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Abstract

:

To operate, radial turbines used in turbochargers require a minimum tip gap between the rotor blades and the stationary wall casing (shroud). This gap generates leakage flow driven by the pressure difference between the pressure and suction side. The tip leakage flow is largely unturned, which translates into a reduction of the shaft work due to the decrease in the total pressure. This paper investigates the flow through the rotor blade tip gap and the effects on the main flow when the turbine operates at a lower and higher pressure ratio with the presence of supersonic regions at the rotor trailing edge for two rotational speeds using computational fluid dynamics (CFD). The rotor tip gap has been decreased and increased up to 50% of the original tip gap geometry given by the manufacturer. Depending on the operational point, the results reveal that a reduction of 50% of the tip gap can lead to an increase of almost 3% in the efficiency, whereas a rise in 50% in the gap penalty the efficiency up to 3%. Furthermore, a supersonic region appears in the tip gap just when the flow enters through the pressure side, then the flow accelerates, leaving the suction side with a higher relative Mach number, generating a vortex by mixing with the mainstream. The effects of the vortex with the variation of the tip gap on the choked area at the rotor trailing edge presents a more significant change at higher than lower speeds. At a higher speed, the choked region closer to the shroud is due to the high relative inlet flow angle and the effects of the high relative motion of the shroud wall. Furthermore, this relative motion forces the tip leakage vortex to stay closer to the tip suction side, generating a subsonic region, which increases with the tip gap height. The leakage flow at lower and higher rotational speed does not affect the main flow close to the hub. However, close to the shroud, the velocity profile changes, and the generated entropy increases when the flow goes through the tip gap.
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1. Introduction


Radial turbines are widely used in the transport industry. They are part of the supercharging system of engines used for various actions in different branches of the transport industry such as air, land, and water transport [1,2] in fossil fuel engines [3] as well as in hydrogen hybrid engines [4,5,6], hybrid electrical turbines [7], fuel cells [8], biofuel propulsion [9,10], and Organic Rankine Cycle [11,12,13]. Therefore, the improvement of the radial turbine in these systems still plays an important role in the current propulsion technologies.



Over the last few years, with the improvement of computational tools and experimental measuring techniques, different studies have been carried out to characterize the internal flow behavior of the radial turbine as the flow goes through its components such as the volute, stator, and rotor. However, since radial turbine geometry is quite compact and relatively small, especially in urban automotive engines, the installation of sensors in each of the aforementioned elements is quite limited [14] and in some cases it is necessary to scale the geometry [15,16] to measure the pressure and velocity inside the stator [17]. Furthermore, the complex three-dimensional flow structure occurring in the stage turbine cannot be completely modeled by the one-dimensional approach available in the literature [18]. Thus, the use 3D computational fluid dynamics (CFD) stands as an important tool to analyze losses, improve turbine internal aerodynamic performance [19], and the development of one-dimensional models to achieve a high reliability.



One of the main fluid-flow losses in a turbine corresponds to the leakage flow, i.e., secondary flows going through the narrow clearance between either the impeller or the stator vanes and the turbine housing. Nevertheless, due to the increasing interest in renewable energy sources as hydropower, where mechanical systems such as pumps and reverse-operated pumps can be found, the presence of tip leakage flow can produce vortical flow structures leading to considerable pressure losses and cavitation problems [20,21,22,23]. Using CFD, Tamaki et al. [14] found that the leakage flow in the stator increases as the nozzle opening decreases; besides, the existence of the nozzle clearance is a factor that decreases the turbocharger performance during the period of the engine acceleration. Moreover, the study of Zhao et al. [24] showed that the increase in the endwall clearance leads to a significant rise in the Mach number throughout the chord due to the reduction of the boundary layer effects in this region and can decrease the spanwise height of shock waves at the nozzle exit. Regarding rotor leakage flow, the study of He et al. [25] disclosed that among tip clearance, backface clearance, and backface cavity (all three in the rotor), the tip clearance flow (also known as tip leakage) has the most significant impact on the aerodynamic parameters at the rotor outlet, and the maximum efficiency penalty is about 7.7%.



With the intention to propose one-dimensional loss models and design procedures in radial turbine, several numerical studies have been focused on the impact of blade loading on rotor tip leakage, as often a higher blade loading causes greater tip leakage, which in turn decreases turbine efficiency [26,27]. However, Zhang et al. [28] show that, in a high pressure turbine, the local flow through the tip gap may choke, therefore limiting the effect of blade loading over tip leakage mass flow rate. In a similar study using CFD, Wheeler et al. [29] showed that, as the blade exit Mach number is increased, the tip leakage flow becomes choked and invariant to changes in the flow through the blade, thus reducing the tip losses.



Other studies have presented experimental and numerical investigations not only of the aerodynamic conditions but also of aerothermal performance [30] of an uncooled winglet tip, under transonic conditions, as by O’Dowds et al. [31]. The results reveal that the local heat transfer distribution on the rotor blade tip is affected by the relative casing motion and leads to a smaller supersonic region over the tip. However, a significant portion of the tip leakage flow remains transonic with identifiable choked regions and shock wave structures. It is worth mentioning that most studies related to turbine tip leakage corresponds to axial configurations rather than radial turbines as well as when comparing the leakages losses in axial and radial turbines [32,33]. For the analysis of radial turbine leakage flow, we highlight the experimental work of Dambach et al. [34] and the CFD and loss model of Serrano et al. [35].



The objective of this study is to gain more insight into tip leakage flow behavior in radial turbines at high pressure ratios reaching choked flow. We analyze the interactions with the main flow through the rotor and whether the tip leakage is responsible for the subsonic regions at rotor TE at a low rotational speed, besides the impact on the turbine efficiency [36]. By addressing these issues, the current study provides a better understanding of the tip leakage loss mechanisms, introducing design guidelines for manufacturers to improve their tip clearance profiles and suggesting to researchers how to enhance their one-dimensional loss models. These models are commonly based on correlations with the rotational speed and blade loading, and for the case of a VGT system, an equivalent nozzle is evaluated [37]. The model is fed some experimental points under normal operational conditions rather than at off-design conditions as higher pressure ratios. Thus, when the flow dynamic through the tip gap approaches the choked conditions presented in this work it adds information to the development of one-dimensional models in future works.



The current work is divided into four sections. The Section 2 presents the geometry description of the radial turbine, followed by the numerical model and methods implemented in the Section 3. In the Section 4, the results and analysis of the numerical simulation are presented, explaining the performance characteristics of the selected operational points, the effects of tip leakage on the rotor blade, and the impact of varying the tip gap on the main flow. Finally, the conclusions of the obtained results form the Section 5 of this paper.




