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HIGH REYNOLDS NUMBER AIR INTAKE TESTS IN THE ONERA Fl AND SIMA WIND-TUNNELS

The low speed FI wind-tunnel of the ONERA Fauga-Mauzac Centre has been involved for 15 years in the experimental study of large civil aircraft air intakes. The stagnation pressure, up to 4 bar, and the large size of the test-section make it possible not only to reach Reynolds numbers close to flight ones, but also to discriminate the often opposite effects of Mach and Reynolds numbers.

The intake models once tested at low speeds in the FI can then be tested at cruise speeds in the large S 1 MA wind-tunnel of the ONERA Modane-Avrieux Centre.

The test rig, partially comrnon to both facilities, allows the pitch and yaw angles to be varied in the useful ranges. The air mass flow through the intake model can be continuously adjusted and measured by venturis.

Measurements carried out mainly concern the distributions of total pressures in the compressor entry plane and a survey of total pressures around the mode!. They are used to provide the distortion coefficients and efficiencies at various Mach and Reynolds numbers, mass flow, pitch and yaw angle conditions; to determine the upper cowl flow separation onset in windmill conditions; to calculate the external drag at high speeds.

The test rigs, the measurements and test techniques, and typical results in both wind-tunnels are presented.

perf onnances at take-off high airflows extemal flow separation at windmill or idle conditions cross-wind effects extemal drag at croise conditions The aerodynamic phenomena encountered (separation, shock boundary layer interaction, drag) are all linked to the air intake external or internai boundary layer development. Reynolds number is then likely to play a determining role in these studies.

But Mach number have also a large influence because the internai flow can be highly compressible, sometimes leading to shocks, thickening or even separating the boundary layer.

It is therefore necessary to make use of experimental facilities allowing independent variations of these two parameters, which are known to have often opposite effects. The ONERA variable density FI wind-tunnel offers this capability for low speed tests. As a consequence, it bas been widely used from its very first operation for the development of civil aircraft air intakes, since the CFM 56 or CF6 engines up to the GE 90 or the TRENT 800. The 4 bar stagnation pressure makes it possible to reach Reynolds numbers close to flight ones with mode! scales varying from 1/5 (CFM 56) to 1/8 (TRENT 800, GE 90).

The same models, using partly the same air flow extraction device, can be tested in the ONERA high speed S 1 wind-tunnel at croise Mach numbers.

The test set-up and techniques as well as some typical results in bath facilities are presented below.

. LOW SPEED TESTING IN THE Fl WIND-TUNNEL

The Fl wind-tunnel

The FI wind-tunnel was built in 1974 in the Fauga-Mauzac Centre, near Toulouse, to fulfill the high Reynolds requirements for the high lift testing of civil aircraft models. Figure 2 shows a layout of the general arrangement, a detailed description can be found in [START_REF] Carrara | Three Years of Operation of the ONERA Pressurized Subsonic Wind-Tunnel ONERA TP[END_REF]. 

Air intake set-u p

The high mass flows needed to perform the tests are achieved by natural venting from the high tunnel stagnation pressure through the air inlet to outside ambient pressure.

The set-up dimensions were originally detennined in order to reach Reynolds numbers close to flight ones within available space limits. The maximum model internai diameter in the compressor plane is 0. The air intake mode! is fitted at the end of a duct connected to the extraction rig and featuring the mechanical support. This duct includes a swivel joint allowing variations of pitch and yaw angle controlled by two actuators. Models are mounted either facing upstream (for take-off performance tests for instance), and in this case, the duct support bas a 90 ° elbow and a vertical part, or vertically (for cross-wind tests). Typical photographs of both mountings are shown in figures 5,
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-4- Pitch and yaw angle ranges are presented in figure 7 for the first case. The angle of attack range is 35 °at zero yaw angle; the initial value can be changed from 0 ° to 11 ° by using appropriate presetting shims.

In the standard vertical position, the yaw angle ranges from 90 ° to 55 °, but the initial value can also be shifted in the sarne manner.

Models feature the part of nacelles upstream of the compressor plane entry. They are connected to the ONERA set-up through a slightly divergent duct equipped with a central body mounted on a tripod support.

