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Abstract

:

The development of secondary flow along a curved channel is a fundamental flow phenomenon occurring in a wide range of engineering applications, including turbomachinery, aerospace, heating, ventilation, air conditioning, etc. The underlying flow physics about end-wall secondary flows has been well-documented in the open literature, while the interaction between a secondary flow and a side-wall boundary layer, which is critical to the aerothermal performance of a side-wall surface, has not been comprehensively studied. In this study, the entropy generation of secondary flow and the interaction between an end-wall passage vortex and a side-wall boundary layer were numerically investigated by Reynolds-averaged Navier–Stokes (RANS) CFD for a 90° curved channel. The transportation effect of secondary flow and the generation mechanism of an induced vortex pair on the side wall is reported. It was also found that the growth of the secondary flow can be suppressed due to the displacement effect of the side-wall boundary layer. Furthermore, it was found that the interaction between a secondary flow and a side-wall boundary layer provides a suppression effect on side-wall boundary layer separation.
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1. Introduction


Secondary flows occur whenever viscous fluids go through a curved passage. The low-momentum fluids within the end-wall boundary layer are swept by the centrifugal pressure gradient, depart from the primary flow direction, and further develop into large-scale passage vortices, as schematically illustrated in Figure 1. The secondary flow behavior differs in detail in different industrial applications, such as open channel flows [1,2], the ducts of ventilating systems [3], turbomachinery passages [4,5], aerospace vehicles [6], etc.



Secondary flows are often undesirable. In curved piping systems, it requires more pumping power to compensate for the extra pressure loss caused by the secondary flow. In the field of turbomachinery, the aerodynamic loss attributed to the secondary flow can be as high as 30–50% of the total loss in a blade row, as reported by Sharma and Butler [8]. The secondary flow can also introduce substantial heat load and further deteriorate the flow quality and performance for the following stages. Extensive research efforts have been devoted to seeking optimal designs to reduce the secondary flow and, more importantly, to understand the underlying flow physics.



It was generally assumed [9] that the viscous stress and the isotropic part of the Reynolds stress in a secondary flow only help to initiate the shear layer with vorticity perpendicular to the direction of the flow and to diffuse the secondary vorticity. This inviscid essence of the generation of the secondary flow led to some early analytical studies about the development of the secondary flow. Hawthorne [10,11,12] pioneered the theoretical study of the secondary flow in an inviscid, incompressible flow and developed a general expression for the generation of secondary vorticity. Smith [13], Marris [14], Horlock and Lakshminarayana [15,16], etc., furthered and generalized the theory about the generation of secondary vorticity. These early works have contributed to a widely accepted wisdom that secondary vorticity is generated from the deflection of a shear layer. Such deflection can also be triggered without a curved geometry, as reported by Compton and Johnson [17]. The induced vortex pair on the side wall discussed in this study may serve as another example. In addition to the skew-induced secondary vorticity, it was also revealed [9,18] that the anisotropy in Reynolds stress may also introduce secondary flows.



In order to capture the nature of the secondary flow and to provide a design guideline for secondary flow control, considerable research efforts were devoted to track secondary flow loss and its loss mechanisms. In the numerical investigation by Denton and Pullan [19], the entropy generation in a turbine cascade was broken down to highlight its sources. The loss in the secondary flow region on the blade suction surface and the mixing loss between cascades were found to be significant. It was also found that the secondary flow in the turbine rotor is completely different from that in a stator due to the distortion in the incoming flow. Yi and Ji [20] studied the entropy generation in a compressor cascade by RANS CFD and found a high-loss zone in the suction-hub corner near the trailing edge.



The end-wall secondary flow is well-documented in the open literature. However, to the best of the authors knowledge, there are few studies about the interaction between the generated passage vortex and the side-wall boundary layer. The three-dimensional effect introduced by the end-wall secondary flow may interfere with the side-wall flow structures and therefore change the aerothermal performance near the side-wall surface. Cui et al. [21] studied the secondary flows in a high-lift low-pressure turbine by large-eddy simulation (LES). A vortex with a different sense of rotation from the passage vortex was found on the suction surface, which eventually merges with the passage vortex. Pichler et al. [22] compared the solution by RANS and LES, and it was found that the a high-loss area is related to the counter-rotating vortex. Kanani et al. [23] studied turbine passage secondary flow using LES and captured the augmented heat transfer brought by the secondary flow.