2. Geometry Description


A variable geometry turbocharger turbine (also known as variable-nozzle turbine) used in a commercial automotive diesel engine of 2 L has been considered for this study. Three variations in the geometry of the rotor tip gap are presented, as shown in Figure 1, corresponding to a decrease in the gap with respect to the original geometry of 25% and 50%. These cases will be denoted as −25 pTG and −50 pTG, respectively. The third case corresponds to an increase in the gap of 50% and will be denoted as +50 pTG. The tip gap of the original geometry given by the manufacturer will be denoted as +0 pTG. Figure 2 depicts the geometry of the rotor and stator. The rotor owns 9 blades, while the stator has 11 vanes. The same stator vanes position is used for all the cases: a blade angle  α  equal to 53.45° represents an 80% VGT opening, in order to obtain the choked flow at the rotor outlet. Table 1 provides geometrical information about the employed turbine. The computational fluid domain illustrated in Figure 3 consists of the inlet and outlet ducts, the volute, stator, and rotor. The inlet duct has a length of 200 mm (6 times the inlet duct diameter) and the outlet duct has a length 400 mm (9 times the outlet duct diameter). The virtual measuring sections in the inlet and outlet duct are located at the same position of the corresponding experimental probes, which are located according to the turbocharger gas stand test code [38]. A convergent duct with an exit diameter equal to the rotor outlet diameter is placed downstream of the outlet probe section. The convergent duct is used to achieve a similar static pressure in the outlet of the domain as expected in the rotor outlet [39].




3. Numerical Model


The turbine selected for this study was previously modeled and tested experimentally at different conditions up to low mass flows and even negative turbine power output by Serrano et al. [27,35,39]. In the current study, the tip leakage flow and the supersonic conditions in different operational points are analyzed using the CFD software Star-CCM+ 2021.1.1 (Build 16.02.009-R8). The working fluid is air and it is assumed as ideal and compressible gas. The density-based coupled solver is selected [29,40] to calculate the subsonic and supersonic conditions developed in the selected operational points. Furthermore, for the coupled flow model, the Weiss–Smith preconditioned Roe’s Flux Difference Splitting (ROE FDS) scheme is selected for evaluating inviscid fluxes. The computational domain is solved using two models, steady Reynolds-averaged Navier–Stokes (RANS) considering a frozen rotor and mixing plane interfaces, as well as unsteady Reynolds-averaged Navier–Stokes (URANS). In order to determine the turbulent eddy viscosity, the turbulence model k- ω  SST model [41] is chosen with compressibility correction and Durbin scale limiter for realizability. The k- ω  SST model is widely recommended, and well-validated for radial turbomachinery in the literature [42,43,44,45,46] under subsonic, transonic, and supersonic conditions [47,48,49]. The SST model has seen relatively wide application in the aerospace industry, where viscous flows are typically resolved, and turbulence models are applied throughout the boundary layer. A mesh independence study was carried out in a previous study [36] to ensure valid results, as depicted in Figure 4, where a closed (10% VGT) and opened (80% VGT) position of the vanes were considered. Besides the analysis presented in this figure, where the medium core mesh represents a good option, the grid convergence index (GCI) [50] is calculated using the medium and finest mesh to quantify the numerical uncertainty, as shown in Table 2. The GCI is defined in Equation (1), where  ϵ , r, and p represent the relative error between two grids, the refinement factor ratio, and the order of accuracy method, respectively. The mesh denoted as a medium core mesh with 15 cells in the boundary layer is the one selected for this study. It presents a lower GCI, implying a lower error in the mass flow rate and turbine power, which ensures the accuracy of the simulation and a grid-independent solution. The selected mesh owns 5.4 million cells and the expansion ratio in the prism layer mesh is 1.3. The inner volume of the volute, stator, and rotor has been discretized by means of an unstructured polyhedral mesh, whereas for the inlet and outlet duct, a generalized cylinder mesher has been used to generate an extruded mesh along the ducts length, as can be seen in the Figure 5. The numerical simulations are carried out with 80% VGT opening and two reduced speeds, 3882 rpm/  K   and 8421 rpm/  K  , which will be designated hereinafter as the lower and the higher speeds, respectively. These rotational speeds are selected based on two aspects. First, the study of Tiseira et al. [36] used these speeds to analyze the development of sonic conditions at the stator and rotor. Second, auto-motive turbocharger turbines can reach these speeds under specific engine operating conditions as tip-in and full-load working points [51]. An inlet total pressure sweep is performed for each iso-speed line using RANS simulations until developing choke conditions. Two operational points of each speed line are solved using URANS to consider the effects of the rotor movement on the flow characteristics. These points have a total inlet pressure of 3.0 bar and 5.5 bar imposed at the inlet duct, whose corresponding pressure ratios will be labeled as the lower and the higher pressure ratio, respectively. The outlet pressure at the outlet duct has a value of 1 bar. The total inlet temperature set as a boundary condition is relatively low, 340.55 K, and the walls are considered adiabatic in accordance with previous numerical and experimental tests [36,52]. A summary of the boundary conditions values are presented in Table 3. Furthermore, it is important to remark that modifications of the tip profile as a consequence of the thermal and rotational deformation of the rotor blade [53] are not considered in the study.
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4. Results and Analysis


4.1. Performance Characteristics


The reduced mass flow (Equation (2)) and the total-to-static isentropic efficiency (Equation (3)) at the opened VGT position of all simulated operating points with URANS are depicted in Figure 6. These data correspond to reduced speeds of 3882 (lower speed), 5830 (medium speed), and 8421 rpm/  K   (higher speed). The RANS results obtained with the original geometry of +0 pTG evaluated at low and high pressure ratios are included in the figure to remark the trend of the operational points at a constant rotational speed. Furthermore, the figure shows the experimental results obtained in the typical measurement range of automotive turbocharger turbines [52], which operate at low PR compared with the conditions of this study but are presented to obtain a qualitative validation of the simulation results. The rotational speed of 5830 rpm  /  K    (medium speed) is included in the figure to have more available data and validate them with the trends of the experimental points but is not shown for the analysis of the effects of varying the tip gap. Figure 6a shows that the reduced mass flow increases for the rising tip gap as the pressure losses decrease. At a lower speed, the higher the tip gap is, the higher the PR obtained due to a reduction in the static pressure at the probe section. In addition, at a lower speed, with the rising tip gap, a higher turbine enthalpy drop is needed to drive the rotor at a constant speed. While at a higher speed, the increase in the tip gap generates a decrease in the PR as the static pressure close to the rotor TE increases. At higher speed, the flow behavior through the tip gap is quite different compared with the case at lower speed and will be analyzed in more detail in Section 4.2. Regarding the isentropic efficiency, it decreases when enlarging the tip gap, as shown in Figure 6b against the blade speed ratio (BSR), defined in Equation (4). The reduction in the efficiency is due to the generation of entropy as the flow through the tip gap mixes with the main flow.
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Table 4 presents the deviation of the PR, the reduced mass flow, and the efficiency with respect to the original geometry of +0 pTG. An improvement of around 1.5% points can be achieved with a reduction in the tip gap of 50% at lower speed, while at higher speed, the increase in the efficiency is almost 3%. Furthermore, a rise of 50% in the gap penalizes the efficiency up to 3% when the turbine operates at lower PR and higher speed.



