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Abstract

:

This article provides a summarizing account of the results obtained in the current collaborative work of four research institutes concerning near-wall flow in turbomachinery. Specific questions regarding the influences of boundary layer development on blades and endwalls as well as loss mechanisms due to secondary flow are investigated. These address skewness, periodical distortion, wake interaction and heat transfer, among others. Several test rigs with modifiable configurations are used for the experimental investigations including an axial low speed compressor, an axial high-speed wind tunnel, and an axial low-speed turbine. Approved stationary and time resolving measurements techniques are applied in combination with custom hot-film sensor-arrays. The experiments are complemented by URANS simulations, and one group focusses on turbulence-resolving simulations to elucidate the specific impact of rotation. Juxtaposing and interlacing their results the four groups provide a broad picture of the underlying phenomena, ranging from compressors to turbines, from isothermal to non-adiabatic, and from incompressible to compressible flows.
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1. Introduction


Present goals in the development of turbomachines for flight propulsion are oriented towards a further increase of pressure ratio and efficiency with a simultaneous reduction of the number of blades and stages of compressor and turbine [1]. For stationary gas turbines used to generate electric power, challenging demands on flexibility and operation under partial load result from the volatile availability of renewable energies [2]. These requirements on both types of systems lead to high aerodynamic loads on the blade rows and to an increase in losses due to secondary flows [3]. The latter occur mainly in regions close to sidewalls and have been the focus of scientific investigations for many years [4,5,6,7,8,9,10]. Still, however, understanding is incomplete but is required for increasing efficiency in order to meet economic and ecologic concerns.



While in current design processes the flow is mostly considered in its temporal average [11], the real flow in axial compressors and turbines is strongly unsteady, with turbulence and periodic contributions resulting from the aerodynamic interaction of the blade rows moving relative to each other [12,13,14,15]. It exhibits high complexity due to the inner and outer sidewalls and the effects generated by rotation. In fact, the near-wall flow is characterized by the wall boundary layer, blade boundary layers and the interaction of several secondary flow phenomena, such as radial gap vortex, horseshoe vortex and channel vortices, all of them being periodically unsteady in a flow field which is partly transitional and turbulent on top [16]. The cited effects occur in both, axial compressors as well as axial turbines, but differ considerably according to design features and aerodynamic blade or stage load, so that the different secondary flow phenomena have different characteristics. The intensity of the aerodynamic interaction between the blade rows qualitatively and quantitatively depends on a number of geometric and aerodynamic parameters, such as axial gap width, wake width, velocity deficit of the wake, Strouhal number, flow coefficient, etc. In numerous studies these effects have been investigated with linear cascades [17,18], and disregard of heat transfer in the case of turbines. On the opposite side, there are many studies on machines of realistic or close-to realistic complexity, with measurements usually complicated by practical aspects [19,20].



On this background four groups at three German universities have joined forces in a government-funded collaborative project aiming at the detailed investigation of the flow in the near-wall area of turbomachinery. In particular, the joined effort is dedicated to fill the gap between the two antipodes, linear isothermal cascade and complex machine with heat transfer. On the one hand, it addresses aspects of heat transfer at the sidewall during transient inflow, which have not been investigated in linear cascades so far. On the other hand, the connection between stationary linear and rotating ring cascades is investigated. The relevant aspects are the fanned blades in the ring cascade, the radial pressure gradient, the Coriolis forces and the jumps in the circumferential speed between rotor and stator generating strongly twisted sidewall boundary layers at the entry into the blade rows. The overarching goal is to investigate to which extent studies in linear cascades can provide information about the near-wall flows in the machine and how, if necessary, the data from linear cascades must be interpreted to obtain such information. This gradual increase in complexity allows to decompose the respective influences, which in the machine can only be considered as a whole, interacting with each other. To the knowledge of the authors, detailed investigations of this kind have not been available, so far.



The present paper was conceived to provide the community with a timely, condensed synopsis over the recent results achieved in this collaboration, highlighting the larger picture and, if necessary, referring to separate publications for details and side studies. To this end, the paper is structured in line with the project structure featuring four sub-projects A to D.



Sub-project A deals with skewness and periodic distortion of the sidewall boundary layer in an axial compressor cascade. Experimental investigations inside a low speed axial research compressor are performed with several configurations including rotating and fixed hub walls. Numerical studies using a URANS-code complement the experimental findings. Sub-project B employs highly accurate turbulence-resolving simulations, DNS and LES, to perform well-controlled numerical experiments based on a compressor rotor profile under the same or similar conditions as investigated experimentally in sub-project A. These investigations focus on the stepwise increase in complexity between the linear grid and the full rotating grid, addressing the impact of fanned geometry compared to linear geometry, relative motion of the sidewall, Coriolis forces, etc. An issue not discussed in the present paper is the work performed on improving the simulation methodology. While the first two sub-projects are concerned with compressor profiles sub-project C and D are oriented towards turbines. Sub-project C is conducting experimental investigations of a T106 low pressure turbine profile in a high-speed cascade wind tunnel and complements these with URANS simulations. A major focus is put on unsteady inflow conditions which impact both the inlet endwall boundary layer and the blade loading. These issues are important to clarify because of their particular influence on the heat transfer at the sidewalls. Sub-project D employs a specifically modified T106 profile suitable for the low speed turbine configuration on site. Experimental and numerical studies with wake generators are conducted to study the unsteady behavior of the boundary layers developing on the low pressure turbine stator blades as well as their effect on the secondary flow patterns under the influence of unperturbed and periodically perturbed inflow. For this purpose, high-resolution time resolving measurement techniques including hot-film probes are used.



The long-term goal of this research is to enhance the physical understanding of the transient near-wall flow effects for compressor and turbine, thus providing action points to reduce the secondary losses resulting from the aerodynamic interactions in the near-wall flow below the current state of the art, so as to improve upon present efficiencies and environmental impact.




2. Sub-Project A—Periodically Transient Near-Wall Flow within Rotating Compressor Cascades


2.1. Scope of Sub-Project A


Within sub-project A experimental investigations on different setups of a low speed research compressor are performed to achieve steps of abstraction between a linear cascade and an axial compressor. This allows for a separate analysis of different forces and effects corresponding to the rotating system, where the main considered features are the Coriolis- and centrifugal forces, the flow channel curvature, the incoming boundary layer (BL) and its skewness as well as the relative motion (RM) between the blade tip and its corresponding endwall. Furthermore, the influence of an incoming periodic distortion on the development of the tip leakage vortex (TLV) in a compressor rotor, as well as on the global parameters of flow turning, losses and total pressure rise is investigated with varying tip clearances.



The presented results give an overview of the findings from recent and current work. Thereby focusing on the effect of varying wall motion in the vicinity of a stator row and the periodic distorted inflow to a rotor row on the secondary flow in either passage. The former allows to examine the influence of a skewed inflow boundary layer, a relative motion between the stator vane tips, and the underlying hub endwall or the combination of these two on the tip leakage vortex originating from the stator vanes with hub gap.




2.2. Experimental Setup


2.2.1. Test Facility


The investigations are conducted using the Low Speed Research Compressor (LSRC) operated by the Chair of Turbomachinery and Flight Propulsion at the Technische Universität Dresden. The 4.5 stages, including an inlet guide vane (IGV) and four repeating stages, of this axial compressor are built vertically with a downward facing air flow, see Figure 1. The studied blading is derived from a middle stage of a high pressure jet engine compressor and the main characteristics are given in Table 1. For further information on the LSRC please refer to Boos et al. [21] and Künzelmann et al. [22].



To evaluate the effects of varying motion of the wall and incoming periodic distortions two major setups are observed, shown in Figure 1. For the first configuration (a) the object of investigations is the stator of stage 1 (hereinafter referred to as stator 1). An adjusted IGV with 83 vanes produces the proper inflow conditions and allows direct periodicity for the later numerical computations. The blades of stage 1 are dismounted from the rotor disk, which can be set to the design rotational speed inducing a skew of the sidewall boundary layer. Replacing the rotor disk with a stationary band consisting of 12 circumferentially divided segments allows investigations with stationary sidewalls and thus suppressed inlet BL skew to stator 1 (S1). In addition to the change of the hub endwall upstream of S1, the shroud ring of the stator can be replaced by a rotating hub ring allowing a relative motion between hub and stator vanes. For the latter case, the stationary ring over the rotor hub cannot be used due to constructive restrictions, thus three different cases can be investigated experimentally, see Table 2.



Comparing these configurations allows to evaluate the influence of a skewed inflow BL, which is associated with the movement of the hub wall at the rotor of stage 1 (hereinafter referred to as rotor 1), and the relative motion between the vane tip and the adjacent wall, which is induced by not using shrouded stator vanes. These investigations are carried out with different stator hub clearances. For stationary hub endwall the no clearance (s/C = 0.0%) and three gap sizes with clearance heights (s) normalized by chord length (C) of s/C = 2.0%, s/C = 5.4% and s/C = 6.7% are realized, while a few non-clearance vanes supported the shroud ring. With rotating hub endwall only non-zero clearances are tested. Leakage flow through axial gaps in the hub is considered negligible due to a minor pressure difference between the rotor drum and the flow channel, as well as small gaps of under 1 mm. Downstream of S1 all blades and vanes are dismounted except of stage 4, which is used to drive the flow.



For test setup (b) only rotor 1 (R1) is bladed. Two tip gap sizes of s/C = 1.36% and s/C = 4.55% are observed which allows to evaluate the influence of incoming periodic distortions in dependence upon the tip clearance size. Either installing or discarding a wake generator (WG) produces the distorted, from here on unsteady, or the not distorted, from here on steady, inflow. The WG consists of 83 circumferentially arranged circular bars with a diameter of Db = 2 mm. They are mounted 65.6% C upstream of the R1 leading edge (LE). This approach allows the analysis of the effect of an isolated wake disregarding the complex secondary flow field of a stator row. Furthermore, it enables a more direct comparison to linear cascade investigations where an analog setup was examined, cf. Krug et al. [23]. Due to the discarded IGV, the mass-flow rate is adjusted to ensure the same rotor entry incidences as for the design point (DP) resulting in an adjusted design point at 10% higher mass-flow. All rotor data shown here correspond to this operating point. As this paper gives a short overview of the work done, only the nominal tip clearance cases, s/C = 2.0% for the stator and s/C = 1.36% for the rotor, will be presented here.




2.2.2. Measurement Techniques


The flow field can be captured in several measuring planes (MP) perpendicular to the machine axis, see Figure 1, using various probes. For the presented results only two MP are of interest. The first one is MP4 which is located 26.8% Cax,R1 downstream of the trailing edge (TE) of R1, and at once located 16.3% Cax,S1 upstream of the LE of S1. The second one, MP5, is positioned 21% Cax,S1 downstream of the TE of S1. At both positions the measuring probes can be traversed radially and rotated around their axis. All stator rows are rotated simultaneously around the machine axis to alter the relative position between probe and stator vanes in pitchwise direction. Five-Hole-Probes (FHP) with spherical heads of a diameter of 2 mm are used to capture the steady flow field. Balancing the pressures in the two lateral holes via probe rotation allowed to measure the magnitude and direction of the velocity in absolute frame of reference with an accuracy of   Δ v = ±   0.3    m  / s   and   Δ α = ±   0.26 °  , respectively. The unsteady flow field is acquired using a fast measuring pressure probe (FMP), designed and manufactured at the chair of Turbomachinery and Flight Propulsion in Dresden. This one-hole-probe is equipped with a piezoresistive pressure sensor, see also Lange et al. [24]. Measurements with the FMP are performed at three different angles (  Δ α = 30 °  ) virtually creating a three-hole-probe. In the presented results the unsteady flow field data is analyzed by either looking at the time or ensemble average.





