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Abstract


The aerothermal interaction of the combustor exit flow on the first vane row has been examined at the Large Scale Turbine Rig (LSTR) at Technische Universität Darmstadt (Darmstadt, Germany). A baseline configuration of axial inflow and a variation of swirling combustor inflow have been studied. The nozzle guide vane (NGV) featured endwall cooling, airfoil film cooling and a trailing edge slot ejection as well as NGV-rotor wheel space purge flow. CO    2    is injected for coolant flow tracing. The results are compared to five hole probe (5HP) measurements. The experiments for the baseline configuration are accompanied by numerical simulations using a passive scalar tracking method to validate the results and study the propagation of the coolant flow. The endwall coolant injection is detected to influence the pressure losses in the NGV. It has an impact on the Trailing Edge (TE) coolant ejection as well. For swirling combustor inflow, increased NGV pressure losses and increased mixing of Rear Inner Discharge Nozzle (RIDN) coolant and main flow is observed. An influence of the clocking position of the swirler to the vane is detected. Additional losses within the NGV row can be assigned to the swirler by means of flow tracing.
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1. Introduction


1.1. Combustor–Turbine Interaction


The high temperatures at the turbine inlet of a gas turbine require efficient cooling techniques. The use of cooling air is intended to be as small as possible as it constitutes a penalty to the engine efficiency. In addition, legislative requirements to lower NO    x    emissions in aero engines have favored the application of lean-premixed combustors (Lazik et al. [1]).



This paradigm change challenges turbine design and requires new design guidelines. One can observe a fuller radial temperature profile and increased hot-streaks due to less dilution air and, in addition, residual swirl at the turbine inlet with influence on the stagnation line, the trajectory of coolant flows and the cycle efficiency (Schmid [2]). The stronger interaction poses restrictions to the combustor design: to maintain the predictability of the turbine flow, swirl levels in the combustor are limited, even though higher swirl levels might be desired for the optimization of the combustion process, according to Turrell et al. [3]. An upstream effect of the turbine on the combustor flow was identified by Klapdor [4] up to one axial chord length ahead of the vane leading edge (LE).



Schmid et al. [5] numerically examined a high-pressure turbine (HPT) stage with aerodynamic boundary conditions of an aero-engine lean combustor and detected increasing heat transfer levels and decreasing stage efficiency compared to a low-turbulent, axial inflow. Stator pressure loss increases by 70% for swirling inflow. The influence of turbulence intensity is modeled separately. The results show a significant impact on performance, almost equal to superimposed swirl. Qureshi et al. [6] observed a great impact of swirl orientation and clocking on endwall heat transfer: both a significant increase or a slight decrease in Nusselt numbers can occur. They determine local divergence and convergence of wall streamlines and as a consequence, an accumulation or dissipation of boundary layer fluid to be responsible.



Recent experimental work in the field of combustor–turbine interaction is also described by Jacobi et al. [7]. They investigate the outflow from a can combustor into a vane row. A turbulence intensity of 35% and a movement of the stagnation line is observed. Furthermore, an additional vortex system develops due to the low pressure in the swirler core with leading edge clocking. This triggers the formation of a secondary flow-like feature, which is attenuated and intensified by the residual swirl of the combustor. The vortex travels, depending on the swirl orientation, towards the casing or the hub and interacts with the passage vortex to form a loss core. This aspect is observed by Turrell et al. [3] as well.




1.2. Tracing of Turbomachinery Flows


Cha et al. [8] have investigated the migration of the burner core using a passive CO    2    tracer, which was fed through the fuel injectors into the combustor. They determined a pronounced concentration profile at the turbine inlet, resembling a hot streak location. Butler et al. [9] studied the propagation of a CO    2   -streak through a vane row. Accordingly, the hot streak is distorted, but its spatial extent does not increase significantly across the vane row. Flow tracing has been applied by Schrewe [10], Feiereisen et al. [11] and Lefrancois et al. [12] to study the propagation of purge flow in low pressure turbines. The results of the last-mentioned working group have been identified to be transferable to engine conditions (Boutet-Blais et al. [13]).



The density ratio of coolant injection investigations for scaled experimental conditions is a parameter of influence that allows for an independent variation of blowing ratio M and momentum ratio I, as described by Thole et al. [14]. Aside from using a temperature difference, the density variation can be achieved with a foreign gas as a coolant. Jones [15] presented an overview of goals and aspects that needed to be taken into account for film cooling experiments.



Thomas and Povey [16] presented a scalar tracking method for the efficient numerical investigation and optimization of the film cooling effectiveness of single cooling holes.