The enlargement of the area of the plane at the rotor TE as a consequence of the increase in the tip gap contributes to the increase of the reduced mass flow and affects the sonic conditions at this plane. Figure 7 depicts the relation between the reduced mass flow and the area ratio under supersonic conditions. On the one hand, at lower speed, a lack of an explicit trend is observed, implying that there is no substantial impact on the choked area as the tip gap increases. On the other hand, at higher speed, the growth of the tip gap reduces the choked area. To dive deeper into this phenomenon, the behavior of the flow through the tip gap is first analyzed, where different regions can be distinguished. These regions correspond to the positive and negative tip leakage streams, where the negative flow (scraping flow) is caused by the relative case motion and goes from the SS to the PS [34]. In contrast, the positive flow is driven by the pressure difference between PS and SS. The negative and positive tip leakage mass flows can be evaluated according to Equations (5) and (6), and are summed in Equation (7) [35] to analyze the impact as the tip gap varies. Figure 8 shows how the ratio of the tip leakage on the SS of the gap and the turbine inlet mass flow rises with the enlargement of the tip gap at constant rotational speed. The maximum ratio is 1.05%, which occurs in the case of +50 pTG at lower speed and higher PR. That means that 1.05% of the stage mass flow rate does not contribute to driving the rotor of the radial inflow turbine. Concerning the original geometry of +0 pTG, the relative mass flow that passes the gap decreases around 50% and increases around 60% for the cases with −50 pTG and +50 pTG respectively. Furthermore, as the rotational speed goes from the lower to the higher value, in the operational conditions of lower PR as well as for higher PR, the value of the relative mass flow slightly drops, being 6% for the highest fall for the case of −25 pTG at lower PR and reaching a higher speed, while for the case of +50 pTG at higher PR the ratio remains constant. From the point of view of increasing the PR at a constant speed, growth in the relative mass flow can also be observed; however, some operational conditions generate a different behavior. The following points stand out: −50 pTG at higher speed with growth of 8%, the case of +0 pTG at lower and higher speed without any change, and a decrease of 4%, respectively. This supports the complexity and importance of the tip leakage flow and the impact on the performance parameters at off-design conditions.
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4.2. Characteristics of Flow through the Tip Gap


A meridional plane along the tip gap is used to analyze the tip leakage flow. First, the results from the case of +0 pTG at lower PR and both rotational speeds will be analyzed. Considering Figure 9, it can be seen that the flow accelerates when going from the PS to the SS. At lower speed, as shown in Figure 9a,c, the positive flow covers most of the tip gap area. At higher speeds a considerable velocity gradient appears, as shown in Figure 9b,d; these gradients are due the shroud friction that induces the negative flow on the tip gap with the normal component of the relative velocity diminishing as the flow goes from the SS to the PS. The decrease of the positive tip leakage in the rotor inlet region might also be caused by a relative rotor inlet angle with a higher negative incidence [35]. Regarding the development of sonic conditions, at both rotational speeds the flow entering through the PS close to the TE already presents a relative Mach number above one and accelerates further as the flow reaches the SS, especially in the region between 0.75 and 1.0 axial relative length close to the shroud.



Focusing on the region of the tip gap along the SS, a more significant change occurs when the rotational speed increases instead of an increase in the PR, as shown in Figure 10. When the PR rises at both rotational speeds, and thus the blade loads, the expected increase in the positive leakage flow is visible over the tip gap. Nevertheless, the case of a higher rotational speed presents a reduction in the extension of the negative flow along the axial direction. Thus, the ratio between the negative tip leakage mass flow rate and inlet mass flow rate at higher speed decreases around 23% when the turbine operates at higher PR with a corresponding increase in the positive tip leakage. At higher speed, the entire region between 0.75 and 1.0 axial relative length becomes supersonic and the extension changes rather less when the PR rises. When the tip gap varies a similar behavior can be observed.



To analyze the mass flux in the normal direction through the gap and the effects of the variation the tip gap, Figure 11 is presented for the cases at lower PR and both rotational speeds. Based on the left side of Figure 11, it is possible to observe that at lower speed the negative flow does not change significantly despite the growth in the tip gap, due to the relative motion of the flow close to the shroud wall remaining constant. The location of maximum positive flux remains in the region around 0.95 relative radial length and 0.85 relative axial length, but its magnitude is increased as the tip gap grows. Furthermore, close to the TE (  z /  H  r o t .  b l .   = 1  ) the mass flow gets higher with the increasing tip gap. The right side of the Figure 11, which corresponds to the higher speed, shows that the negative mass flux fills more than half of the tip gap in the region between the LE and 0.65 relative length in the axial direction. Thus, less positive tip leakage mass flux passes through the tip gap in this region and diminishes even more as the tip gap decreases. This is particularly clear for the case of −50 pTG (Figure 11b), with almost the entire gap occupied with scraping flow in the inducer region. Hence, during the manufacturing process it is more important to keep small clearances in the exducer than in the inducer in order to affect the efficiency less. Comparing the left and right sides of Figure 11, it can be seen, on the one hand, that losses generated by positive tip flow can be reduced at higher speed, and, on the other hand, new losses must be taken into account by the entropy generated due to the negative tip flow [27]. At higher PR a similar trend as described above can be observed, as Figure 12 shows for the case of +0 pTG. By comparing the results in Figure 11c,d with the results presented in Figure 12, it is possible to state that increasing the PR leads to higher positive mass flux through the tip gap as described by Deng et al. [54] and Serrano et al. [35]. One can state that the negative mass flow is associated with the rotor speed, while the positive mass flow is rather correlated with the PR.