It should also be noted that, although the generation of secondary vorticity is essentially an inviscid process, high-fidelity simulation captures more details of the secondary flow. It could be expected that the numerical prediction could be improved by capturing more detailed turbulent content in the incoming end-wall boundary layer [24,25,26], the transition of the newly formed laminar boundary layer [27], and the breakdown of large eddies in the secondary flow [28,29]. However, in this study, the authors believe that the RANS results, validated against previous experimental studies, are sufficient to capture the qualitative trends in the entropy generation of secondary flow and the side-wall boundary layer behavior.



In this study, the secondary flow behavior in a simplified curved channel was investigated by RANS CFD, with specific focus on the interaction between the end-wall passage vortex and the side-wall boundary layer. The paper is organized as follows: Section 2 gives a detailed description of the numerical setup. In Section 3, a separated numerical case is compared with the experimental results by Camci and Rizzo [30] to validate the simulation strategy. Section 4 presents the main results of the work and extended discussions, followed by the main conclusions.




2. Numerical Setup and Grid Sensitivity Study


The commercial computational fluid dynamics (CFD) software package ANSYS Fluent was employed in the numerical study. The present study adopted the two-equation   k − ω   S S T   model [31] for turbulence modeling. The computational domain of the 90° curved channel is shown in Figure 2. The outer wall and upper wall were set to be symmetric. The channel height was set to be   4 D   in order to provide enough room for the evolution of secondary flow.



The inlet flow conditions are summarized in Table 1. A typical turbulent boundary layer profile obeying the   1 / 7 th   l a w   was applied to both the end-wall and side-wall boundary layer. The end-wall boundary layer thickness (   δ e   ) and side-wall boundary layer thickness were set to be   D / 10   and   D / 20  , respectively.



Structured mesh, as shown in Figure 2, was generated in Pointwise V18.4 R3 [32]. The streamwise grid spacing within and downstream of the turning passage was set to be about   Δ  x +  = 40   (the wall unit was evaluated at the end wall of the 0° cut plane). The grid was stretched in streamwise direction near the inlet, where the two-dimensional turbulent boundary layer was unaffected by the pressure gradient across the passage. In the wall-normal direction, the 1st layer grid spacing was set to be about    y +  = 0.7  . The mesh was stretched in the wall-normal direction by a constant expansion ratio of 1.1 up to twice the end-wall boundary layer thickness at the 0° cut plane. In the free stream area, the grid spacing in wall-normal direction was set to be about   Δ  y +  = Δ  z +  = 110  .



To examine the grid sensitivity, three mesh configurations were employed for the baseline case. The characteristic parameters of the grids are listed in Table 2. In all mesh configurations, the spacing in the wall-normal direction of the 1st layer grid was set the same. The one-equation   S p a l a r t − A l l m a r a s   (  S A  ) [33] model was also adopted to evaluate the sensitivity to turbulence modeling. Figure 3 presents the spanwise distributions of the mass-averaged pressure loss coefficient,     c ¯  p   , and the wall friction coefficient,    c f   , at three critical cut planes. The difference between the computational results with mesh 2 and mesh 3 was negligible. Thus, in the present study, mesh 2 was adopted for the calculation. A slight difference can be observed between the results predicted by the   k − w   S S T   model and the   S A   model. In addition, the computational results obtained from the two turbulence models are consistent with the secondary flow effects discussed in the following sections, though they are not presented in this paper.



Figure 4 shows the overall distribution of the    y +    value of the 1st layer mesh within the turning passage. Figure 5 presents the circumferential and spanwise    y +    distributions at three cut planes within the turning passage. It can be observed that, for areas affected by the secondary flow, the    y +    value of the 1st layer mesh is about 1, which meets the requirement of the turbulence model used in this study.



In addition to a separated validation case, four cases were investigated, including (1) the baseline case, (2) the case with a thin end-wall boundary layer, (3) the case with a thick side-wall boundary layer, and (4) the case with an artificially triggered side-wall separation.




3. Code Validation


The numerical solution in this study is validated against the experimental data by Camci and Rizzo [30]. It should be noted that their curved channel has a different aspect ratio of   H = D  . Thus, a separate validation case, with the same simulation strategy and mesh configuration, was conducted to match the experimental setup.