1.3. Scope and Aim of the Investigation


Flow tracing of the test rig’s coolant flows is part of a comprehensive investigation of the aerothermal effects of combustor–turbine interaction at TU Darmstadt (Schmid et al. [2,5], Krichbaum et al. [17], Werschnik et al. [18,19,20], Hilgert et al. [21], Wilhelm et al. [22]). The method is dedicated to improving the general understanding of the baseline flow field and to assess losses and flow features to coolant flows. Moreover, it allows to isolate the effect of the swirler on the losses from the coolant flow in the complex vane outlet flow field.





2. Experimental Setup


2.1. Test Rig Description—The Large Scale Turbine Rig


The Large Scale Turbine Rig (LSTR) was configured as a scaled-up 1.5-stage low Mach number turbine and in a closed-loop configuration. The test rig features a nozzle guide vane (NGV) row with 24 vanes. The rotor row has 36 squealer-tip blades. An outlet guide vane row with 34 vanes directs the flow towards the exhaust casing. The main flow was provided by a radial compressor which delivers a mass flow of about 9.5 kg/s. The secondary air flow was provided by an accessory radial compressor which supplied a mass flow of up to 0.9 kg/s at a pressure ratio of 1.7.



The mass flows and the rotor speed were adjusted according to the ambient conditions to maintain the Reynolds number of the system constant at    8 . 7 ×  10 5    , based on NGV exit velocity and chord length. The associated change of the Mach number is low and can be neglected because the flow to be treated is incompressible. The temperature of secondary and main flow could be adjusted independently using two water driven heat exchangers.




2.2. Coolant Flows


The rig featured a hub side coolant injection (denoted “RIDN”), consisting of a staggered double row of cylindrical holes. A view into the test section is shown in Figure 1. There were 19 (upstream row) and 20 (downstream row) holes per swirler passage with an axial and circumferential hole spacing of 3D and an L/D ratio of 6.5. The holes were inclined by 60    ∘    to the axial direction and 20    ∘    to the hub wall. They were supplied by four 90    ∘    plenum chambers, which each contained two meshes for homogenization.



The mass flow distribution to the holes has been measured with a pitot probe to have a variation of less than 2%. The vanes were film cooled and contained a coolant ejection through seven slots at the trailing edge, denoted as “TE”-flow. Moreover, purge flow has been supplied to the NGV-rotor wheel space cavity flow (abbreviated CAV in the following). All coolant flows were held constant during the experiments, except for the Rear Inner Discharge Nozzle (RIDN) flow, for which three different mass flow ratios (MFRs) have been studied (only MFR 3 for swirl, cf. Table 1 with Equation (1)). For MFR 0, no mass flow was supplied to the holes and they were left uncovered.     m ˙   i n l e t     was held constant throughout the measurements: The main mass flow     m ˙  ∞    was reduced by the value of     m ˙  c   . In the experiment, the density ratio between coolant and main flow is not matched to engine conditions. To ensure similarity, the blowing rate is set to comparable values instead. This means in consequence, that for all injection cases, the momentum ratio is increased with respect to the engine.


   MFR =    m ˙  c    m ˙   i n l e t    =    m ˙  c     m ˙  c  +   m ˙  ∞     ,   M =    ρ c  ·  u c     ρ ∞  ·  u ∞      



(1)








2.3. Large Scale Turbine Rig Swirler


The LSTR swirler was modeled based on the Engine-3-E-swirler (Klinger et al. [23]) and consists of three concentric rings with curved blades (Figure 1). Two inner rings with high airflow turning angles of 50    ∘    created a strong swirl in the counter-clockwise direction with respect to the main flow direction. This high swirl forms a recirculation zone, which is typical for a lean combustor: in the real engine, it enhances the mixing of fuel and air and helps to maintain flame stability. The flow is then accelerated by the combustion. In the test rig, this acceleration is modeled by a tapered main annulus. The whirl angles are attenuated to realistic value in the turbine inlet plane whereby the characteristic pressure distortion is maintained. The outer blade ring is used to adjust the swirl to the desired level at the turbine inlet with a low turning angle of    −  5 ∘    , i.e., counter-rotating to the two inner rings. With the correlation of Gupta et al. [24] for flat vane swirlers, an initial swirl number of 0.6 is calculated. Twelve swirlers were placed within the measurement section and two clocking positions have been studied: leading edge clocking (SWL) and passage clocking (SWP).