The main part of mode! instrume n ta t ion c1,nsists in a set of internai rakes equally distributed in the compressor planc an<l attached either t o the central body or the diffuser surface. The rakes, whose number varies from 8 to 10 depending on customer requirements, are fitted with about 1 0 total probes, set with a rec.luced spaci ng at the diffuser wall vicinity so as to specify efficiency and distortion data.

In some cases, total probes are directly equipped with unsteady transducers (Kulite), allowing calculations of instantaneous distortions. Figure 8 shows a photograph of a typical air intake instrumentation.

Pressures are measured by electronically scanned PSI transducers, making it possible to take measurements during continuous variations of a parameter such as angle of attack or mass flow.

Their number is typically 300 to 400. Systematic checks by measurements in steady conditions are carried out at the beginning of any test to verify chat results are unaffected by parameter variations.

Systematic zero acquisitions before each new test point, frequent checks of the transducer responses to a base pressure step and repeated calibrations in case of shifts ensure the reduced total pressure uncertainty to be less than 0.03 %.

Unsteady signais provided by Kulite transducers are automatically adjusted to deliver 1 mV for 10 pascals, then low pass filtered and recordt!d on magnetic tapes together with the main parameters (Mach number, mass flow. incidence ... ).

In some tests, recording and analysis of data are made in real time by a specific data processing unit [START_REF] Joubert | Essai en soufflerie de l'entrée d'air d'un turboréacteur à hélices rapides 25ème colloque d'Aérodynamique Appliquée[END_REF], allowing instantaneous distortion coefficients to be plotted.

Test techniques

Mass f)ow measurement and calibration

NF 101 102 standard fonnulae are used for calculating air intake mass flow from venturi pressure and temperature measurements. However, as the venturi arrangement does not exactly agree with the standard (upstream and downstream ducts not long enough), it is necessary to correct the standard fonnulae by coefficients issued from venturi calibrations.

The calibration consists in mounting sonic throated bellmouths in place of inlet mode!. These, whose ratio between the throat curvature radius and throat diameter is equal to 4, have been calculated after [START_REF] Masure | Laval Mass flow rate measurements by means of a sonic throat[END_REF] : Viriel effect, sonic line curvature, boundary layer thickness are taken into account and the uncertainty of measured massflow is estimated to be less than 0.2 %.

Three bellmouths were used (diameters : 320, 280, 120 mm) to cover the required mass flow range.

A correction law was detennined which takes account of Reynolds number, and compressibility effects in venturi 2 where the throat Mach number Mv2 varies up to 0.9. It is written as

Q measured/Q corrected = f (Q measured)*g (Mv2),
where Q is the massflow and f and g analytical fonctions fitting the best about 200 measurement points obtained in 4 calibration tests.

The 95% confidence accuracy of Q measured/Q corrected resulting from these calibrations ranges from 0.04% at the highest mass flows to 0.2 % at the lowest ones. The corresponding uncertainty of mass flow measurements in inlet test conditions, including the venturi pressure and temperature accuracies, are 0.35% at high and medium massflows, 1.5% at low ones, or 200 gis over the whole massflow range.

Measurement techniques

Three data acquisition techniques are used to achieve test programs -Acquisition at constant air flow, variable incidence or yaw, -Acquisition at constant mode! attitude, variable mass flow, -Acquisition at constant attitude and mass flow.

The following comments are required concerning the first technique : Generally, the air flow extracted through the air intake cannot be compensated by wind-tunnel pressure control. It follows that the stagnation pressure Pi decreases together with the temperature Ti by expansion effect; but the reduced mass flow ie the inlet internai Mach number remains constant : aerodynamic conditions are therefore constant if one accepts a slight Reynolds number variation.

ln order to reduce run times, the control valves are preset at an aperture resulting from a previous calibration, air flows being established by opening the outlet valves. After a run, the wind-tunnel pressure is adjusted at the required next run va.lue.

The second technique requires a progressive increase of air flow, perforrned by a simulta neous opening of the three control valves.

The third one is aimed at checking the two others, say to verify that pressure measurements are not shifted by incidence or mass flow sweeps.