The distributions of the total pressure loss coefficient,    c p   , at the 90° cut plane in both the simulation and experiment are presented in Figure 6. An acceptable agreement between the experimental and numerical results can be observed. The overall loss pattern, as described by Camci and Rizzo [30], features a “mushroom” shape. The loss cores on the upper and lower sides are introduced by the passage vortex. The low-kinetic-energy fluids are squeezed by the passage vortex and form a high-loss region near the middle of the side wall. Figure 7 presents the spanwise distribution of the averaged pressure loss for both the experimental and computational results. Overall agreement can be observed.




4. Secondary Flow Loss Pattern and Transportation Effect


Figure 8 presents the total pressure loss (or the accumulative entropy generation) at the 30°, 60°, and 90° cut planes, with the passage vortex cores identified by secondary velocity. The association between the passage vortex and the loss is clear, while another high-loss region can be observed on the side-wall surface above the passage vortex. Such loss is the result of the transportation of the passage vortex. As the passage vortex approaches the side wall, the low-kinetic-energy fluids within the boundary layer are transported by the passage vortex to this region. Meanwhile, the fluids within the side-wall boundary layer are also squeezed into this region.



The redistribution of the side-wall boundary layer may introduce extra vortical structures. Figure 9 presents the skew-induced generation rate of streamwise vorticity to investigate the relation between the high-loss region and the induced vortex pair. The variation in streamwise vorticity is affected by both the skewness of the shear layer and the viscous effect, as described by Marris [14]:


    ∂  Ω s    ∂ s   ≈ u ·  ∂  ∂ s    (     Ω s   u   )  = −   2  Ω n   R  −  1 u  s · ∇ ×  F  v i s    



(1)







Therefore, the skew-induced generation rate of streamwise vorticity is defined by [14]:


   g s  ∶ = −   2  Ω n   R  = −  2   u 4     [  u ×  (  u × Ω  )  ·  (  u · ∇  )  u  ]   



(2)




to eliminate the viscous effect. The negative skew-induced generation rate of the streamwise vorticity (blue in color) signifies the growth of vorticity with the same rotation direction as the passage vortex, and the positive skew-induced generation rate of streamwise vorticity (red in color) signifies the growth of vorticity with the opposite rotation direction as the passage vortex.



At the early stage of the evolution of secondary flow, namely at the 30° cut plane. Most of the streamwise vorticity contributing to the passage vortex is generated near the end wall, as the end-wall boundary layer is deflected by the pressure gradient across the turning passage. A great portion of the streamwise vorticity in the passage vortex is generated at this early stage since the original end-wall boundary layer is mostly transported to the side wall before the 60° cut plane (which is presented in Figure 8).



As this passage vortex approaches and climbs along the side wall, it is no longer reinforced by the end-wall boundary layer. A weaker streamwise vorticity generation rate can be observed near the end wall due to the attachment of fluids from the freestream. Meanwhile, the side-wall boundary layer is squeezed by the passage vortex. The squeezing, along with the transportation of the end-wall low-kinetic-energy fluids, forms a high-loss region near the side wall, as shown in Figure 8. The material line (or the vortex line), which is originally parallel to the side-wall surface, is dragged back as the low-momentum fluids accumulate in this high-loss region, resulting in the generation of a counter-rotating vortex pair, as is evident in Figure 9a,b. The generation rate of the 2nd induced vortex with the same rotation direction as the passage vortex is much weaker since the local total pressure gradient (indicating both the strength of the shear layer and the drag of the material line) is weaker. It could be concluded that a great portion of the loss near the induced vortex pair is contributed by the transportation effect of secondary flow but not the secondary flow itself.



Figure 10 shows the distributions of streamwise vorticity,    Ω s   , at 0°, 30°, 60°, and 90° cut planes in the curved channel, with the end-wall and side-wall surface streamlines, to present an overall secondary flow structure. The data plotting method is similar to the one used in Figure 9. The negative streamwise vorticity (blue in color) signifies the vorticity opposite to flow direction (the passage vortex), and the positive one (red in color) signifies the vorticity consistent with the flow direction. At the 0° and 30° cut planes, most of the streamwise vorticity is generated near the end wall due to the deflection of the end-wall boundary layer. As the secondary flow evolves, the streamwise vorticity is continuously generated through the same mechanism, and a strong passage vortex approaches the side wall and gradually climbs along it. Meanwhile, a counter-rotating vortex pair, with weaker strength than the passage vortex, is induced upon the passage vortex. Near the 90° cut plane, the strength of the passage vortex is reduced due to viscous dissipation. As the side-wall static pressure recovers at the curved channel exit, the counter-rotating vortex pair is intensified, which squeezes slightly away from the side-wall boundary layer and the passage vortex, as can be observed from the side-wall surface streamlines near the turning passage exit.



