

  energies-15-05783




energies-15-05783







Energies 2022, 15(16), 5783; doi:10.3390/en15165783




Article



Side Fins Performance in Biomimetic Unmanned Underwater Vehicle



Paweł Piskur[image: Orcid]





Polish Naval Academy, Faculty of Mechanical and Electrical Engineering, Smidowicza 69, 81-127 Gdynia, Poland







Academic Editor: Yougang Sun



Received: 15 July 2022 / Accepted: 7 August 2022 / Published: 9 August 2022



Abstract

:

This paper presents the experimental research conducted for the Biomimetic Unmanned Underwater Vehicle (BUUV). The study’s major goal is to create a single, flexible side fin with adequate proportions and stiffness for an energy-efficient propulsion system. The experiments were carried out in a laboratory water tunnel equipped with a sensor for direct thrust measurement for various fin dimensions. Further, the particle image velocimetry (PIV) approach was used for a more in-depth examination of fluid–structure interaction (FSI) phenomena. The given experiments indicate the region of superior propulsion system performance and explain the main aspects that have influenced thrust generation using image processing and the PIV approach.
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1. Introduction


Biomimetic propulsion systems used in underwater vehicles are based on biological species that evolved over time through natural selection [1,2]. Unlike screw-type propeller systems, biomimetic propeller systems move like a fish [3], a turtle [4], a seal [5], or other marine animal. By pushing the water against the passing wave, the undulatory action of the fins provides propulsion [6]. One of the most significant advantages of biomimetic propulsion systems is their reduced hydro-acoustic noise spectrum [7]. The energy efficiency of an undulating propulsion system is determined by a variety of construction and control parameters. For energy efficiency analysis, a diverse range of real fin shape species were digitised and analysed [8], ranging from homocercal tails with a low aspect ratio (square shape used by bluegill sunfish and rainbow trout) to high aspect ratio (lunate shape used by tuna and swordfish) and even the heterocercal caudal fin used by sharks. When cruising, high aspect ratio fins (tuna and shark) are more efficient (St < 0.4), whereas short aspect ratio caudal fins (catfish and trout) are more efficient when accelerating or manoeuvring (St > 0.4).



The underwater vehicles depicted in [9,10,11] have a hull produced by the coupling of rigid movable elements with a flexible fin at the end. This type of construction is difficult to control, costly, and increases the risk of electronic components flooding within. A cost is also significant when designing a BUUV swarm, as the expense rises dramatically. As a result, efforts are being made to develop a biomimetic propulsion system based on single, flexible fins. Two fins are mounted on both sides of the hull in this type of propulsion system, and two fins are implemented at the rear. Aside from thrust generation, the two side fins can control BUUV immersion, while the rear fins can control course. It is more convenient to stabilise the course using two tail fins [12], especially when considering the work condition for hydroacoustic sensors installed in BUUV [13,14,15].



The primary purpose of this research is to obtain a simpler structure propulsion system solution that is also more reliable and has a high energy efficiency. Instead of a multi-unit drive, the particular goal of the effort is to construct single fins with adequate size and stiffness that induces an oscillating movement in the water.



Images of BUUVs with two flexible tails and two flexible side fins are shown in Figure 1. The BUUV presented in Figure 1a,b is the next-generation BUUV built within the ambit of SABUVIS, a European Defense Agency project (category B), while the miniature version of the same vehicle is shown in Figure 1c. The miniature version of the vehicle was built for testing in a laboratory water tunnel to work on the propulsion system characteristics, particularly the construction and control algorithm for energy efficiency analysis and increasing drive performance [16].



The influence of tail oscillation on fluid flow around a hull creates vortices and necessitates thorough examination of the fluid–structure interaction (FSI) [17,18,19,20] and vortex structures [21]. The thrust and drag of fins are affected by their flexibility [22] and shape [23] for different fluid velocities [24], as well as different frequencies [25] and amplitudes of oscillation [26]. Because the shape of the hull generates turbulence in the area of effect of the tail fins, only the side fin parameters are studied in this study.