2.3. Numerical Setup


The commercial flow solver FINETM/Turbo by NUMECA is applied to calculate the three-dimensional RANS equations for the investigated stator cases. Analog to the experiments the combination of IGV and S1 is simulated in a single passage with periodic boundary conditions. The upstream generated wake is passed-through the domain using a perfect connection interface (Full Non Matching Frozen Rotor). The Explicit Algebraic Reynolds Stress Model (EARSM) is exploited to close the system of equations, which was found to deliver the best agreement with experimental results compared with other RANS turbulence models available in the flow solver for the LSRC, see also Lange et al. [24].



The domain is discretized applying a block-structured mesh with O4H-topology around the vanes, OH-topology in the tip gap and H-topology in the remaining parts. A preceding sensitivity study ensured a minimized spatial discretization error. Herein, especially the number of cells in streamwise direction within the empty duct between IGV and S1 was found to have a noticeable effect on the sustaining of the wake, see also Busse et al. [25]. As the BL is of particular interest, it is resolved, leading to dimensionless wall distances y+ of around 1. In spanwise direction the average density of grid nodes in the tip gap is held constant at a ratio of 22 cells per 1% of gap size normalized by channel height (s/H). The number of cells in the remaining flow channel is adjusted analogously resulting in final meshes with   1.0 ⋅   10  7    up to   1.5 ⋅   10  7    grid points.




2.4. Current Investigations and Results


2.4.1. Influence of the Inlet Boundary Layer Skew


The influence of a skewed inlet BL is investigated by comparing the shrouded stator cases with the rotating R1 disk, inducing a skewed BL, and the cases with the stationary band, suppressing the skewness and thereby producing an un-skewed BL. The difference in inflow can be seen in Figure 2, where the pitchwise averaged radial distributions of total pressure pt (in black) and flow angle in absolute frame of reference α (in orange) are shown for MP4. Here lines, solid for un-skewed and dashed for skewed BL, represent results from computational fluid dynamics (CFD) calculations and the symbols, square for un-skewed and delta for skewed BL, denote to the experimental data (EXP).



The skew of the incoming BL is clearly detectable by the strong drift of flow angle α towards lower values at relative channel heights (r/H) below 5% for the test configuration with rotating R1 disc, cf. Figure 2. The resulting turning of the flow corresponds to higher total pressure in this area as it induces energy into the flow. In contrary a decrease in total pressure values towards the hub can be seen for the test case with a stationary band upstream of S1 forming a typical BL. This is accompanied by a constant decline in flow angle down to the hub endwall in the depicted channel region remaining at higher values compared to the skewed BL configuration.



To analyze the secondary flow in the downstream measuring plane (MP5) the non-dimensional total pressure loss coefficient ζ is defined by


  ζ  (  x →  )  =      p  t , ref    ¯  −  p t   (  x →  )       p  dyn , ref    ¯    .  



(1)







Here the pitchwise averaged total and dynamic pressure in the upstream plane (MP4) at midspan (MS),      p  t , MP 4 , MS    ¯    and      p  dyn , MP 4 , MS    ¯   , are used as reference. For the nominal clearance case of s/C = 2.0% the ζ contours in MP5 are shown for skewed and un-skewed inflow BL without relative motion (RM) of the hub endwall in Figure 3a,b. A deviation in position of the TLV, represented by the circular areas of high ζ, is apparent with an approximated shift of the core of 0.15 θ/PStator in pitchwise direction, where θ/PStator corresponds to the circumferential distance normalized by S1 pitch. In a compressor cascade a skewed inlet BL reduces the cross passage flow in the vicinity of the hub as its direction of influence directly opposes the pressure gradient from pressure side (PS) to suction side (SS) of two adjacent vanes. This weakens the passage vortex and was observed for a linear compressor cascade by Moore and Richardson [26]. In the current work these findings were confirmed for the axial machine in a non-clearance case for S1, cf. Koppe et al. [27].



The reduced strength of the passage vortex implicitly decreases its influence on the TLV, as these two vortices have opposing directions of rotation. Furthermore, the drift to smaller values of flow angle in absolute frame of reference (α) in the vicinity of the hub endwall leads to higher loaded profiles at vane tip, favoring a detachment of the flow from the SS. The result can be seen in Figure 3b for the skewed BL case, where the TLV detaches from the stator vane somewhere along the chord and moves pitchwise into the passage. The trajectory of the TLV follows the SS of the vane for an un-skewed incoming BL and thereby a connected area of high non-dimensional total pressure loss coefficient of the TLV and the vane wake can be seen, cf. Figure 3a. A decrease in effect of the boundary layer skewness on the TLV is observed with increasing tip clearance height, not shown here, cf. [27]. This is expected as the area of influence of this phenomenon is restricted close to the endwall.



Radial profiles of flow angle in the absolute frame of reference are plotted for S1 test configurations with varying hub endwall motion in Figure 4. At relative channel heights between 5 and 25% higher flow angle values representing higher turning over the stator row are detectable for the skewed BL case without relative motion between vane tip and underlying hub endwall. Below 5% r/H the relation reverses and lower values of flow angle can be seen for the skewed BL setup. This coincides with the reduction in cross passage flow in the vicinity of the hub for an incoming skewed BL.




2.4.2. Influence of Relative Motion between Vane Tip and Corresponding Endwall


Due to constructive restrictions it is not possible to experimentally evaluate the isolated effect of the relative motion between the vane tips and the underlying hub endwall on the TLV, see also Section 2.2.1. For this purpose, the numerical method is conducted. This is suitable as the results from the CFD show good agreement with the experiments for the other three cases, see Figure 3. An overprediction of the losses associated with the TLV is apparent for the numerical results, which is assumed to be due to the computational model not being able to correctly capture the turbulent structures of the TLV. Nevertheless, size and position of the TLV agree for the different endwall motion cases between numerical and experimental data to a sufficient extent rendering the following discussion valid, see also Koppe et al. [27].



To evaluate the influence of a relative motion between the vane tip and its corresponding endwall on the TLV the two cases, one with stationary and one with rotating hub at S1, without an incoming BL skew are observed, see Figure 3d,f. For the combination of un-skewed BL without relative motion the TLV stays attached to the SS of the vane, indicated by the big area of high non-dimensional total pressure loss coefficient located adjoining to the vane wake region of high ζ, see Figure 3d. Introducing a relative motion of the hub endwall a reduction in spanwise size of the affected passage area as well as a drift of the vortex core towards the adjacent vane PS is apparent, see Figure 3f.



The flow in the vicinity of the hub endwall features two opposing secondary flows when the stationary shroud ring is installed. The first resulting from the pressure gradient between the pressure and suction side of two adjacent vanes, the cross passage flow, and the second arising from the flow over a vane tip, the tip leakage flow, which rolls up into the TLV and continues further downstream. The cross passage flow aids to the tendency of the TLV to follow the SS contour of the vane where it emerged. The vortical structures within the lower half of the stator passage are visualized via isosurfaces of the    λ 2   ( 〈  v →  〉 )    vortex identification criterion, cf. [28], in Figure 3h. Here an additional smaller secondary vortex is identifiable next to the TLV which is induced by the interaction of the cross passage flow and the TLV. Its rotational direction is opposing to the TLV’s and thereby adding to the prior described trend of following the SS contour. For the case with RM the cross passage flow is suppressed by the no-slip condition on the hub endwall, which also has a dragging effect on the TLV. Hence, a shift of the TLV’s trajectory in the direction of the wall movement, which is towards the adjacent vanes PS, is apparent. This dragging effect as well as a higher interaction of the TLV with the free passage flow reduces its extension in spanwise direction. The apparent decreased values of non-dimensional total pressure loss coefficient in MP5, see Figure 3f, must be put into perspective considering the insertion of energy into the boundary layer flow of the hub endwall due to its rotation. The aforementioned secondary induced vortex is not distinctly identifiable here, see Figure 3j.



Looking at the pitchwise averaged distributions of flow angle α, Figure 4, an increase in values between 5 and 25% of relative channel heights is visible for the un-skewed BL case with RM compared to the case without, as was seen for the skewed BL configuration, cf. Section 2.4.1. Here, the distributions follow a similar trend down to around 11% r/H where a sudden further increase in flow angle is detected for the setup with relative motion. Comparing to the 2D plot of non-dimensional total pressure loss, this relative channel height corresponds to the upper bound of regions with higher losses associated with the TLV, see Figure 3f. With the relative endwall motion reducing the spanwise and increasing the pitchwise expansion of the TLV, the overall influence of the vortex on the pitchwise averaged flow angle at these radial positions will increase. As the orientation of rotation of the TLV favors higher flow angles in the upper part of the vortex, the sudden increase in values is reasonable. Below the vortex core this trend will reverse adding to the extensive influence of the moving endwall resulting in the clear drift towards smaller flow angle values for the case with RM in the vicinity of the hub (r/H = 0), see Figure 4.




2.4.3. Combined Influence of Boundary Layer Skew and Relative Motion between Vane Tip and Corresponding Endwall


Setting the hub endwall for stage 1 to the design rotational speed the combined effect of a skewed inflow boundary layer and a relative motion between the vane tip and the underlying wall can be analyzed. Comparing Figure 3a,c for the experimental and Figure 3d,g for the numerical results, it becomes clear that the influence upon the trajectory of the TLV increases. Both phenomena weaken or rather eliminate the cross passage flow between the PS and SS of two adjacent stator vanes in the vicinity of the hub, which in return decreases the passage vortex in this area considerably. Consequently, the progression of the TLV is less influenced by this contra rotating secondary flow. The dragging effect arising from the no-slip condition on the hub endwall further accommodates the drift of the TLV away from its originating vane towards the adjacent PS. The numerical comparison of analog configurations within a linear compressor cascade shows similar influence on the secondary flow, see Section 3.4.4. The decrease of ζ for the case with rotating hub endwall, cf. Figure 3c,g, again, must be put in perspective as the rotation of the hub under S1 induces a flow turning and by this adding energy to the fluid. It is clear, however, that the influence of the high loss region associated with the TLV on the free passage flow is far smaller for the case with a skewed BL and RM.




2.4.4. Influence of Incoming Periodic Wakes


To evaluate the influence of incoming periodic distortions on the passage flow of rotor 1 essentially isolated wakes are produced upstream using the WG. Looking at time- and pitchwise averaged radial profiles of axial velocity normalized by the midspan value at MP4 a minor redistribution in mass flow over the blade height is apparent for the unsteady case with incoming wakes, cf. Figure 5a. Here steady state measurements of the FHP (solid lines) and time resolved data from the FMP (dashed-dotted lines) are shown. Although these differ marginally in absolute value, the trends correspond well, especially when comparing the differences between the steady and unsteady R1 cases. At spanwise positions between r/H = 0.5 and 0.72 higher axial velocity can be seen for the undisturbed rotor (black lines) for both probes. In regions below midspan down to r/H = 0.19 the steady case shows lower relative axial velocity compared to the periodically disturbed rotor (red lines). The corresponding 2D flow field at MP4, captured by the FMP, is shown in Figure 5b. Here the aforementioned redistribution is evident in a weaker SS flow separation in the lower half of the passage, which is represented by the broadened area of low non-dimensional axial velocity in the blade wake. Furthermore, minor changes in the tip region can be observed for the unsteady case where the extend of low relative axial velocity decreases in size compared to the steady inflow condition.



A closer look at the unsteady case is given in Figure 5c where four distinct relative positions between WG and R1 are shown. Here, a fluctuation of the TLV can be observed by the change in the region of low non-dimensional axial velocity throughout the four time steps. At each time step the remains of incoming bar wakes are marked with yellow dashed lines and can be identified by areas of reduced relative axial velocity. They progress from left to right with each time step. From relative position one (Δθ/PWG = 0.00) to two (Δθ/PWG = 0.25) a reduction in low non-dimensional axial velocity is observed in the tip region where the deterioration progresses as the bar wake approaches the rotor. After passing the rotor wake, the area of low relative axial velocity in the vicinity of the blade tip strengthens again and increases with growing distance of the WG wake, as can be seen in time steps three (Δθ/PWG = 0.50) and four (Δθ/PWG = 0.75).