2.4. Five Hole Probe Measurements


Five hole probe (5HP) data have been acquired in measurement planes ME01 and ME02 (cf. Figure 2), i.e., upstream and downstream of the NGV row. ME01 was located 0.9 C    ax    upstream of the leading edge (LE) and ME02 one chord length downstream of the trailing edge (TE) in the flow direction. The cobra-type probe has a head diameter of 1.6 mm and was calibrated in a free stream wind tunnel. The probe was traversed along the radial direction at a fixed angular position on the rig. The circumferential resolution was realized by a simultaneous angular adjustment of three casing rings, which carry swirler modules and both vane rows in steps of 1    ∘   . The radial and angular traverses result in a measurement grid of 672 data points for the baseline configuration, whereas 1302 data points were acquired for the configurations SWP/SWL to cover the required two vane passages. Data have been recorded for 10 s after a settling time of 2 s with a sampling rate of 10 Hz. A Pressure Systems NetScanner 9116 (provided by DMT Druckmesstechnik GmbH, Bad Bentheim, Germany) with a measurement range of 5 psi has been used. The total pressure distribution in ME01 (SWL/SWP) and ME02 (AX, SWP/SWL) is assessed with Equation (2). It corrects for the change in test cell ambient pressure    p tc    during each measurement day. The coolant inlet energy is not considered in this equation at the inlet of the row, because the measurement plane is located upstream of the injection. Therefore, only settings using identical coolant mass flow are compared in the following.


    ζ  ME 0 i   =      p  t , ME 01   −  p tc   ¯  −    p  t , ME 0 i   −  p tc       p  t , ME 0 i   −  p  s , ME 0 i       and   i  = 1 , 2   



(2)








2.5. Flow Tracing


To study the propagation of coolant flows in the turbine, gas concentration measurements have been used. CO    2    was added to one of the coolant flows (RIDN, TE, CAV) at a time and contours of this particular coolant flow could be determined. Other than that, the operating point remained constant. A secondary air exhaust was used to exchange a part of the air flow to the environment. In this way, a steady CO    2    concentration was achieved in both main and secondary flow. Using three Emerson XStream XEGP (Emerson Electric Company, St. Louis, MO, USA) four-channel gas analyzers, this concentration could be measured. The reference concentration in both main (   c ∞   ) and the secondary flow (   c sec   ) was measured. An increased CO    2    concentration at a level of about 18,000 ppm was achieved in the secondary flow. The main flow CO    2    was kept at a constant level of about 2000 ppm. The change in air density due to CO    2    is negligible.



To study the propagation of coolant flows within the main annulus, a sampling probe with 10 channels was used in ME02 (Figure 2). The probe was turned into the average main flow direction, deduced from the 5HP measurement. An isokinetic sampling rate was desired but could not be achieved by the extraction pump in the sampling system. Thus, the maximum possible flow rate was used for all channels. Calculating the mixing effectiveness    η mix    with Equation (3), the distribution of the coolant flow could be quantified as well:


    η mix  =    c ∞  −  c probe     c ∞  −  c sec      



(3)







The concentration    c ∞    is measured at mid span in ME01 through a pitot probe and    c sec    is measured in the coolant flow of interest in each measurement: for RIDN-seeding, it was monitored in the lower coolant supply plenum (red marker, labeled “A” in Figure 2); for TE-seeding, in the aft plenum chamber of the NGV (marker “C”); and in the stationary wall of the NGV-rotor wheel space for CAV-seeding (marker “B”). Additionally, pressure taps on the vane LE have been used to sample the RIDN coolant concentration, allowing to trace the propagation of the coolant in the form of the film cooling effectiveness    η aW    with the definition identical to    η mix   .





3. Numerical Simulations


The baseline configuration with axial inflow and MFR 3 has also been investigated in a numerical simulation making use of a scalar tracking method. The aim was to compare the numerical predictions with the experiments and to validate the model of RIDN flow features.



3.1. Scalar Tracking Method


The scalar tracking method introduced by Thomas and Povey [16] is used for the simulations in this work. It enables an analysis of the contributions of individual cooling holes to the overall film cooling effectiveness. A passive scalar, which does not influence the flow, is associated with each cooling hole to be investigated. Each scalar is then tracked in the mixed-out flow to determine the individual concentrations of coolant in the main flow. The steady-state transport of a scalar    Φ i    is described by


     ∂  ( ρ  u n   Φ i  )    ∂  x n    = Γ    ∂ 2   Φ i    ∂  x n  ∂  x n    .   