The LS-DYNA programme and incompressible computational fluid dynamics (ICFD) can be utilised for analysis, as shown in the paper [27], but only for a fin drag force in a BUUV. Despite the fact that the results were experimentally proven, the fin was analysed as a rigid body. Simulation models are also presented in publications such as [17,28] with determined fin or artificial fish shape as a function of time. However, this model does not take into account the interaction between the flexible fin and the fluid. The FSI analysis remains a difficult operation, and the findings are sensitive to parameter changes, even when using the smoothed particle hydrodynamics (SPH) approach [29]. Although considerable research has been conducted on the design, prototyping, and dynamic modelling of compact, tunable-stiffness fins for robotic fish, where electrorheological fluid acts as the enabling ingredient [30], in most cases there is no direct control of the trailing edge amplitude. This is because the fish-like flapping foils for BUUVs have an open-loop control system with no information concerning fin deflection and trailing edge amplitude.



Taking the foregoing into account, the analysis in this study is based on measurements taken in the water tunnel. Given that vortex morphologies are mostly determined by the fin aspect ratio and trailing edge geometry [31], the rectangular shape of the fins was chosen for the investigation. The fin length was assumed to be the most interesting, although the width and thickness were also examined.



The following parts describe the fabrication of the side fins and the mathematical description of the propulsion system, as well as the laboratory water tunnel description and measurement method employed. Furthermore, the results of measurements for the fish-like flapping foils based on image processing, particle image velocimetry (PIV), and direct thrust measurement are compared for different dimensions. The outcomes of this study are addressed at the end, and conclusions and future research directions are recommended.




2. Mathematical Relations


For the propulsion system based on the one-piece flexible fin Lightill model coefficients are valid only in a narrow range of construction and control data, especially for fins with a variable cross-sectional area of the fin [32]. According to the authors’ paper [33], the Buckingham theory [34] can be used to describe fin performance using a reduced number of dimensionless variables (1). The fluid–structure interaction (FSI) is defined as follows:


  F S I = f ( K , α , k , R e , S t ) .  



(1)







All five parameters are described below:




	(1)

	
K—the non-dimensional parameter defining the shape of the fin—herein different lengths, widths, and thicknesses are tested for rectangular shapes;




	(2)

	
 α —the fin angle of attack—after preliminary tests, the paper presents results for only one angle of attack;




	(3)

	
k—the stiffness coefficient, which depends on the fluid velocity u, fluid density  ρ  (here constant) a fin length c and material parameters [35] defined with the Young module E [36], and the inertia of the fin I as presented in Equation (2):


  k =   E I   ρ  u 2   c 3     



(2)








	(4)

	
  R e  —the Reynolds number [37,38], defined as a ratio of fluid inertia to viscous forces involves the steady motion of the vehicle (3).


  R e =   c u  μ   



(3)




where:  μ —the viscosity, considered as a constant values;




	(5)

	
  S t  —the Strouhal number [33,39] depicted in Equation (4) describes how fast the fin is flapping relative to BUUV forward speed.


  S t = f  A u   



(4)




where:




	
A—amplitude measured at the trailing edge of the fin;



	
f—the frequency of oscillation of the fins.














The peak-to-peak amplitude of an artificial fish is controlled by the kinematic description and control algorithm, whereas the peak-to-peak amplitude of a propulsion system designed from a single piece of flexible solid fin varies depending on its dimensions, the control algorithm, and even the fluid velocity. As a result, an amplitude measured at the trailing edge of the fin differs for different fin dimensions but the same angle of attack ( α ) and the same fin frequency oscillation (f). Furthermore, the resultant thrust and energy efficiency vary. The thrust was detected directly by the force sensor in this study, and the PIV approach was used to analyse the interaction between the fin and the fluid. The propulsion system performance [40,41] can be evaluated as the difference between thrust and drag force (eqn7).


   T n  = T +  T D   



(5)




where:




	
  T n  —the net thrust;



	
T—the thrust;



	
  T D  —the drag force.








To maintain constant speed in a propulsion system submerged in a viscous fluid, the propeller thrust must overcome the resistance force. Because the tests were conducted without the use of an external water flow control (water velocity equal to zero), just the thrust is examined without the drag force. The number of decision factors was reduced during hundreds of measurements, and only one was altered for each test. The thrust was measured with a fin length resolution of 10 mm steps, a discrete number of fin width and thickness. The following part goes through the specifics of the laboratory test stand and measurement methodologies.