Times necessary to adjust the wind-tunnel pressure and to perforrn measurements yield to a run rate of about 6 per hour at high mass flows (take-off performances), 12 per hour at low ones (idle or windmill conditions), a run corresponding to a set of measurements during a variation of attitude or mass-flow.

Distortion and efficiency calculations

Different definitions of the distortion coefficients, calculated from the total pressures in the compresser plane, are given by engine manufacturers:

The most popular is IDCMAX defined as the maximum average IDC of any two adjacent rings, IDC being the difference between a ring pressure average and the minimum ring pressure, divided by the plane average pressure; a ring is comprised of probes at a same radius.

A second one is DC60 based on the search of the 60 ° angular sector giving the highest distortion, this being defined by the mean value of differences between the mean pressure and the local pressures of the sector.

Although these definitions look very different, they lead to the same distortion evolutions.

Definitions of efficiency are all very close since the main purpose is to quantify the total pressure lasses in the air intake by calculating a more or less sophisticated average total pressure in the compresser plane, reduced by the stagnation pressure; this one is calculated as the average value of pressures on the two rings close to the central body.

On-set of external separation at windmill conditions

When an engine becomes inoperative during initial climb, flow separation can occur on the upper cowl surface: because air flow ratio is low (30 to 35%), the flow is accelerated around the upper lip to transonic velocities before decelerating to free-stream velocity, thus causing boundary layer separation [START_REF] Hoelmer | Effect of Reynolds number on upper cowl flow separation ICAS-84-1-10-1 -14th ICAS Congress[END_REF].

Separation can be identified during a continuous angle of attack sweep by an abrupt step of the external Iip pressures as shown in figure 9. This discontinuity is consistent with a large hysteresis illustrated by the difference in external pressure responses with increasing and decreasing angles of attack. To correctly simulate the flight separation onset, much care must be taken to avoid this hysteresis phenomena, theref o re to avoid establishing the air flow in a situation where the upper cowl is already separated. In practice, it is established at a Iow incidence, about the estimated separation onset value minus 15 °; the angle of attack is first rapidly increased, then more slowly (0.1 °/s) when approaching the critical incidence so as to get a 0.1 ° accuracy for this parameter. 

Result examples

Hysteresis effects are still to be expected when the airflow is established at incidences for which internai flows are separated at zero mass flow. lt is then advisable to establish it at a low incidence before setting up the model at the required angle of attack. Figure 10 shows the large hysteresis which can be observed on the distortion coefficients following the initial incidence: when the airflow is started at 28 °, the internai lower lip remains separated on the whole massflow range; if started at 10 °, separation occurs only at a high massflow value.

Real time plots allow to check that initial conditions are correct.

A lot of tests have been performed for 15 years in the FI wind-tunnel. Only some general trends and information from published work will be given in this paper, in order not to disclose any proprietary nor classified information. This example illustrates the need to separate Reynolds and Mach number variations since their effects are opposite and of the same order of magnitude.

Cross-wind effects

Cross-wind testing is carried out in a mass flow range corresponding to the engine power rising at take-off. The engine, submitted to cross-wind of about 30 knots, can be operated if the inlet provides sufficiently low total pressure distortion to the fan. The vertical set-up shown in figure 6 is used allowing the air intake to be set at yaw angles between 55 and 90 °. The test technique is to vary the air flow from zero up to the maximum for a given yaw angle and cross velocity. ,.., .,,, -- -11 - On set of in ternai distortions is very abrupt, as shown in figure 15a, and corresponds to a separation induced by a shock-boundary layer interaction. Figure 15b shows the Mach number distribution along the internai and external lower lip at an angle of attack after separation onset : an internai supersonic area is exhibited and the boundary layer in the lower part of the compresser plane is separated, as shown in figure 15c.

The sensitivity to the Reynolds number is illustrated in figure 16, for the same angle of attack : increasing the number from 3 to 6 Millions reduces the distortion level by 50%.

