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A COMBINED EXPERIMENTAL AND NUMERICAL CHARACTERIZATION OF THE FLOWFIELD AND HEAT TRANSFER AROUND A MULTIPERFORATED PLATE WITH COMPOUND ANGLE INJECTION

ABSTRACT

The aerodynamic and thermal behaviour of multiperforated zones in combustors is essential to the development of future combustion chambers. Detailed databases are therefore essential for the validation of RANS/LES solvers, but also regarding the derivation of heat transfer correlations used in 0D/1D in-house codes developed by engine manufacturers. In the framework of FP7 EU SOPRANO Program, the test-rig used in a previous study is modified to be compatible with anisothermal conditions. The plate studied is a 12:1 model with a 90° compound angle injection. A heating system is used to generate a moderate temperature gradient of about 20 K between the secondary hot flow and the main cold flow. The aerodynamic field is acquired by a PIV 2D-3C (Particle Image Velocimetry) system. The surface heat transfer coefficient is derived based on surface temperature distribution acquisitions. Several heating power levels are tested, which allows to evaluate the convective heat transfer coefficient and reference temperature through a linear regression. Measurements are conducted on both sides of the plate, which also gives access to those quantities on the injection/suction sides. From a numerical point of view, the configuration is studied using the unstructured ONERA inhouse CEDRE solver. A systematic comparison is presented between the experimental and numerical database.
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INTRODUCTION

Cooling in modern combustion chambers involves the use of multiperforated liners which allow to create a cold film protection and reduce the heat load received by the wall. To model the corresponding heat transfer, detailed databases are required for the validations of RANS/LES solvers, but also regarding the derivation of heat transfer correlations used in 0D/1D in-house codes developed by engine manufacturers. One way to improve the efficiency of effusion cooling is to vary the injection direction compared to the mainstream.

The influence of compound angle injection on film cooling effectiveness was first investigated for one or two rows. Schmidt et al [START_REF] Schmidt | Film Cooling With Compound Angle Holes: Adiabatic Effectiveness[END_REF], and Sen et al [START_REF] Sen | Film Cooling With Compound Angle Holes: Heat Transfer[END_REF] measured the adiabatic effectiveness and heat transfer coefficients for a single row of holes, with a yaw angle of 60 deg. They compared their results with streamwise injection holes, showing enhanced adiabatic 1 Proceedings of ASME Turbo Expo 2020 Turbomachinery Technical Conference and Exposition GT2020 September 21-25, 2020, Virtual, Online effectiveness and lower heat transfer rates for the configuration with compound angle injection. They also emphasized the concept of Net Heat Flux Reduction, showing that the efficiency of the film is driven at the same time by the adiabatic efficiency and the heat transfer coefficient. Ligrani and Ramsey [START_REF] Ligrani | Film Cooling From Spanwise-Oriented Holes in Two Staggered Rows[END_REF] studied the influence of a compound angle variation on the heat transfer for a two staggered row configuration. They also put in evidence the higher efficiency of compound angle injection compared to the reference streamwise injection.

One of the first studies on effusion cooling and compound angle injection was carried out by Mayle and Camarata [START_REF] Mayle | Multihole Cooling Film Effectiveness and Heat Transfer[END_REF]. They studied different perforated plates drilled with 45 deg laterally inclined holes. The plates, consisting of 25, 21 or 15 rows were investigated in terms of adiabatic effectiveness and heat transfer. The analysis included the influence of blowing ratio and hole pattern. Andrews et al studied the influence on adiabatic effectiveness of hole inclination and various flow and geometric parameters [START_REF] Andrews | Full coverage effusion film cooling with inclined holes[END_REF]. Scrittore et al studied the film velocity and turbulence profiles for a representative combustor liner configuration showing that they scale with the blowing ratio [START_REF] Scrittore | Investigation of Velocity Profiles for Effusion Cooling of a Combustor Liner[END_REF]. However, they only considered axial injection. Michel et al documented the flowfield around 12:1 scale holes with 90 deg injection, using Laser Doppler Velocimetry and Particle Image Velocimetry [START_REF] Michel | Caractérisation aérodynamique d'un écoulement avec injection pariétale de type dilution giratoire en vue de sa modélisation[END_REF]. More recently Zhang et al [START_REF] Zhang | Cooling Effectiveness of Effusion Walls With Deflection Hole Angles Measured by Infrared Imaging[END_REF] compared different patterns of compound angle holes on overall film cooling effectiveness. From a numerical point of view, Arroyo [START_REF] Arroyo-Callejo | Numerical Investigation of Compound Angle Effusion Cooling Using Differential Reynolds Stress Model and Zonal Detached Eddy Simulation Approaches[END_REF] showed the ability of DRSM RANS models to reproduce the adiabatic effectiveness map, obtained by Zhang et al. The agreement obtained for the k- SST model was also judged satisfactory.

