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CLINOMETRIC MEASUREMENTS BY MEANS OF HIGH-ACCURACY PIV IN THE ONERA F1 LOW SPEED PRESSURIZED WIND TUNNEL

Several particle image velocimetry experimental campaigns were carried out at the ONERA F1 wind tunnel with the aim of improving the understanding of the flow angularity in the test section. An innovative approach was implemented to enable using PIV for accurate clinometric measurements. Results were validated against those acquired using the standard model inversion approach, as well as 5-hole probing.

Measurements were acquired at Mach numbers of 0.15 and 0.20 at an operating pressure of 3.85 bar at the center of the test section as well as near the ground. Results show a span-wise variation of the flow angularity along the center line of the test section from +0.3° to -0.35°. The mean flow angularity measured is consistent with the value of 0.16° measured using the model inversion approach. With respect to the measurements carried out close to the floor, results exhibit more pronounced inhomogeneity, compared with tunnel center line. Angularity locally reaches +0.8° in upwash as well as 0.5° in sidewash.

Results have been obtained with different PIV optical arrangements during several test campaigns (both 2-component and 3-component). The cross-comparison of PIV measurements, together with uncertainty assessments, allows estimating that uncertainty on upwash and sidewash measurements to a precision better than ±0.05°, strongly linked to image processing, occurrence of peak-locking and positioning of the calibration body in test section. I. NOMENCLATURE LIST ONERA Office National d'Etudes et de Recherches Aérospatiales PIV Particles Image Velocimetry 2C-PIV 2-component PIV 3C-PIV 3-component PIV CCD Charge-Coupled Device, camera sensor U 0 corrected free stream velocity [m/s] Upwash flow angle in vertical plane, positive when the flow goes up [degrees] Sidewash flow angle in the horizontal plane, positive when the flow comes from the right hand side when facing the wind [degrees]

II.

INTRODUCTION

F1 Wind Tunnel is part of the ONERA Wind Tunnel Division. It has been in operation since the late 70's with the first five years of operation mostly dedicated to the evaluation of the flow quality of the wind tunnel. Since this first major campaign, flow quality studies were periodically completed, the most current taking place in 2013. During these years, experimental techniques have been continuously improved in order to get more and more accurate results.

In the framework of the "Technical Developments programs" at ONERA Wind Tunnel Division, emphasis has been based on the development of Particle Image Velocimetry (PIV), as a viable and cost-effective technique in industrial tests. Recently at ONERA, PIV has been used as a support for test section flow angularity assessment, enabling investigation of the flow angularity in areas where the standard approach of model inversion is not possible, for example near the test section floor to determine appropriate upwash correction to be applied on a model tested in ground effect conditions. It was therefore decided to implement PIV measurements alongside the standard model method and validate this novel PIV approach.

Besides the investigation of upwash, PIV also delivers data on the distribution of axial velocity and therefore complements and confirm basic wind tunnel calibration.

III. EXPERIMENTAL SET-UP

A. Overall presentation of the F1 Wind Tunnel F1 Wind Tunnel is located at the ONERA center of "Le Fauga-Mauzac", near Toulouse, France. It is a low-speed, continuous-flow, pressurized wind tunnel, with a test section crosssection 3.5 m high, 4.5 m wide, and 11 m long. It is used by a large number of customers all over the world for testing landing and take-off aircraft configurations as well as for research activities. F1 is appreciated for its performances in terms of Reynolds number range but also for its high productivity and flexibility. The F1 wind tunnel test section originally had very limited optical access. They were significantly enlarged through the years, now allowing a much wider field of view. The tunnel operates at Mach numbers up to 0.36, and stagnation pressures up to 3.85 bars. The test unit Reynolds number can vary up to a maximum of 20 million/m at Mach 0.23. The wind tunnel operating envelope is shown on Figure 1.