The entropy generation rate per unit volume, as proposed by Denton [34], was applied to further investigate the sources of loss in the curved channel. Figure 11 presents the distributions of the entropy generation rate at the 30°, 60°, and 90° cut planes. The entropy generation rate was broken down to the contributions from the boundary layer and the secondary flow [35] as follows:


    s ˙   v i s   =   s ˙   s e c   +   s ˙   b l    



(3)






    s ˙   s e c   =    μ  e f f    T   [  2    (    ∂  u r    ∂ r    )   2  + 2    (    ∂  u h    ∂ h    )   2  +    (    ∂  u r    ∂ h   +   ∂  u h    ∂ r    )   2   ]   



(4)






    s ˙   b l   =    μ  e f f    T   [  2    (    ∂  u  s '     ∂ s '    )   2  +    (    ∂  u  s '     ∂ r   +   ∂  u r    ∂ s '    )   2  +    (    ∂  u  s '     ∂ h   +   ∂  u h    ∂ s '    )   2   ]   



(5)







The contributions from secondary velocity gradient and streamwise velocity gradient were decomposed to ensure that most of the entropy generation in the secondary flow and boundary layer was captured. It should be noted that the velocity components    u  s ′    ,    u r   , and    u h    were defined with respect to local geometry, as shown in Figure 2, and were different from the one defined in the intrinsic coordinate in Equation (1).



At the 30° cut plane, the secondary flow and the entropy it generates are mostly located near the end wall. At the 60° cut plane, as the passage vortex approaches and climbs along the side wall, a high entropy generation rate core can be observed near the passage vortex core and beside the side wall. Another high-loss region is located upon the end wall due to the passage vortex formed by the attached end-wall fluids. At the 90° cut plane, the loss pattern is similar to the one shown in the 60° cut plane. It can also be observed in Figure 11b,c that part of the secondary flow loss can be attributed to the 1st induced vortex.



From the distribution of the entropy generation rate by the boundary layer, it can be observed that the entropy generated in the high-loss region shown in Figure 8 is, on the contrary, weaker than that in the unaffected regions, such that it can be further affirmed that the high-loss region shown in Figure 8 is essentially the result of the transportation of secondary flow. In addition, as the low-momentum boundary layer fluids are transported by the passage vortex into the main stream, another high-entropy generation rate region emerges in the freestream, as in Figure 11b,c.



Figure 12 presents the streamwise distributions of the entropy generation rate by the secondary flow. In order to achieve a more comprehensive understanding of the secondary flow loss pattern, cases with different end-wall and side-wall boundary layer configurations, as introduced in Section 2, were studied. In the case with a thin end-wall boundary layer, the displacement thickness and momentum thickness of the end-wall boundary layer at the curved channel entrance are reduced by 59% and 58%. In the case with a thick side-wall boundary layer, the displacement thickness and momentum thickness of the side-wall boundary layer at the curved channel entrance are increased by 188% and 212%. The entropy generation rate associated with each flow structure are identified by the streamwise vorticity and location.



The entropy generation rate introduced by the passage vortex increases as the flow enters the curved channel and peaks at the rear part of the curved channel, where it detaches from the wall and breaks down. The entropy generation rate introduced by the induced vortex pair increases as the secondary flow evolves since the low-kinetic-energy fluids are continuously transported by the passage vortex and entrained by the induced vortex pair. Its loss peaks at the curved channel exit, where it is intensified by the recovered side-wall static pressure. As can be expected, the secondary flow loss in the case with a thin end-wall boundary layer is reduced due to a weak end-wall shear layer, while the overall secondary flow loss pattern is similar to the baseline case, as shown in Figure 12a.