To analyze the sonic conditions along the tip gap at the SS, the meridional red line indicated in Figure 1 was selected to evaluate different parameters. For the aforementioned line and the geometry of +0 pTG, Figure 13a shows the evolution of the relative Mach number. At higher PR and both rotational speeds, the sonic condition is reached at 0.75 relative axial length, while at lower PR it shifts downstream. The peak at 0.87 relative axial length is due to the fact that the relative velocity is normal to the gap, as can be seen in Figure 13b, where at a higher speed it is possible to identify three regions. For the first one, which is near the LE at 0.55 relative axial length, the relative motion of the casing (perpendicular to the blade) is high and thus dragged flow through the gap creates negative tip leakage. The second region appears as the flow moves downstream. Here, the shroud relative motion has been decreased due to the reduced radius, whereas the local blade angle at the tip has increased. Thus, negative tip leakage perpendicular to the blade is decreased, and the positive tip leakage becomes more important as the blade loading over the tip increases, as will be shown further [55]. The third region is a drop-off in the relative velocity normal to the tip gap in the exducer area, where the scraping action relative to the pressure difference between both sides of the rotor blade has already been reduced [56]. However, at higher PR the dip in the relative velocity normal to the tip gap is less and tends to become constant as the rotor outlet is almost choked. The sonic conditions mentioned above can also be noted with the drop in the static pressure, as shown in Figure 13c, as well as the slight increase in the pressure at the exducer region as a consequence of the reduction in the relative velocity normal to the tip gap. Figure 13d depicts how the relative total pressure remains without a significant change as flow goes through the gap without turning into shaft work. However, the relative total pressure decreases close to the exducer region at higher speed and both PR.



To analyze the impact of the variation in the tip gap on the sonic conditions, the meridional line depicted in Figure 1 is again considered. Figure 14a,b confirms how the flow accelerates when passing from the PS to the SS, especially after 0.75 relative axial length where the blocking effect of the negative tip leakage diminishes and the flow reaches supersonic conditions on the SS. The relative Mach number decreases together with the tip gap, especially for –50 pTG and even more at higher speeds, where the scraping flow is higher than at the rest of the analyzed tip gaps. Considering Figure 14c,d, it is possible to observe that the average difference between the static pressure on the PS and SS (load) along the selected meridional line is slightly greater at lower speed than at higher speed, representing a stronger driving potential for the tip leakage. Furthermore, the difference in the static pressure decreases as the tip gap increases from around 0.75 relative axial length. The lines collapse together as the flow approaches the TE, confirming that the tip leakage flow pattern does not change significantly when varying the tip gap in the exducer region, since the flow here is supersonic. Upstream of the point of 0.75 relative axial length, the driving pressure difference is affected by the negative tip leakage, especially at higher speed. At higher speed, the pressure loading from the inducer drops for all cases except for −50 pTG until a relative length between 0.70 and 0.75; then, the pressure difference starts to increase as the flow continues to accelerate through the tip gap, reaching a higher Mach number. These results reflect the challenge and importance of modeling the effect of negative tip leakage in the inducer and mid-section by means of numerical 1D models, since a successful prediction of the leakage mass flow rate will have a significant impact on turbine losses. The difference in the relative total pressure between PS and SS at lower speed depicted at Figure 14e shows an almost constant trend for all cases except −50 pTG, as the flow through the tip is not used to drive the rotor. However, at higher speed, Figure 14f, the difference presents several fluctuations due to the interactions between the negative and positive tip leakages.




4.3. Effects of Tip Leakage on Rotor Blade


PS and SS pressure profiles at 80% and 95% span for different tip gaps both at lower and higher speed for the cases of lower PR are displayed in Figure 15, with the objective of analyzing the impact of the tip leakage on blade loading. The pressure profile of +50 pTG is not considered at 95% span because it does not cover the whole length of the blade. Figure 15a depicts that the pressure difference between the PS and SS of the blade increases from the LE to the TE, with a maximum located between 0.1 and 0.3 relative chord length for the case of lower speed. The pressure at the inducer region increases with rotational speed, Figure 15b. However, the load decreases and the maximum peak occurs around 0.6 relative chord length. Furthermore, the effects on blade loading depends on the span location. As the thickness of the blade decreases from the hub to the shroud, the load increases in the same direction at a higher speed, as shown in Figure 15b,d, while at q lower speed the load decreases from 80% to 95% rotor span as shown in Figure 15a,c. Figure 15 also depicts that a reduction in the tip gap height at lower speed and 80% span does not significantly affect the pressure profile on the PS. although it generates a slight increase of the pressure on the SS from 0.6 to 1.0 relative chord length, while at 95% span the pressure decrease slightly on the PS from 0.6 to 1.0 relative chord length. At higher speed, a reduction in the tip gap height leads to increased pressure on the PS and on the SS, especially at 95% span. As the surface between two pressure curves is an indicator for the specific aerodynamic work of the blade, the changes mentioned above on the PS and SS generate a reduction in the area formed by the PS and SS pressure line, indicating a lower need for blade loading for the same turbine power. Thus, the turbine efficiency rises, decreasing the tip gap heights, as depicted by Figure 6. This impact is more significant at higher speed, as displayed in Table 4. Moreover, at lower speed, the PS relative velocity increases steadily as the static pressure decreases on the PS from the LE to the TE. Along the SS, the static pressure decreases as the relative velocity increases toward the passage throat until reaching sonic conditions (around 0.6 relative chord length (see Figure 15a) and generates a small supersonic pocket on the SS, as depicted in Figure 16, on the left side. At higher speed, the static pressure has a steeper drop than at a lower speed. The rise in the static pressure on the SS due to the supersonic conditions shifts upstream (around 0.4 relative length; see Figure 15b) compared with the case at lower speed. The supersonic pocket extends until the rotor passage outlet and reaches the PS of the neighboring blade at the TE, as shown in Figure 16, right side. Furthermore, the variation of the tip gap height affects the supersonic conditions. The subsonic region close to the TE on the SS extends upstream and slightly in the direction of the neighboring blade as the tip gap increases due to the expansion of secondary flow vortex, explaining the rise in the static pressure at around 0.70 relative chord length presented in Figure 15b.