Coming to temperature effects, Andreini et al investigated the effects of coolant-to-mainstream density ratio on a real engine cooling scheme of a combustor liner [START_REF] Andreini | Density ratio effects on the cooling performances of a combustor liner cooled by a combined slot/ effusion system[END_REF]. They concluded that the velocity ratio was the driving parameter for the heat transfer phenomena. For high blowing/velocity ratios the adiabatic effectiveness was also less sensitive to the cooling flow parameters. More recently, Crouzy [START_REF] Crouzy | Numerical modelling of a realistic annular effusion cooling system[END_REF] presented results obtained on a realistic configuration, where various aerothermal conditions were tested for different tubular configurations. Parameters such as the yaw angle, the spacing between holes, and the chamber preswirl rate were varied, and the respective cooling efficiencies were compared. However, no detailed database was acquired as for the flow field characteristics.

To the best of our knowledge, there is no study in the literature currently presenting a combined fluid dynamics/heat transfer detailed database of the flow encountered around a multiperforated plate for anisothermal conditions and a 90° degree compound injection. The study presented here, conducted in the framework of the EU's FP7 SOPRANO program, is therefore dedicated to the construction of such a database. A first CFD validation is presented, which allows to complete the analysis performed on the basis of experimental data. This simulation, carried out with a standard turbulence model, aims at better understanding the main flow characteristics and should be seen as a first step before future works on the evaluation of Reynolds Stress Models, more suitable for such complex flows.

EXPERIMENTAL SET-UP AND MEASUREMENTS

Experimental facility

The experimental set-up and the orientation axis conventions can be visualized in Figure 1. The rig is an extension of the one used by Michel [START_REF] Michel | Caractérisation aérodynamique d'un écoulement avec injection pariétale de type dilution giratoire en vue de sa modélisation[END_REF], to take into account different temperature levels for the primary and secondary flows. Two separate channels communicate through a multiperforated plate. The plate material is aluminum for flow field measurements and PVC for heat transfer data. Contrary to combustion chambers, the primary flow, located in the upper 448x135 mm 2 section channel is the cold flow, at ambient temperature. The hot flow is generated in the bottom 448x36 mm 2 section channel. A heating system is inserted at the inlet to create a moderate temperature gradient of about 20 K between the secondary flow and the primary flow. Both flows are generated through a fan located downstream of the test section. A honeycomb and insulating material have been integrated in the secondary channel to guarantee a well-controlled inlet condition. A valve located upstream of the secondary channel controls the pressure loss and mass flow rate going through the perforations. The perforated area of the plate is characterized by 10 staggered rows of 9 holes. The plate thickness is 10 mm, the diameter of the holes is 5 mm, and the respective pitch and yaw angles are 30 and 90°. The axial spacing p between the rows is 43.0 mm, the lateral one s is 40.25 mm (see Figure 2). The target velocity in the primary (cold) flow is 3.4 m/s, corresponding to a Reynolds number Re p based on hydraulic diameter of 45500. For the secondary (hot) flow, the generated velocity is 2.88 m/s, corresponding to a Reynolds number Re s based on hydraulic diameter of 11400. This leads to an average velocity of 26 m/s in the holes, corresponding to a Reynolds number Re j based on hole diameter of 7800. In terms of nondimensional parameters, this leads to a density ratio of D=0.94, to a velocity ratio V of 7.88, a blowing ratio M of 7.39, and a momentum flux ratio I of 58.2. Those values, except for the density ratio, are typical of those encountered in a realistic combustion chamber, characterized by highly penetrating jets (see for instance [START_REF] Bizzari | Low order modeling method for assessing the temperature of multi-perforated plates[END_REF]). All instrumentation for the acquisition of flow conditions (mass flow rate, temperature, pressure) has been calibrated and connected to a dedicated acquisition system. Images are acquired with two 2351x2058 px² IMAGE PRO XM 512 MB cameras with a sampling frequency of 10 Hz for all measurements. Both cameras are equipped with a 100 mm Zeiss lens mounted on a scheimpflug setting and equipped with a 532 nm bandpass filter (with a 10 nm bandwidth). Combined with rhodamine coating laid on the perforated plate, the influence of light reflection is reduced allowing velocity measurement near the wall.