3. Laboratory Test Equipment and Measurement Methods


The water tunnel shown in Figure 2a (dimensions: 2 m length, 0.6 m width, and 0.6 m depth) was specifically developed for the investigation of biomimetic propulsion systems in relation to BUUV dimensions. Glass walls were used to provide illumination from various angles. The water tunnel has a partition for forced water flow in the upper part in one direction and in the lower part in the opposite direction. A variable fluid velocity external water pump can be used to provide experiments with different fluid velocities, and then propulsion system characteristics can be accomplished in a closed-loop control system [42]. However, at this point in the investigation, the number of parameters impacting fin characteristics was reduced, and the measurement was performed without the use of an external water pump.



For thrust measurements, the vehicle is directly attached to the force sensor (denoted by the number 3 in Figure 2a). To reduce friction, ball bearings (numbered 4 in Figure 2a) were used to direct trust transfer created by BUUV fins (numbered 2 in Figure 2a) in interface with fluid. The force sensor parameters were set at a range of 5 N, a sampling time of   0.01   s, and a resolution of   0.1   mN.



3.1. The Side Fins Construction and Control Algorithm


The test were provided for three values of the fin thickness: 1 mm, 0.75 mm, 0.5 mm; and three values of the fin width: 55 mm, 45 mm, 35 mm. The thickness above 1 mm was too stiff for that type of servo while the thickness below 0.5 mm and the width: 45 mm and 35 mm give low values of fin flexibility. That is why, for fin thickness equal to 0.5 mm, only the results for the widest fin (55 mm) are presented. All the fin’s length was changed from 330 mm to 80 mm with step 10 mm, as depicted in Figure 3, where the red lines show the length diversity. The maximal length of the tested side fins was limited by the length of the hull of the BUUV. Longer side fins than the BUUV hull dimensions caused an interaction with the tail fins. The tested fins were made from the same material (polymethyl methacrylate) due to easy design process of many various side area and shape. The parameters: density: 1.18 (g/cm   3  ); tensile strength: 70 (MPa); flexural modulus (GPa): 2.9; help to estimate Young’s modulus for calculating the stiffness coefficient [35]. Thanks to the shatter resistance, it can be used for many cycles of fin oscillations. It also provides outstanding stability against environmental conditions. Further, their transparency is convenient for the particle image velocimetry (PIV) technique. The laser can highlight both sides of the fin no matter how it is deflected (see Figure 2b).



The BUUV’s side fins are powered by a dynamixel AX-12A (http://www.dynamixel.com/, accessed on 15 July 2022) servomechanism installed inside the hull. The torque from the servomechanisms to the fins is transmitted through the bevel gear, as shown in Figure 3b. The Dynamixel AX-12+ has a stall torque (M) of 1.5 Nm (at 12 V, 1.5 A) and a top no load speed of 59 revolutions per minute (rpm). After preliminary tests, the maximal amplitude of the fin movement was established to 40   ∘   at the leading edge. The amplitude of the trailing edge, on the other hand, is proportional to the size and, hence, to the flexibility of the fin, so it was quantified using a non-invasive image processing method. The frequency of fin oscillation is determined by the servo’s rotating velocity, as well as the fin angle of attack. Fin frequency oscillation may be achieved at up to 4.5 Hz at unloaded speed and leading edge angle of 40   ∘  .




3.2. Image Processing Method


To determine fin displacement and deflection, a non-invasive image processing method was applied. An industrial high speed camera was employed to record particle movement as well as fin displacement while lit by a linear laser (see Figure 4). For the PIV approach, the camera records the motion of the fin, as well as the displacement of the particle. The fin motion is utilised to analyse kinematics, particularly the amplitude of the trailing edge, as presented in the author’s publications [32,43], whereas the PIV approach is employed for a more in-depth investigation of the fluid–fin interaction.