In the lower half of the passage an effect of the WG wake on the suction side separation is observed. Here, a decrease is particularly apparent when the incoming wake is in the vicinity of the rotor wake, see time steps Δθ/PWG = 0.25 and Δθ/PWG = 0.50 of Figure 5c. This leads to the assumption that the incoming wake influences the transition on the blade profile, which was observed for the linear compressor cascade as well as for the axial turbine configuration, see Section 3.4.5 and Section 5.4.2 respectively. Another explanation could be radially varying pressure profiles on the rotor surface due to the change of the TLV in the tip region. Further investigations are necessary to verify these hypotheses.





2.5. Work in Progress


Further analysis of the effect of incoming wakes on the TLV of the low-speed compressor rotor with increased tip clearance is under investigation and will be compared with corresponding data from previous linear cascade tests. Additional data will be obtained through particle image velocimetry (PIV) within the blade passage and hot-film CTA measurements of the profile boundary layer development. This data will be used to validate own URANS and LES results of sub-project B. Joint analysis will deepen the physical understanding.





3. Sub-Project B—High Fidelity Numerical Investigations of the Secondary Flow in a Linear Compressor Cascade


3.1. Scope of Sub-Project B


The general approach of sub-project B in the collaborative project is to use numerical simulations with two complementary objectives. First, the physics of secondary flows in the near-wall area of a compressor cascade is investigated with the goal of identifying the role of different issues, in particular those distinguishing the situation in a linear cascade from an annular cascade, with the long-term goal to elucidate the transferability of results from linear cascade studies to annular cascades. In this perspective, specific parameters, such as the relative wall motion, are investigated concerning their effect on the dominating vortical structures inside the cascade, such as the tip leakage vortex (TLV). The second goal of sub-project B is to improve the simulation methodology in the context of LES for turbomachinery flows. This unfolds in two aspects, assessing the modelling in the endwall region and identifying specific requirements in linear and annular cascades.



Based on these objectives, results of Large Eddy Simulation (LES) of a linear compressor cascade are presented. As a validation step, the modelling introduced through LES is first assessed against highly resolved data obtained by means of Direct Numerical Simulation (DNS).




3.2. Geometry


The studied geometry was defined according to the linear cascade setup of the Chair of Turbomachinery and Flight Propulsion at TU Dresden conducting sub-project A [23]. The blade profile represents a scaled tip section of the reference built rotor of the LSRC [21,22] described in Section 2.2.1. In the current investigations the linear cascade has a chord length of   C = 159.6    mm   , an aspect ratio of   H / C = 1.133  , and is mounted with a stagger angle of 46.9°. The leading and trailing edge profile angles are    β  LE   = 60.75 °   and    β  TE   = 40 °  , respectively. The cascade has a solidity of   σ = C / P = 1.55  . Furthermore, the present case features a tip gap of width   s / C = 3  %    ( s / H = 2.65 %  ) between the endwall and the blade tip. The endwall is located at the bottom of the computational domain, where   z = 0  . A sketch of the blade profile is depicted in Figure 6.




3.3. Numerical Setup and Grid


The in-house code LESOCC2 [29] was used to solve the Navier-Stokes equations in their incompressible non-dimensional form. It features 2nd order finite volume discretization in space, and time integration is performed through a 3-step 2nd order Runge-Kutta scheme. The solver has been used previously in DNS studies of linear turbine cascades, including secondary flows, providing good results [30,31,32].



In the following mainly results of Wall-Resolving Large Eddy Simulations (WRLES) at     Re  C  = 3 ⋅   10  5    are presented. This set-up matches the configuration of Krug et al. [23]. Inlet velocity    |   |    v →   ref    |   |    and blade chord  C  were used to define the Reynolds number. For the LES, the WALE model [33] was used to model the subgrid scales. Additionally, results obtained through DNS and WRLES at     Re  C  = 1.46 ⋅   10  4    are first discussed for validation of the method. The lower Reynolds number was chosen to obtain sound reference data by simulating the configuration described using DNS with reasonable computational resources.



In all cases the computational domain covers one period of the cascade (Figure 6) which reaches from   x / C = − 0.437   to   x / C = 1.367   and was discretized using block-structured grids. For the WRLES, grid sizes with    y +  ≈ 1   at the walls were ensured, resulting in a grid of 90 MCV (million control volumes). For the DNS case at     Re  C  = 1.46 ⋅   10  4   , besides the wall grid sizes, it was ensured that the cell size, defined as the cubic root of the cell volume, is smaller than the Kolmogorov scale, which was estimated using the turbulent dissipation. This resulted in a grid of 350 MCV, with 304 cells in the spanwise direction, 84 of them within the gap region. For the analogous WRLES only the restriction on wall resolution    y +    was kept, together with the corresponding tangential resolution requirements [34], allowing to decrease the overall number of grid points down to 60 MCV for     Re  C  = 1.46 ⋅   10  4   .



Regarding boundary conditions, an unsteady turbulent flow was imposed at the domain inlet and a convective condition was set at the outlet. The turbulent inflow conditions were generated through a precursor simulation, enforcing mean and fluctuation profiles from experiments [23], with a boundary layer thickness at the inlet of    δ 1  / C = 0.222    (   δ 1  / H = 0.198  )    and a turbulence intensity   TI < 1 %   at midspan [35]. At the endwall, no-slip conditions were imposed, while at the midplane symmetry conditions were applied. The domain size in spanwise direction is large enough so that the midplane boundary conditions do not influence the secondary flow.



The simulations were run for 5 flow through times (FTT) before averaging was carried out for another 15 FTT. Here, a FTT is defined based on the axial chord length    C x    and the velocity at the inlet midplane    |   |    v →   ref    |   |   . Simulations with still longer time integration were performed to ensure that the time integration applied here is long enough.




3.4. Current Investigations and Results


3.4.1. Validation of WRLES with Respect to DNS Data


The first step taken towards the analysis of the secondary flows in the compressor cascade is to assess the effects of the modelling approach. To this end WRLES of the compressor cascade is compared against DNS for     Re  C  = 1.46 ⋅   10  4   . As discussed in Section 3.3 the WRLES approach required only a 6th of the grid points. The overall flow structure, visualised through    λ 2   ( 〈  v →  〉 )    isosurfaces exhibits no remarkable differences (Figure 7a shows only WRLES) between both approaches.



Slight differences are related to small vortices not resolved by the LES since they are smaller than the grid size. At the outlet plane similar trends between DNS and WRLES are observed. For instance, pressure losses at the exit plane for the WRLES case, see Figure 7b, are in very good agreement with the DNS result, with slightly higher losses for the WRLES. Similarly, the pitchwise averaged exit flow angle shows a very good match. The deviations occur mainly away from the endwall. The reason for this behaviour is that near walls the WRLES grid is close to DNS resolution. Therefore, boundary layer flows around walls in the WRLES case are resolved with high fidelity. Away from the endwall differences result from a difference in the flow separation at the blade TE. This is observed, for instance, through the friction coefficient


   c f  =  τ w  /  (  ρ    |   |    v →   ref    |   |   2  / 2  )   



(2)




at different spanwise locations, shown in Figure 8a, revealing overall very good agreement, except for   ( x / C > 0.9 )  , where the WRLES predicts lower    c f    values and a later but somewhat stronger increase. Similar findings were observed in simulations of a turbine stage by Michelassi et al. [36]. These differences lead to differences in the wake, which beside the modelling uncertainty, result in the deviations presented. Nonetheless, apart from the trailing edge region the DNS data are well reproduced, with a 6-fold reduction in computational resources.



The aerodynamic blade loading is shown in Figure 8b by means of the pressure coefficient


   c p  =  (  p  (  x →  )  −  p  ref    )  /  (  ρ    |   |    v →   ref    |   |   2  / 2  )   



(3)




at different spanwise positions on the blade. Here, the reference is reproduced extremely well.




3.4.2. Validation of WRLES with Respect to Experimental Data


Further validation is now performed with experimental data for     Re  c  = 3 ⋅   10  5   , matching the configuration of Krug et al. [23]. Figure 9 presents a comparison of the pressure coefficient at the endwall. Overall good agreement is found, with pressure isolines showing similar distributions. A pressure minimum at the tip gap somewhat larger in size is obtained in the present numerical simulations, but measuring at such a position is not free of error. Beyond the position of this pressure minimum, the TLV departs from the blade    (  x /  C x    ≈ 0.3  )   , still remaining relatively close to the blade. Between the blades, pressure isolines exhibit a mirrored S-shape. The reason for this is the TLV, as stated in [23,37,38]. This was confirmed by looking at the pressure in planes perpendicular to the blades’ camberline. It exhibits a minimum at these positions matching the location of the TLV.



Lastly, total pressure losses and flow angle deviation are compared in Figure 10. Overall, very good agreement is obtained, with a slightly higher deviation in the simulation. This slightly overprediction of WRLES with respect to the reference has also been highlighted in the previous section and may be related to modelling uncertainties affecting the boundary layer state towards the TE.



Finally, it is noted that the results obtained with the two Reynolds numbers, besides the expected differences in magnitude, in both cases feature practically the same size of the region influenced by the secondary flow, approximately   z / H ≈ 0 … 0.25  . Hence, it appears that the size of the secondary flow region is not dependent on the Reynolds number.




3.4.3. Secondary Flow Effects in Compressor Cascade


The overall vortical structure of the flow in this configuration is visualized through isocontours of    λ 2   ( 〈  v →  〉 )  = − 2   in Figure 11. The dip in the pressure isolines within the passage shown in Figure 9 matches with the trajectory of the TLV identified through    λ 2   ( 〈  v →  〉 )   . The induced vortex, that is visible by the    λ 2   ( 〈  v →  〉 )   -isosurface, is not detectable through the pressure at the endwall due to its smaller magnitude.



Focusing on the blade, the aerodynamic load is mostly towards the front, Figure 12a, with an almost vanishing pressure gradient at the PS and a mild negative pressure at the SS, exhibiting a minimum towards the front. The effect of the secondary flow is to reduce the blade loading, as evidenced by the differences between the pressure coefficient on PS and SS near the blade tip (  z / H = 0.06  ) compared to the midspan region (  z / H = 0.3  ), as seen in Figure 12a. Furthermore, the local minimum at the SS for   z / H = 0.06   is shifted downstream. Its position is slightly downstream of the position where the TLV departs from the blade. Furthermore, the minimum in the pressure at the SS at each spanwise height coincides in position with the start of the decrease of the friction levels shown in Figure 12b. For instance, at the midspan the pressure minimum is at   x /  C x    ≈ 0.1   and the local friction maximum at   x /  C x    ≈ 0.05  .



Figure 13 shows the state of the boundary layer along the SS by means of the shape factor    H  12     and by wall-normal profiles of the TKE. At the tip (  z / H = 0.06  ) the shape factor is small all along the wall. Hence, the boundary layer at this height is turbulent throughout the whole blade chord. Furthermore, no marked change in shape factor related to the departure of the TLV at   x /  C x    ≈ 0.3   is observed. The friction coefficient near the tip, shown in Figure 12b, on the other hand, exhibits a marked change. Once the TLV moves away from the blade the friction coefficient decreases by a factor of more than two. Away from the blade wall an increase in TKE is observed for   0.3 ≤ x /  C x  ≤ 0.4  , which is directly related to the location of the TLV. Downstream of the blade, at   x /  C x  = 0.89  , these higher fluctuations are also observed around the TLV core, as seen in Figure 14.