Figure 17 is extracted from [START_REF] Crum | man Low Speed Test Results of Subsonic -Turbofan Scarf Inlets[END_REF] relating to the sudy in FI of the effect of extending the lower lip forward from the upper one, known as scarf eff ect. The scarf angle produces an upward adjustment of the captured streamtube, so modifying the internai lower lip boundary layer development. At the high mass flows corresponding to take-off conditions, this yields to a significative shift of the internai separation onset angle. 

HIGH SPEED TEST TESTING IN THE SIMA WIND-TUNNEL

The main diff erences between low speed tests and high speed tests are commented upon hereafter.

The SIMA wind-tunnel

The SIMA wind-tunnel was put into service in 1952 in the Modane-Avrieux Centre in the southern French province of Savoy.

[8] gives a detail description of the operationnal characteristics of this wind tunnel. The facility receives its main drive power directly from the Aussois falls, which corne from two dams holding a total reserve of 12 million cubic meter of water supplying a forced pipe of 1.40 m. in diameter. The falls are 850 meters high and the maximum allowable flow rate is 12 m3/s.
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Highly Compressed Air Processing As shown in Figure 18, ! mode) half a meter diameter is Jess than 0,5 %. The stagnation pressure is approximately
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�4+----+ ----f------+ --'---�----� equal to the local atmospheric pressure i.e. about 0.9 bar. Stagnation temperature stands between 258 and 333 K according to Mach number and atmospheric ternperature.

Figure 19 gives the Reynolds number The inlet airflow is measured by a Venturi in the duct system and controlled by a variable area nozzle at the end of the duct. The swivel allowing side slip and angle of attack variations is the same as that used for the low speed tests ; however, the range is limited to approximately 8 degrees due to loading at high Mach numbers.

The external drag is computed from an external flow survey, by rotating rakes. The internai flow is surveyed by pressure probes installed at the engine face station. The rnodel scale is determined by the inner diameter of the engine face survey station. The rear part of the external shape of the model is smoothly brought into line with the axisymmetric piece equipped with the rotating rakes. 

Mass flow measurement

The inlet flow is controlled by a flap, the position of which is measured by a potentiometer.

The flow rate is measured by a Venturi meter with a 347.52 mm. diameter at the throat and 507 .12 mm. inflow diameter.

The static pressures in the upstream chamber of the Venturi and at its throat are measured by differential Druck sensors. The sensors used are compensated electrically for the thermal drift in the range from + 10 °C to +60 °C. The zero signais for the sensors are ad j usted while the test is in progress each time a zero acquisition or a calibration sequence of the PSI multisensors is launched.

As for low speed tests, a calibration of the venturi meter using reference intakes with different throat diameters bas been made in the wind tunnel under the same conditions ( mounting, Mach number , level of pressure ) as the real intake test. 3.3.4. Ex te m a l cakes

The probing system of the large scale intake test rig of the ONERNS l MA wind tunnel is described in Figure 21. Four rakes located a few centimeters downstream of the end of the mode!, are mounted on a ring which can be rotated by motor drive about the roll axis. As shown in Figure 22, each rake carries 19 total pressure probes and also 4 static presure taps. The total pressure probes installed on the rakes are narrowed near the wall to survey the boundary layer where the main pressure losses occur . i i The four rakes as a unit are rotated through a 45 degrees arc. They only sweep a total of 180 degrees circumferentially, so that only half the volume around the nacelle is probed. Since the nacelle is placed at zero yaw angle for the test and the model is symmetrical to the vertical plane _ passing through the nacelle centerline axis, side to side symmetry is used to "mirror image" the measurements made by each rake to the opposite side of the inlet (Figure 23). The extemal rake pressures are measured by PSI multisensors.
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In case of a none symmetrical inlet (it is uncommon for an isolated nacelle) or in case of a yaw angle effect study, another four rakes are available. In this configuration, the eight rakes are mounted every 45 degrees circumferentially. The whole volume around the nacelle is covered when the rakes are rotated through a 45 degrees arc. Then, the external rakes, as a unit, are rotated through a 45 degrees arc.The measurements are taken on the fly while the rakes rotation is in progress. Systematic checks by measurements with extemal rakes immobile are carried out at the beginning of any test to verify that results are unaffected by rake rotation. The acquisition rate is 1 per second and usually the rake pressure readings occures approximately every two degrees (depending on the rakes rotation speed adjustable from 0.5 to 5 degrees per second).

