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Abstract

:

The continuous increase in wind turbine blade length raises a serious question about how to effectively reduce the blade mass. As one of the solutions, recently, some wind turbine manufacturers are moving towards longer blades with thicker airfoils. As most of the numerical simulation experiences are based on thin airfoils, the present paper focused on airfoils with thickness to chord ratios of 30% and specifically focused on the influence of spanwise length on the numerical results. Airfoils with a spanwise length of 0.1 to 5 chords were simulated utilizing the Delayed Detached-Eddy Simulations (DDES) approach. One of the important objectives was to identify the necessary grid resolution and configuration while still maintaining accuracy under a deep stall situation. It was found that the spanwise length of the computational domain had a crucial influence on the prediction of lift and drag. At a stall angle of attack, the aerodynamic force could not be accurately predicted when the airfoil span was reduced to 0.3 chords, even with a high grid density. The periodicity of the spanwise flow was clearly visible when the airfoil span was extended to 5 chords.
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1. Introduction


The current trend in wind energy is the increasing size of wind turbine rotors and this will not stop its pace in the near future. Normally, more composite materials should be laid on longer blades to limit the blade tip deflection. Therefore, the mass of the rotor increases subcubically with its blade length, which requires other components of a wind turbine to be stronger, such as the gear box, tower and foundation [1]. As a result, recent progress has centered on the contradiction between the need for longer blades for higher power and the demand for lighter blades with lower cost.



The question of how to reduce the rotor mass has attracted many studies, which have proposed solutions such as using stronger materials and more robust control strategies, optimizing the topological structure of the blades and the layup of composite materials, and novel blade designs [1,2]. The utilization of stronger materials and advanced control technologies is limited by its costs [2]. Optimizing the blade topological structure and composites’ layup [3,4,5] can reduce the blade mass and relieve the mass cubical-increase rule. Recently, the arrival of the giant wind turbine age has bought extraordinary attention to the utilization of thicker airfoils. As compared with thin airfoils, thicker airfoils have a larger second moment of area or moment of inertia, which is a measure of the ability to resist bending deformation. In other words, thicker airfoils can resist larger bending moments. However, thick airfoils often have poor aerodynamic performance. That is why airfoils with thickness to chord ratios from 20% to 25% are commonly used at the middle region of blades rather than at the tip section. However, facing the pressure of mass reduction, more and more wind turbine manufacturers are adopting thicker airfoils.