3.3. PIV Method


PIV is a non-invasive visual approach for determining fluid velocity in a specified area. The PIVLab programme was utilised for the analysis [44]. To compute the template displacement in each frame from the vision system, the normalised cross-correlation function based on grey-scale images is used. The size of an interrogation window (see Figure 4) is determined by the fluid velocity, the region of research, and the camera performance. Calibration is also supplied depending on frames per second and a reference distance. Because of their neutral buoyancy and small size (diameter 10  μ m), the test markers had no effect on the nature of the fluid movement. The markers are made from transparent glass balls that are encircled by silver. This, in conjunction with a 1 W green linear laser, ensures a high enough refraction to record particle velocity by a camera with a resolution of 2048 × 1952 at 1000 frames per second. The seed density (the number of markers in the area unit) has been set to guarantee that about 10 markers are within the interrogation window. The image shown in Figure 4 was acquired for an illuminated plane perpendicular to the side fin and used as input data for PIV analysis. To compute the velocity field, two successive pictures are analysed.



The PIV analysis typically consists of three main steps (image pre-processing, image evaluation, and post-processing). The workflow adopted from paper the [44] is presented in Figure 5, starting with image input and pre-processing options, and then continuing to the image evaluation, post-processing, and data exploration [45]. It allows calculating the velocity distribution within particle image pairs as well as to derive, display, and export multiple parameters of the flow pattern. In the situation of interrogation window size limitations in the cross correlation function, the PIV approach based on Artificial Intelligence [46] can be utilised for boundary layer analysis.



After achieving the state-of-the-art requirements [45], the PIV approach was employed to calculate water velocity in a fin–fluid interaction area. Furthermore, fluid turbulence analysis was provided to observe the characteristics of the flow, particularly at the trailing edge of the fin.





4. Results and Discussion


The next sub-paragraphs present all of the results obtained via image processing, the PIV method, and direct measurement of thrust.



4.1. Kinematic Parameters Based on Image Processing


In Figure 6, an example of fins deflection is presented for the fin length equal to: 300 mm (see Figure 6a), 250 mm (see Figure 6b), and 150 mm (see Figure 6c). The photos were created by combining a series of images saved in a 2048 × 1952 matrix, with each pixel saved in   u i n t 8   data format. As a result, when a   u i n t 8   matrix sequence is added to one matrix, the brightness of the final result exhibited as an image varies depending on the magnification and number of recorded markers. The sequence of fin deflection allows the amplitude of a fin trailing edge, denoted by the capital letter A in Figure 6 on the yellow background, to be measured. The amplitude of the trailing edge of the fin is greatest (equivalent to 63 mm) for the fin length of 150 mm as shown in Figure 6c. The smallest amplitude of the fin trailing edge (42 mm) was measured for fin lengths of 250 mm (Figure 6b). The kinematic analysis shown in (Figure 6a) demonstrates that the amplitude of the trailing edge is 60 mm.



The amplitude of the fin trailing edge combined with the known frequency of fin oscillation can be used to calculate the Strouhal number (see Equation (4)). A fluid velocity is the most perplexing variable, especially for unmoving (fixed) BUUV. This can be measured using the PIV method in the area of interaction between fins and fluid, as shown in the next paragraph.




4.2. PIV Results


The result from the PIV analysis presented in Figure 7 was provided for fin dimensions: 55 mm width, 0.75 mm thickness, and two lengths 250 mm (Figure 7a,c) and 150 mm (Figure 7b,d) when moving the fin up (Figure 7a,b) and down (Figure 7c,d). The fluid velocity was calculated based on PIV method as an average value of velocity vectors in the area of the interaction between fins and fluid. All velocity vectors depicted in Figure 7 as arrows can be calculated in a selected area. Still, again the difficulties are connected with the size and shape of the area. For example, the shorter fins (e.g., 150 mm length) moved the fluid in a larger vertical area, but as presented in Figure 7b,d also generate turbulence. The swirls are especially noticeable at the fin tips (numbered 1 in Figure 7b), while for the longer fins, due to their flexibility, the flow at the fin tips is more laminar (see region numbered 2 in Figure 7a,c).



