraloff et al. [11] used the same twin-disk test rig to measure friction curves of highly-loaded EHL contacts with a water-based fluid in a fluid film lubrication regime. The water-based fluid is referred to a liquid solution of water as base fluid and polymers. Results show very low coefficients of friction of below 0.01. The low friction is expected to be related to the low pressure–viscosity coefficient of the water-based fluid, resulting in low contact viscosity and shear stress. Martin et al. [12] state a low capability of water to form lubricant films at high pressures.



The frictional behavior of water-containing fluids was analyzed in several studies. A water-containing fluid is referred to as a water-soluble base oil with significant water content. Chen et al. [13] performed experimental investigations on highly-loaded EHL contacts at a ball-on-disk tribometer with a water-soluble glycerol as base oil with water content. Ultra-low coefficients of friction between 0.005 ≤ µ ≤ 0.010 were measured at quasi-stationary operating conditions after run-in. They propose the following lubrication mechanism to explain the remarkable friction reduction: In ambient conditions, a microscopic layer of FeOOH is formed on the steel surfaces. Based on that, layers of hydrogen bonded networks of base oil molecules are adsorbed to the surfaces via hydrogen bonds. Between these layers, a thin layer of mainly water molecules allows easy sliding, which results in ultra-low friction. Li et al. [14,15] conducted further investigations at a ball-on-disk tribometer and measured ultra-low coefficients of friction of 0.004 ≤ µ ≤ 0.006 for highly-loaded EHL contacts using polyhydroxy alcohol or glycerol as base oil with water and acid content. The very low friction is explained by a lubrication model similar to the one by Chen et al. [13]. They also show increasing lubricant film thickness with increasing base oil content. Wang et al. [16] performed friction measurements with water-containing fluids at a ball-on-disk tribometer. Polyalkylene glycol was used as water-soluble base oil. The water content was varied between 10% and 90% and showed a significant influence on the coefficient of friction and operational stability. Ultra-low friction of µ < 0.01 was achieved for water contents of up to 60%. For water contents below 30%, stable operating conditions were only observed at a long running time. A water content between 30% and 60% was recommended to achieve ultra-low and stable operating conditions. The proposed lubrication mechanism is similar to the ones suggested by Chen et al. [13].



The literature indicates a large potential of water-containing fluids to achieve ultra-low friction in highly-loaded EHL contacts, while at the same time providing good EHL film formation. The aim of this study is to evaluate the EHL film formation of water-containing gear fluids at an optical EHL tribometer and friction at a twin-disk test rig. The results of this study were partly presented at a technical session at the 7th European Conference in Tribology in Vienna in 2019 (Yilmaz et al. [17]).




2. Lubricants


Within this study, three water-containing fluid designs for gearbox applications were compared with conventional gear oils. Table 1 shows the corresponding kinematic viscosities and densities. The mineral oil MIN-10 is specified by Laukotka [18] and used as a link to the results of Mayer [1]. The polyalphaolefin oils PAO-09 and PAO-05 have the same base oil with typical gear oil additives incorporated. Its nominal kinematic viscosities of 9.0 and 5.0 mm2/s are specified at 100 °C. The water-containing fluids PAGW-09, PAGW-05A, and PAGW-05B are based on water-soluble polyalkylene glycols with water content of up to 70%. Note that the given kinematic viscosities at 100 °C are approximated. PAGW-09 and PAGW-05A have the same additives incorporated but different kinematic viscosities. PAGW-05B has the same kinematic viscosity as PAGW-05A but different additives incorporated. The densities of the water-containing gear fluids are approximately 30% higher than for the conventional gear oils.



Figure 1 illustrates the kinematic and dynamic viscosity over temperature according to DIN 51563 [19]. The different viscosity levels and indices can be recognized. As the dynamic viscosity includes the influence of the lubricant density, the higher density of the water-containing gear fluids comes into effect.




3. Experimental Setups


This section describes the experimental setups of the optical EHL tribometer and twin-disk test rig considered, as well as the test parts and operating conditions.