It is important to investigate the flow field around thick airfoils for the optimal design of wind turbine blades. However, it is hard to accurately predict the aerodynamic characteristics of thick airfoils. The difficulty mainly arises from the following aspects: Firstly, thick airfoils stall at a relatively smaller angle of attack (AOA) and at a position closer to the leading edge, which leads to more difficulty for the Computational Fluid Dynamics (CFD) method to capture the transition point. Secondly, numerical methods often show poor performance at large AOAs, where thick airfoils face stall and post-stall scenarios with strong three-dimensional (3D) unsteady vortex shedding. It was found that [6,7] neither the panel codes’ XFOIL [8] nor the CFD codes succeeded in capturing the stall and post-stall character of thick airfoils with reference to wind tunnel experiments. Thirdly, less experimental data are available for numerical validations. So far, few studies can be found which can accurately simulate flow around thick airfoils. Most of the relevant studies available concern CFD simulation on thin airfoils. Hrgovan et al. [6] found that XFOIL provides acceptable prediction for airfoils of 30% thickness in the linear region before stall, but the lift and drag are not predictable at larger AOAs. XFOIL also failed at the linear region for airfoils larger than 36% thickness. Szydlowski et al. [9] simulated NACA0015 airfoil using the unsteady Reynolds-Averaged Navier–Stokes (RANS) method and the Detached-Eddy Simulation (DES) method. The two methods are based on the Spalart–Allmaras one-equation turbulence model. The results showed that the two methods have some defects in the prediction of separation and reattachment flow. In order to understand the stall mechanism, Richez et al. used a zonal RANS/LES coupling method to study the transitional and separated flow around OA209 airfoil near stall. The work focused on the effect of the Laminar Separation Bubble (LSB) on the stall and downstream flow [10,11]. Meanwhile, Sandham studied the formation, growth and bubble bursting of the separation bubble near stall flow [12]. Almutairi et al. investigated intermittent bursting of an LSB on NACA0012 airfoil. Moreover, the airfoil span needs to be extended to at least 50% of the chord length to achieve relatively accurate results [13]. For the simulation of a stalled flow field, the spanwise length of the computational domain is of crucial importance. Fukumoto performed numerical simulations of NACA0012 airfoil by LES. The results showed that the spanwise length of one chord is needed for the accurate prediction of large 3D vortices [14]. Manni et al. applied unsteady RANS and Delayed Detached-Eddy Simulation (DDES) approaches and performed numerical simulations of NACA0012 airfoil at a Reynolds number of one million, with different spanwise domains. The results showed that the much more complex flow structures around the airfoil can be predicted by DDES [15]. In 2017, Sharma and Visbal investigated the effect of airfoil thickness on the onset of dynamic stall and indicated that the dynamic stall onset mechanism varies gradually with the airfoil thickness [16]. In 2018, an LES study of airfoil flow near stall conditions was performed by Asada and Kawai. They investigated the influences of computational mesh resolution and spanwise size on the computational results [17]. Yalçın et al. improved the DDES model by two different length scale definitions [18]. It was found that compared with DDES, the results of shear-layer-adapted DDES (SLADDES) were better, in agreement with the experiments. Cui et al. also improved the IDDES model and carried out simulations for Aerospatiale A-airfoil near stall. It was claimed that the new IDDES-Tr method, which is based on the three-equation    k − ω − γ    transition/turbulence integrated model, can effectively simulate the transition of the boundary layer [19]. A similar simulation was conducted by Tamaki et al. with the wall-modeled large-eddy simulation (WMLES) database. It was found that WMLES is better than wall-resolved large-eddy simulation (WRLES) in the prediction of energetic vortices in the outer layer of the boundary layer [20]. Gleize et al. completed DNS simulations of NACA 4412 airfoil in pre-stall conditions. The transition from laminar to turbulent and the mixture of upper and lower surface boundary layers was predicted reasonably well [21].



In short, most of the numerical simulation studies are based on thin airfoils, and there are few studies focused on the influence of the spanwise domain on the numerical results. The present study mainly focuses on CFD simulation of a thick airfoil, and especially on accurately predicting the airfoil performance in the stall region.




2. Numerical Simulation


DTU230 airfoil, with a relative thickness of 30%, was chosen as the research object. DTU230 airfoils were designed by a direct method using a shape perturbation function, with an objective of good aerodynamic and structural features. Wind tunnel experiments were conducted in an LM Wind Power low-speed wind tunnel at Reynolds numbers of 1.5–6 million [6]. The turbulent flow over the DTU230 airfoil was simulated by the shear stress transport- (SST-) based DDES approaches, with a Reynolds number of three million and an AOA from 6° to 20°. The pressure and velocity coupling were dealt with by the SIMPLEC algorithm. The pressure term adopted the second-order upwind scheme, and the momentum term adopted the bounded central differencing method. Based on the freestream velocity and the characteristic length of the airfoil section, the time step of 5 × 10−4 s was selected.



2.1. Numerical Models


The governing flow equations are the Navier–Stokes equations, which include the continuity and momentum equations. Depending on different treatments for the Navier–Stokes equations, different methods were developed such as RANS methods, DES methods, LES methods and DNS methods. As has been discussed in Section 1, RANS methods are not qualified for simulating airfoils in stall or post-stall scenarios. LES could perform better than RANS but is of much higher computational cost. Consequently, the DES model, a hybrid model of RANS and LES, attracts more attention. The computational cost of the DES model is less than LES and has better accuracy than RANS. The key idea of this RANS/LES hybrid method is that the RANS model is used in the region dominated by the attached vortex near the wall, and LES is activated in the region dominated by the detached vortex, far away from the wall. In the present paper, the DDES model was utilized, which can be seen as an improved model of DES. What is more, the governing equations were closed by Menter’s SST k-ω turbulence model [22,23] in the present paper, which is named here as SST-DDES.
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where k is the turbulent kinetic energy and ω is the dissipation rate. The constants can be computed by the constants of the k-ε model and the k-ω model. The blended parameters are: α = α1F1 + α2(1 − F1) and β = β1F1 + β2(1 − F1), where F1 is the blending function. The constants of the k-ε model are: β* = 0.09, α1 = 5/9, β1 = 3/40, σk1 = 0.5 and σω1 = 0.5. The constants of the k-ω model are: β* = 0.09, α2 = 0.44, β2 = 0.0828, σk2 = 1 and σω2 = 0.856.