Now turning to the blade midspan (  z / H = 0.3  ), the shape factor is much larger near the leading edge peaking around   x /  C x    ≈ 0.35   then dropping to values around 1.5. Hence, the boundary layer initially is laminar and undergoes transition to a turbulent boundary layer around at this position, which is also reflected by a minimum of the friction factor at this axial position (Figure 12b). The difference in fluctuation levels at the LE between midspan and tip region is directly related to the higher fluctuations within the incoming boundary layer. At the TE very similar profiles are observed for both spanwise positions, indicating a small influence of the TLV on the TE part of the blade. This is also observed in the pressure distribution (Figure 12a),    c p    values at the TE for both spanwise positions are similar.



The departure of the TLV results in the secondary flow influencing almost the entire pitch at the outlet plane (Figure 14), with its core located approximately at the middle of the passage pitch. The wiggly isosurfaces in Figure 11 hint towards the increased levels of turbulent fluctuations around the TLV and away from the blade.




3.4.4. Effect of Relative Endwall Motion


In a previous study, the described configuration was used to study the effect of the relative endwall motion on the flow structure through DNS at     Re  c  = 1.46 ⋅   10  4    [35]. Due to the low Reynolds number, viscous effects are higher in this case as would be in typical applications. Once the methodology was validated, simulations were carried out at     Re  C  = 3 ⋅   10  5    and accounting for relative endwall motion, with value    |   |    v →   ref    |   |  sin  β  LE     in pure pitchwise ( y ) direction.



The flow field, represented through the main vortical structures, is shown in Figure 15. Here, similar trends are observed here as in the previous study at     Re  c  = 1.46 ⋅   10  4    [35]. Relative endwall motion induces a departure of the TLV away from the blade in contrast to the case without endwall motion (Figure 11). Still, at the lower Reynolds the TLV followed a straight path, at the current Reynolds number the TLV core follows a straight path initially, then, further downstream assumes a curved path, enforced by the main passage flow. A further effect of the relative motion is the weakening of the induced vortices.



At the cascade outlet, shown in Figure 16, the most noticeable effect of the relative endwall motion is a stratification of the flow field. The endwall motion entrains fluid in pitchwise direction thus creating a fairly uniform flow near the endwall, in terms of streamwise velocity, pressure, and flow angle, similar to the study in [35]. The TKE also becomes stratified, with lower levels towards the endwall due to the imposed shear generated by the relative motion. As a result, these quantities mostly vary in spanwise direction (i.e., z-direction). Furthermore, the stratification of the velocity leads to a redistribution of the pressure losses, which are more evenly distributed and exhibit a smaller peak, compared to the case without relative endwall motion. The trends described here for the linear cascade match those observed in the rotating ring cascade in Figure 3. Despite the lower peak values, the pitchwise averaged total pressure losses reveal that the relative motion lead to overall higher losses near the wall and slightly lower losses between the peak and the midplane (  0.1 ≤ z / H ≤ 0.25  ). Lastly, both cases, with and without relative motion, show the secondary losses to be of relevance up to   z / H ≈ 0.25  , thus indicating that with and without relative endwall motion secondary flow effects are of relevance up to similar spanwise positions. In the previous study at     Re  c  = 1.46 ⋅   10  4    [35], a similar spanwise behavior was found. Hence, the size of the region influenced by secondary losses is not dependent on the Reynolds number nor on the relative motion.




3.4.5. Incoming, Periodically Perturbed Flow Field


A further point of interest is the effect an inflow perturbed inflow perturbed by wakes may have on the blade performance characteristics. Here, in particular, similarities and differences between the blade tip region (near the endwall) and the midspan region will be addressed. To this end a WRLES featuring a perturbed inflow was conducted. The periodic perturbation corresponded to wakes of 2 mm circular bars, as used in the corresponding experiment [23]. The instantaneous fluctuations were provided to the present authors by Wissink and Rodi from their simulation of a circular cylinder [39]. The wake was then superimposed to the instantaneous flow field of the turbulent boundary layer flow and introduced at the domain inlet. The flow perturbation had a frequency with a Strouhal number   Sr = 1.56  . For this particular frequency a wake moves half of the blade chord in streamwise direction while it traverses the whole pitch in pitchwise direction. Hence, for a particular phase of the period, two wakes affect the flow within a single blade passage. The effect of the inflow perturbations on the blade performance is characterized here by the phase averaged pressure and friction coefficients, depicted in Figure 17.



Phase averages were computed as ensemble averages over the bar passing period. Overall the pressure coefficient in Figure 17a shows increasing unsteadiness towards the TE, depicted through the shaded regions in the figure. This indicates a higher sensitivity of the flow at the TE with respect to the incoming wakes. Additionally, fluctuation levels are slightly higher towards the blade tip (  z / H = 0.06 )   than at the midspan region    (  z / H = 0.30  )   . Hence, periodic disturbances affect the blade loading over the entire blade span. This phenomenon observed for the compressor stage is also observed in the turbine cascade, as discussed in Section 5.4.2 below.



Considering the friction coefficient, the opposite trend is found. Near the blade tip incoming wakes have a reduced influence. In contrast, in the midspan region the end of the boundary layer transition point is directly influenced by the incoming wakes, moving backwards as the wake sweeps the blade suction side, indicating an influence of the periodic perturbances on the transition to turbulence. Furthermore, at the second half of the blade chord fluctuations are more prominent at the midspan region. In contrast, a direct influence of periodical inflow perturbations on the friction levels at the hub of a turbine stator is given and explained in detail in Section 5.4.2. This demonstrates that, in the region near the blade tip the TLV imposes the flow dynamics and “shields” the blade from the periodic perturbations.





3.5. Work in Progress


The work presented here is focused on increasing the physical and modelling complexity in the study of axial gas turbine compressors, with particular emphasis on the secondary flow. Further work involves moving towards geometries with cylindrical symmetry, i.e., annular blade rows, and increasing the modelling effort by employing wall models in the LES.





4. Sub-Project C – Periodically Transient Near-Wall Flow in the T106 Turbine Row


4.1. Scope of Sub-Project C


Sub-project C deals with far-reaching aspects of endwall flow in a low-pressure turbine cascade at realistic flow conditions (Mexit,th = 0.59, Reexit,th = 2 × 105). The basis of the investigation comprises measurements in the High-Speed Cascade Wind Tunnel (HGK) of the Institute of Jet Propulsion at the Bundeswehr University Munich [40]. URANS simulations provide additional information in areas of limited accessibility and in return, the measurements are utilized to evaluate the computational approach. A major focus is put on the different effects on endwall flow, caused by unsteady inflow conditions, changing inlet endwall boundary layer conditions, and blade loading. In this context, particular attention is given to the components of endwall loss development inside the blade passage and the downstream secondary flow field. Furthermore, an additional goal of sub-project C is investigating the aspect of endwall heat transfer.




4.2. Experimental Setup


The present investigations are conducted using a linear cascade design of the T106A low-pressure turbine profile, which was specifically developed for experimental endwall flow investigations at high-speed conditions and unsteady inflow. The periodically incoming wakes are generated by moving bars with a diameter of 2 mm, i.e., 111% of the T106 trailing edge diameter. The moving bar plane, which runs parallel to the blade passage inlet plane, is located 86% C upstream of the blade leading edge. The ratio of bars to blade count is two-to-one, i.e., Pb/P = 0.5 and the bar speed is vb = 20 m/s. The resulting flow conditions are listed in Table 3, including Strouhal number Sr and flow coefficient φ, which describe the number and orientation of wakes present in the blade passage at any given instant.



Previous experimental and numerical studies of the T106A turbine cascade have shown that increased bar velocity (higher Sr and lower φ) results in intensified effects on the secondary flow [41]. However, within a reasonable range of unsteady inflow parameters, the observed trends remain unchanged. Furthermore, when keeping a constant value of Strouhal number by varying the bar speed proportionally to the bar pitch, the influence of the flow coefficient is relatively minor. Therefore, the present investigation on loss generation is highly relevant for a wide range of unsteady inflows, including more realistic high-Sr-low-φ-cases. The design of the particular turbine cascade was mainly motivated by an unfavorable aerodynamic circumstance in previous experimental setups [42,43,44]. The issue arises from a gap, needed for the moving bar wake generator, between the wind tunnel and the cascade endwalls, upstream of the blade passages. Due to a negative pressure gradient a leakage flow is formed in the bar gap. While the freestream flow remains unaffected, it is acting as a suction on the endwall boundary layer, ultimately leading to weak secondary flow in measurements, RANS simulations and DNS, which were compared in cooperation with sub-project B [31,32].



Compared to a conventional turbine cascade, the present design, which is discussed in detail in [45], delivers several improvements regarding aerodynamics and integration of measurement techniques. The main feature is an integrated flat plate at part-span which serves as a turbine cascade endwall and provides well defined, and adjustable, inlet endwall boundary layer conditions. The flat plate is split into two parts, one upstream and one downstream of the moving bars, which generate the unsteady inflow conditions. Integrating the flat plate at part-span divides the overall flow channel into two spanwise sections as shown in Figure 18.



The larger main channel is used for all flow investigations, where the lower channel half near the flat plate is of particular interest. The smaller bypass channel on the other hand is not considered in the investigations. As opposed to the fixed position of the downstream plate, the upstream plate can be displaced in spanwise direction, varying the boundary layer augmentation on the aft plate. The value of    Δ z    denotes the misalignment of the two flat plates, with    Δ z  < 0   resulting in decreased inlet endwall boundary layer height, as shown by the velocity profiles in Figure 18b, along with a lower turbulence intensity peak [45].



Measurement Techniques


The HGK test facility is a continuously operating, open loop wind tunnel with a linear cascade test section. The wind tunnel itself is located inside a cylindrical pressure chamber, which enables an independent Mach and Reynolds number variation. Measurements of the turbine exit flow field were perf ormed using a five-hole-probe traverse in MP2 (cf. sub-project A), located at   34  %   C   , i.e.,   40    %   C   x    downstream of the blade passage. A single blade pitch centered around the trailing edge extension is covered over the full blade span in the field traverse. The closest wall distance is z = 3.5 mm or equally z/H = 2.7%. The maximum FHP measurement errors based on linear error propagation are M2,err = 0.0043, ζ2,err = 0.321%, β2,err = 0.093°, and α2,err = 0.14°. All integral values of the experimental and CFD data refer to a mass-flow-weighted-average. Inlet boundary layer measurements were conducted using a CTA-probe with a tungsten wire of 1.25 mm length and 5 μm diameter. The sampling time is set to 5 s at a rate of 60 kHz. The velocity calibration was performed in a range of 0.0 ≤ M ≤ 0.5 at constant angles of pitch, yaw, and pressure levels with respect to the ensuing measurements. The overall uncertainty estimate of a velocity sample is Δv ≤ 2.5 m/s. Further details on the experimental setup, measurement techniques, the particular turbine cascade design, which was implemented, and a discussion of the full experimental results can be found in [45].





4.3. Numerical Setup


The numerical simulations were performed using the URANS flow solver TRACE by DLR with the   k − ω   turbulence model by Wilcox [46] and      γ Re     θ t      transition model by Langtry and Menter [47]. The computational domain shown in Figure 19 covers a single blade pitch with periodic boundary conditions. It is divided into an upstream block group encompassing the front plate, the moving domain containing two bar pitches, and a downstream block group which encompasses the blade passage and aft plate.



Due to the asymmetric geometry caused by the integrated flat plate, the full blade span including the lower bypass channel is resolved in the computation. The blade passage is discretized using an OCGH-topology and low-Reynolds wall treatment (y+ ≤ 1), resulting in high boundary layer resolution. Sufficient spatial and temporal discretization is ensured by a sensitivity study, which leads to an overall number of nodes of approximately   8 ⋅   10  6    and a number of time steps per moving domain period of 800. Leakage panels are incorporated at the bar gap boundaries to simulate the leakage flow. The imposed static pressure condition is determined based on experimental data. The flow conditions prescribed at the in- and outlet plane match the wind tunnel conditions in the experiment (   M  exit , th   ,      Re    exit , th   =    f   (  T t 1 ,    p  t 1 ,    p  3  )    and     TI  1   ). A detailed description of the computational approach can be found in [48].