(4)







The scalar diffusivity   Γ   is set to the effective turbulent thermal diffusivity    Γ =  k  c p   +   μ T   P  r t       in order to make the scalars diffuse according to the thermal field. The two parts describe the laminar and turbulent thermal diffusivity, respectively. The boundary condition for    Φ i    on all inlets j is set to


    Φ i  =      1 for j = i       0 for j ≠ i        



(5)




so that on each inlet only one corresponding scalar is active. It can be shown that an individual scalar is equal to the ratio of cooling mass flow     m ˙   c , i     from hole i to the mixed mass flow     m ˙  mix   . The sum of all scalars is therefore equal to the ratio of the entire coolant mass flow to the mixed-out mass flow      m ˙  c    m ˙  mix    . Using the continuity and energy equation over the complete cooled system, it can be shown that the sum of all scalars equals the adiabatic cooling effectiveness    η aW   


   ∑  Φ i  =    T ∞  −  T aw     T ∞  −  T c    =  η aW  .   



(6)







The derivation of this equation requires an incompressible flow with     c p  ≠ f  ( T )    . These conditions can be assumed with very small errors in isothermal, low Mach number rigs such as the LSTR. Note that at a sufficiently large distance to the wall, diffusion is determined mainly by turbulence. In this region, the diffusion of the scalars into the main flow is thus equal to that of CO    2    if the turbulent Lewis number is    L e ≈ 1   . Additionally, the density difference of the seeded coolant flow is negligible because the fraction of CO    2    is very small. Therefore, the diffusion of the scalars in the simulation can be compared to the diffusion of the coolant air in the experiments.



In order to use this method in a Computational Fluid Dynamics (CFD) simulation, an inlet to the domain must be assigned to each cooling hole. Therefore, cavities adjacent to the cooling holes need to be removed in the numerical model. Inlet boundary conditions for the flow from these holes are drawn from a simulation where the coolant plenum is included, i.e., at least two simulations are necessary for each configuration. Comparison of endwall film cooling effectiveness and of pitch-wise averaged flow variables between the simulations with and without cavity showed very small differences. On an evaluation plane in the vane passage, maxima showed a difference of 0.0068% for total pressure and 0.0064% for total temperature. The biggest differences of velocity could be found on an evaluation plane right after the RIDN injection where the differences in velocity maxima amounted to 4.4%. The effect of removing the coolant plenum on the flow solution is therefore negligible.



In theory, there should be no difference between    ∑  Φ i     and    η aW   . In practice, differences can occur when scalar and energy equation convergence differ. In the simulations for this work, the scalar equations showed a better convergence than the energy equation. The qualitative differences observed in the distributions of the two quantities were negligible, i.e.,    ∑  Φ i     and    η aW    showed the same patterns on the examined surfaces. The differences in peak values of    ∑  Φ i     and    η aW    on the hub surface amounted to 5.3%.




3.2. Numerical Setup


As mentioned in the previous paragraph, the application of the scalar tracking method requires running two successive simulations, one including the RIDN-plenum connected to the cooling holes and a second one without this plenum using flow profiles from the first simulation as inlet conditions at the cut-off locations. In the setup for this work, only the NGV1 domain from ME01 to ME02 was modeled (cf. Figure 2) in order to reduce computational time. The first simulation included the RIDN plenum as well as the vane inner coolant cavities which were removed in the second simulation. Due to requirements on the installation of the endwall plates, the geometry of the RIDN holes is not periodic for all vanes but every two vanes a cooling hole is missing. This has been included in the numerical model. The geometry was meshed using the unstructured grid generator Centaur 11.0 by Centaursoft [25] that creates a surface mesh using triangles, a prism mesh in the boundary layer and a tetrahedral mesh in the rest of the domain. Information on the numerical grid as reported by the CFX solver is reported in Table 2. The influence of the discretization error was investigated in a grid study by refining the tetrahedra of the NGV1 mesh resulting in four meshes with 13 M, 23 M, 32 M and 52 M cells. Turbulent quantities at ME02 were influenced most by the mesh resolution of the tetrahedra. As a compromise between computation time and accuracy, the second finest grid from this study was selected for a further study of surface mesh resolution. The triangles on the surface of this mesh were then locally refined in the areas of interest on the vane surface with high gradients and coarsened in other areas, resulting in the final 33 M cell mesh.



The steady and incompressible simulations were run with the commercial CFD solver ANSYS CFX [26]. Inlet conditions to the flow domain were axial inflow, and constant total pressure and temperature according to the measurement conditions. Turbulence intensity and length scale were specified based on hot wire measurements obtained during a different experimental campaign of this setup (Wilhelm et al. [22]). At the outlet, a mass flow was specified. Inlet conditions for the cooling holes were the static temperature, turbulent kinetic energy and dissipation rate, as well as the three velocity components extracted from the previous simulation. The walls were set to no-slip and adiabatic and the NGV row was modeled periodically. Turbulence was modeled using the k-  ω  -SST turbulence model by Menter [27] assuming a fully turbulent flow. All conservation equations were discretized using the “High Resolution” discretization scheme in CFX and the simulations were run for 1000 iterations. Effective averaged discretization orders for the energy and momentum equations were above 0.9 and for the turbulent quantities above 0.7.