Dra� calculation

The momentum loss (drag) is calculated at each circumferential location from the rake pressures using the equations of Betz [8] modified by ONERA for an inlet configuration.

The checking of the precision of the external rakes measures is based on the probe pressure ratios measured outside the boundary layer, which must be equal to 1 in the isentropic part of the flow, with a precision of the order of± 0.0005. Small errors in pressure ratios, at the largest radius of the rakes, involve large errors in the calculated drag because the areas assigned to thes probes are large. So, an adjustment is made, which consists of forcing to unity any local pressure ratio exceeding 0.9990. 
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 23 Figure 2 : General layout of the FI wind-tunnel
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 910 Figure 9 : External separation onset angle measurement 2.4.5. Steady an�le o f attack measurement s
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 5 .1. Extemal separation onset at windmill conditions Two particular tests using the method described above were carried out by the Gener..11 Electric company to study in detail the upper cowl separation at windmill conditions[START_REF] Hoelmer | Effect of Reynolds number on upper cowl flow separation ICAS-84-1-10-1 -14th ICAS Congress[END_REF]. The tïrst one. with a 1/6 scale mode!, showed a strong dependence of the separation onset angle on both Mach and Reynolds numbers, as seen in figure11. The problem was then to extrapolate the results co flight Reynolds numbers. It was decided to build and test a new 1/3 scale mode! (figure12J : as seen in figure11, a good match of the two tests was exhibited and it was found thar beyond I O Millions onset separation angles are no longer Reynolds number dependent.
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 11 Figure 11 : Reynolds and Mach number effect on inlet external separation angle

  Figure 13 shows the large sensitivity of the phenomena to the cross-wind intensity : the low distortion mass flow range
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 14 Figure 14: Ground effect in cross-wind

Figure 14

 14 Figure 14 shows the proxirnity of the ground to have a significative effect on interna! distortions.
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 15416 Figure 15 : Distortion at high massflows

Figure 17 :

 17 Figure 17 : Scarf effect on internai distortion
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 18 Figure 18 : S lMA wind-tunnel
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 719322 Figure 19 : Reynolds diagram in S lMA Lref = 0.35 m -Tio = 320 K
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 3 Test apparatus 3.3.1 . Pr e ssure rne a surement The wall static pressures and the internai and external rakes pressures are measured by electronically scanned PSI multisensors. Depending on pressure taps number, 8 to 12 PSI units 48 ports each are required for the tests. To reduce the measurement errors due to thermal drift, the PSI units are placed in aven to old the temperature at 60 °C. Heavier duty power supply wiring was also used. Terminais 22 and 43 of each PSI unit are connected to the reference pressures circuits. The validity of the measurements is checked for each test point by comparing the measurements of the terminais 22 and 4 3 against the response of two Crouzet ref e rence transducers. When a check exceeds 50 Pa, zero acquisition or even calibration sequences are used to read j ust the sensors zero signais while the test is in progress or recalibrate the PSI multisensors.
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 333 Figure 21 : Measurement equipment -15-
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FigureFigure 23 :

 23 Figure 22 : Extemal rake
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 4 Test techniques 3.4.1. Acqujsition sequences After tunnel flow conditions (Mach number, angle of attack and internai mass flow ratio) are stabilized, the acquisition sequence begins with a record of the whole measures and pressures.

Figure 24 Figure 24 :

 2424 Figure 24 shows an example of the local drag coefficient versus theta, circumferential location, for a given Mach number, mass flow ratio and angle of attack. The curve in
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CONCLUSIONS

Air intake testing in the ONç:RA low speed Fl and high speed SI wind-tunnels was described and some typical results presented. The different cases of interest in landing and take-off configurations as well as in cruise configurations can be simulated and measurements can provide the necessary infonnation for an extrapolation to flight Reynolds number.

It was shown that the measurement techniques in both facilities are consistent with a high accuracy and productivity level. Efforts are pennanently made to continuously improve the capabilities of the set-up so as to fulfill the customers' requirements and allow the study of new problems resulting from the high by-pass ratio engines.