4.4. Current Investigations and Results


The isentropic blade Mach number distribution at midspan, shown in Figure 20, is the most important gauge for evaluating the numerical prediction of the 2D turbine cascade flow.



The T106A is a predominantly aft-loaded profile which features a very small separation bubble at the investigated steady inflow conditions (see Table 3), caused by the adverse pressure gradient in the aft section of the blade suction surface. The numerical predictions match well with the measured distribution except for a more pronounced separation bubble in the CFD, located at approx. x/Cx = 0.95. This discrepancy is attributed to a quicker turbulence decay in the computational domain resulting in a locally lower turbulence intensity, even though     TI   1 ,    CFD      matches the experimental level. The turbulent dissipation rate could be adjusted by tweaking the inlet level of the turbulent length scale, however, a low level of this quantity is imperative for an accurate prediction of the loss generation. In the case of unsteady inflow conditions, a pitchwise incidence of   i = − 1.5 °   is induced, resulting in decreased blade loading in the front part of the blade suction surface. At the aft section of the suction surface the separation bubble is suppressed due to wake induced transition. Both these effects are predicted well in the numerical simulations [48].



The level of secondary flow and the effects of the incoming wakes as well as the inlet boundary layer variation by flat plate misalignment are gauged by field measurements of the turbine exit flow in MP2. The results are illustrated over the entire channel height in Figure 21 and as spanwise distributions of pitchwise-average values in Figure 22.



The secondary outflow angle   Δ  β  2 ,    sec      and the secondary total pressure losses    ζ  2 ,    sec      are defined by


     Δ β    2 , sec   =  β 2  −    β ¯    2 ,  MS       



(4)






   ζ  2 , sec   =  ζ 2  −    ζ ¯    2 ,  MS        with  



(5)






   ζ 2  =    p  t 1   −  p  t 2      p  t 1   −  p 3     



(6)







It is apparent that the different inlet endwall boundary layer conditions result in varying degrees of secondary flow in the lower channel half near the integrated flat plate. The case of Δz = 0, representing the thickest boundary layer, exhibits the strongest secondary flow. Lowering the inlet boundary layer thickness in the cases of Δz = −1% C and Δz = −2% C, results in a reduction of peak values of over-/underturning as well as secondary losses. Additionally, the regions of secondary losses and over-/underturning are shifted towards the endwall. This is caused by a less pronounced liftoff of the passage vortex.



Comparing the turbine exit flow in cases with steady and unsteady inflow, it is apparent that the periodically incoming wakes also cause an attenuation of the time-averaged secondary flow. In Figure 22, it is particularly noticeable that the reduction in time-averaged peak values of    ζ  2 , sec     and      Δ β    2 , sec     as well as the spanwise shift by means of unsteady inflow conditions is very similar to the effect of decreasing the inlet endwall boundary layer height, especially in the underturning region.



Although not shown here, the numerical simulations offer a good prediction of the spanwise distributions as well as the effects of unsteady inflow and endwall boundary layer variation [48]. A slightly narrower region of elevated secondary losses in combination with an overshoot of the loss peak is commonly observed in numerical simulations solving the URANS equations with an eddy-viscosity model. The important quantity of overall losses, defined here as integral half-span losses, are predicted with very good accuracy by the simulations, e.g. in the Δz = −1% C case      (   ζ  2 ,    HS     )    EXP   = 4.7 % ≈    (   ζ  2 ,    HS     )    CFD   = 4.6 %  . For this specific comparison, the CFD value was integrated only within the experimentally accessible area of   0.027 ≤ z / H ≤ 0.5  .



For a further description of the effect of periodically incoming wakes, the numerical predictions of the time resolved flow field in MP2 is shown at two distinct times in Figure 23. In order to evaluate the effects of incoming wakes on the blade passage loss generation, the integral losses in Figure 23a are corrected by subtracting the time-averaged values upstream the blade passage   Δ  ζ 2  =  ζ 2  −      ζ     x  ref      . The first time resolved flow field at   t /  T  BP   = 0.125   corresponds to the maximum overall losses (integral over half span) in the moving bar period    T  BP    . Around this instant, the remains of an incoming bar wake, which has been subjected to stretching and bowing in the blade passage, first interact with the passage vortex in MP2. Moments later, the bar wake travels in pitchwise direction, where it affects the blade suction surface and ultimately overlaps with the blade wake at y/P=0.5 which corresponds to the extension of the blade trailing edge. This leads to a very wide blade wake and maximum pitchwise-averaged midspan losses. Considering the definition of the secondary losses, the peaks of midspan and overall losses occur around the same time as the secondary loss minimum.



This is confirmed by the streamwise vorticity plot in Figure 23d, where a temporary attenuation of the passage vortex can be seen. The reduced liftoff of the secondary vortex system correlates with a less distinct horseshoe vortex pressure side leg, which has already begun to merge with the passage vortex in MP2. The same observation is made in the low-speed annular cascade adaptation of the T106A in sub-project D (see Section 5.1). The second instant at   t /  T  BP   = 0.7   exhibits further pitchwise distance between the bar wake and the blade wake in MP2, so there is no overlapping. Additionally, bar wake induced transition forces a temporary suppression of the separation bubble on the blade suction surface. These combined circumstances result in a very narrow blade wake and relatively low levels of corrected midspan, overall, and secondary losses around this instant, even falling below the steady state. When evaluating a time resolved downstream flow field, it is important to understand that the local flow properties are not only influenced by the bar wake in that specific location, but especially by upstream interactions with the blade passage flow. The level of disturbance of the turbine exit flow during a moving bar period, originating upstream, is reliant on the unsteady inflow conditions, defined by Strouhal number Sr and flow coefficient φ. Since multi-row axial turbines usually operate at much higher Strouhal numbers it is safe to assume that the passage flow is constantly in a state of varying disturbance.



After investigating the secondary flow in MP2, where unsteady inflow conditions and changing inlet boundary layers showed similar time-averaged effects, questions arise as to the upstream endwall flow development and corresponding loss generation throughout the blade passage. Comparing the time-averaged axial change in non-dimensionalized entropy in Figure 24 in case of unsteady inflow conditions to the steady state shows an accelerated overall loss increase in the front part of the blade passage. This is caused by increased blade profile losses due to the perturbation of the blade surface boundary layers by the incoming bar wakes with high levels of turbulence. Unlike the profile losses, the secondary loss generation is not increased by the incoming wakes inside the blade passage (  0 ≤    x  /  C x  ≤ 1  ). In fact, the interaction of the wakes with the endwall boundary layer in the front part of the passage delays the roll-up of the passage vortex and its pressure-driven translation towards the suction surface, which leads to an attenuation of the secondary loss further downstream. Outside the near-endwall region, the incoming wakes periodically force an earlier turbulent transition on the blade suction surface, which leads to the suppression of the separation bubble.



Therefore, the rapid increase of the profile losses near the trailing edge (  x /  C x  = 1  ) in the steady case is attenuated by the unsteady inflow conditions. In sum, the steady case level of overall losses is catching up to the unsteady inflow case and the entropy lines converge with further distance downstream of the blade passage. Thus, despite the flow field changes, seen in MP2 (Figure 22 and Figure 23), the effect of the periodically incoming wakes on the time-averaged integral losses in the turbine exit flow is very small. This finding is consistent with the total pressure field measurements [45] as well as DNS of a previous T106A cascade [31,32].



Overall, the effect of unsteady inflow conditions can be summarized as a spatial redistribution of the loss generation with a premature loss increase due to wake interaction with the blade surface boundary layer followed by attenuation of the profile- and secondary loss generation in the aft-section of the blade passage. A more comprehensive analysis of the secondary flow development and the local sources of loss inside the blade passage can be found in [48]. Contrary to the axially varying effect of unsteady inflow conditions, decreasing the inlet endwall boundary layer height results in a nearly constant reduction of the endwall loss generation, beginning around the midpoint of the blade passage where the secondary flow is formed. Lastly, the effect of increased frontal blade loading leads to a rise in profile losses in the front part of the passage followed by increased secondary losses due to stronger transverse pressure gradients [49].




4.5. Work in Progress


Upcoming work in sub-project C includes expanding the experimental data set with time-resolved measurements and optical measurements. A particular area of interest is the secondary flow interaction with the blade suction surface flow. Additionally, great effort is being invested in an investigation of the aspect of endwall heat transfer. This goal is planned to be achieved by deploying the progressive measurement technique of ultra-high-speed temperature sensitive paint on the cascade endwall surface. The capability of this measurement technique has recently been verified successfully on a flat plate with a frame rate of up to 40 kHz.





5. Sub-Project D—Influence of Periodic Wakes on the Transient Near-Wall Flow in an Annular Axial Turbine Cascade


5.1. Scope of Sub-Project D


Especially in a LPT environment, periodic flow perturbations induced by rotor-stator interaction exert pronounced consequences on the blade profile boundary layers, which are inherently unstable and prone to separation due to the high LPT stage loading and the prevailing low Reynolds numbers [50]. Despite decades of highly accurate, profound research addressing the different aspects of rotor-stator interaction, a deeper physical understanding regarding the highly unsteady interplay of the transported wake structures, the involved boundary layers and the blade row’s secondary flow system is still sought.



Therefore, in sub-project D, experimental investigations in a large-scale annular test rig for the time-resolved analysis of wake-stator BL flow interaction within a turbine environment are conducted. This way, the influences of curvilinear endwalls, non-uniform, radially increasing pitch and radial flow migration are incorporated, increasing the degree of complexity over linear setups. The modified stator blade profile, labeled as T106RUB, was developed within this collaborative project for matching the transition and separation characteristics of the original T106 profile (also applied in sub-project C) at low flow speeds, thus facilitating measurements to be taken in an annular, large-scale test rig (see [51]). The stator flow is periodically perturbed by incoming wakes from a rotating wake generator.



The aim of the current activities is to establish a connection between the incoming, periodically wake-perturbed flow field, the highly-unsteady situation in the stator blade row (stator profile and passage flow) as well as the exit flow containing the secondary flow structures in an annular LPT environment. For this, multiple measurement techniques upstream, within the stator blade row and downstream are connected to provide an extensive set of experimental data. This allows to study the unsteady behavior of the boundary layers developing on the LPT stator profiles and their effect on secondary flow patterns under the influence of periodic inflow perturbations. The transition phenomena occurring in the profile boundary layers are investigated under both unperturbed and periodically perturbed inflow by means of spectral analysis, the semi-quantitative characterization of the wall-stress system and an evaluation of the statistic quantities. Using experimental hot-film data from different positions of blade span, the BL flow behavior can be linked to the temporal evolution of the secondary flow structures, which is assessed with the help of temporal and spatially highly resolved flow field traverses downstream of the blade row in focus. To the best knowledge of the authors, until today only a few studies were presented, comparing appropriate time-resolved data from the midspan section with data from the near-wall region, where secondary flow effects have to be considered. Ultimately, the acquired measurement data provide highly resolved validation data for accompanying URANS and LES computations.



The presented investigations give a brief outline of key findings from recent publications by the authors, where the unsteady impact of periodic bar wakes on the flow field downstream of the stator row as well as on the stator profile pressures and boundary layers were discussed. For details, please see [51,52,53,54,55,56,57,58].




5.2. Experimental Setup


The experimental activities described in this contribution were carried out in the large-scale, axial flow turbine test facility Axial Turbine II at the Chair of Thermal Turbomachines and Aeroengines of Ruhr University Bochum. The facility was designed to allow highly resolved measurements of the unsteady interaction between the stator profile flow and periodically impinging wake structures within an annular setup. For this purpose, the test rig was used in a 1.5 stage configuration with an IGV row, a rotating wake generator and the T106RUB stator row under investigation, presented in Figure 25. The large dimensions of the flow channel allow detailed flow measurements with negligible perturbation by installed probes. Rotatable casing elements with multiple probe accesses facilitate the recording of two-dimensional flow field traverses in various planes. Following, the most important information regarding the setup are given, a more detailed description was provided in [51,52,53].