B. Settling chamber and contraction section

From the cooler to the contraction, the circuit has a constant circular section of 12 m in diameter. It is equipped with a honeycomb and three turbulence grids. The honeycomb is 200 mm thick, with hexagonal, cells of 25 mm hydraulic diameter. It is made of 45 square 1.70×1.70 m² panels, assembled together, with some of them cut off to accommodate the circular shape (Figure 2). The turbulence grid meshes are made of woven steel wire of 1 mm diameter, with an inter-wire distance of 4 mm, resulting in a porosity of 64%. The contraction is a metal structure with an area ratio of 7.18, channeling the flow from the 12 m circular section of the settling chamber to the rectangular test section. It should be mentioned that a measurement campaign was carried out on the honeycomb in 1995-1996 and again in 2013. The horizontality of 1 250 cells spread over almost the whole section was measured, giving a good overview of honeycomb state. Also, the deformation of the turbulence grids under wind load was recently evaluated by optical means. In the wind tunnel empty test section, 3 different PIV setups were implemented in order to investigate the areas of interest. These areas were the center of the test section, representative of a model on a single or three strut setup, and near the floor, representative of a half span model or a complete model in ground effect. Both 2C-PIV and 3C-PIV measurements of the flow field have been accomplished using a LaVision system, illuminating the images with a dual pulse 532 nm Nd/YAG laser at 400 mJ per pulse. Depending on the set-up, one or two synchronized 2048×2048 CCD cameras with different sets of lenses (50 mm, 85 mm and 135 mm focal length) were used to capture the images. Remotely controlled Scheimpflug adapters were used with each lens in order to correct for the variable focus plane caused by the oblique viewing angle. Each camera and the laser could be positioned on motorized metallic rails, allowing a possible displacement of 900 mm along their axis. A configurable laser delivery arm was mounted. The laser sheet was generated with different lenses with a focal length between -10 mm and -50 mm. In order to optimize the laser sheet density field and to expand its width a spherical lens was associated to focus its thickness to approximately 3 to 4 nm at the center of the measurement volume. Three Laskin Nozzle units were necessary for generating oil seed particles at the maximum tunnel stagnation pressure of 3.85 bar. The particle generators were located downstream of the test section of the wind tunnel. The whole PIV hardware previously described was placed inside the pressurized shell of the wind tunnel and was operated up to a pressure of 3.85 bar.

C. PIV optical arrangements

The three different PIV optical arrangements are shown in Figure 3. The test section optical accesses are not represented for clarity of information. The set-up consisted of a fully remotely controlled PIV camera and laser sheet. Cameras were first calibrated using a reference calibration body placed at the exact location of the laser sheet. The laser sheet and the cameras were moved simultaneously along the same distance, allowing the measurement of a new parallel plane without changing the camera calibration parameters. Camera attitude was monitored with QFLEX® digital inclinometers to avoid any change in the camera point of view. A remotely controlled Domiline® displacement system allowed 900 mm displacements of the laser sheet and/or cameras at a rate of 2 mm/s. The repeatability of the positioning is better than ±0.05 mm. A controller was installed in the pressurized cart and was connected to a computer in the test control room with an Ethernet data link. Continuity of measurements along the path was only impaired by limitations of the optical access to the test section. A tridimensional 300 mm x 300 mm LaVision calibration body (type 31) was placed in the laser sheet. Calibration was completed using the "Afix" data processing software developed by the ONERA DAFE department [START_REF] Sant | Model deformation measurement[END_REF].

The calibration body was placed very carefully with a positioning accuracy better than ±0.01 degree for pitch, azimuth and roll angles. Pitch and roll angle were set using an electronic inclinometer whereas the azimuth angle was controlled with a theodolite instrument. Timeefficient calibration of PIV cameras in a pressurized wind tunnel such as F1 represents a big challenge. In fact, the focal distance of the lens changes with tunnel pressure because of the change in the refractive index of the air, leading to a significant change in the cameras focus, and therefore a change in optical calibration. Since a high level of accuracy is required for present application, the optical calibration process is time consuming, even more in F1 under pressurized conditions, test section opening and closing sequences take approximately 15 minutes altogether. The calibration procedure was therefore optimized with a combination of pictures taken at atmospheric pressure and pictures taken at 3.85 bars in order to perform the measurements with a good productivity. Besides, a self-calibration has been performed in order to correct any residual misalignment between the calibration body and the laser sheets.