The regions marked by number 3 in Figure 7a,c show the velocity vectors for fin length 250 mm. There are no swirls in comparison to PIV results as presented in Figure 7b,d. The velocity vectors for longer fins are created into two steps (regions marked by numbers 1 and 3 in Figure 7a,c). During the first phase, the middle part of the fin attracts the water giving preliminary velocity value and direction (see region number 1 in Figure 7a,c), while in the second phase the velocity is added to the fin trailing edge velocity. As a result, the velocity vectors are formed with reverse direction than BUUV movement. It is worth mentioning that in each swirl, the energy is dissipated, so it is not desired from an energy efficiency point of view. This is useful for analysing if the flow is laminar or turbulent, and if it is turbulent, where is the energy dissipated most? Taking into account the results presented for the length of the fins 150 mm (Figure 7b,d), it can be seen that the turbulence occurs not only at the trailing edge of the fin, but also additional turbulence is generated as indicated in these graphs with the number 2.



Every test result can be analysed as an average value of fluid velocity but also the velocity component can be calculated. It is desirable to reduce the perpendicular component of the velocity vectors with respect to the direction of movement while maximising the longitudinal component.



The calculation of the fluid mean velocity for the desired area gives the fluid velocity value for two pairs of images from 0.06 m/s to 0.1 m/s, which gives the Strouhal number range from 0.31 up to 1.89 for the fin length 250 mm. The same calculation (based on Equation (4)) provides the Strouhal number with range from 0.27 up to 1.36 for fin length 150 mm. Because the measurements were performed for fixed BUUV it is expected that the velocity in an area of analysis will change proportionally to the BUUV hull velocity, giving the lower value of the Strouhal number. Although the measured fins have the same length diverse with 10 mm step it has an impact on: the non-dimensional parameter (K) defining the shape of the fin; the stiffness coefficient (see Equation (2)); the Reynolds number (see Equation (3)); and, as a consequence, has an impact on the Strouhal number (see Equation (4)). Although the Strouhal Number can be used to compare the energy efficiency of a propulsion system with a marine animal, the next paragraph presents direct thrust measurements.




4.3. Direct Thrust Measurements


During the tests, it was observed (as presented in Table 1 and Figure 8 and Figure 9) a high sensitivity to changing the fins length. In Figure 8, the mean thrust is presented as a function of the fins length for different width (55 mm, 45 mm, and 35 mm) and thickness equal to 1 mm (left graph) and and thickness equal to 0.75 mm (right graph). The highest value of mean thrust is observed for the fins width of 55 mm, which can be explained by the greater side area of the fins. As the measurements revealed, to ensure the maximum value of mean thrust for a longer fin, the width should be changed. Further, the same relation can be observed for fin dimensions: 0.5 mm thickness, and 55 mm width, where three maximal values for fin length are equal to 100 mm, 220 mm, and 330 mm (see last column in Table 1). However, the most interesting relationships cab be seen in Figure 9 where results for fins with the same width but three different thickness (1.00 mm, 0.75 mm, and 0.50 mm) are presented. The stiffest fin (indicated as   F i  n  1.00 × 55    ) has one maximal value for the fin length equal to 150 mm and the second, almost the same maximal value for the fin length equal to 330 mm (longer fins were not analysed due to the BUUV hull length). For the fin thickness equal to 0.75 mm for every width of tested fins, two maximum mean thrust values are indicated as a function of the fin length. It can be seen that the second local maximal value (  T  s r    = 0.72 N for c = 290 mm) is higher than the first local maximal value (  T  s r    = 0.67 N for c = 140 mm). For the thinnest fin (indicated as   F i  n  0.50 × 55    ) three local maxima of the mean thrust in relation to fins’ length (  T  s r    = 0.43 N for c = 100 mm,   T  s r    = 0.51 N for c = 220 mm,   T  s r    = 0.43 N for c = 330 mm) are observed.



Based on the tests provided, it can be seen that the maximum mean value can be achieved for different fin lengths of the same with and thickness, as well as the same control algorithm. As distinguished in Table 1 and Figure 8 and Figure 9), the maximal value of mean thrust is correlated with the fin dimensions. The differences between the maximal value of mean thrust can be explained based on an analysis of the graph presenting the thrust as a function of time (see Figure 10b, Figure 11b and Figure 12b), where the nature of the thrust changes are presented. In Figure 10a, Figure 11 and Figure 12b, the chosen characteristics are presented among 625 measurements depicted in Table 1, just to highlight the nature of changes. The chosen relations indicate the mean value depicted above each graph.