The system is installed around the test-rig with a displacement mechanism to be able to make detailed analysis of the flow along the multiperforated plate according Z and X directions (see Figure 1 for axis conventions). The image acquisition is made with LaVision Davis 9 software, and their processing is performed with the fast GPU-based PIV software FOLKI-SPIV developed by ONERA. FOLKI-SPIV relies on the Lucas-Kanade paradigm of iterative registration of local interrogation windows [START_REF] Champagnat | Fast and accurate PIV computation using highly parallel iterative correlation maximization[END_REF]. In the configuration illustrated in Figure 3, the data are acquired in a Z plane, parallel to the injection plate. In this configuration, the half angle between each camera and Z vector is 33°, limiting the reconstruction error of the stereoscopic image as explained in [START_REF] Lee | Optimising Camera Arrangement for Stereoscopic Particule Image Velocimetry[END_REF]. The measurement section is divided in 12 overlapping 80*90 mm² windows. 1500 images are acquired for each window. This number of images was shown to be satisfactory to guarantee statistical convergences. The time interval between PIV pulses is about 20 µs. SPIV images are processed using 13*13 pixels interrogation windows, 10 iterations and 3 pyramid levels. FOLKI-SPIV provides a dense vector field, with one velocity vector per pixel, yet its spatial resolution is limited by the size of the interrogation window as in others PIV methods. The effective spatial resolution of PIV measurements is then of 0.5 mm.

All velocities components are obtained for 5 longitudinal planes (Z=5, 11, 19, 26, 34 mm) and 7 transverses planes, from the 1st to the 4th row with a step of half a row distance.

Heat Transfer measurement

The flow temperature is acquired by a DANTEC cold-wire thermometry system based on a 55P15 5 µm tungsten probe, by exploring several planes along the first rows of holes. The probe position is prescribed with a displacement system using 1 µm vertical steps. The measurement box shown in Figure 4 was defined in a zone where the effects of the test section lateral walls are low, according to the PIV results. Concerning the adiabatic effectiveness map determination, Pressure Sensitive Paint (PSP) has become an increasingly popular technique in the recent years as detailed in [START_REF] Johnson | An experimental study of density ratio effects on the film cooling injection from discrete holes by using PIV and PSP techniques[END_REF]. However, here, both adiabatic effectiveness and heat transfer coefficient (htc) maps are required and it was decided to rely on IR thermography to derive those maps. The main drawback of IR Thermography consists in conductive effects inside the wall near the holes. However, the conductive model used in postprocessing takes them into account as detailed later. The surface heat transfer coefficient is derived based on surface temperature distribution acquisitions. Those temperature distributions are obtained via infrared thermography measurements with a FLIR SC7600 camera. In these conditions and in order to limit heat diffusion, PVC was the alternative material for the multiperforated plate. The extra heating required to generate a heat transfer through the plate is provided by an electrical conductive paint on the cool surface (see Figure 6).

Several heating power levels are tested. For each heating level, the surface temperature is measured on both sides of the plate, through a vertical displacement of the IR camera, and the use of two mirrors located at positions 1 and 2 in Figure 5. A conductive calculation is then performed on an elementary pattern of the plate, considering a model taken from Cottin [START_REF] Cottin | Contribution à la modélisation thermique d'une paroi mlutiperforée[END_REF] to estimate the heat transfer coefficient in the holes. This calculation provides the heat flux density on both sides of the plate. The convective heat transfer coefficient and adiabatic temperature are then evaluated through a linear regression.