DDES outperforms DES because DDES can switch smartly between the RANS region and the DES region, which is shown below. The function of FDDES triggers the switch from the RANS region to the DES region following the conditions below:


   F  DDES      = max       l   k − ω       C  DES   ∆        1 − f    DDES      , 1    ,  



(3)
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where lk-ω is the turbulent length scale, ∆ is the maximum local grid spacing of a Cartesian grid, CDES = 0.61 is a model constant, and fDDES follows the idea of the blending function of the SST k-ω model, where Cd1 = 20, Cd2 = 3, κ = 0.41, S is the magnitude of the strain rate tensor, Ω is the magnitude of the vorticity tensor and y is the wall normal distance. In the near wall region, the parameter is set as fDDES = 1, which results in FDDES = 1, and the SST-DDES model is switched to the SST k-ω RANS model. At a certain distance away from airfoil wall, the parameter becomes fDDES = 0, and the SST-DDES model remains the same as the original SST-DES method.




2.2. Mesh and Boundary Conditions


The computational grid around the airfoil is of O-type topology, and its domain extends to 30c (c is one chord length) both in the chordwise and normal directions, as shown in Figure 1. The velocity inlet boundary condition is applied on the left side of the far-field boundary, and a pressure outlet is applied on the right side. The symmetric boundary conditions are imposed at the two spanwise endings, which are parallel to the screen. The no-slip wall boundary is treated at the airfoil surface. The mesh grid is highly clustered on the wall surface, with a stretching ratio of 1.1. For all the simulation cases, the Reynolds number is Re = 3 million and the characteristic length or chord length of the airfoil is 1 m. The distance of the first layer grid away from the airfoil wall is 8.38 × 10−6 m to ensure Y+ = 1.



In order to study the influence of the spanwise length on the numerical accuracy, nine different grids were constructed. The first seven grids had a variation of spanwise length ranging from 0.1c, 0.2c, 0.3c, 0.4c, 0.5c and 1c to 5c. Based on the seventh grid, whose domain extended to 5c in the spanwise direction, two more grids were constructed by reducing half of the nodes in the streamwise and spanwise directions, respectively. The major characteristics of these different meshes are listed in Table 1. Lz/c, Nx, Ny, Nz, ∆x+, ∆y+ and ∆z+ correspond to the spanwise extent (normalized with reference to chord length), the number of grids in the chordwise direction, in the normal direction and in the spanwise direction, and the mesh size in the wall units along the streamwise direction, along the spanwise direction, and along the normal direction to the wall, respectively. ∆x+, ∆y+ and ∆z+ are the ratios of the mesh size in the three directions (x, y, z) to the mesh height of the first layer in the wall units.





3. Results and Discussion


Nine different grids with different configurations were used for simulations, which are shown in this section. The simulations were conducted at AOAs of 6°, 11°, 14°, 17° and 20°. In Section 3.1, the effects of spanwise length on the numerical results are discussed. The influence of spanwise lengths from Lz = 0.1c to 0.5c is firstly discussed in this section. Then, the cases of Lz = 0.5c to 5c are discussed. In Section 3.2, the overall grid sensitivity analysis is shown. Lastly, a typical case at the AOA of 11° is analyzed.



3.1. Spanwise Length Analysis


The comparisons of the lift and drag coefficients between the experiments and simulations are shown in Figure 2. The experimental data are depicted by black squares without a solid line. The numerical results are depicted by symbols with solid lines at AOAs of 6°,11°,14°,17° and 20°. The relative errors between the numerical and experimental results are listed in Table 2 and Table 3.



From Figure 2a, it is clear that the discrepancies between the simulations and experiments mainly appear when the AOA is larger than 11°, where all the DDES simulations predict larger lift and drag coefficients. With the increase in the spanwise length, the simulated lift coefficient gradually approaches the experimental value. When the airfoil span length Lz reaches 0.4c and 0.5c, the DDES data agree well with the experiment values. When the AOA is smaller than 11°, the lift coefficient is in the linear region without stall, where all the DDES simulations nearly coincide with each other. Interestingly, the spanwise length has little influence on the aerodynamic performances in the linear region before stall. Even with the shortest span of Lz = 0.1c, the lift and drag coefficients are nearly the same as those of Lz = 0.5c. This gives important information that a narrow span can be used to effectively reduce the total grid number, when simulating the aerodynamic or aeroacoustic performances of airfoils before stall.