At lower speed, the high velocity of leakage flow from the gap in the exducer region blends with the passage main flow and forms a passage vortex [56,57], generating a subsonic region at rotor TE, as depicted in Figure 17 (left side) [36]. However, the increase in the tip gap height does not affect the choked area at the TE significantly, as discussed in Figure 7. At higher speed, in the mid-section and exducer regions, the leakage velocity in the tip gap is less sensitive than that of the inducer region to relative casing motion, which generates negative tip leakage. Furthermore, the vortex created by the interaction between the tip leakage and the mean flow through the channel is pushed towards the blade SS, generating a small subsonic region, so that the formation and development of the leakage vortex are restrained owing to the high relative motion of the shroud, i.e., influenced by the centrifugal force [25,58]. Thus, the rise in the tip gap impacts the choking conditions at the rotor TE as the subsonic region close to tip SS increases, as shown in Figure 17 (right side) and Figure 7. Furthermore, according to Dambach et al. [33], the mixing of the tip leakage flow with the main stream at the gap exit generates entropy, contributing up to a third of the efficiency loss in a turbine. This loss is proportional to the tip mass flow rate and the velocity components between the mainstream and tip leakage [29,59]. The behavior mentioned above discloses the cause of the lower efficiency at lower speed and how it drops further as the tip gap increases, in accordance with Figure 6b.




4.4. Impact of the Varying the Tip Gap on the Main Flow


Two streamlines in the relative reference frame of rotation and with an origin point based on the original geometry of +0 pTG at lower speed are used to analyze the effects of the variation of the tip gap height on the flow through the blade channel, especially in the supersonic region at the TE, as depicted in Figure 18. At lower speed, the first streamline has the origin point at the subsonic region close to the shroud, and the second streamline at the supersonic region close to the hub. The exact coordinates of these points are used for the streamlines at higher speed. The streamlines go through the rotor channel without passing through the tip gap. Furthermore, the streamlines closer to the shroud and the hub show a negative and positive relative angle of attack, respectively, for the cases at lower speed, while at higher speed, the relative angle of attack is negative for both streamlines. This negative incidence reduces the acceleration on the SS, avoiding the choking at the inducer region of the spans, as depicted in Figure 16 [60], and generates a swirl in the streamline close to the shroud downstream of the LE. The reduction in the tip gap does not affect significantly the path followed by the streamlines. However, when the tip gap increases to +50 pTG at lower speed, the streamline at the shroud shifts closer to the PS at the rotor inlet due to the high incidence and separation bubble on the SS, then approaches closer to the SS, where it is deflected to the middle of the channel by the high momentum of the tip leakage, while at higher speed, it presents a reduction in the swirl. Different parameters along the streamlines are considered and depicted in Figure 19 to evaluate more in detail the characteristics of the flow. Significant changes occur at the shroud for the tip gap of +50 pTG, whereas the flow close to the hub remains unchanged despite the variation in the tip gap, following the path of the channel and with a longer axial length. At lower speed, as shown in Figure 19a, the vortex generated at the shroud close to the TE prevents the flow from reaching a relative Mach number above one. Furthermore, this induced large mixing loss generates a reduction in the static pressure. On the contrary, the flow close to the hub continues accelerating and reaches sonic conditions, with a corresponding drop in the static pressure, as presented in Figure 19c. At higher speed, the strong relative motion of the shroud forces the vortex to stay closer to the tip gap SS rather than in the middle of the channel, as occurs at lower speed. Furthermore, the induced drag by the relative motion of the casing wall causes the flow close to the shroud to accelerate more than the flow close to the hub, so that the flow near the shroud reaches supersonic conditions at the TE, as shown in Figure 19b, with a subsequent drop in the static pressure, as shown in Figure 19d.



To dive deeper into the flow behavior and with the intention of analyzing the velocity profile, Figure 20 shows the relative velocity in cylindrical components. The velocity components of the streamline at the hub for both rotational speeds further confirm how the flow remains without any variation despite of the increase in the tip gap height. On the one hand, at lower speed closer to the shroud, the velocity profiles present slight differences except for the case of + 50 pTG. On the other hand, at higher speed and closer to the shroud, the trends are similar but shift downstream as the tip gap decreases. The negative relative incidence angle at the shroud involves a negative tangential velocity (see Figure 20a) and is even greater at higher speed (Figure 20b). At higher speed, the swirl of the flow generates positive and negative fluctuations not only in the tangential velocity but also in the radial velocity. The radial velocity vector at the TE points to the rotor center, represented by the negative value in Figure 20c,d, due to the flow being dragged to the SS by the relative motion of the shroud and then being redirected to the hub as it faces the tip leakage flow. Furthermore, the magnitude of the radial component increases as the tip gap increases. The reduction in the static pressure along the axial direction depicted in Figure 19c,d has a significant impact in the axial velocity at the hub and shroud rather than in the other components of the velocity, as shown by Figure 20e.f. Besides, it is important to remark the higher and uniform flow acceleration at the hub at the lower speed. Regarding the effects produced by the tip gap height, the axial velocity presents higher values at the inducer and middle section as the tip gap decreases, but at the exducer, the axial velocity shows a decline.




4.5. Influence of Tip Gap on Losses


To get a deeper insight into the influence of the changes in the tip gap height over the aerodynamic losses withing the rotor, the entropy generation rate per unit volume provides a good estimation of the location and magnitude of the aerodynamic losses. The entropy generation rate is evaluated using the expression of Ziaja et al. [61], which is based on the definition of Zhang et al. [62] and the work of Moore et al. [63], resulting in Equation 8. The first term of the equation accounts for losses due to molecular and turbulent viscous dissipation and the second term estimates irreversible heat flux.


    s ˙   g e n   =  1  T ¯      τ ¯   i j     ∂   u ¯  i    ∂  x j    +   μ t  μ    ∂   u ¯  i    ∂  x j     +  λ   T ¯  2      ∂  T ¯    ∂  x i    ·   ∂  T ¯    ∂  x i      



(8)




An analysis is performed along two streamlines going through the tip gap at lower and higher speed, both at lower PR. The first streamline goes through the gap closer to the inducer region, while the second streamline passes the gap closer to the exducer, as shown in Figure 21.



Figure 22a,b present the normalized entropy generation rate for the streamlines mentioned above. For the streamline passing through the tip gap closer to the inducer at lower speed, the most significant loss, based on the normalized entropy generation rate, appears when the flow goes through the gap, except for the case of + 50 pTG, where besides of the entropy peak on the tip gap, a greater peak occurs when the flow leaves the gap and mixes with the main flow. At the same rotational speed but for the flow passing the gap closer to the exducer, the highest losses occur just at the tip gap, except for the case of −50 pTG, where the entropy generation rate keeps increasing after the flow passes the gap as a consequence of the reduction in the relative Mach number, as depicted in Figure 22c, as the flow approaches the TE passing a subsonic region close to the SS. Overall, the streamlines follow a path close to the shroud and present the higher losses when passing through the gap and increases as the tip gap height decreases. The entropy generation rate is similar for all the analyzed tip clearances before the streamlines enter the gap.