3.1. Optical EHL Tribometer


The EHL film thickness of the lubricants considered was observed and evaluated using an optical EHL tribometer based on thin film colorimetric interferometry.



3.1.1. Description and Measurement Technique


The optical EHL tribometer at FZG is from the Brno University of Technology (BUT) and identical in construction to the one considered by Omasta et al. [20] and Ebner et al. [21]. The following short description of the test rig is mainly based on these works and formulations.



Figure 2 shows the mechanical layout of the optical EHL tribometer. In this ball-on-disk tribometer, a transparent disk made from BK7 glass is loaded using a dead-weight lever mechanism against a polished steel ball. The disk, as well as the ball, is driven separately by two speed-controlled electric motors, which allows continuous variation of the surface velocities. The sum of the surface velocities v1 and v2 is defined as sum velocity vΣ, whereas the difference between the surface velocities v1 and v2 is the sliding velocity vg:


vΣ = v1 + v2



(1)








vg = v1 − v2 with v1 > v2



(2)





The slip ratio s is defined as:


s = vgv1·100%



(3)







The glass disk was coated with a thin chromium layer on the contact side with the polished steel ball, which allows an optical interference to occur. The contact was observed through an industrial microscope and was illuminated episodically with a high-intensity xenon continuous lamp. The resulting chromatic interferograms were recorded using a high-speed CMOS camera. The lubricant film thickness was evaluated based on the thin film colorimetric interferometry (Hartl et al. [22], Molimard et al. [23]). An optical interference occurs when two light beams reflected from nearby interfaces are composed together. In the case of the optical EHL tribometer, the first interface was between the thin chromium layer of the glass disk and the lubricant, and the second interface was between the ball and the lubricant. The resulting chromatic interferograms were converted to a quantitative lubricant film thickness using a color-matching algorithm and CIELAB color-film thickness calibration integrated in the AChILES software.




3.1.2. Operating Conditions


Table 2 shows the operating conditions considered at the EHL tribometer. Overall, 14 sum velocities v∑ from 1.6 to 4.0 m/s were investigated, and a color interferogram was recorded for each for pure rolling (slip ratio of s = 0%). The applied normal load of FN = 30 N corresponds to a Hertzian pressure of pH = 530 N/mm2. The experiments were conducted under dip lubrication with an oil temperature of ϑOil = 40 °C.





3.2. Twin-Disk Test Rig


Twin-disk test rigs are often used for basic investigations on rolling-sliding contacts of gears. Good transferability of friction behavior is known.



3.2.1. Mechanical Setup


Figure 3 shows the mechanical layout of the considered FZG twin-disk test rig, which was designed by Stößel [24]. The following description of the test rig is based mainly on the works and formulations of Lohner et al. [25] and Ebner et al. [26].



Both test disks were press-fitted onto shafts, which can be independently driven by two three-phase motors. Traction drives mounted between the motors and driving shafts allow continuous variation of speed. The normal force FN in the disk contact was applied by a pneumatic cylinder via the pivot arm where the lower disk was mounted. The upper disk was mounted in a skid, which was attached to the frame by thin steel sheets. The skid was supported laterally by a load cell so that the friction force FR in the disk contact for sliding velocities vg ≠ 0 m/s can be measured as reaction force with hardly any displacement of the skid. An injection lubrication unit with heating and cooling possibilities and a filter system provides lubricant at the desired oil inlet temperature ϑOil to be injected directly into the inlet region of the disk contact. Normal force FN, friction force FR, oil inlet temperature ϑOil, surface velocities v1 and v2, and bulk temperature of the upper disk ϑM were measured. ϑM is recorded by a Pt100 resistance temperature sensor 5 mm below the surface of the disk. The definitions of the sum velocity v∑, sliding velocity vg, and slip s are in accordance with the EHL tribometer (Equations (2)–(4)). The coefficient of friction can be calculated as follows:


µ=FRFN



(4)







All experiments were conducted under line contact conditions with cylindrical disks having a diameter of 80 mm and a width of 5 mm, as shown in Figure 4, left. To ensure an evenly distributed load over the disk width of 5 mm, a contact print on aluminum foil was evaluated before each test. Any misalignment was carefully corrected mechanically.