Following a combination of flow straightener cells, a turbulence grid and a contraction for generating uniform inflow within the settling chamber, the flow passes an IGV row (NACA 8408 profiles) to ensure proper inflow angles to the T106RUB stator whilst leaving the flow as far as possible unaffected by wakes and secondary flow. With both 60 IGV and T106RUB profiles, it is ensured that every T106RUB passage faces identical inflow conditions. The IGV is placed 261% C upstream of the wake generator.



To simulate the unsteady rotor-stator interaction of an axial turbomachine, the rotor disk between the IGV and the T106RUB stator was equipped with radially stacked, circular steel bars (bar diameter Db = 2 mm, bar length Lb = 168 mm). The use of periodically passing circular bars facilitates to isolate both velocity defect and turbulence increase of typical rotor blade wakes without the secondary flow structures emerging in a real rotor passage. Wakes are generated at an axial distance of 33% C upstream in a plane parallel to the stator leading edges, representing a typical axial gap width in a LPT. The investigations were carried out for a bar pitch of Pb = 78 mm, matching the pitch of both the IGV and the T106RUB.



The aft-loaded blade profile (cylindrical geometry) under investigation, labeled as T106RUB, is an in-house modification of the well-known T106 LPT blade, with modified distributions of profile thickness and curvature. It was developed to match Reynolds number, blade loading distribution cp at midspan and thus an equivalent boundary layer development of the original T106 profile at the rig’s low Mach number flow. The principles of the transformation procedure were described by Sinkwitz et al. [51].



The test facility is operated with ambient air, continuously in an open circuit. Flow is induced by a 150 kW variable speed engine coupled to a radial blower providing a mass flow capacity of     m ˙   ≈   13    kg  / s  . To avoid inflow perturbations, the blower is placed downstream of the test section, thus the rig is operated in suction mode. Table 4 summarizes the most important details.




5.3. Measurement Techniques


Monitoring of the operating point was realized with Prandtl-probes at different characteristic planes and a combined temperature/humidity sensor at the rig inlet. A detailed description of the applied transducers and devices is provided in [51,52,53,54].



To quantify the bar wake impact on the stator flow and the resulting secondary flow structures, flow field traverses were carried out in relevant planes, including the axial gap between the wake generator and the T106RUB stator and the exit flow field downstream of the T106RUB stator. Two-dimensional flow field traverses in the exit flow (38 radial and 25 circumferential positions, distributed over two T106RUB stator passages) have been carried out at 15% C and 35% C downstream of T106RUB TE. For this, hot-wire anemometry measurements (CTA mode) were conducted using a Dantec Dynamics StreamLine 90N10 CTA anemometer (incorporating three 90C10 CTA modules) and both straight and slanted 1-wire probes in the inflow and Split-Fiber probes (SFP, types 55R56 and 55R57) in the wake-flow, shown in Figure 26a. In the wake regions, characterized by intense flow angle variations, SFP have proven superior usability. Due to this and their increased durability, they have been chosen for most of the measurements. All probes were subjected to a multi-dimensional calibration prior to the measurements, during which the corresponding flow angle and velocity were varied within the anticipated range. Using the two voltage values resulting from the SFP measurement, the respective flow angle as well as the magnitude of the velocity (giving a 2D flow vector) were reconstructed. By combining two consecutive measurements with SFP 55R56 and 55R57, the phase-averaged 3D flow vector was finally reconstructed by analyzing the data sets of both probe measurements simultaneously.



For experimental data acquisition within the T106RUB stator passage, several T106RUB profiles were equipped with surface-mounted hot-film sensor arrays, Kulite-sensors (10 sensors of type LQ-125, sealed gage variant) and static pressure taps. Hot-films (thickness ≈ 0.05 mm, custom-fabricated by Tao of Systems Integration Inc.,) feature 24 sensor elements on the SS layout, 20 elements on the PS layout and a constant spacing of 6 mm between the individual sensor elements. For hot-film sensor operation and data acquisition also the StreamLine 90N10 CTA anemometer along with three 90C10 CTA modules was applied. For data acquisition of hot-wire and hot-film measurements, a National Instruments NI 9215 module was employed. More details regarding the hot-film setup are provided in [54].



Signals have been recorded at a rate of up to 100 kHz (550 times higher than the maximum bar passing frequency for the shown investigations), triggered by a one per revolution signal from an inductive encoder on the rotor shaft. Due to the boundary layer analysis to be evaluated in the course of the hot-film measurements and the higher statistical moments used for this purpose, a corresponding database is necessary. Therefore, for the phase averaging of each hot-film sensor-depending on the operating point/speed of the wake generator-up to 3000 samples were recorded. In this case, a sample is defined as the continuous period of 3 bar wakes. For the time-intensive measurement of two-dimensional flow fields with in part over 1000 measuring positions (SFP measurements), the number of samples inevitably had to be reduced. Nevertheless, a minimum number of 1000 samples was still maintained here.



To facilitate T106RUB profile hot-film, Kulite and static pressure measurements in various radial (direction of blade height) positions, a modular T106RUB blade was realized. The modular blade is made up of multiple, stackable elements and can be equipped with various instrumented modules at different blade height positions within the modular blade. In Figure 26b the assembled modular blade containing a module with SS hot-film instrumentation at midspan position is shown. Figure 26c gives the Kulite sensor locations.




5.4. Current Investigations and Results


As stated in the introduction, in multistage turbomachinery configurations, the profile flow is periodically affected by wakes of upstream profiles, perceivable by cyclical patterns regarding the flow quantities. Dependent on Strouhal number Sr and flow coefficient φ, individual components of the vortex system show a wake-induced, recurrent cycle of formation, weakening and displacement. For all investigations the same theoretical (isentropic) T106RUB exit Reynolds number     Re   exit , th     (based on T106RUB chord length C and the theoretical exit velocity    v  exit , th     analogous to sub-project C) was applied for the definition and adjustment of the operating point, defined by      Re    exit , th   = 2 ·   10  5    and representing a typical value for LPT operation. To study the effect of periodic flow perturbation, the conditions of unperturbed T106RUB inflow were compared to two other cases, one with a moderate frequency of perturbation (Sr = 0.43, φ = 2.97) and another one with a high frequency of perturbation (Sr = 1.33, φ = 0.97), whereas Sr was defined with flow quantities at midspan. From the hot-wire traverses, the turbulence intensity at the T106RUB inlet was estimated to be between TI = 0.5% in the free stream and TI = 2.5% in the IGV wake without bar wake perturbation, whereas the bar wakes induce a periodic TI increase, reaching values of it up to TI = 20%.



5.4.1. Incoming, Periodically Perturbed Flow Field


For the characterization of the immediate bar wake impact, Figure 27 and Figure 28 show hot-wire data, acquired in the axial gap between the wake generator and the T106RUB leading edges with radial traverses.



Thus, in Figure 27 the temporal evolution (phase-averaged quantities) of the velocity v (a), the flow angle in circumferential direction α (b) and the turbulence intensity TI (c) over the channel height R/H are given for Sr = 1.33, φ = 0.97. From all three flow quantities, minor but still detectable remains of the IGV secondary flow structures are evident. However, much more prominent are the bar wake induced effects, causing a combination of periodic T106RUB inflow incidence (Δα ≈ 10°), a velocity defect (Δv > 5 m/s) and a turbulence increase from the unperturbed level of TI ≈ 1.5% up to levels of TI > 15% in the midspan section. Additionally, Figure 28 gives an overview regarding the time-averaged distributions of the discussed flow field quantities for the unperturbed and the two perturbed cases. Despite the additional periodic, bar wake induced perturbations, a certain degree of homogenization for the velocity and the flow angle can be assessed concerning the IGV non-uniformities near the endwalls. In terms of turbulence intensity, the increased rotational speed of the wake generator and thus the higher relative velocities for higher Sr also increases the general level of turbulence from TI < 2% (undisturbed) to TI ≈ 8% for Sr = 1.33 at midspan.




5.4.2. Situation within the T106RUB Blade Row


Within the T106RUB blade row, the incoming bar wakes evoke both large-scale (blade row kinematics) and micro-scale (profile boundary layer properties) effects, wherefore the following analysis is divided into two parts.



First, Figure 29 describes the impact of the periodic perturbation on the blade loading    c p    (referring to the exit state downstream of the stator row) in time-averaged view (a) and for time-resolved measurement data (b), where   S /  S *    represents the proportion of the suction or pressure side length. Thus,   S /  S *  = 0   describes the LE and   S /  S *  = 1   the TE. The time-averaged results (a) do not exhibit prominent changes between the undisturbed and the two disturbed cases. However, employing time-resolved data from flush-mounted Kulite sensors (b), an evaluation of the extrema in profile pressures at every sensor location indicates generally increasing unsteadiness and thus progressively unsteady blade loading with increasing Sr. This increasing unsteadiness is also observed in the simulations of the periodically perturbed compressor cascade, investigates in sub-project B (see Section 3.4.5). Interestingly, despite a general reduction in fluctuation amplitudes for the lower Sr case (Sr = 0.43), close to the profile TE, the amplitudes are not reduced but feature a maximum excitation, which will be analyzed in the following.



For a time-resolved analysis of the involved phenomena, Figure 30 shows the temporal evolution of the pressure fluctuations along the T106RUB profile at midspan for the already introduced cases (Sr = 0.43, Sr = 1.33) and an intermediate perturbation frequency (Sr = 0.90). In this depiction,   0 < S /  S *  < 1   describes the suction side flow, whereas   − 1 < S /  S *  < 0   represents the pressure side flow with   S /  S *  = 0   marking the LE. For all three cases, the periodic pressure fluctuations (as response on the bar wake convection) can be determined clearly across the profile surface, both on the pressure and the suction side. Near the suction side, the passage flow is compressed and accelerated by the approaching wake structure, so that the wake pushes a regime of accelerated flow in front of it, followed by a region of low velocity fluid, which is vice versa on the pressure side, shaping the typical, negative jet like structure of a wake within a blade passage [59,60].



A direct comparison between the three shown scenarios indicates a shift of the regions on the suction side, which are most excited by the periodic perturbation. From an exclusive major excitation centered around S/S* = 0.5 for Sr = 1.33, for decreasing Sr a weakening of this zone and a co-occurring augmentation of the periodic excitation towards the trailing edge is evident, while wake strength decreases and the time between wake events increases. The underlying phenomena, which are responsible for this behavior and take place in the profile boundary layers, are discussed on the basis of hot-film data.



For this, Figure 31 shows the time-resolved evolution of quasi wall shear stress (QWSS) along the T106RUB suction side at midspan for the low and high Sr cases. For means of comparison, on top of the diagrams the QWSS distribution for undisturbed flow is added. The practicable quantity of QWSS is used as a qualitative means for the description of the boundary layer. Following the approach of Hodson [61], the measured voltage values (E) are combined with the sensors’ behavior under zero-flow conditions (E0) for a semi-quantitative analysis of the wall shear stress τw:


   τ W    ~    (     E 2  −  E 0 2     E 0  2      )   3  = QWSS .  