𝜑 𝑐𝑜𝑛𝑣 = ℎ • (𝑇 𝑤 -𝑇 𝑟𝑒𝑓 )
( 1 ) This method used to determine the heat transfer coefficient has already been presented in [START_REF] Roux | Experimental investigation of the flow and heat transfer of an impinging jet under acoustic excitation[END_REF]. However, the heating power of the painting coat is a necessary input of the heat transfer balance used to derive the heat transfer coefficient. As the surface heat flux generated by this conductive paint is not uniform because of the presence of the holes, a preliminary experiment is required to identify this non-uniformity. The global electrical power is controlled by measuring total voltage U and current I, which gives access to the average heat flux density:

𝜑 𝑒𝑙 = 𝑃 𝑒𝑙 𝑆 ⁄ = 𝑈𝐼 𝑆 ⁄
where S is the total heated surface. In order to identify the surface local heat flux, a transient experiment is done under natural convection conditions, without any flow in the primary and secondary channels. The plate top surface temperature is acquired by infrared thermography (position 1 in Figure 5) during the transient heating of the plate. The acquired temperature is specified as a boundary condition in a transient thermal model of the plate to calculate the heat flux on its top surface. This experiment is carried out for each electrical power level. An example of surface heat flux distribution is presented on Figure 7. The surface heat flux is divided by the average electrical power 𝜑 𝑒𝑙 . Note that the results obtained for each power level are comparable, with a larger spatial noise at lower levels. 

NUMERICAL MODEL

The mesh was generated using Centaur® meshing software. This mesh is a hybrid one, made of prisms at the walls, tetrahedra far from the wall and a minor number of pyramids. Two grids were generated to check mesh convergence issues. The first one is made of approximately 50 M cells, the second one about 90 M cells. One of the main differences is the level of mesh discretization in the holes. For the coarse mesh, around 15 cells are present along one diameter, whereas for the fine mesh more than 30 cells discretize the hole dimension. The calculation is carried out using ONERA's in house CEDRE®. This platform was developed for both research and industrial applications, in the field of energetics and propulsion. The software architecture follows a multi-domain, multi-solver approach and accepts any general unstructured grid. Each physical system is treated by a dedicated solver: gas phase, dispersed phase, thermal fields in solids and radiation. Here, only the Navier-Stokes solver called CHARME was used. Details about the CEDRE platform can be found in [18]. Concerning the choice of RANS models, the k- SST model is the industrial reference adopted here. It is described in [START_REF] Menter | Two-Equation Eddy-Viscosity Turbulence Models for Engineering Applications[END_REF]. Concerning boundary conditions, subsonic inlets are prescribed for the hot and cold channels. For the main flow, a surface mass flow rate of 3.97 kg/m 2 /s and a total temperature of 293.75 K are specified. For the hot flow, the mass flow rate and temperature are respectively equal to 3.20 kg/m 2 /s and 317.35 K. For both channels k and  are taken respectively as 0.1 m 2 /s 2 and 100 s-1. The outlet static pressure was measured at 100245 Pa. Coming to the thermal modelling, two calculations were performed. For the first simulation, the plate was considered as adiabatic. For the second one, a temperature of 307.7 K, corresponding to the average measured temperature was prescribed. The heat transfer coefficient is then derived, writing 𝜑 = ℎ(𝑇 𝑤-𝑇 𝑎𝑑 )

AERODYNAMIC RESULTS

Figure 9: Upstream axial velocity profile measured at Y=0

First, on the basis of PIV measurements, the upstream axial velocity profile is provided in Figure 9. It was measured at Y=0 and X=-78 mm upstream the beginning of the multiperforated plate. This profile is used as inlet boundary condition in the RANS calculation. Secondly, the flow is analyzed in the center part of the plate, on the basis of PIV measurements. The measurement window is presented in the plate frame in Figure 10 and Figure 11, where the velocity magnitude measured 5 mm above the injection plate is considered. The peak velocities correspond to the hot jet intersection with the measurement plane. It appears that the cartography is strongly heterogeneous and does not exhibit any periodic behavior. The three first rows present a common pattern, from one hole to another. The analysis of the first row shows for each hole the presence of two high velocity branches. This corresponds to the trace of the counter-rotating vortices generated by the interactions between the crossflow and the jet. For the following (2 nd and 3 rd ) rows, the process appears to be more diffusive, with a more extended high velocity zone. This behavior is driven by the interaction of the jets with the film created by the preceding rows, compared to the undisturbed inlet main-flow seen by the first row, as illustrated in Figure 12. The reconstructed 3D field of velocity magnitude is the combination of several PIV measurements focuses on the 3 rd row of holes. However, no periodic regime is established for the next rows, and the behavior observed after the third row is even more chaotic, with a less clear penetration of the jets for rows 4 and 5.The analysis of the axial component after the third row shows negative values which corresponds to the presence of recirculations behind the jets, near the wall. Figure 13 shows the existence of a massive lateral movement in the main channel, created by the entrainment of air by the hot jets. The maximum velocities are observed in the holes and at the hole exit, with local values of 30 m/s, to be compared with a free stream velocity of 3.4 m/s. The compound injection therefore creates a massive lateral movement of the flow, which combines with the main freestream component, and interacts with the side walls of the test rig.