The secondary flow loss patterns under different side-wall boundary layer configuration are almost the same, as can be observed in Figure 12b. A thicker side-wall boundary layer brings a slight reduction in secondary flow loss, which is probably due to the displacement effect of the side-wall boundary layer. The pressure gradient within the curved channel is reduced by 6.9%, as the “real” geometry of the side wall is displaced by the thick side-wall boundary layer. Figure 13 presents the difference in streamwise vorticity at the 60° cut plane between the baseline case and cases with different boundary layer configurations.



The entropy generation rate by secondary flow was broken down with respect to its source and integrated within and downstream of the turning passage, as shown in Table 3. The vortices were identified through location and the sense of rotation. The loss was normalized by inlet flow conditions and the side-wall radius. It can be observed in Figure 12 and Table 3 that the secondary flow loss patterns are similar under the surveyed end-wall and side-wall boundary layer characteristics. The total secondary flow loss varies as the boundary layer characteristics change, while the ratio between the loss contribution from each component in the secondary flow is not sensitive to the boundary layer characteristics. Furthermore, the kinetic energy contained in the secondary flow is continuously dissipated along the curved channel, indicating that the residual kinetic energy at the passage exit might be unsuitable for the criterion, though it was used in some relevant studies to evaluate the secondary flow loss and the secondary flow control effect.



In order to investigate the interaction between secondary flow and the side-wall boundary layer separation in the same flow condition, air injection, with a blowing ratio of 0.1, was added at the 45° cut plane of the side wall to artificially trigger a side-wall boundary layer separation. Figure 14 presents the distributions of streamwise vorticity and side-wall surface streamlines near the separation bubble. Due to the distortion effect of the secondary flow, the fluids in the separation bubble above the passage vortex show a spanwise motion, as can be observed from the side-wall surface streamlines shown in Figure 14b. In addition, the induced vortex pair is intensified by entraining the separated fluids, as can be observed in Figure 14c. Therefore, a control effect on side-wall separation by the secondary flow could be expected, as discussed below. The side-wall separation shows a displacement and redistribution effect on the passage vortex, which decays rapidly downstream.



Figure 15 presents the spanwise distribution of entropy generated by boundary layer separation between the 45° and 60° cut planes. The loss reduction due to the secondary flow is about 4.4% of the secondary flow loss. In addition, as the low-momentum fluids are entrained by the induced vortex pair, the secondary flow loss is increased by 0.4%. Thus, the secondary flow shows an overall positive effect in suppressing the boundary layer separation, which might deserve further exploration.




5. Conclusions


In this study, the entropy generation of secondary flow and the interaction between secondary flow and side-wall boundary layer were numerically investigated by RANS CFD for a 90° curved channel. A separated case was presented to validate the simulation strategy. Detailed analyses of flow structure, secondary vorticity and its generation mechanisms along the curved channel, and secondary flow loss patterns under different boundary layer characteristics are presented. The main contributions and new findings of this paper are summarized as follows:




	(1)

	
The side-wall boundary layer presents a slight reduction effect on the generation of secondary flow by displacing the main stream. The entropy generated by the secondary flow varies as the boundary layer characters change, while the ratio between each secondary flow component is not sensitive to the boundary layer characteristics. The passage vortex, dominating the secondary flow loss, shows a transportation effect on the low-kinetic-energy fluids within the end-wall and side-wall boundary layers. Consequently, a weak induced vortex pair is generated on the side-wall surface.




	(2)

	
The secondary flow shows a suppression effect on the side-wall boundary layer separation by entraining the low-momentum fluids that would separate without a secondary flow effect. The fluids flow into the less “harmful” secondary flow structures, and thus an overall positive effect of controlling the side-wall boundary layer separation is presented.