For each test condition, 2C-PIV and 3C-PIV, 1000 snapshots were systematically acquired with DaVis® software. Time between laser pulses was adjusted according to the tunnel flow velocity in order to obtain the desired particle displacement between 2 pictures (from 100 to 200 pixels). The system repetition rate was adjusted 5 Hz for this test, resulting in an acquisition time of 2'20''.

The images were processed with the "FOLKI-SPIV" algorithm [START_REF] Champagnat | Fast and accurate PIV computation using highly parallel iterative correlation maximization[END_REF][3] which has been developed by ONERA research departments. This software allows an accurate and very fast processing using the large computing power of the Graphical Processing Unit installed on the computer (GeForce GTX Titan 6Gb GPU). Processing the 1000 2048×2048 snapshots takes about 15 minutes. Correlation windows of 61×61 pixels were selected.

E. Model inversion set up

Tunnel upwash is usually obtained by the conventional model inversion method [START_REF] Barlow | Low-Speed Wind Tunnel testing[END_REF]. This method was carried out in F1 and used as a comparison and validation dataset. A model representative of a commercial aircraft was mounted on the sting support available at F1 using a rear sting set-up. This enabled placing the model sensibly on the tunnel centerline, slightly upstream of the tunnel center. The model was used in "clean" configuration (no high-lift and maneuver devices deflected) and without horizontal tail. Through-flow nacelles were mounted on pods underneath the wing.

Force measurements were obtained using a 6-component internal balance designed and manufactured by ONERA. Five pressure multi-transducers ESP 64 HD DTC, with a capacity of ±15psi, were installed in the model for pressure measurements on wings. The angle of incidence of the model was measured suing two QFLEX® inclinometers placed in the forward section of the model, on the balance fitting.

Tunnel upwash is obtained by comparing the model pitch angles yielding the same force or same wing pressure measurements both in upright and inverted configuration. The most accurate method in our case relied on lift measurement, but wing pressure measurement were also examined in order to determine spanwise distribution of flow angle.

F. Upwash angle measurement by means of 5-hole probes

Early upwash measurements relied on a 5710 mm long rake placed horizontally and crossing the tunnel lateral walls. This rake has 9 possible locations for clinometric probes, sepa-rated by 500mm each other. 5-hole (1988 and 1997) probes rakes have been use, allowing 3 to 4 meters probing. An electronic inclinometer was set on the rake to monitor any deformation under aerodynamic loading. As showed on Figure 4, the 5-hole probes were 11 mm in diameter, 432 mm long. Pitch angle was set with a bubble level, whereas the azimuth angle was adjusted with a theodolite instrument.

G. Tunnel calibration

Velocity and total pressure in the tunnel center are determined thanks to tunnel calibration, relying on two test campaign. A first test campaign consists in measuring distribution of static pressure along the tunnel centerline, with a 10 m long axial probe equipped with 48 pressure taps as shown in Figure 5. The second test consists in measuring distribution of total pressure in the test section using a vertical rake equipped with 32 total pressure probes illustrated in Figure 6.

These measurements are compared to the reference static and total pressure probe (respectively located at the end of the convergent and on the sidewall of the test section) to deduce tunnel calibration, which enables to relate the velocity at the reference probe to the velocity in the tunnel center. 

A. Uncertainty estimation

Benefit was taken from the fact that the flow in the empty wind tunnel section is nearly aligned with the wind tunnel axis and has a very low level of turbulence. As the laser sheet has been targeted to a 3-4 mm thickness, this results in a minimized out-of-plane motion. As a consequence, it is possible to keep patterns of particles within the laser sheet for prolonged periods of time, therefore lengthening their displacement in the image plane. The use of the ONERA FOLKI-SPIV image processing software allowed for a high correlation factor of the order of 50% even with displacements as high as 100 to 200 pixels.