4. Results—Baseline Case of Axial Inflow to the Turbine


Experimental results are presented for the baseline configuration with axial inflow first to characterize the specifics of the NGV flow field in the test rig. The results are also compared to numerical predictions. In this configuration, the swirlers have been removed from the annulus. The propagation of the coolant flows is analyzed and losses in the NGV are correlated. The axial inflow has a turbulence intensity of about 1%, measured with a hot-wire-probe and the inflow boundary layer thickness is measured with a pitot probe to 2.5   δ  /D (Werschnik et al. [20]).



4.1. Nozzle Guide Vane Exit Flow Field


The dominant flow feature for axial (AX) inflow in ME02 is the wake of the stator, which shows seven spots of high   ζ   along the suction side/pressure side line, indicated in Figure 3. They are a result of a strong interaction of the seven trailing edge slots with the main flow, indicated by the contour of the in-plane vorticity   ω   in ME02 (Equation (7)). Moreover, a loss core, highlighted with number “2” is detected in the passage at about 30% span height. It is not present without RIDN coolant injection and moves to higher span positions with increased MFR. The third loss core, labeled “1” does not show high pressure losses at MFR 3. However, without RIDN injection, there is a large maximum in   ζ   in this region. The loss core completely disappears at MFR 5 and the Mach number is increased to the value of the passage center. A loss band is detected all along the hub endwall up to a span height of 5%.


   ω =   ∂  u y    ∂ z   −   ∂  u z    ∂ y     



(7)








4.2. Propagation of Coolant Flows


With increasing MFR, the coolant reaches up to 30% span height. It is mentioned that this coolant effect is only due to the RIDN coolant. The airfoil film cooling has been ejected, but not seeded with CO    2   . In the NGV exit flow, for RIDN-seeding, a coolant accumulation in area “1” (Figure 4) is observed. Also, at a span height of 33%, the RIDN flow is detected in the loss core “2”. The TE-seeding shows that TE-coolant is also accumulated in this region (Figure 5). Furthermore, the TE-coolant is detected in the NGV wake at the position of the seven loss cores. The CAV-seeding indicates that in ME02 it remains close to the hub and at the position of the circumferential pressure loss at the hub. The RIDN coolant is observed to wrap up on the leading edge, as the    η aW   -contours in Figure 6 indicate. A similar behavior has been observed by Thomas [28].




4.3. Comparison between Experiment and CFD


A comparison between the measured CO    2    data and CFD for axial inflow with MFR 3 in ME02 is shown circumferentially and area-averaged in Figure 7 and spatially resolved in Figure 8. The main flow features as well as the level of CO    2    concentration in the CFD prediction agree well with the experimental values. The zone of medium CO    2    concentration of 5% due to a wrapping-up of RIDN air at the vane leading edge (region “2” in Figure 7 and Figure 8) is predicted by CFD at the same position as indicated by experiments. Also, the zone of high CO    2    concentration of 18% from the pressure side (PS)/hub corner (region “1” in Figure 8) can be seen in the CFD prediction at the same location.



As mentioned above, a cooling hole is missing for every other vane. This is visible in a slight non-periodicity of the numerical results in the area between regions labeled “1” and “2”. In the experiments, this is not visible because the measurements took place in a fully equipped vane passage. Further differences are expected to be mainly due to different inlet boundary conditions as well as general modeling errors of the CFD.




4.4. Coolant Mass Flow Ratio Variation


The MFR variation shows the loss core “2” to move upward to higher span-wise positions, exemplary shown for TE-seeding (Figure 5).



Similarly, it is observed for RIDN-seeding (not shown). In area “1”, no TE-coolant is detected in the vicinity of the hub endwall anymore for MFR 3 and 5. The Mach number as mentioned before, is increased. For MFR 5, the loss core “2” is detected at 57% span height. As shown in Werschnik et al. [20], the high momentum carries the coolant to the pressure side and based on the radial equilibrium, the near-endwall flow is from the suction side (SS) to the PS, contrary to the flow situation in an uncooled passage. The increased, large pitch-wise redistribution of coolant flows into the passage flow is a compensation movement of the vortex initiated by the RIDN injection at the LE. Consequently, it is detected in the passage center.