The disks were made of case-carburized steel 16MnCr5 (AISI 5115) with a surface hardness of 690–740 HV1 and case-hardening depth of CHD550HV1 = 0.9 + 0.2 mm. All disk surfaces were peripherally ground and mechanically polished to an arithmetic mean roughness of Ra < 0.01 µm, as shown in Figure 4, right. The profile method was used to measure the surface roughness across the disk width direction with a measurement length of Lt = 4 mm and a cut-off wavelength of λc = 0.08 mm.




3.2.2. Operating Conditions


Table 3 shows the operating conditions considered at the twin-disk test rig. Each friction curve was recorded for slip ratios s from 0% to 50% at constant load and sum velocity. Thereby, the surface velocities were adjusted to s = 0% before the disks were brought into contact. After applying load, the slip ratio was increased incrementally. The coefficients of friction and bulk temperatures were recorded as quasi-stationary values, i.e., when the change in bulk temperature ΔϑM/Δt was smaller than 0.5 K/min. Five sum velocities of vΣ = {1; 2; 4; 8; 16} m/s were investigated for loads of FN = {980; 3920} N, which corresponds to Hertzian pressures of pH = {600; 1200} N/mm2.



The experiments were conducted under injection lubrication, whereby the lubricant was injected with a flow rate of 1.6 l/min to the disk contact inlet with an oil injection temperature ϑOil = 60 °C.



Friction curves were aborted when the measured disk bulk temperature ϑM exceeded 160 °C, due to initiated annealing effects in AISI 5115. A new pair of mechanically polished disks was used for each lubricant. Each new pair of disks was run-in with the investigated lubricant for 30 min at ϑOil = 60 °C, pH = 1200 N/mm2 (FN = 3920 N), vΣ = 1 m/s, and s = 20%.






4. Results and Discussion


In this section, the experimental results from the optical EHL tribometer and twin-disk test rig are presented and discussed.



4.1. Optical EHL Tribometer


Figure 5 shows measured interferograms for an oil temperature of ϑOil = 40 °C, a Hertzian pressure of pH = 530 N/mm2, and a slip ratio of s = 0% for all considered lubricants with an example sum velocity of vΣ = 1.6 m/s. Figure 6 explicitly shows the averaged measured central and minimum film thickness values hc and hm over the sum velocity for ϑOil = 40 °C, pH = 530 N/mm2, and s = 0%. All film thickness curves were repeated once. The maximum deviation was 9.3 nm for MIN-10, 7.3 nm for PAO-09, 3.6 nm for PAO-05, 8.1 nm for PAGW-09, 8.1 nm for PAGW-05A, and 5.0 nm for PAGW-05B. For all lubricants, the film thickness curves show a typical behavior with an almost linear increase of hc and hm, with increasing sum velocity in double-logarithmic scale. The mineral oil MIN-10 shows the highest lubricant film thickness. The water-containing fluid PAGW-09 shows on average a 33% smaller central film thickness hc and 23% smaller minimum film thickness hm than the polyalphaolefin oil PAO-09. The water-containing fluids PAGW-05A and PAGW-05B show almost comparable film thickness values to the polyalphaolefin oil PAO-05 with, on average, a 16% and 20% smaller central film thickness hc and 13% and 6% higher minimum film thickness hm.



Based on the measured central film thickness hc in Figure 6, the pressure–viscosity coefficients αp of the lubricants considered can be derived using the Hamrock et al. [28] formula:


hc = Rx·(2.69·U0.67·G0.53·W−0.067·(1−0.61·e−0.73κ))



(5)




where U is the velocity parameter, G the material parameter, and W the load parameter:


U = νM·ρM·v∑E′·Rx·2



(6)






G = αP·E′



(7)






W = FNE′·Rx2



(8)







The derived pressure–viscosity coefficients αp are summarized in Table 4. The coefficients can be classified according to the base oil type. The mineral oil MIN-10 shows the highest αp-value, which is approximately 1.7-fold the αp-values of the polyalphaolefin oils PAO-09 and PAO-05 and approximately 4.3-fold the αp-values of the water-containing gear fluids PAGW-09, PAGW-05A, and PAGW-05B. Note that the lubricant film thickness formation of the water-containing gear fluids is supported by the approximately 30% higher density, which goes in Equation (5) by the power of 0.67.