(7)







Besides the already mentioned distortion of the local pressure and velocity field (negative jet effect), the connected energy transfer introduces small-scale oscillations from the highly turbulent wake flow into the boundary layer flow, increasing the wall shear stress intermittently. For Sr = 1.33 the suction side boundary layer downstream of S/S* = 0.78 alternates between a state of low (but compared to the undisturbed reference case, still slightly increased) and distinctly elevated QWSS. Obviously, the period of time between individual wake events is not sufficient enough for the boundary layer in the rear part of the suction side to fully recover, as the unperturbed state (shown above) is not reached in between individual wakes. This might be reasoned by a combination of the following aspects:




	
Wake-induced boundary layer instabilities, like locally confined turbulent patches or Klebanoff-Streaks, which are induced in the front part of the profile boundary layer far upstream, propagate slower (0.5 < v/vFS < 0.88) than the free stream (FS) and the wakes [62].



	
Calmed regions exert a damping effect on the boundary layer instabilities, thus counteract transition and separation and spread while propagating downstream [63], while their velocity of convection is also considerably reduced (0.3 < v/vFS < 0.5).








Summarized, these effects cause the characteristic QWSS evolution of Figure 31b, indicating wake-induced transition. The turbulent regions of high wall shear stress, following the wakes, are characterized by the stated propagation/velocity paths and are followed by the calmed regions with still elevated QWSS, in turn.



Different than the continuous paths, which are evident for Sr = 1.33, for Sr = 0.43, a wake-path discontinuity becomes obvious between S/S* = 0.6 and S/S* = 0.82. This altered pattern is essentially based on the differences in wake structure concerning flow angle and turbulence carried by the wakes. The less steep wake flow angle for lower Sr shifts the position of wake impingent downstream. The path, labeled with (I) in Figure 31, represents the accelerated fluid upstream of the actual wake, which slightly increase the QWSS, but does not carry substantial increased turbulence for a more pronounced effect. Path (II) represents the actual subsequent wake flow. The contained turbulence now induces a more pronounced effect of the QWSS level. Nevertheless, the wake strength is reduced compared to Sr = 1.33, resulting in an intermittent re-emerging of a locally confined separation. For Sr = 1.33 this separation is prevented.




5.4.3. Impact on the Secondary Flow Structures


In this last section, the combined impact of the bar wakes and the described modified boundary layer system on the secondary flow system is portrayed on the basis of three equidistant flow field snapshots of one bar wake period in Figure 32 for Sr = 1.33, φ = 0.97. The shown quantity in the top of the figure (a) is the axial vorticity (AVO), which was derived from the spatial gradients of the time-resolved velocity vector components. The profile TEs are highlighted with dashed lines. Comparing the three AVO-distributions, both a vortex displacement as well as a weakening become evident, resulting from the wake-boundary layer interaction in the T106RUB blade passage. Thus, especially in the hub region, a distinction between passage vortex (PV) and the pressure side leg of the horse shoe vortex (HSV-PL) is enabled for t/TBP = 1/3, as the HSV-PL slides beneath the PV and pushes it along the suction side trailing edge radially inward, before it blends again with the PV. As could be shown in detail in [52,53,55,56], this periodic and short-duration event is based on the upstream wake impact on the developing HSV-PL, which is massively diverted in the front part of the blade passage by the impinging wake structure. Also, the unsteadiness of the suction side corner separation, shaping the concentrated shed vortex (CSV) can be realized. Additionally, in the lower half of the figure the temporal evolution of the turbulence intensity (TI) is shown. Different from the vorticity representation, the turbulence intensity not only highlights the secondary flow regions, but also emphasizes the influence of the bar wake with its increased turbulence. This becomes especially evident for t/TBP = 2/3, when the wake becomes evident in the center of the passage between the two Tes. Even after passing through the passage, the wake still transports significant turbulence. Thus, in multistage environments, the subsequent blade row and the transition processes occurring therein are still inevitably affected.



Finally, Figure 33 is meant to clarify this vortex behavior even further by using suitable AVO iso-contours for the individual vortices and their temporal evolution.



In Figure 33a the familiar view against the axial flow direction is given, showing the colored vortices of PV and CSV, whereas Figure 33b shows this situation with the view onto the time-axis (t/TBP), indicating the wave-like behavior of the vortex-dynamics. Furthermore, this method of data representation clearly illustrates the combination of periodic weakening and the connected displacement, defining the unsteadiness of the secondary flow system. On the one hand, the interaction mechanisms between HSV-PL and PV (periodic displacement and weakening) can be detected. On the other hand, the considerable magnitude of radial CSV-displacement resulting from HSV-PL and PV manipulation is realized. Following the short-duration weakening of PV and HSV-PL, the CSV is shifted towards the endwalls shortly after, as well. Supplementing, Figure 33c shows a three-dimensional depiction of the lower flow channel half between R/H = 0 and R/H = 0.5, thus only the near-hub part of the secondary flow system. This helps to clarify the dynamics of interaction between PV and HSV-PL, illustrating the approaching HSV-PL, its impact on the PV and the following radial PV-displacement.





5.5. Work in Progress


Upcoming activities in sub-project D include the application of particle image velocimetry (PIV) for an extended insight into the T106RUB passage flow, the consideration of tip leakage flow, the resulting tip leakage vortices and their impact on the secondary flow system. For this, a radial gap is realized between the T106RUB-profiles and the hub endwall contour. This increase in complexity means another step from the scientific point of view towards multistage turbomachine flow.





6. Summary and Conclusions


The current paper presents investigations of four German research institutes from a joint research project on near-wall flow in axial compressors and axial turbines. Both numerical and experimental methods were exploited on linear and annular setups to evaluate the influence of incoming periodic disturbances, which can be seen in rotor-stator-interactions, on the flow in a passage of turbomachinery. Furthermore, analyzing factors arising from the problem of transformation between a linear cascade and the rotating machine, such as the relative motion between blades/vanes and the corresponding sidewall, broadened the understanding of the secondary flow phenomena and allowed the assessment of the transferability of the obtained findings.



In sub-project A the comparison of a periodically disturbed and un-disturbed single rotor row is used to evaluate the influence of incoming wakes on the secondary flow, especially the tip leakage vortex, in the blade passage. The presented results show a redistribution of mass flow over the channel height and a periodic effect of the incoming wakes on the TLV as well as on the suction side separation. Changing the hub wall motion in a stator configuration allowed the examination of the influence of incoming boundary layer skew, the relative motion between vane tip and corresponding endwall, and a combined effect on the tip leakage vortex.



Sub-project B considered a linear compressor cascade where the investigated vane was derived from the tip profile of the rotor considered in sub-project A. Investigations were conducted using high resolving DNS and Wall-Resolving LES. In doing so, the effects of relative wall motion and thickness of the boundary layer on the vortical structures within the cascade were studied. It is clearly shown that the relative wall motion causes a departure of the tip leakage vortex from the blade profile and furthermore, a stratification of the flow field at the cascade exit.



Complementary, a linear low-pressure turbine cascade was used for high-speed wind tunnel measurements and URANS simulations in sub-project C. As the authors illustrate, a decrease of the inlet endwall boundary layer height and periodically incoming wakes both lead to secondary flow attenuation in the turbine exit flow. Inside the blade passage, the variation of inlet boundary layer thickness influences the endwall loss development starting around the midpoint of the blade passage. Furthermore, it could be shown that the unsteady inflow conditions lead to a spatial redistribution of the loss generation inside the blade passage. A premature loss increase due to wake interaction with the blade surface boundary layer is followed by attenuation of the profile- and secondary losses in the aft-section of the blade passage. However, the level of integral loss in the turbine exit flow field remains almost unchanged.



Finally, in sub-project D a large-scale annular turbine test rig was considered using modified blades of those that were studied in sub-project C. Customized surface-mounted hot-film sensor arrays were used to investigate the near-wall flow for several perturbation frequencies of upstream installed rotating bars. Thus, it was possible to discover in detail, how periodically incoming wakes lead to a recurrent cycle of formation, weakening and displacement of specific components of the underlying vortex structures as well as a periodic manipulation of the profile boundary layer system.



To sum it up, the collaborative activity of the four research institutes, presented in this publication, helps to deepen the understanding of near-wall flow, vortex systems and corresponding flow phenomena in turbomachines. The investigation of periodically distortions by incoming wakes and their interaction with the near-wall flow field in all investigated configurations (compressor and turbine, linear and annular cascades) revealed a strong influence of the wakes on the blade profile boundary layer development, especially through wake induced transition processes, while the secondary flow vortex system features a periodic displacement and changing strength. Regarding the systematic increase of complexity through the different geometric modifications and test rigs and thus activation of specific flow effects it can be concluded that the inlet boundary layer is of high relevance for the turbine endwall secondary flows, where no radial clearances are present. In a linear compressor cascade with radial clearance only the skew of the inlet boundary layer but not its thickness showed a relevant effect on the flow field. Experimental and numerical analysis in sub-project A and B clearly illustrated the effect of the relative side wall velocity on the development of the tip leakage vortex and its loss of coherence towards the exit of the blade passage. Ongoing work will apply additional measurement techniques (optical measurements, temperature sensitive paint, etc.) to provide further high-quality data for the validation of advanced numerical methods and improved physical understanding.
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The following symbols and abbreviations are used in this manuscript:



	
Roman Symbols




	
ax

	
Axial Direction (for the annular cascade)




	
C

	
Chord




	
cf

	
Friction Coefficient




	
cp

	
Pressure Coefficient




	
D

	
Diameter




	
H

	
Passage Height, Channel Height




	
H12

	
Shape Factor




	
Δht

	
Change in Total Enthalpy




	
M

	
Mach Number




	
   m ˙   

	
Mass Flow




	
P

	
Pitch Distance




	
p, pdyn, pt

	
Static, Dynamic and Total Pressure




	
r

	
Spanwise Direction (for the annular cascade)




	
Re

	
Reynolds Number




	
s

	
Gap Size




	
S

	
Distance along Blade Profile




	
Δs

	
Change in Entropy




	
Sr

	
Strouhal Number




	
t

	
Time




	
TBP

	
Bar Passing Period




	
TI

	
Turbulence Intensity [%]




	
u

	
Circumferential speed




	
v

	
Velocity




	
x

	
Axial Direction




	
y

	
Pitchwise Direction (for the linear cascade)




	
y+

	
Non-Dimensional Wall Distance




	
z

	
Spanwise Direction (for the linear cascade)




	
Greek Symbols




	
α

	
Yaw Angle, Flow Angle (1 for inflow, 2 for outflow) with respect to pitchwise direction




	
β

	
Flow Angle in Pitchwise Direction with respect to axial direction




	
δ

	
Boundary Layer Thickness




	
η

	
Normal Distance to a Wall




	
ζ

	
Total Pressure Loss Coefficient (Equation (1) for compressor, Equation (6) for turbine)




	
θ

	
Pitch Distance (For the annular cascade)




	
λ2

	
2nd Eigenvalue of Velocity Tensor




	
ρ

	
Density




	
τw

	
Wall Shear Stress




	
φ

	
Flow Coefficient




	
Abbreviations




	
AVO

	
Axial Vorticity




	
b

	
Bar (used as a subscript)




	
BL

	
Boundary Layer




	
CFD

	
Computational Fluid Dynamics




	
CSV

	
Concentrated Shed Vortex




	
CTA

	
Constant Temperature Anemometry




	
CV

	
Corner Vortex




	
DNS

	
Direct Numerical Simulation




	
DP

	
Design Point




	
EARSM

	
Explicit Algebraic Reynolds Stress Model




	
EXP

	
Experiment




	
FHP

	
Five Hole Probe




	
FMP

	
Fast Measuring Pressure Probe




	
FS

	
Free Stream




	
FTT

	
Flow Through Time




	
HGK

	
High-Speed Cascade Wind Tunnel (Hochgeschwindigkeits-Gitterwindkanal)