It should be noted that accurately predicting the dissipation is still a challenge for RANS CFD. While the secondary flow loss pattern presented in this study is consistent with the revealed flow physics, the authors consider that this study contributes some basic understandings from which advanced secondary flow control techniques can be developed.
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Figure 1. The secondary flow generation mechanism in a curved passage, with arrows representing the vortex tubes (left) and secondary velocities (right), adapted from Glazer et al. [7]. 
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Figure 2. The computational domain and mesh. 
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Figure 3. Spanwise distributions of mass-averaged pressure loss coefficient,     c ¯  p   , and wall friction coefficient,    c f   , at (a–c) cut planes. 
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Figure 4. Distribution of the    y +    value for the 1st layer mesh in the turning passage. 
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Figure 5. Distributions of the    y +    value for the 1st layer mesh at 30°, 60°, and 90° cut planes at the (a,b). 
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Figure 6. The distributions of total pressure loss coefficient,    c p   , at the 90° cut plane for the experimental data by Camci and Rizzo [30] and the simulation result. 
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Figure 7. Spanwise distributions of the averaged total pressure loss coefficient,     c ¯  p   , at the 90° cut plane for the experimental data by Camci and Rizzo [30] and the simulation result. 
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Figure 8. The distributions of total pressure loss at (a–c) cut planes. The passage vortex cores, identified by secondary velocity, are marked with black circles. 
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Figure 9. The distributions of the skew-induced generation rate of streamwise vorticity at (a–c) cut planes. The passage vortex cores, identified through secondary velocity, are marked with black circles. 
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Figure 10. The distributions of streamwise vorticity,    Ω s   , at the 0°, 30°, 60°, and 90° cut planes, with surface streamlines colored by local static pressure. 
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Figure 11. The distributions of the entropy generation rate by secondary flow (top) and the boundary layer (bottom) for the (a–c) cut planes, with secondary velocities labeled by arrows. The passage vortex cores, identified through secondary velocity, are marked with black circles. 
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Figure 12. The streamwise distributions of the entropy generation rate by secondary flow for (a) the baseline case (solid line) and the case with a thin end-wall boundary layer (dashed line), and (b) the baseline case (solid line) and the case with a thick side-wall boundary layer (dashed line). 
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Figure 13. The difference in streamwise vorticity at the 60° cut plane between (a) the baseline case and the case with a thin end-wall boundary layer, and (b) the baseline case and the case with a thick side-wall boundary layer. 
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Figure 14. The distribution of streamwise vorticity at the 50° and 60° cut planes and surface streamlines near the separation bubble for (a) the baseline case and (b) the case with side-wall separation and (c) the distribution of streamwise vorticity and secondary velocities (labeled by arrows) near the intensified induced vortex pair. Subfigure (c) magnifies the region marked with red box in subfigure (b). 






Figure 14. The distribution of streamwise vorticity at the 50° and 60° cut planes and surface streamlines near the separation bubble for (a) the baseline case and (b) the case with side-wall separation and (c) the distribution of streamwise vorticity and secondary velocities (labeled by arrows) near the intensified induced vortex pair. Subfigure (c) magnifies the region marked with red box in subfigure (b).
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Figure 15. The spanwise distribution of entropy generated by boundary layer separation. The area in shadow represents the suppression of boundary layer separation loss due to the secondary flow. 
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Table 1. The inlet flow conditions.
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	Reynolds number (based on side-wall radius)
	   6.5 ×   10  5    



	Turbulent intensity
	0.7%



	End-wall boundary layer displacement thickness
	   0.13  δ e    



	End-wall boundary layer momentum thickness
	   0.097  δ e    



	Side-wall boundary layer displacement thickness
	   0.068  δ e    



	Side-wall boundary layer momentum thickness
	   0.049  δ e    
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Table 2. Mesh configurations.






Table 2. Mesh configurations.











	
	Element Number

    (   N s  ×  N r  ×  N z   )    
	Expansion Ratio
	Free Stream Grid Size





	Mesh 1
	   650 × 65 × 100   
	   1.3   
	   Δ  y +  = Δ  z +  = 240 ,   Δ  x +  = 60   



	Mesh 2
	   1010 × 100 × 180   
	   1.1   
	   Δ  y +  = Δ  z +  = 110 , Δ  x +  = 40   



	Mesh 3
	   1350 × 120 × 265   
	   1.1   
	   Δ  y +  = Δ  z +  = 60 , Δ  x +  = 30   
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Table 3. Breakdown of entropy generated by secondary flow.
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	Source
	Baseline Case
	Case with Thin End-Wall Boundary Layer
	Case with Thick Side-Wall Boundary Layer





	Passage vortex
	0.000867 (86.3%)
	0.000623 (89.9%)
	0.000755 (87.2%)



	The 1st induced vortex
	0.000089 (8.8%)
	0.000044 (6.3%)
	0.000071 (8.2%)



	The 2nd induced vortex
	0.000005 (0.5%)
	0.000004 (0.5%)
	0.000003 (0.3%)



	Corner vortex
	0.000044 (4.4%)
	0.000023 (3.3%)
	0.000036 (4.1%)
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