The results from the EHL optical tribometer show that the investigated water-containing lubricants have good EHL lubricant film formation capability.




4.2. Twin-Disk Test Rig


Figure 7 shows the averaged measured coefficients of friction µ and bulk temperatures ϑM over the slip ratio s for an oil inlet temperature of ϑOil = 60 °C, a Hertzian pressure of pH = 1200 N/mm2, and sum velocities vΣ = {1; 8; 16} m/s. All friction curves measured were repeated once with the same disk pairs. The maximum deviation was 0.0004 for MIN-10, 0.0011 for PAO-09, 0.0022 for PAO-05, 0.0028 for PAGW-09, 0.0013 for PAGW-05A, and 0.0006 for PAGW-05B.



In the case of the conventional gear oils MIN-10, PAO-09, and PAO-05, all friction curves show a typical behavior, as described in Section 1. A strong increase of the coefficient of friction is followed by a maximum value at low slip ratios. With higher slip ratios, the friction curves become dominated by thermal effects due to the increase of friction power in the disk contact. The bulk temperatures ϑM as measure for the friction power increase continuously with the slip ratio and more strongly for higher sum velocities. The two polyalphaolefin oils PAO-09 and PAO-05 show considerably lower coefficients of friction than the mineral oil MIN-10, whereas the influence of the viscosity difference between PAO-09 and PAO-05 is small. These findings correlate well with the general findings of Mayer [1]. The lowest coefficient of friction of the conventional gear oils was observed for PAO-05.



In the case of the water-containing gear fluids PAGW-09, PAGW-05A, and PAGW-05B, significantly lower coefficients of friction and bulk temperatures were measured compared to the conventional gear oils. In fact, all coefficients of friction were lower than μ < 0.01, which is the value that classifies superlubricity (Hirano et al. [29]). Contrary to the conventional gear oils, the coefficients of friction increase steadily with increasing slip ratio. No strong increase or pronounced maximum at low slip ratios was found. Some influence of thermal effects can be seen due to the flattening of friction curves at high slip ratios, which was particularly pronounced for higher sum velocities due to higher friction power. Corresponding to the ultra-low coefficients of friction µ, the bulk temperatures ϑM were much smaller compared to the conventional gear oils.



For estimation of the lubrication regime in the experiments, the relative film thickness λrel can be used:


λrel= hmRq12+Rq22



(9)







The minimum film thickness hm for line contacts was calculated according to Dowson et al. [30] with values for αp adopted from Table 4. Fluid film lubrication was assumed for λrel > 3. Table 5 shows the calculated relative film thickness λrel for pH = 1200 N/mm2, vΣ = {1; 8; 16} m/s, and s = {0; 50}%. It indicates fluid film lubrication for all considered operating conditions. The lowest λrel values occur for PAO-05, PAGW-05A, and PAGW-05B at v∑ = 1 m/s, where some asperity contact cannot be excluded. This may correspond to the slightly lower friction of PAGW-09 at v∑ = 1 m/s in Figure 7.



Figure 8 and Figure 9 summarize the averaged measured coefficients of friction µ for an oil inlet temperature of ϑOil = 60 °C, Hertzian pressures of pH = {600; 1200} N/mm2, and sum velocities of vΣ = {1; 2; 4; 8; 16} m/s for a slip ratio of s = 20%. For all lubricants considered, the coefficients of friction measured were lower for the lower Hertzian pressure of pH = 600 N/mm2. Again, ultra-low coefficients of friction were measured with the water-containing gear fluids for all operating conditions considered. The coefficient of friction was always lower than μ < 0.01, corresponding to superlubricity.