4.5. Flow Model for the Baseline Configuration


The results for the reference configuration allow the development of a flow model illustrating the RIDN flow features (Figure 9). The RIDN coolant wraps up on the leading edge due to its surplus in momentum. The flow divides at the stagnation point and a vortex rolls up (label Ⓐ) along the pressure side. The high momentum carries the RIDN coolant across the passage into the pressure side corner (Ⓑ), as measured by Werschnik et al. [20] and causes the near endwall flow to travel from SS to PS, according to the radial equilibrium. The RIDN coolant is further washed up on the pressure side, as indicated in the figure until it reaches the TE-ejection slots (Ⓒ). As a compensating movement to the near-endwall flow direction from SS to PS, vortex Ⓐ carries both RIDN and TE-coolant into the passage center at the vane exit, identified by the high RIDN-coolant concentration in region “2”. All blowing rates studied are greater than one and consequently the model applies for all cooled settings in this investigation.



The flow model is confirmed by CFD prediction as shown in the right panel of Figure 9 where the adiabatic film cooling effectiveness resulting from a single cooling hole ahead of the vane leading edge is shown. It can be seen that the air from this hole is transported to all regions with elevated film cooling effectiveness, in particular the PS vortex Ⓐ and the accumulation in the PS/hub corner Ⓑ.





5. Results—Swirling Inflow to the Turbine


Swirling inflow has been investigated for SWL and SWP at MFR 3. The LSTR swirler increases the turbulence intensity in the turbine inlet plane (ME01) to an average of 35%, normalized with the local effective velocity ( Werschnik et al. [20]).



5.1. Swirler Flow Field and Nozzle Guide Vane Losses


Downstream of the swirler core, a total pressure deficit is observed. Similar to literature findings by Schmid et al. [5] and Klapdor [4], no upstream effect of the NGV can be detected at the inlet plane. Pressure and velocity contours are observed to sustain their shape and clock with the swirler. The effect of adjacent swirlers combines and in ME01, a negative   ζ   level, i.e., superior total pressure, is observed near both endwalls. A low pressure band is found in the central annulus (cf. Figure 10). The swirler core is shifted to the left of the swirler axis in ME01. This phenomenon is commonly observed for annular combustor geometries and, as Vagnoli and Verstraete [29] illustrate, the swirl core moves in the direction of the whirl component near to the casing, which for the present investigation is counter-clockwise.



The flow field downstream of the NGV in ME02 changes significantly. The pitch-wise, area-averaged inlet whirl angle (Figure 11) in ME01 shows values of up to 20    ∘    near the casing and 15    ∘    near the hub. The relative channel height h    rel    is calculated at the NGV TE plane, disregarding the rim real. However, the exit flow in ME02 shows underturning by 2–4    ∘    near both endwalls and increased turning by 3    ∘    in the center and shows clocking influence. This is associated to the span-wise mass flow redistribution that is imposed by the swirler. While the NGV is robust to the inflow angles, the mass flow redistribution is transported through the vane row, resulting in off-design exit flow. Pressure loss   ζ   increases from 5.4 (baseline) to 6.5% (SWP) and 7.3% (SWL) on average. The profile has smoother characteristics compared to the baseline. The increased mixing with applied swirl is illustrated by    η mix    with an increased level in the main annulus. The RIDN air remains close to the endwall for the baseline inflow. This agrees with the observation by Werschnik et al. [20] of reduced endwall film cooling effectiveness with applied swirl.



The loss structure of the trailing slot ejection is no longer dominating in the contour. Instead, for SWL clocking, the peak for   ζ   is observed at 80 to 90% span height (labeled “5” in Figure 12). It is a result of a vortex that develops due to the radial    P t    gradient at the turbine inlet. At the LE, this gradient triggers a secondary flow feature: the swirler causes positive incidence near the casing and negative incidence near the hub and thereby the stagnation line moves. A span-wise pressure gradient results and causes the vortex to travel towards the casing, as illustrated by Jacobi et al. [7]. Contrary to Jacobi’s experiment, a radial    P t    gradient with a central annulus minimum at the turbine inlet is also observed for SWP clocking at the LE. Consequently, the vortex and loss core is also observed for SWP inflow (Figure 13, label “3”). The global    P t    minimum passes the NGV row relatively unchanged and is detected as a pressure loss at 65 to 75% span height, labeled “4” in Figure 13 in accordance with Andreini et al. [30].




5.2. Propagation of Coolant Flows


Because of the baseline measurements, the wheel space purge flow was only expected up to a limited span height and only the lower half of the annulus was studied to reduce measurement time. Both for SWP and SWL clocking, the CAV-seeding reveals a propagation of wheel space purge flow only to the lower 6% span height of the main annulus. This is slightly increased, compared to the baseline. The level at similar span height is also slightly increased. The shape of the distribution remains similar, with increased span height and level in the passage center.