	
HS

	
Half-Span




	
HSV

	
Horse Shoe Vortex




	
IGV

	
Inlet Guide Vane




	
LSRC

	
Low-Speed Research Compressor




	
LE

	
Leading Edge




	
LES

	
Large Eddy Simulation




	
LPT

	
Low Pressure Turbine




	
MCV

	
Million Control Volumes




	
MP

	
Measuring Plane




	
MS

	
Midspan




	
NI

	
National Instruments




	
PIV

	
Particle Image Velocimetry




	
PL

	
Pressure Side Leg




	
PS

	
Pressure Side




	
PV

	
Passage Vortex




	
QWSS

	
Quasi Wall Shear Stress




	
R1

	
Rotor of Stage 1




	
RANS

	
Reynolds Averaged Navier Stokes




	
Re

	
Reynolds Number




	
ref

	
Reference Value




	
RM

	
Relative Motion between Blade Tip and Adjacent Wall




	
rms

	
Root Mean Squared




	
S1

	
Stator of Stage 1




	
SAS

	
Scale Adaptive Simulation




	
sec

	
Secondary




	
SS

	
Suction Side




	
SVO

	
Streamwise Vorticity




	
TE

	
Trailing Edge




	
TKE

	
Turbulent Kinetic Energy




	
th

	
Theoretical, Thickened




	
TLV

	
Tip Leakage Vortex




	
URANS

	
Unsteady Reynolds Averaged Navier Stokes




	
WG

	
Wake Generator




	
WRLES

	
Wall-resolving LES
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Figure 1. Low Speed Research Compressor (LSRC)—cross section of investigated setups with stator S1 (a) and rotor R1 (b). 
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Figure 2. Pitchwise averaged total pressure pt (black) and flow angle α (orange) upstream of S1 (MP4) in the hub endwall region, s/C = 2.0%, EXP vs. CFD. 
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Figure 3. Effect of varying hub wall motion on non-dimensional total pressure loss coefficient downstream of S1 (MP5) (a–c) EXP, (d–g) CFD, and on the TLV trajectory (   λ 2   ( 〈  v →  〉 )  = −   10  6   ) (h–k) CFD, s/C = 2.0%. 
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Figure 4. Effect of varying hub wall motion on pitchwise averaged flow angle in absolute frame of reference downstream of S1 (MP5), s/C = 2.0%, CFD. 
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Figure 5. Effect of incoming periodic transient wakes on (a) time- and pitchwise averaged data up- (MP3) and downstream (MP4) of R1, (b) ensemble- and pitchwise averaged FMP data and (c) ensemble averaged FMP data at discrete relative positions between WG and R1 downstream of R1 (MP4), s/C= 1.36%, EXP. 
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Figure 6. Top down view of the simulated linear cascade profile with zoom of the computational domain (shaded region), repeated in y-direction (grey). Coordinates are scaled using the blade chord. Red dashed line at   x / C = 0.89   depicts the stage outlet plane. 
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Figure 7. Linear compressor cascade at     Re  C  = 1.46 ⋅   10  4   . (a) Vortical structure visualized through    λ 2   ( 〈  v →  〉 )  = − 2  . (b) Pitchwise averaged total pressure losses downstream of the blade at   x / C = 0.89  . 
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Figure 8. Comparison of WRLES and DNS results along the blade at different spanwise positions. (a) Friction    c f    along the SS and (b) pressure    c p    along PS and SS. 
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Figure 9. Time averaged pressure coefficient at the endwall (  z = 0  ). Results from (a) WRLES and (b) experiments [23]. 
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Figure 10. Pitchwise averaged (a) total pressure losses  ζ  and (b) flow angle deviation      Δ β   2   , downstream of the blade (plane at   x / C = 0.89  ). Experimental data from Krug et al. [23]. 
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Figure 11. Vortical structure    (   λ 2   (  v →  )  = − 2  )    for the linear compressor cascade at     Re  c  = 3 ⋅   10  5   . 
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Figure 12. Pressure (a) and friction (b) coefficients on the blade at two different spanwise positions, near the blade tip (  z / H = 0.06  ) and at midspan (  z / H = 0.3  ). 
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Figure 13. Blade suction side boundary layer state, characterized through the turbulent kinetic energy (TKE) in normal direction to the blade (  η / C  ) and the shape factor (   H  12    ). 
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Figure 14. Cutplanes downstream of the blade (plane at   x / C = 0.89  ) of (a) total pressure losses and (b) TKE. Pitchwise coordinate normalized by cascade pitch P with origin such that the wake is located at the centre, PS on the left. 
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Figure 15. Vortical structure    (   λ 2   ( 〈  v →  〉 )  = − 2  )    for the linear compressor cascade at     Re  c  = 3 ⋅   10  5    with relative motion between blade and endwall. Black lines with arrows at the bottom denote the endwall motion. 
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Figure 16. Effect of relative motion downstream of the blade (plane at   x / C = 0.89  ). Cutplane of (a) total pressure and (b) TKE. In these two figures, the pitch is normalized by cascade pitch P and its origin such that the wake appears in the centre. (c) Pitchwise averaged total pressure losses. Experimental data from Krug et al. [23]. 
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Figure 17. Effect of incoming wakes on blade performance characteristics at the suction side near the blade tip (  z / H = 0.06  ) and in the midspan region (  z / H = 0.30  ). (a) Time averaged pressure coefficient (Equation 3) with shaded areas denoting the span of transient fluctuations. (b,c) Friction coefficient (   c f   ) near the blade tip and in the midspan region, respectively. 
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Figure 18. Effect of the flat plate misalignment on the inlet endwall boundary layer of the T106A cascade. 
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Figure 19. Block topology in the computational domain of the T106A cascade with an integrated two-part flat plate and a moving bar wake generator. 
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Figure 20. Comparison of the predicted and measured isentropic Mach number distributions at midspan of the T106A turbine cascade at    M  exit , th   = 0.59 ,      Re    exit , th   = 2 ·   10  5   . 
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Figure 21. Measured total pressure losses at different endwall boundary layer conditions, (a–c) with and (d–f) without periodically incoming wakes in MP2. 
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Figure 22. Measured spanwise distributions of the pitchwise-averaged secondary pitch angle   Δ  β  2 ,    sec      and secondary total pressure losses    ζ  2 ,    sec      under different endwall boundary layer conditions, with and without periodically incoming wakes in MP2. 
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Figure 23. Numerical prediction of the change in (a) integral- and (b,c) local total pressure losses as well as (d,e) streamwise vorticity over time in MP2 with unsteady inflow conditions. 
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Figure 24. Axial entropy development throughout the T106A blade passage with steady and unsteady inflow conditions. 
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Figure 25. Test facility Axial Turbine II: sectional view (a), 3D illustration (b). 
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Figure 26. Selected devices for the acquisition of time-resolved measurement data: Dantec Dynamics type 55R56 and 55R57 SFP (a), assembly of modular T106RUB blade with suction side hot-film instrumentation (b), arrangement of Kulite LQ-125 sensors along the profile (c). 
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Figure 27. Time-resolved flow field quantities downstream of the rotating wake generator: velocity v (a), flow angle in circumferential direction α (b) and turbulence intensity TI (c) over channel height R/H for Sr = 1.33, φ = 0.97. 






Figure 27. Time-resolved flow field quantities downstream of the rotating wake generator: velocity v (a), flow angle in circumferential direction α (b) and turbulence intensity TI (c) over channel height R/H for Sr = 1.33, φ = 0.97.



[image: Ijtpp 06 00009 g027]







[image: Ijtpp 06 00009 g028 550] 





Figure 28. Time-averaged distributions of velocity v (a), flow angle in circumferential direction α (b) and turbulence intensity TI (c) over channel height R/H downstream of the rotating wake generator for Sr = 1.33, φ = 0.97 and clean inflow, see [58]. 
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Figure 29. cp distributions for clean and perturbed inflow at T106RUB midspan, time-averaged results (a), superposition of maximal fluctuation values (b), see [58]. 
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Figure 30. Temporal evolution of pressure fluctuations along the T106RUB profile at midspan for Sr = 0.43 (a), Sr = 0.90 (b) and Sr = 1.33 (c), see [58]. 
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Figure 31. Temporal evolution of QWSS along the T106RUB profile suction side at midspan for Sr = 0.43 (a) and Sr = 1.33 (b), undisturbed condition shown above, see [58]. 
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Figure 32. Temporal flow field evolution in the T106RUB exit flow field (Δx = 0.16 C) at 3 equidistant time steps, Sr = 1.33, φ = 0.97. Axial vorticity (AVO) (a) and turbulence intensity (TI) (b). 
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Figure 33. Temporal AVO flow field evolution (iso-contours) in the T106RUB exit flow field (Δx = 0.16 C) with the time as the third dimension, Sr = 1.33, φ = 0.97. View of radial-circumferential plane (a), of radial-axial plane (b) and of the lower half of the secondary flow system in a three-dimensional depiction (c), see [58]. 
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Table 1. Reference setup specifications of the LSRC.






Table 1. Reference setup specifications of the LSRC.





	
Test Rig

	
Operating Point






	
Shroud diameter

	
1500 mm

	
Rotational speed at DP

	
1000 rpm




	
Hub to tip ratio

	
0.84

	
Mass flow     m ˙     at DP

	
25.35 kg/s




	
Rotor R1

	
Stator S1




	
No. of blades

	
63

	
No. of vanes

	
83




	
Chord length

	
110 mm

	
Chord length

	
89 mm




	
Solidity, MS

	
1.597

	
Solidity, MS

	
1.709




	
Reynolds number

at entry, MS

	
   6.5 ⋅   10  5    

	
Reynolds number

at entry, MS

	
   3.7 ⋅   10  5    




	
Mach number

at entry, MS

	
0.25

	
Mach number

at entry, MS

	
0.18




	
Flow coefficient φ, MS 1

	
0.651

	
Diffusion factor, MS

	
0.37




	
Loading coefficient    (    Δ  h t     u 2     )   , MS 1

	
0.489

	

	








1: at 10% higher mass flow than DP due to the discarded IGV in test setup (b).
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Table 2. Configurations of varying wall speed for test setup (a).






Table 2. Configurations of varying wall speed for test setup (a).





	Configuration
	Rotor R1 Hub Wall
	Stator S1 Hub Wall





	Un-skewed, w/o RM
	Stationary
	Stationary



	Skewed, w/o RM
	Rotating
	Stationary



	Skewed, with RM
	Rotating
	Rotating
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Table 3. T106A linear turbine cascade.






Table 3. T106A linear turbine cascade.





	
Geometric Parameters:






	
Chord length C

	
100 mm




	
Pitch-to-chord ratio P/C

	
0.799




	
Aspect ratio H/C

	
1.31




	
Flow Conditions:




	
Mach number at exit    M  exit , th    

	
0.59




	
Reynolds number at exit     Re   exit , th    

	
   2 ⋅   10  5    




	
Design inflow pitch angle      β   1   

	
127.7°




	
Design outflow pitch angle

	
26.8°




	
Turbulence intensity TI

	
6.8%




	
Unsteady Inflow Conditions:




	
Strouhal number Sr

	
0.66




	
Flow coefficient φ

	
3.8
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Table 4. Main test rig properties and turbine stage parameters.






Table 4. Main test rig properties and turbine stage parameters.





	
Test Rig

	
Turbine Stage






	
Outer diameter (Casing)

	
1660 mm

	
Chord length IGV

	
137 mm




	
Inner diameter (Hub)

	
1320 mm

	
Stagger angle IGV

	
−25.5°




	

	

	
Chord length T106RUB

	
100 mm




	

	
Stagger angle T106RUB

	
30.7°




	

	
Blade count IGV, T106RUB

	
60




	
Operating Point, Design Point

	
Design Flow Angles, Midspan




	
Mass flow    m ˙   

	
12.8 kg/s

	
IGV inlet    α 0   

	
90.0°




	
Reynolds number

at exit     Re   exit , th    

	
   2 ⋅   10  5    

	
IGV outlet =    α 1   

T106RUB inlet    α 2   

	
52.3°




	
Mach number

at exit    M  exit , th    

	
0.091

	
T106RUB outlet    α 3   

	
153.2°
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