As has been discussed above, the difficulties for simulations mainly appeared with the emergence of stall. Therefore, more simulations were conducted at the AOAs of 11°, 14° and 20°, with the spanwise domain extended to 1 and 5 times the chord length. These simulation results are shown in Figure 3 and their relative errors away from the experimental values are listed in Table 4. It was found that the improvement of accuracy was not obvious when Lz increased from 0.5c to 1c. When the AOA = 14° and 20°, the results of Lz = 5c were the closest to the experiments, with a maximum lift coefficient deviation of less than 10%. This section reveals that different spanwise lengths are needed with reference to the different circumstances in order to improve numerical accuracy over a wide range of AOAs. A larger spanwise domain is needed in the stall and post-stall region because a 3D vortex of larger scale appears. A narrow spanwise length limits the development of the large eddy growth in its spanwise direction, which is demonstrated below.



The instantaneous snapshots of the Q-criterion iso-surface, colored by the vorticity magnitude, are shown in Figure 4 for different spanwise domains. The angle of attack AOA = 20° implies deep stall. It is clear that the spanwise length has a significant effect on vortex development. A larger spanwise length leads to a more complex vortex structure and a more pronounced 3D spanwise flow, especially near the trailing edge and in its wake. The most elaborate eddy structures can be found from the case with the largest span of Lz = 5c. What is more, the periodic flow pattern is clearly observed on case Lz = 5c. However, other cases with a shorter span do not show spanwise periodicity. The highest accuracy of case Lz = 5c indicates that the spanwise width should cover at least one spanwise-flow wavelength, to properly simulate the flow under stall. Furthermore, the separation position moves towards the leading edge of the airfoil as the spanwise length increases, which is consistent with the findings shown in Figure 5.



The pressure coefficient Cp and the friction coefficient Cf, which is averaged along a sufficient time period and the whole span, are depicted in Figure 5. Near the chordwise position of x = 0.4c, the Cp curves change the slope, which implies the transition region of separation. As observed, the predicted separation points move a little forward to the leading edge when larger spans are used. Interestingly, the suction peak near the leading edge declines with the decrease in the spanwise length. This explains why the lift coefficient drops when the spans are larger, as is shown in Figure 2 and Figure 3. The separated region in stall affects the attached region.




3.2. The Grid Sensitivity


So far, as has been discussed, the case with a spanwise length of 5c is the best configuration. Based on this basic configuration, the sensitivity of the chordwise node density was investigated. Figure 6 shows the lift and drag coefficients from grids with two levels of chordwise node numbers Nx = 101 and 201. The grid with Nx = 101 has chordwise cell scales of about 1/100 of the chord length, and a cell size of 1/200 of the chord length for Nx = 201. As compared with the 201 chordwise node configuration, the case with 101 nodes was not enough to satisfy the required prediction accuracy at the stall angles. The comparisons of the lift and drag coefficients can be found in Figure 6a. At an AOA of 11°, the lift coefficient is much lower than the experimental value. The number or the size of cells are highly case- and methodology-specific. Among the cases studied in this paper, it was found that the number of the chordwise cell size should be smaller than 1/200 of the chord length.



Based on the finest mesh with a spanwise length of 5c, the number of nodes along the same span was deducted from the original 501 to 251 to further investigate the effects of the spanwise node density. Nz = 501 means the spanwise cell scales are 1/100 of the chord length, and 1/50 of the chord length of Nz = 251. The lift and drag coefficients are compared in Figure 7 and Table 5. Surprisingly, very close numerical results were obtained in the stall region. Compared with the results in Figure 2 and Figure 3, the simulation of stall was more sensitive to the spanwise length rather than the spanwise node density.




3.3. The Accurate Prediction of Stall-Starting AOA


It is of vital importance to accurately predict the start of stall. Looking back at Figure 2, it is interesting that the lift coefficient curve of Lz = 0.3c divides the other lines into two groups. The first group, with the spanwise length of less than 0.3c, cannot accurately predict the stall-starting angle. It can be found that the lift coefficients continue to rise after the AOA of 11°. The second group, with the spanwise length of greater than 0.3c, can predict the stall angle perfectly. The lift coefficient curves decline after the AOA of 11°. It can be seen that the appropriate spanwise length plays an important role in the numerical simulation of airfoils at the stall angle.