A typical value for the uncertainty of PIV displacement estimation being ±0.1 pixel, the corresponding relative uncertainty corresponds to ±0.1 / 200 pixels, i.e. ±0.05% uncertainty on speed, which translates into flow angles of ±0.03°. This high accuracy was also used to assess empty tunnel velocity, therefore complementing tunnel calibrations obtained using static and total pressure measurements. Since 200 pixels corresponds to a displacement of a few centimeters, this comes however at the cost that the laser sheet cannot be placed transversal to the flow, as done usually to investigate transversal distribution of flow features.

B. 2C-PIV results

2C-PIV results are presented in the following section. They have been computed from measurements obtained with the first PIV optical arrangement shown in Figure 3a. The following measurements have been completed at a Mach number of 0.15 and a stagnation pressure of 3.85 bar. The spatial distribution of flow upwash (α) in the center of the test section, at a location representative of a model on a single or three strut setup, is shown in Figure 7. The arrangement of windows on the ceiling did not allow continuous investigations, but nevertheless measurements cover satisfyingly the 3 m span of full aicraft models commonly tested in F1.

Results show that the average flow upwash is positive and stronger at the center of the test section (up to +0.30°), whereas it decreases along span direction, crosses zero and becomes negative (down to -0.35°) close to the test section side walls. Significant spanwise gradients are also present, which may affect the local angle of attack on different sections of the wing.

Velocity distribution U in the wind tunnel could also be investigated and compared to the reference velocity U 0 deduced from usual wind tunnel measurement system, using tunnel calibration. In the tunnel center, both velocities match within experimental accuracy (±0.1%). On each side of the tunnel centerline, velocity gets larger by up to 0.5%, a known phenomenon already measured during the first tunnel calibration in the early 1980's and confirmed ever since.

C. 3C-PIV results

3C-PIV results have been computed from measurements obtained with the optical arrangements shown in Figure 3b andc. The following measurements have been completed at a Mach number of 0.15 and 0.20 for a stagnation pressure of 3.85 bar. Results are represented in Figure 8. Measurements show that the flow angularity exhibits larger spatial discrepancy near the floor than at the test section centerline. Local angularity values near the floor range between -0.2° and +0.8° for upwash and -0.4° to +0.5° for sidewash. However, the spanwise averaged value is still close to +0.16° which makes the angle of attack correction independent from model height. Complementary tests not presented in this paper have shown that there is no visible effect of neither the Mach number nor the Reynolds number on the measurement of flow angularity. Also, the blowing of the floor boundary layer, a device used to perform test of aircraft model in ground effect, has no effect on flow angularity. All of these PIV results are further discussed in section V. 3a) and 3C-PIV (setup of Figure 3b) results is possible at the test section center line and is shown in Figure 9. These two test campaigns have been carried out with completely different optical setups and 6 months apart. On the same figure are represented clinometric results originating from different measurement means: 5-holes probing described in section III.F from two test campaigns and the average flow upwash determined with model inversion described in section III.E. Also, in Figure 10 is presented a comparison between two different 3C-PIV campaign (setups of Figure 3b and Figure 3c), which again shows good agreement.

Results obtained with the 3C-PIV and 2C-PIV approaches are in good agreement with each other (almost always better than ±0.05°). The spanwise distribution of upwash is consistent with the latest 5-hole probe results and also with upwash estimated using the wing pressure data acquired during model inversion. Finally, a chord-weighted average of the PIV measurements yields a figure close to the 0.16° resulting from model inversion.

The good agreement in results between the novel and standard approaches provide a high level of confidence in this new experimental methodology. The PIV measurements show that the flow angle distribution exhibits large spatial gradients, especially near the floor. The probing of the flow by means of a small number of fixed 5hole probes appears unsuited for this kind of flow, since it cannot resolve local irregularities in the flow angle distribution. Moreover, uncertainty of traditional 5-holes probing is hardly higher than the present PIV measurements, considering the possible movement of the probe support under wind load and its intrusiveness with respect to the measurement.