For the cases at higher speed, the losses reach the higher values when the flow goes through the gap closer to the inducer. The losses drop when the flow leaves the gap following a path close to the SS and accelerates, reaching supersonic conditions as Figure 22d shows between the vertical dashed lines. Furthermore, the streamlines that follow the path that passes the gap closer to the exducer present a considerable loss peak when the flow approaches the gap. Contrary to the case of lower speed in the streamline closer to the inducer, the losses increase as the tip gap height increases. It is also important to remark that the incidence losses are small, as can be observed at the beginning of the entropy lines, being lower at higher speed due to the negative incidence angle [64].



The streamlines of Figure 18 are selected to analyze the losses in the main flow at lower and higher speed by means of the entropy generation rate, normalized using the maximum values of the streamlines depicted in Figure 22. Thus, Figure 23 shows that the losses in the main flow closer to the hub at lower and higher speed represent less than 8% of the loss generated with respect to the entropy generated by the flow going through the tip gap.





5. Conclusions


In this study, a variable geometry turbine of a turbocharger used in commercial automotive engines, with the stator vanes at an opened position operating at two rotational speeds and two PR reaching choking conditions, was selected to characterize the flow through the tip gap and the effects on the main flow through the rotor channel by reducing and increasing the tip gap. The analysis was carried out based on RANS and URANS simulations.



Regarding the performance parameters, the isentropic efficiency decreases when enlarging the tip gap due to the generating entropy as the flow through the tip gap mixes with the main flow, and such a decrease can represent a penalty of even 3% points. Thus, during the manufacturing process, one should try to obtain the smallest possible tip gap, because with a reduction of 50% and even operating at higher speed and higher PR the increase in the efficiency is almost 3% points, which improves the engine performance.



The increase in the tip gap height generates a secondary flow vortex at a higher speed, which stays close to the tip SS, thereby reducing the choked area at rotor TE and increasing the reduced mass flow. Furthermore, the ratio of the tip leakage mass flow rate and the mass flow at the turbine inlet is lower at higher speed than at lower speed due to the scrapping flow allowing for a higher efficiency.



Regarding the flow dynamics through the gap, the flow accelerates from the PS to the SS, reaching supersonic conditions in the exducer region for all the selected operational points. Furthermore, it is important to highlight that even at lower speed and lower PR the flow entering the PS close to the TE reaches a Mach number greater than one. Furthermore, due to the relative motion of the shroud, the inducer SS drags some of the flow from the casing, causing one part of the flow to be deflected to the hub, and the remaining flow (negative tip leakage or scrapping flow) travels through the tip gap from the SS to the PS. Based on the mass flux through the gap, at lower speed the negative flow does not change significantly despite the growth in the tip gap, and its magnitude is due to the relative motion of the shroud wall. However, at higher speeds, the negative tip leakage is pretty significant in the flow profile of the tip gap, filling almost more than the half of the inducer region and reducing the mass flux of positive tip leakage, which is reduced even more as the tip gap decreases. One can highlight that the negative tip leakage is reduced by increasing the PR and generating an increase in the positive tip leakage but without significantly affecting the extension of the supersonic pocket in the axial direction of the tip. The reduction in the negative tip leakage by the PR increase can even be 23%.



The average difference between the static pressure on the PS and SS along the tip gap is slightly more significant at a lower speed than at a higher speed, representing a higher driven potential for the tip leakage, and must be considered when proposing a correlation to evaluate the losses. Furthermore, the difference in the static pressure decreases as the tip gap increases from around 0.75 relative axial length. However, close to the TE, the difference becomes smaller, confirming that the tip leakage flow pattern did not change significantly when varying the tip gap in the exducer region. Thus, during the manufacturing process it is more important to guarantee a small tolerance in the inducer region. The effects on blade loading depends on the span location, as the thickness of the blade decreases from the hub to the shroud, the load increases in the same direction at higher speed, and at lower speed the load decreases from 80% to 95% rotor span. A reduction in the tip gap height at lower speed does not significantly affect the pressure profile on the PS at 80% span, but generates a slight increase of the pressure on the SS from 60% of the chord length. Thus, the pressure difference rises as the tip gap increases. For all the evaluated tip gaps geometries as the static pressure on the SS decreases, the relative velocity increase generates a small supersonic pocket. At higher speed, a reduction in the tip gap height leads to increased pressure on the PS and on the SS. As in the case of lower speed, a supersonic region appears on the SS but with higher intensity and extends until the rotor passage outlet and reaches the PS of the neighboring blade at the TE. However, the flow remains subsonic close to the TE on the SS due to the secondary vortex that increases with the increasing tip gap height.



By analyzing the interaction between the main flow and the tip leakage for both rotational speeds it is observed that, at lower speed, the vortex created by the blend of the high velocity of the leakage flow and the main flow at the exducer region produces a subsonic region at the TE close to the shroud. However, with the increase in the tip gap height, and thus the relative mass flow, the choked area at the TE is not significantly affected. For the cases at higher speed, a subsonic region appears on the SS at the TE and grows with the tip gap due to the increase of the secondary flow vortex generated by the interaction between the tip leakage and the main flow. Thus, the choked area at TE close to the shroud decreases with the increase of the tip gap height. It is important to remark that the location of the supersonic region close to the shroud is due to the high relative inlet flow angle, swirling flow, and the effects of the high relative motion of the wall at the shroud.



To evaluate the characteristic of the flow in more detail, two streamlines through the blade channel passing close to the shroud and hub were selected. The results showed that a significant change occurs with the increase of the tip gap with respect to the original geometry rather than with the reduction of the gap for the the streamline close to the shroud, whereas the conditions of the streamline close to the hub, such as the velocity profile, remained almost unaltered and reached choking conditions for the case of lower speed.



An analysis of the aerodynamic losses based on the entropy generation rate through different streamlines showed that at lower and higher speeds, the most significant losses occur when the flow goes through the tip gap close to the inducer and exducer. Furthermore, close to the inducer at lower speed, the losses increase with the reduction in the tip gap height. On the contrary, at higher speed, the losses increase with the tip gap height. The losses in the main flow closer to the hub at lower and higher speeds represent less than 8% of the loss generated with respect to the entropy generated by the flow going through the tip gap.