For RIDN-seeding, the coolant is observed to propagate to similar span height positions as for the baseline. It is, however, mixed to a greater extent with a more homogenous distribution in the main annulus. Unlike before, the coolant is not observed to accumulate in the stator wake in such a distinct way but is distributed more homogeneously in the lower third of the annulus. This is observed for both clocking positions in a similar manner.



The swirling inflow favors mixing of the coolant and main flow: for example, the position of the trailing edge wake is hardly visible anymore and the level is so low that the contour is compromised by the measurement accuracy of the technique. The TE-flow is observed with a higher level below the annulus mid span. This is a result of the TE-flow coolant plenum supply: the vane coolant flows are fed from the casing side, entering through a relatively small tube. Therefore, a static pressure gradient is measured in the plenum, with higher pressure towards the hub side. This, in conjunction with the radial static pressure gradient with lower values near the hub in the main flow, favors an increased slot ejection at lower span height. Again, for both clocking positions, the observations are similar, with greater differences between both measurement passages for SWL clocking.



None of the coolant flows is accumulated in regions “3”, “4” and “5”. Therefore, it can be verified that these losses originate from the swirler inflow and not from any coolant flow.





6. Measurement Uncertainty


The uncertainty surrounding the gas concentration measurements has been assessed by a Gaussian error propagation method. The accuracy of the gas analyzers was specified to 1% of the measurement range by the manufacturer. This yields a relative accuracy of greater than 20%, dominated by the low concentration level. The technique is therefore only suitable to assess the qualitative distribution.



Other factors that may influence the signal reading are, for example, the ambient temperature in the test cell and the sampling flow rate. They could not be assessed quantitatively, but great care was taken to keep their influence unchanged during all measurement runs. In addition, the gas analyzers have been calibrated before each measurement day using a test gas to overcome a potential gain shift.



The 10 channel probe can only be aligned with the averaged flow direction. Therefore, when high radial or whirl angles occur, the recorded data might be compromised. To assess this aspect, the probe was installed at a free stream wind tunnel and total pressure measurements were conducted with all ten positions. Probe inflow angles of less than 10    ∘   , as they are observed during the measurements, were determined as being insignificant for a correct reading and hence it is assumed that the sampled CO    2    concentration is not compromised either.




7. Conclusions


The influence of the combustor exit flow on the NGV row has been examined in the LSTR. The study gives insight into the complex flow field of a fully-cooled vane row featuring RIDN endwall cooling, airfoil cooling and trailing edge ejection as well as NGV-rotor wheel space purge flow. Associated flow features and pressure losses are identified and their origin specified.



The RIDN coolant injection influences the vane flow field significantly and causes additional loss in the passage flow while reducing losses at the hub. Additional loss is observed at up to 57% span height for MFR 5. A flow model has been developed with a vortex triggered by the RIDN injection that is washed up the pressure side and also carries part of the TE-flow into the passage.



The experiments have been accompanied by a numerical simulation with good agreement of the results. The use of a scalar-tracking method allows the identification of the cooling contribution of individual coolant holes. The CFD validates the flow model presented based on the measurement results.



The combustor outflow is responsible for off-design exit flow with underturning near both endwalls and increased turning in the center due to the imposed mass flow redistribution. Pressure loss increases from 5.4 to 6.5% (SWP) and 7.3% (SWL) in the NGV exit flow and is not dominated by the stator wake anymore. Instead, additional losses are observed. A clocking influence is detected as the peak pressure loss is transported further towards the casing for SWL clocking. Mixing of RIDN and main flow is increased with applied swirl, and between 3% and 4% higher    η mix    levels are measured in the lower half of the main annulus at the same MFR. It could be assessed that the additional losses originate from the interaction of the swirler outflow with the vane row and not from the coolant flow interaction.
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Nomenclature








	Latin
	



	c
	Concentration [ppm]



	   c p   
	heat capacity at constant pressure [J/(kgK)]



	C
	Chord length [mm]



	CAV
	Wheel space purge flow



	CFD
	Computational Fluid Dynamics



	D
	Cooling hole diameter [mm]



	h
	Channel height [m]



	k
	Thermal conductivity [W/(mK)]



	   L e   
	Lewis number [kg/s]



	LSTR
	Large Scale Turbine Rig



	LE/TE
	Leading Edge / Trailing Edge



	   m ˙   
	Mass flow [kg/s]



	M
	Blowing ratio [-]



	   M a   
	Mach number [-]



	ME
	Measurement plane



	MFR
	Mass flow ratio [%]