Taking into consideration the thrust characteristics presented in Figure 10a,b it can be seen that both have almost the same mean thrust (0.93 N and 0.95 N), but the range of maximal and minimal thrust varies. For the fin length 150 mm (Figure 10a), the thrust range is from +3.7 N to −1.8 N, while for the fin length 330 mm the thrust range is from +2.6 N to −0.8 N. This indicates that the same thrust can be achieved with different energy consumption, while the difference is dissipated in the swirls. The next example presents the comparable minimum value of the thrust range with the mean value proportional to the differences in maximal values of the thrust (Figure 11a,b). It can also be observed that comparable minimum value of the thrust range (−0.5 N) with comparison to the high range (2.25 N) as depicted in Figure 12a and (2.0 N) as depicted in Figure 12b gives mean thrust equal to T = 0.67 N and 0.72 N, respectively. This is caused by the characteristic shape and this factor will be tested in the next step of research.



The fin movement can be divided into two parts: the working and the return movement. As it can be seen in Figure 10a, Figure 11 and Figure 12b there are significant differences between the thrust amplitude, even if the average one value is comparable. There are two methods for increasing the mean thrust force: the first is to increase the maximal thrust value throughout the movement in both cycles, and the second is to transfer all the characteristics to one region of the graph. In that case (more desirable due to better energy efficiency), the propulsion system generates only thrust in one direction during the working and return movements.





5. Conclusions and Future Work


To summarise, a wide range of fin shapes were examined, and a thorough analysis was presented using direct trust measurements, image processing, and the PIV approach. The number of design and control variables was reduced to highlight the impact of fin dimensions on side propulsion system performance. The reported findings were picked from thousands of observations to demonstrate the dependence of thrust created by a single flexible fins as a function of fin dimensions in time domain. Because of the non-linear relationships of many factors, the dependencies between fin dimensions demonstrate that maintaining high efficiency propulsion system settings is a difficult undertaking. As a result, nowadays stiff fins are frequently used in BUUV constructions. The stiffness fin is less efficient than the flexible fin, but the parameters are less dependent on the construction data, therefore the thrust may be modified for underwater vehicle velocity control by simply adjusting the control data.



Only one dimension of the side fin will be examined for different control algorithms in the following step of the project. The angle of attack and frequency of fin movement will then be modified to maintain the high energy-efficient propulsion system characteristics. As a final result, the propulsion system will be low noise (due to the one flexible side fin) and high energy efficient.
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Figure 1. BUUV with propulsion system made of two flexible tail and side fins (a) top back view; (b) front view; and (c) small version. 
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Figure 2. The laboratory water tunnel and green linear laser highlighting one of the side fin (a): 1—BUUV, 2—the side fin, 3—the force sensor, and 4—a ball bearing; (b) particles illuminated by linear green laser. 






Figure 2. The laboratory water tunnel and green linear laser highlighting one of the side fin (a): 1—BUUV, 2—the side fin, 3—the force sensor, and 4—a ball bearing; (b) particles illuminated by linear green laser.



[image: Energies 15 05783 g002]







[image: Energies 15 05783 g003 550] 





Figure 3. Top view of the BUUV with side fins (a) and front view of (without bow dome) the propeller shaft with bevel gear (b). 
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Figure 4. The example of input data for analysis with highlight markers and illuminated the fin deflection. 
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Figure 5. Overview of the workflow in PIVlab and the implemented features [44]. 
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Figure 6. Fins deflections for different length: (a) 300 mm, (b) 250 mm, and (c) 150 mm. 
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Figure 7. PIV analysis for fin length: 250 mm when moving the fin up (a) and down (c), 150 mm when moving the fin up (b) and down (d). 
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Figure 8. Thrust mean (  T  s r   ) as a function of the fins length for different fin widths and thicknesses. 
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Figure 9. Thrust mean (  T  s r   ) as a function of the fins length for fin widths equal to 55 mm, and different fin thicknesses. 
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Figure 10. The thrust value as a function of time for fins dimensions: width 55 mm, thickness 1 mm and length: (a) 150 mm; (b) 330 mm. 
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Figure 11. The thrust value as a function of time for fins dimensions: width 45 mm, thickness 1 mm and length: (a) 160 mm; (b) length 230 mm. 
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Figure 12. The thrust value as a function of time for fins dimensions: width 55 mm, thickness 0.75 mm and length: (a) 140 mm; (b) 290 mm. 