As a matter of fact, when the flow impinges on the lateral wall, it is deviated towards the upper wall, which creates a strong vortex in the channel, and prevents the flow from being periodic. Even if this flow differs from the one encountered in combustion chambers, which are often tubular, most regions offer a clear view of the interaction between the jets and mainstream, for a 90° side injection, in particular for the first rows. The comparison between experimental and computational results reveals the same flow topology. However, the experimental map is characterized by a more intense diffusion of the velocity field in the jet ejection zone.

The velocities located 20 to 40 mm above the plate appear to be higher for the experiment, characterizing more entrainment of the flowfield by the jets. This behavior is coherent with the well-known trend of RANS isotropic turbulence models to minimize the turbulence diffusion in lateral directions (compared to the main flow direction). This turbulent diffusion process is directly illustrated by the turbulent fluctuations map. Figure 14 shows the comparison of the measured vs computed turbulent kinetic energy maps, which is the representative quantity for a turbulent isotropic model. It appears that the maximum level of k is correctly predicted by the k- SST model. However, the extension of the region where the turbulent kinetic energy is high is largely underestimated by the isotropic model. The lateral extension of temperature being based on turbulent diffusion, one can expect a poor quantitative prediction of the mixing between the hot jet and the cold primary flow in this region.

HEAT TRANSFER RESULTS

One of the main contributions of this study is the thermal characterization of the flowfield around the holes. This is of particular interest for code validation. Six constant-X planes (located between 1rst and 3rd rows), one constant-Y plane and one constant-Z plane are investigated and the corresponding values are plotted in Figure 15, which allows to determine the 3D thermal footprint of this configuration. The measured temperature is non-dimensionalized by the following relationship:

The inlet plane (X=-1.5 mm) reveals the warm-up of the boundary layer generated by the heat flux through the separation plate. This is a confirmation that the configuration cannot be considered as a perfectly adiabatic one. The 2 nd transversal plane exhibits a hot spot corresponding to a jet injection location. The 90° yaw angle of the jets generates a major misalignment between the primary flow and the jet. This results in a relatively cold temperature immediately downstream the first hole. However, going through the various transversal planes, the temperature gradually increases, which corresponds to the creation and consolidation of a more and more efficient insulating film. Concerning wall heat transfer, Sen et al, introduced the concept of Net Heat Flux Reduction or NHFR [START_REF] Sen | Film Cooling With Compound Angle Holes: Heat Transfer[END_REF]. Sen et al [START_REF] Sen | Film Cooling With Compound Angle Holes: Heat Transfer[END_REF] show that the NHFR provided by the film has two origins, i.e. the diminution of h and that of adiabatic wall temperature. The most important effect of the protective film is to create an 'influence' temperature as close as possible to the target temperature (here the hot temperature). However, the modification of the htc for a film cooling configuration cannot be neglected, on the injection side, but also on the suction side.

Figure 16 presents maps of htc and non-dimensional reference temperature for both sides of the plate. The nondimensional reference temperature, corresponding to the adiabatic effectiveness is defined as:

The htc distribution on the injection side is driven by the near-wall velocity distribution (as seen in Figure 10). The maximum htc areas are located in the injection region and can reach 150 W/m 2 /K. The htc distribution is strongly heterogeneous downstream the first row, with large discrepancies between regions of high velocity fluid and low velocity fluid. In the inter-row region, the htc varies from 40 to 90 W/m 2 /K. The htc distribution after the 3rd row differs from the preceding rows, with no clear trace of the jet mixing with the main flow. The same pattern was found for near wall velocity and is explained by the 3D character of the flow, with a major lateral movement of the fluid across the primary channel.