	NGV
	Nozzle Guide Vane



	P
	Pressure [Pa]



	   P  r t    
	Turbulent Prandtl number [-]



	PS/SS
	Pressure Side/Suction Side



	RIDN
	Rear inner discharge nozzle



	SWL/SWP
	Leading edge/Passage Swirl



	T
	Temperature [K]



	TE
	Trailing edge slot injection



	u
	Velocity [m/s]



	5HP
	Five Hole probe



	Greek
	



	  α  
	Whirl angle [    ∘   ]



	  Γ  
	Diffusivity [m    2   /s]



	  δ  
	Boundary layer thickness [mm]



	  η  
	Mixing effectiveness / Film cooling eff. [-]



	  ω  
	Vorticity [1/s]



	  ζ  
	Pressure loss coefficient [-]



	   μ t   
	Eddy viscosity [m/s    2   ]



	  ρ  
	Density [kg/m    3   ]



	   Φ i   
	Passive scalar [-]



	Subscripts
	



	ax
	axial



	aW
	adiabatic wall



	c
	RIDN coolant flow property



	inlet
	Turbine Inlet



	ME0i
	Referring to plane i



	mix
	Mixed out



	probe
	Probe measurement value



	rel
	Relative



	s
	Static quantity



	t
	Stagnation quantity



	tc
	Test cell



	∞
	Main flow property
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Figure 1. Test rig view on Rear Inner Discharge Nozzle (RIDN) coolant injection and the nozzle guide vane (NGV) row (left) and schematic of the Large Scale Turbine Rig (LSTR) swirler (right). 
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Figure 2. Measurement locations for flow tracing. The reference measurement position in the main flow (blue) and secondary flow (red) are illustrated. The 10-channel sampling probe head is shown on the right. 
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Figure 3. Five hole probe (5HP) results for axial (AX) inflow, mass flow ratio (MFR) 3 in NGV exit plane ME02. 
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Figure 4. Flow tracing MFR 3, propagation of the coolant flows. 






Figure 4. Flow tracing MFR 3, propagation of the coolant flows.



[image: Ijtpp 02 00012 g004]







[image: Ijtpp 02 00012 g005] 





Figure 5. Flow tracing, varied MFR, trailing edge (TE) seeding. 
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Figure 6. Film cooling effectiveness on the leading edge due to RIDN injection, varied MFR. 
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Figure 7. Comparison of circumferentially, area-averaged mixing effectiveness    η  m i x     of measurements and Computational Fluid Dynamics (CFD) in ME02. 
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Figure 8. Comparison of flow tracing MFR 3 (left) and CFD predictions (right) of the propagation of the RIDN coolant flows. 
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Figure 9. Model of RIDN coolant flow features: (left) RIDN flow evokes vortex (label Ⓐ) at the leading edge, that carries coolant flow up on the pressure side surface and is also fed by trailing edge flow coolant (label Ⓑ). The coolant accumulates in the pressure side corner due to the high momentum (label Ⓑ); (right) Comparison with CFD predictions of coolant flow from a single RIDN hole in front of the vane leading edge. 
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Figure 10. Turbine inlet plane, ME01, passage oriented swirl (SWP) inflow,   ζ   contour for MFR 3. 
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Figure 11. Pitch-wise area-averaged whirl angles   α   and axial Mach numbers for both inlet (ME01) and exit flow (ME02);   ζ   and    η mix   -profile in ME02. All shown for MFR 3. 
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Figure 12. NGV exit plane, SWL, MFR 3, CAV-/RIDN-/TE-seeding and loss contours from 5HP measurements. Arrows indicate the swirler core position. 
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Figure 13. NGV exit plane, SWP, MFR 3, CAV-/RIDN-/TE-seeding and loss contours from 5HP measurements. Arrows indicate the swirler core position projected in the flow direction. 
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Table 1. Coolant injection parameters.






Table 1. Coolant injection parameters.





	Parameter
	Case 1
	Case 2
	Case 3
	Case 4





	MFR (%)
	0
	1.5
	3
	5



	M (-)
	-
	1.7
	3.5
	5.9







MFR: Mass flow ratio; M: Blowing ratio.













 





Table 2. Mesh Quality Parameters.






Table 2. Mesh Quality Parameters.





	
Number of Cells

	
Prism Layers

	
Y+

	
Min.

	
Percentage of Cell Angles <50     ∘    




	
Vane

	
Holes

	
Endwalls

	
Avg.

	
Max.

	
Cell Angles






	
33 M

	
10

	
10

	
15

	
1.65

	
9.78

	
4.5    ∘   

	
1%
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