In addition to the spanwise domain and grid density, other factors also affect the numerical simulation. Special attention should be paid to the lift coefficient of Lz = 0.3c. When the AOA equals 11°, the lift coefficient is obviously lower than the other cases, which is shown in Figure 2. It should be noted that the lift and drag coefficients in Figure 2 and in other figures are time-averaged data. If we focus on the transient lift coefficient, it is found that the simulated lift coefficient equals 1.306 at a transient time of 1s, which is close to the experimental value. As the calculation continues, the lift coefficient is reduced to 1.15 at a transient time of 3 s. If we focus on the transient flow field, rather different flow structures can be seen. In Figure 8, the changes in flow-field structures with reference to time are shown. The flow around the airfoil is nearly uniform in the spanwise direction when the calculation time is 1 s. When the time approaches 2 s, the flow field indicates some spanwise fluctuations. In Figure 9, the Cp and Cf distributions are shown for the case with Lz = 0.3c at an AOA of 11°, under different calculation times. Firstly, at the time of 1s, the suction peak near the leading edge is larger than that at a time of 2 s and 3 s. Then, when stepping to 2 s and 3 s, the suction peak drops and the starting position of separation moves towards the leading edge, which makes the averaged lift coefficient drop abnormally to a lower value. Finally, with the time moving on, the suction peak maintains the same level as at 2 s and 3 s, but never recovers to the level at 1 s. This finally leads to an obviously lower averaged lift coefficient, which indicates that there are unknown disturbances affecting the simulation of the flow field between 1 s and 2 s. In Figure 10, all Q-criterion iso-surfaces of different spanwise lengths at an AOA of 11° are shown. The anomalies of Lz = 0.3c due to disturbances are obvious. The reasons for these abnormal changes are worthy of further study.





4. Conclusions


A thick airfoil with a thickness to chord ratio of 30% was simulated utilizing the DDES approach in this paper, and it was analyzed through the lift and drag coefficient, the Q criterion iso-surface, the pressure coefficient and the friction coefficient. Firstly, the influence of spanwise length on the numerical results were studied, with the spanwise length varying from 0.1 to 5 chords. It was found that the spanwise length is of vital importance for the numerical simulation. Under stall, the lift coefficient could not be accurately predicted when the spanwise length was reduced to 0.3 chords. In addition, when the spanwise length was increased to 5 chords, a periodic spanwise flow pattern appeared on the airfoil suction side. Secondly, the grid sensitivity was studied. Among the cases in this study, the chordwise cell scales of 1/100 chord length could not predict the coefficient of lift. However, the spanwise cell size of 1/50 chord length could ensure accurate simulation. The simulation of stall was more sensitive to the spanwise length rather than the spanwise node density. However, it must be remembered that the number or the size of cells are highly case- and methodology-specific. Lastly, it was found that accurate prediction of the stall-starting AOA is highly difficulty. The case with a span length of Lz = 0.3c was a watershed among the cases in this paper. With a spanwise length of 0.3c or smaller, the DDES method failed to predict the stall angle. When the spanwise length was greater than 0.3c, the stall angle could be simulated perfectly. Noticeably, the case with a spanwise length of 0.3c showed abnormal flow-field change at the AOA of 11°, which makes the averaged lift coefficient lower and limits the prediction ability of this configuration. The reasons for these abnormal changes are worthy of further study.
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Figure 1. The O-topology mesh and boundary conditions. 
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Figure 2. Comparisons of experimental and computational lift and drag coefficients: (a) is the CL of simulations and experiments with AOAs of 6°, 11°, 14°, 17° and 20°; (b) is the CD of simulations and experiments with AOAs of 6°, 11°, 14°, 17° and 20°. 






Figure 2. Comparisons of experimental and computational lift and drag coefficients: (a) is the CL of simulations and experiments with AOAs of 6°, 11°, 14°, 17° and 20°; (b) is the CD of simulations and experiments with AOAs of 6°, 11°, 14°, 17° and 20°.