Figure 12. The thrust value as a function of time for fins dimensions: width 55 mm, thickness 0.75 mm and length: (a) 140 mm; (b) 290 mm.



[image: Energies 15 05783 g012]







[image: Table] 





Table 1. Thrust mean results (  T  s r   ) measured for different fin dimensions.
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Mean Thrust    T sr    N






	
Fin Dimensions

	
Thickness mm × Width mm




	
Length mm

	
1.0 × 55

	
1.0 × 45

	
1.0 × 35

	
0.75 × 55

	
0.75 × 45

	
0.75 × 35

	
0.5 × 55




	
330

	
0.93

	
0.77

	
0.53

	
0.66

	
0.55

	
0.37

	
0.43




	
320

	
0.90

	
0.70

	
0.53

	
0.68

	
0.57

	
0.33

	
0.40




	
310

	
0.88

	
0.69

	
0.53

	
0.70

	
0.56

	
0.38

	
0.38




	
300

	
0.89

	
0.67

	
0.54

	
0.70

	
0.57

	
0.36

	
0.39




	
290

	
0.81

	
0.62

	
0.49

	
0.72

	
0.57

	
0.33

	
0.38




	
280

	
0.74

	
0.53

	
0.46

	
0.66

	
0.54

	
0.39

	
0.34




	
270

	
0.71

	
0.60

	
0.44

	
0.65

	
0.50

	
0.34

	
0.38




	
260

	
0.67

	
0.53

	
0.44

	
0.63

	
0.47

	
0.38

	
0.40




	
250

	
0.63

	
0.53

	
0.45

	
0.55

	
0.46

	
0.33

	
0.43




	
240

	
0.60

	
0.54

	
0.47

	
0.54

	
0.46

	
0.28

	
0.47




	
230

	
0.58

	
0.51

	
0.46

	
0.46

	
0.43

	
0.27

	
0.47




	
220

	
0.59

	
0.58

	
0.50

	
0.41

	
0.41

	
0.27

	
0.51




	
210

	
0.68

	
0.66

	
0.49

	
0.48

	
0.44

	
0.31

	
0.49




	
200

	
0.70

	
0.67

	
0.58

	
0.42

	
0.47

	
0.32

	
0.45




	
190

	
0.75

	
0.73

	
0.59

	
0.43

	
0.48

	
0.30

	
0.42




	
180

	
0.81

	
0.70

	
0.59

	
0.40

	
0.51

	
0.36

	
0.40




	
170

	
0.90

	
0.78

	
0.60

	
0.52

	
0.59

	
0.39

	
0.32




	
160

	
0.90

	
0.81

	
0.59

	
0.55

	
0.55

	
0.39

	
0.32




	
150

	
0.93

	
0.80

	
0.55

	
0.63

	
0.64

	
0.29

	
0.29




	
140

	
0.92

	
0.71

	
0.50

	
0.67

	
0.63

	
0.22

	
0.32




	
130

	
0.90

	
0.73

	
0.44

	
0.62

	
0.58

	
0.31

	
0.34




	
120

	
0.74

	
0.67

	
0.35

	
0.55

	
0.49

	
0.24

	
0.37




	
110

	
0.65

	
0.64

	
0.26

	
0.49

	
0.45

	
0.16

	
0.40




	
100

	
0.53

	
0.47

	
0.29

	
0.30

	
0.34

	
0.15

	
0.43




	
90

	
0.43

	
0.31

	
0.27

	
0.21

	
0.19

	
0.14

	
0.40




	
80

	
0.39

	
0.27

	
0.19

	
0.15

	
0.16

	
0.13

	
0.34
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