The friction behavior measured at the twin-disk test rig was very different in comparison to the conventional gear oils and water-containing gear fluids. The conventional gear oils MIN-10, PAG-09, and PAO-05 show coefficients of friction between 0.020 ≤ µ ≤ 0.060 and friction curve behavior typically known from highly-loaded EHL contacts. The water-containing gear fluids PAGW-09, PAGW-05A, and PAGW-05B show ultra-low coefficients of friction below µ < 0.010 in the superlubricity regime, and atypical friction curve behavior with a steady increase of friction over slip ratio.



As the pressure–viscosity coefficients and lubricant film formation of the water-containing gear fluids was evaluated as fairly good, its ultra-low friction cannot be referred to low contact viscosities as stated for water-based fluids with low pressure–viscosity coefficient. Existing model representations for the ultra-low friction of water-containing fluids were summarized in Section 1. According to Chen et al. [13], a microscopic layer of FeOOH is built on the substrate in ambient conditions, accumulating a hydrogen-bonded film of glycol and water molecules. Between these films, there is a zone of free water molecules allowing easy sliding, which results in ultra-low friction. A similar mechanism may apply for the water-containing gear fluids considered.



Figure 10 shows light microscope pictures and roughness parameters Ra and Rq of the upper disk after test runs. For all surfaces, typical light circumferential marks on the disk surfaces were observed. The arithmetic mean surface roughness value shows no significant change compared to the initial condition, whereas the root-mean-squared roughness shows a slight increase.





5. Conclusions


This study investigated the film formation and frictional behavior of highly-loaded EHL contacts with water-containing gear fluids. The film thickness measurements at the optical EHL tribometer showed good film formation capability. In comparison to polyalphaolefin oils with similar kinematic viscosity, the lubricant film thickness was only slightly smaller and supported by the approximately 30% higher density. The friction measurements at the twin-disk test rig showed ultra-low friction in the superlubricity regime. The friction curves increase steadily over the slip ratio. Thermal effects play a subordinate role. The results of this study indicate that the water-containing fluids considered have significant potential for gear applications in terms of efficiency and heat balance.
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Nomenclature









	E′
	Reduced Young’s Modulus
	N/mm2



	FN
	Normal force
	N



	FR
	Friction force
	N



	G
	Material parameter
	-



	hc
	Central film thickness
	nm



	hm
	Minimum film thickness
	nm



	pH
	Hertzian pressure
	N/mm2



	U
	Velocity parameter
	-



	Ra
	Arithmetic mean roughness
	µm



	Rq
	Root-mean-squared mean roughness
	µm



	Rx
	Reduced radius
	mm



	s
	Slip
	%



	t
	Time
	s



	vg
	Sliding velocity
	m/s



	vΣ
	Sum velocity
	m/s



	W
	Load parameter
	-



	Greek symbols
	
	



	αp
	Pressure–viscosity coefficient
	1/GPa



	η
	Dynamic viscosity
	Pa



	κ
	Ellipticity parameter
	-



	λrel
	Relative film thickness
	-



	μ
	Coefficient of friction
	-



	ϑM
	Bulk temperature
	°C



	ϑoil
	Oil temperature
	°C



	ν
	Kinematic viscosity
	mm2/s



	Indices
	
	



	1
	Lower disk
	



	2
	Upper disk
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Figure 1. Viscosity–temperature behavior of the lubricants investigated, according to DIN 51563. 
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Figure 2. Mechanical layout of the optical elastohydrodynamically lubricated (EHL) tribometer similar to Omasta et al. [20]. 






Figure 2. Mechanical layout of the optical elastohydrodynamically lubricated (EHL) tribometer similar to Omasta et al. [20].