V. ANALYSIS & ACTIONS

A. Effect of turbulence grids

The PIV measurements presented in this paper resulted in an unprecedentedly detailed description of the flow in the test section of the F1 wind tunnel. These measurements evidenced unexpectedly high non-uniformities of the flow. Consequently, several actions were initiated to understand the origin and the possible evolution of these flow characteristics. The most likely and most obvious origin for flow non-uniformities stems from the settling chamber, namely the honeycomb and the turbulence grids. These two apparatus were characterized as mentioned in section III.B.

The effect of the turbulence grids was first researched about by considering the step change in momentum through the grid, as modelled e.g. in reference [START_REF] Owen | The production of uniform shear flow in a wind tunnel[END_REF]. As sketched in Figure 11, the grid deviates the oncoming flow towards its normal vector, and creates a deficit in total pressure proportional to the square of oncoming velocity. In F1, three features of the grids illustrated in Figure 12 may contribute to the generation of non-uniform flow:

• each turbulence grid gets cambered under the combined effects of wind load and its own weight; • the convergent immediately downstream of the grids causes a steeper acceleration of the flow on the tunnel centerline (see Figure 12); • grids accumulate dirt preferably in its lowest part because of gravity. These two first effects were modeled as follow:

• the shape of the grids under wind load was inferred from measurements (section III.B); • then the flow conditions at each grid crossing was extracted from previously computed RANS simulations (Figure 12); • perturbation to the total pressure and flow direction was computed using the model of Figure 11; • the perturbation of the three grids are added and simply convected to the tunnel centerline following the flow streamlines and flow angles are divided by the contraction ratio to account for axial velocity acceleration.

This modeling has two weaknesses: the generation of flow perturbation does account for the walls of the settling chamber and vorticity instead of velocity should be convected from the grid to the tunnel. Nevertheless, it gives some interesting results presented in Figure 13. In particular this model fully explains the velocity deficit observed in the tunnel. It also predicts a positive upwash angle (around +0.1°) on the tunnel centerline. However, the rest of the flow angle distribution poorly matches observed non uniformities. The honeycomb characterization presented in section III.B gave access to an exhaustive mapping of the cell horizontality. Remarkably, no significant evolution occurred between the 1995 and the 2013 mappings. In order to attempt to correlate this mapping with observed flow non uniformities, this mapping was convected to the tunnel test section following the flow streamlines extracted from a RANS calculation. As previously, flow angles are divided by the contraction ratio. The result is presented in Figure 14, which can be compared to Figure 8. Although the order of magnitude of the cell horizontality defect is compatible with the observed non uniformities in the test section, one can hardly find a clear correlation concerning the spatial distributions. C. Recent actions Following these measurements and analysis, actions were taken to improve uniformity of the flow in the tunnel:

• cleaning of the water cooler in return circuit;

• cleaning of the honeycomb and turbulence grids.

After each of these actions, evolution of the mean upwash in the test section was carried out using model inversion approach, with the same model (section III.E). No change in upwash resulted from the cleaning of the cooler, while the upwash was only slightly reduced by the cleaning of the honeycomb and grids.

VI. CONCLUSION

Three PIV campaign dedicated to the accurate characterization of the flow uniformity in the test section of the F1 wind tunnel were carried out in 2013. PIV accuracy was increased by lengthening the particle displacement in the image plane, resulting in a relative accuracy of ±0.05% on velocity, which translates in 0.03° in flow angle, taking into account positioning of the calibration body. Results were compared with previously obtained data, either with 5-hole probing or with model inversion method. This special use of PIV has important advantages over other classical methods: non-intrusiveness and high spatial density of measurements and applicability close to the floor.

Measurements revealed non-uniformities in the wind tunnel flow, especially near the floor, exhibiting large spatial gradients. Investigations were carried out to attempt to correlate these non-uniformities to known features of the honeycomb and turbulence grids in the settling chamber. Although some results have been obtained, most of their origin remains unclear.

Nevertheless, this effort led to a better understanding of the flow distributions in the test section of the wind tunnel, therefore improving corrections brought to wind tunnel measurements.
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