These results could be employed in the framework of small radial turbines to both improve tip leakage loss models and also to design tip clearance profiles that reduce such losses. The one-dimensional loss model should consider a correlation that evaluates aspects such as the choked area at the tip gap and the effects of the tip leakages vortex on the sonic conditions at the rotor TE and the generated entropy of the flow going through the tip gap and closer to the hub. However, researchers should be aware of the limitations of this study. First, the findings are obtained from a single turbine geometry with different tip gaps but the same tip clearance profile. Therefore, the quantitative results could be case-dependent, but the discussed qualitative trends are expected to be consistent for all small-size radial turbines, due to the similarities in their designs. Besides, despite the efforts to minimize the numerical errors (e.g., by achieving grid independence), the uncertainty of modeling turbulence and neglecting the effects of thermal and rotational deformation in the turbine impeller and shroud still exist.
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Abbreviations


The following abbreviations are used in this manuscript:





	
Notations




	
D

	
Rotor diameter




	
H

	
Height




	
   M a   

	
Mach Number




	
   m ˙   

	
Mass Flow




	
    m ˙   r e d .    

	
Reduced Mass Flow




	
N

	
Rotational speed




	
p

	
Pressure or order of accuracy




	
r

	
radial coordinate or refinement factor ratio




	
R

	
Radius




	
    s ˙   g e n    

	
Entropy generation rate per unit volume




	
T

	
Temperature




	
t

	
Time




	
   y +   

	
Non-dimensional wall distance




	
z

	
z-coordinate (axial direction)




	
u

	
flow velocity




	
Abbreviations




	
BSR

	
Blade speed ratio




	
CFD

	
Computational Fluid Dynamics




	
GCI

	
Global Convergence Index




	
LE

	
Leading Edge




	
PR

	
Pressure Ratio




	
PS

	
Pressure Side




	
RANS

	
Reynolds Average Navier Stokes




	
SS

	
Suction Side




	
TE

	
Trailing Edge




	
URANS

	
Unsteady Reynolds Average Navier Stokes




	
VGT

	
Variable Geometry Turbine




	
Greek symbols




	
  α  

	
Stator Blade Angle




	
  Δ  

	
Difference




	
  ϵ  

	
Relative error




	
  η  

	
Efficiency




	
  λ  

	
Thermal conductivity




	
  θ  

	
Tangential component




	
  π  

	
Corresponding Pressure Ratio




	
  ω  

	
Relative velocity




	
  ρ  

	
Density




	
  μ  

	
Dynamic viscosity




	
    τ ¯   i j    

	
Viscous stress tensor




	
Subscripts




	
   b l .   

	
Blade




	
   i n   

	
Turbine Inlet Section




	
   r e d .   

	
Reduced Numbers




	
   r e l .   

	
Relative Value




	
   r o t .   

	
Rotor




	
s

	
Static Conditions




	
   s u r f .   

	
Rotor Blade Surface




	
t

	
turbulent




	
   t i p   

	
Rotor blade tip




	
   t o t   

	
Total or Stagnation Conditions




	
   t , s   

	
Total-To-Static Value




	
Numbers and Symbols




	
+

	
Positive direction




	
−

	
Negative direction




	
    ¯   

	
Averaged




	
*

	
Choked




	
⊥

	
Perpendicular
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Figure 1. Geometry of the different tip gaps for the following analysis. Red line: Meridional line at 50% span of the case of −50 pTG. 
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Figure 2. Turbocharger geometry. (a) Top view of the stator vanes and rotor; (b) Lateral view of the rotor. 
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Figure 3. Computational domain. 
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Figure 4. Variation of mass flow and turbine power with different mesh configurations relative to the finest simulated mesh for the opened and closed positions. 
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Figure 5. Views of the turbine mesh. (a) Top view of the meshed geometry; (b) Front view of the meshed geometry. 
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Figure 6. Turbine map based on steady and unsteady results; Steady: Dashed lines; Unsteady: Colored markers; Experimental 3882 rpm  /  K   : black; Experimental 5830 rpm  /  K   : dark gray; Experimental up to 7456 rpm  /  K   : light gray. 
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Figure 7. Impact of the area ratio under supersonic conditions on the reduced mass flow. 
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Figure 8. Relative mass flow fraction passing through the tip gap along the SS. The first two vertical lines of points correspond to lower PR and the last two vertical lines of points correspond to higher PR. 
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Figure 9. Normal component of the relative velocity on the rotor tip PS and SS for the case of +0 pTG at lower PR; black lines enclose the regions with   R e l .  M a c h ≥ 1  ; URANS simulations; the value equal to 1.0 in the abscissa represents the position of the TE. 
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Figure 10. Normal component of the relative velocity on the rotor tip SS for the case +0 pTG. Black lines enclose the regions with   R e l .  M a c h ≥ 1  ; URANS simulations. The value equal to 1.0 in the abscissa represents the position of the TE. 






Figure 10. Normal component of the relative velocity on the rotor tip SS for the case +0 pTG. Black lines enclose the regions with   R e l .  M a c h ≥ 1  ; URANS simulations. The value equal to 1.0 in the abscissa represents the position of the TE.
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Figure 11. Mass flux on SS at lower PR and both rotational speeds; URANS simulations. 
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Figure 12. Mass flux on SS at higher PR for the case of +0 pTG; URANS simulations. 
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Figure 13. Flow behaviors for the case of +0 pTG along a meridional line at the middle of the SS tip gap of the −50 pTG case (Figure 1); for the two analyzed PR and two rotational speeds with URANS simulations. 






Figure 13. Flow behaviors for the case of +0 pTG along a meridional line at the middle of the SS tip gap of the −50 pTG case (Figure 1); for the two analyzed PR and two rotational speeds with URANS simulations.