[image: Lubricants 07 00046 g002]







[image: Lubricants 07 00046 g003 550]





Figure 3. Mechanical layout of the FZG twin-disk test rig considered, according to Yilmaz et al. [27]. 
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Figure 4. Test disk geometry (left) and light microscope picture of the polished surface before test run (right). 
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Figure 5. Measured interferograms at ϑOil = 40 °C, pH = 530 N/mm2, v∑ = 1.6 m/s, and s = 0%. 
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Figure 6. Measured central and minimum film thickness hc (left) and hm (right) over the sum velocity v∑ at ϑOil = 40 °C, pH = 530 N/mm2, and s = 0%. 
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Figure 7. Measured coefficients of friction µ and related bulk temperatures ϑM for ϑOil = 60 °C, pH = 1200 N/mm2, and vΣ = {1; 8; 16} m/s. 
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Figure 8. Comparison of measured coefficients of friction µ at ϑOil = 60 °C, pH = 1200 N/mm2, vΣ = {1; 2; 4; 8; 16} m/s, and s = 20%. 
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Figure 9. Comparison of measured coefficients of friction µ at ϑOil = 60 °C, pH = 600 N/mm2, vΣ = {1; 2; 4; 8; 16} m/s, and s = 20%. 
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Figure 10. Light microscope pictures and roughness parameters Ra and Rq of upper disk surfaces after test runs. 
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Table 1. Properties of the investigated lubricants.
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Lubricant Property

	
Conventional Gear Oils

	
Water-Containing Gear Fluids




	
MIN-10

	
PAO-09

	
PAO-05

	
PAGW-09

	
PAGW-05A

	
PAGW-05B






	
ν (40 °C) in mm2/s

	
94.1

	
50.2

	
20.4

	
45.7

	
23.6

	
22.9




	
ν (100 °C) in mm2/s

	
10.6

	
9.0

	
5.0

	
9.2

	
5.3

	
4.8




	
Viscosity index VI

	
95

	
165

	
185

	
189

	
167

	
135




	
ρ (15 °C) in kg/m3

	
884.5

	
850.0

	
840.0

	
1115.0

	
1109.0

	
1097.0
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Table 2. Operating conditions at the EHL tribometer.
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	Parameter
	Value





	Hertzian pressure, pH in N/mm2
	530



	Sum velocity, vΣ in m/s
	1.6–4.0



	Slip ratio, s in %
	0



	Oil temperature, ϑOil in °C
	40
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Table 3. Operating conditions at the twin-disk test rig.
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	Parameter
	Value





	Hertzian pressure, pH in N/mm2
	600; 1200



	Sum velocity, vΣ in m/s
	1; 2; 4; 8; 16



	Slip ratio, s in %
	0–50



	Oil temperature, ϑOil in °C
	60
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Table 4. Derived pressure–viscosity coefficients from the optical EHL tribometer for investigated lubricants.
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Pressure-Viscosity Coefficient

	
Conventional Gear Oils

	
Water-Containing Gear Fluids




	
MIN-10

	
PAO-09

	
PAO-05

	
PAGW-09

	
PAGW-05A

	
PAGW-05B






	
αp (40 °C) in 1/GPa

	
25.76

	
16.71

	
14.02

	
6.26

	
5.92

	
5.61
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Table 5. Calculated relative film thickness λrel for pH = 1200 N/mm2, vΣ = {1; 8; 16} m/s, and s = {0; 50}%.
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Relative Film Thickness

	
vΣ = 1 m/s

	
vΣ = 8 m/s

	
vΣ = 16 m/s




	
s = 0%

	
s = 50%

	
s = 0%

	
s = 50%

	
s = 0%

	
s = 50%






	
MIN-10

	
24.0

	
9.7

	
102.9

	
14.3

	
167.1

	
-




	
PAO-09

	
11.6

	
7.2

	
49.9

	
13.9

	
81.1

	
17.9




	
PAO-05

	
5.6

	
3.9

	
24.1

	
8.8

	
39.2

	
12.8




	
PAGW-09

	
7.3

	
7.0

	
31.4

	
17.4

	
51.0

	
13.6




	
PAGW-05A

	
4.5

	
3.9

	
19.3

	
12.0

	
31.4

	
15.4




	
PAGW-05B

	
4.2

	
3.6

	
18.2

	
10.3

	
29.5

	
13.7
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