[image: Atmosphere 13 01804 g002]







[image: Atmosphere 13 01804 g003 550] 





Figure 3. Comparison of experimental and computational lift and drag coefficients of Lz = 0.5c, 1c and 5c. (a) is the CL; (b) is the CD. 
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Figure 4. Iso-surface of Q = 10 by the different spanwise domains at AoA = 20°. 
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Figure 5. Cp and Cf with different spanwise domains at the angle of attack of 20°: (a) is the Cp; (b) is the Cf. 
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Figure 6. Experimental and computed lift and drag coefficients with different streamwise node density: (a) is the CL; (b) is the CD. 
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Figure 7. Experimental and computed lift and drag coefficients with different spanwise node density: (a) is the CL; (b) is the CD. 
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Figure 8. The Q-criterion iso-surface around the airfoil at an AOA of 11° and at transient times of 1 s (left) and 3 s (right). 
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Figure 9. Cp and Cf with Lz = 0.3c at an AOA of 11°: (a) is the Cp; (b) is the Cf. 
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Figure 10. The Q-criterion iso-surface around the airfoil at an AOA of 11° with span lengths from 0.2c to 5c. 
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Table 1. The summary of settings of different grids.
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	Lz/c
	Nx
	Ny
	Nz
	∆x+
	∆y+
	∆z+





	0.1
	201
	134
	11
	~600
	1
	1200



	0.2
	201
	134
	21
	~600
	1
	1200



	0.3
	201
	134
	31
	~600
	1
	1200



	0.4
	201
	134
	41
	~600
	1
	1200



	0.5
	201
	134
	51
	~600
	1
	1200



	1
	201
	134
	101
	~600
	1
	1200



	5
	201
	134
	501
	~600
	1
	1200



	5
	201
	134
	251
	~600
	1
	2400



	5
	101
	134
	501
	~1200
	1
	1200
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Table 2. The lift coefficient relative error at each AOA under different spanwise lengths.
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	∆CL
	6°
	11°
	14°
	17°
	20°





	Lz = 0.1c
	−8.92%
	0.35%
	35.69%
	30.38%
	31.53%



	Lz = 0.2c
	−8.28%
	0.75%
	35.39%
	26.75%
	27.47%



	Lz = 0.3c
	−8.97%
	−11.57%
	24.45%
	14.79%
	19.75%



	Lz = 0.4c
	−8.28%
	0.75%
	9.54%
	9.99%
	12.51%



	Lz = 0.5c
	−8.28%
	0.74%
	12.56%
	10.19%
	5.73%
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Table 3. The drag coefficient relative error at each AOA under different spanwise lengths.
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	∆ CD
	6°
	11°
	14°
	17°
	20°





	Lz = 0.1c
	59.54%
	51.22%
	9.69%
	21.70%
	25.08%



	Lz = 0.2c
	59.91%
	51.59%
	11.58%
	22.40%
	23.82%



	Lz = 0.3c
	60.04%
	52.29%
	23.74%
	28.24%
	25.67%



	Lz = 0.4c
	59.91%
	51.60%
	43.57%
	32.02%
	25.79%



	Lz = 0.5c
	59.91%
	51.58%
	42.24%
	32.29%
	29.22%
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Table 4. The lift and drag coefficient relative errors at each angle of attack under different span lengths.
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	11°
	14°
	20°





	
	Lz = 0.5c
	0.74%
	12.56%
	5.73%



	∆CL
	Lz = 1c
	0.75%
	12.64%
	5.42%



	
	Lz = 5c
	0.76%
	8.54%
	3.50%



	
	Lz = 0.5c
	51.58%
	42.24%
	29.22%



	∆CD
	Lz = 1c
	51.60%
	38.47%
	32.04%



	
	Lz = 5c
	51.61%
	45.19%
	28.07%
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Table 5. The lift and drag coefficient errors at each angle of attack under different grid sensitivity.
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	11°
	14°
	20°





	
	Nx = 201, Nz = 501
	0.76%
	8.54%
	3.50%



	∆CL
	Nx = 101, Nz = 501
	−14.12%
	6.33%
	1.81%



	
	Nx = 201, Nz = 251
	−0.23%
	8.70%
	6.68%



	
	Nx = 201, Nz = 501
	51.61%
	45.19%
	28.07%



	∆CD
	Nx = 101, Nz = 501
	93.66%
	48.84%
	26.40%



	
	Nx = 201, Nz = 251
	49.46%
	48.34%
	22.25%
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