[image: Energies 15 09449 g013]







[image: Energies 15 09449 g014 550] 





Figure 14. Evaluated variables along a meridional line at the middle of the tip gap of the −50 pTG case (Figure 1) at lower PR; URANS simulations. (a) Rel. Ma lower speed. (b) Rel. Ma higher speed. (c) Static pressure difference between tip PS and SS at lower speed. (d) Static pressure difference between tip PS and SS at higher speed. (e) Rel. total pressure difference between tip PS and SS at lower speed. (f) Rel. total pressure difference between tip PS and SS at higher speed. 
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Figure 15. Rotor static pressure profile at different rotor spans at lower PR; URANS simulations. (a) At lower speed and 80% span. (b) At higher speed and 80% span. (c) At lower speed and 95% span. (d) At higher speed and 95% span. 
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Figure 16. Relative Mach number snapshots at 80% rotor span at lower PR; red line:   M  a  r e l .   = 1  . (a) Lower speed −50 pTG. (b) Higher speed −50 pTG. (c) Lower speed −25 pTG. (d) Higher speed −25 pTG. (e) Lower speed +0 pTG. (f) Higher speed +0 pTG. (g) Lower speed +50 pTG. (h) Higher speed +50 pTG. 






Figure 16. Relative Mach number snapshots at 80% rotor span at lower PR; red line:   M  a  r e l .   = 1  . (a) Lower speed −50 pTG. (b) Higher speed −50 pTG. (c) Lower speed −25 pTG. (d) Higher speed −25 pTG. (e) Lower speed +0 pTG. (f) Higher speed +0 pTG. (g) Lower speed +50 pTG. (h) Higher speed +50 pTG.
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Figure 17. Relative velocity streamlines RANS simulations through the rotor tip and rotor TE. Gray streamlines: Main flow from rotor passage. Inferno streamlines: Flow from tip PS. 
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Figure 18. Relative velocity streamlines from the rotor TE going through two points. The first one closer to the shroud is the blue streamline and the second one closer to the hub is the orange streamline. RANS simulations. 
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Figure 19. Relative Mach number and static pressure evolution along streamlines close to the shroud and hub (Figure 18); the value equal 1.0 in the abscissa represents the position of the TE; RANS simulation. 
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Figure 20. Tangential, radial, and axial component of the relative velocity along the streamlines close to the shroud and hub (Figure 18); the value equal to 1.0 in the abscissa represents the position of the TE; RANS simulation. 
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Figure 21. Relative velocity streamlines going through two points: the first one closer to the inducer is the blue streamline and the second one closer to the exducer is the orange streamline; RANS simulations. 
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Figure 22. Entropy generation rate normalized along streamlines close to the inducer and exducer (Figure 21); the value equals 1.0 in the abscissa and represents the position of the TE. Blue vertical dashed line is the the position where the streamline enters the PS tip gap at the inducer. The orange vertical dashed line is the position where the streamline enters the tip gap PS at the exducer; RANS simulation. 






Figure 22. Entropy generation rate normalized along streamlines close to the inducer and exducer (Figure 21); the value equals 1.0 in the abscissa and represents the position of the TE. Blue vertical dashed line is the the position where the streamline enters the PS tip gap at the inducer. The orange vertical dashed line is the position where the streamline enters the tip gap PS at the exducer; RANS simulation.
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Figure 23. Entropy generation rate normalized along streamlines close to the hub (Figure 18); the value equals 1.0 in the abscissa and represents the position of the TE; RANS simulation. 
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Table 1. Turbine geometry description.
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Stator

	
Rotor






	
Blade number

	
11

	
9




	
Inlet diameter

	
-

	
41 mm




	
Outlet diameter

	
-

	
38 mm




	
Nozzle vane height

	
8 mm

	
-




	
Chord length

	
18.95 mm

	
-




	
Blade angle  α  (VGT opening)

	
53.45   ∘   (80%)

	
-




	
Outlet blade angle

	
-

	
59   ∘  




	
Case

	
-

	
+0 pTG

	
−50 pTG

	
−25 pTG

	
+50 pTG




	
Tip gap

	
0.2 mm

	
0.36–0.40 mm

	
0.18–0.20 mm

	
0.27–0.30 mm

	
0.54–0.60 mm
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Table 2. Mesh independence study.






Table 2. Mesh independence study.





	
VGT

	
Core Mesh

	
Boundary Layer

	
Cells Number

	
    m ˙    

	
    W ˙    




	
[%]

	

	

	
[   ·  10 6    ]

	
[kg/s]

	
[kW]






	
10

	
medium

	
15

	
5.41

	
0.1714

	
1.4604




	

	
finest

	
20

	
8.28

	
0.1716

	
1.4477




	
80

	
medium

	
15

	
5.43

	
0.4628

	
3.4579




	

	
finest

	
20

	
9.85

	
0.4627

	
3.4540




	
GCI (10% VGT medium core and 15 boundary layer) [%]

	
0.26

	
1.96




	
GCI (80% VGT medium core and 15 boundary layer) [%]

	
0.02

	
0.15
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Table 3. Boundary conditions.






Table 3. Boundary conditions.





	
N

	
Ref. PR

	
    p  tot . in .     

	
    p  stat . out .     

	
    T  tot . in .     




	
[rpm]

	

	
[bar]

	
[bar]

	
[K]






	
71,647.86

	
lower

	
3

	
1

	
340.55




	
higher

	
5.5

	
1

	
340.55




	
155,412.25

	
lower

	
3

	
1

	
340.55




	
higher

	
5.5

	
1

	
340.55
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Table 4. Variation of the performance parameters with respect to the original geometry (+0 pTG).
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    N  red .     

	
Ref. PR

	
Tip Gap

	
Dev.    π  turb .    

	
Dev.     m ˙   red .    

	
    Δ  η  t , s      




	
    [  rpm  K   ]    

	

	

	
[%]

	
[%]

	
[% Points]






	
3882

	
lower

	
−50 pTG

	
−0.79

	
−0.84

	
1.55




	
−25 pTG

	
−0.35

	
−0.25

	
0.76




	
+0 pTG

	
0

	
0

	
0




	
+50 pTG

	
1.08

	
0.21

	
−1.27




	
higher

	
−50 pTG

	
−0.44

	
−0.79

	
1.62




	
−25 pTG

	
0.05

	
−0.67

	
0.73




	
+0 pTG

	
0

	
0

	
0




	
+50 pTG

	
0.92

	
0.03

	
−1.08




	
8421

	
lower

	
−50 pTG

	
1.28

	
−0.83

	
2.70




	
−25 pTG

	
0.41

	
−0.31

	
1.34




	
+0 pTG

	
0

	
0

	
0




	
+50 pTG

	
−1.34

	
1.25

	
−3.07




	
higher

	
−50 pTG

	
2.70

	
−2.70

	
2.99




	
−25 pTG

	
1.95

	
−2.03

	
1.93




	
+0 pTG

	
0

	
0

	
0




	
+50 pTG

	
−0.35

	
−0.48

	
−1.27
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