The non-dimensional reference temperature exhibits the same qualitative behavior, driven by the mixing between the hot jet and cold flow. On the bottom surface, the distribution of htc is more homogeneous between the holes. Downstream of the holes, a major heat transfer enhancement is present. As put in evidence by Byerley [START_REF] Byerley | Internal Cooling Passage Heat Transfer Near the Entrance to a Film Cooling Hole: Experimental and Computational Results[END_REF], this enhancement is due to the suction of the boundary layer by the hole, and to a local impingement of the flow downstream of the hole. The analysis of the non-dimensional bottom reference temperature (not presented in the figure) reveals a relatively homogeneous value, close to 1. That corresponds to the fact that the reference temperature is approximately equal to the hot temperature.

The numerical results presented in Figure 17 can be compared to experimental ones. The agreement appears to be qualitatively satisfactory. However, quantitatively, major differences emerge. Considering the adiabatic temperature map, it is generally overestimated by the calculation, which corresponds to a warmer than measured temperature. The average difference appears to be between 20-30%. The low values observed for the htc in the calculation downstream of the third row appear in the experiment after the 4th row, with higher values. In other terms, the low velocity zone beyond this row seems to be underestimated by the calculation. The origin of such a zone being the roll-up of the primary flow with the jet, it appears to be difficult to predict with a classical turbulent isotropic model. The magnitude of the velocity in such a region can be therefore very sensitive to turbulence modelling. The local measurements presented in are laterally averaged to gain an understanding of the global cooling properties. A filtering treatment is applied in the immediate hole edge region where the obtained values appear to be questionable. Results for the htc and the adiabatic effectiveness are presented in Figure 18. The htc distribution is presented in terms of nondimensional Nusselt number. The reference h0 corresponds to the upstream htc provided by the simulation. In the experiment, the presence of the copper element providing power to the conductive paint disturbs the upstream htc measurement. The htc enhancement on the top surface appears to be around 3 or more in this configuration. Peaks are more pronounced in the simulation, which can be at least partly attributed to the absence of conjugate effects in the simulation. On the suction side, the same conclusion appears, with an increase in heat transfer downstream the holes. Concerning adiabatic effectiveness, the initial protection provided by the film in the first rows appears to be very low. In the first row the adiabatic efficiency increases, corresponding to the hot fluid injection. Then, the roll-up of cold air around these jets brings this air near the wall, corresponding to a decrease in efficiency. The film only appears to build up after the third row (X=100 mm), with an efficiency of 0.2 after X=160 mm. This low efficiency is largely due to the high momentum flux ratio of the experiment. A better coverage is generally obtained on tubular configuration, where the flow is periodic.

CONCLUSION

In the framework of the EU FP7 SOPRANO program, a test rig was developed to study the aerothermal field around a 12:1 scale multiperforated plate, with 90 deg compound angle injection. The non-dimensional blowing ratio considered is representative of the one encountered in aeronautical combustion chambers. The velocity field is documented using Stereo PIV technique. The temperature field is acquired using cold wire technique, whereas Infrared Thermography and an appropriate post-processing allow the estimation of the adiabatic efficiency and the convective heat transfer coefficient. The comparison with a numerical simulation conducted with the Menter k- SST turbulence model exhibits a qualitative agreement on the main flow structures. However, the mixing between the jets, the film and the freestream is underestimated by the calculation. 
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 8 Figure 8: Overview of the mesh on the cold side
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 1012 Figure 10: Measured Velocity Magnitude for plane Z=5 mm
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 13 Figure 13: Measured/computed velocity magnitude at the 4 th row
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 14 Figure 14: Measured/computed turbulent kinetic energy maps at the 3 rd row

  The NHFR measures the reduction of flux, if one compares for the same wall temperature the flux with film-cooling to the flux without film cooling, which reads a) 3D Temperature map Exp. b) 3D Temperature map CEDRE
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 15 Figure 15: Experimental non-dimensional temperature map
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 16 Figure 16: Experimental htc and adiabatic wall temperature maps on top a) and bottom b) surface of perforated plate
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 17 Figure 17: CEDRE numerical htc and adiabatic wall temperature maps on top a) and bottom b) surface of perforated plate
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 18 Figure 18: Comparison of laterally averaged htc (a) and adiabatic effectiveness (b)
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