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Research activities of ONERA on laminar airfoils in the framework of JTI Clean Sky SFWA-ITD: transition prediction
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The present paper deals with recent research activities carried out in ONERA regarding laminar/turbulent transition prediction within JTI Clean Sky SFWA-ITD (Smart Fixed Wing Aircraft Integrated Technology Demonstrator). Two strategies were implemented to predict the location of the transition on laminar wings, airfoils or nacelles. Either the transition location is directly predicted with the elsA Navier-Stokes solver in which transition criteria are activated, or a mean flow is computed using a fully turbulent simulation and this data is used as an input for boundary-layer and stability computations (database approach or exact computations). This paper addresses also the issue of the impact of surface defaults on transition prediction, which is a prerequisite to increase the maturity of laminarity technology.

INTRODUCTION

Considering the continuously increasing demand in air transport, worldwide actions have been taken about environmental protection in the aviation industry. In this context, reduction of pollutant emissions remains one of the biggest issues raised by the International Civil Aviation Organization (ICAO). As less drag would imply a lower fuel consumption, numerous investigations aim at reducing the skin friction drag which usually reaches from 30% to 60% of the airplane total drag. Because of the rather large skin friction gap between laminar and turbulent boundary layers, such figures justify the scientific interest in Natural Laminar Flow (NLF) and Hybrid Laminar Flow Control (HLFC). These concepts aim at extending the laminar boundary layer region as far as possible from the leading edge by optimizing airfoil shapes and, in the latter case, by applying suction onto the laminar region. For more than three decades, the different scenarios to maintain a laminar boundary layer on wings are investigated by ONERA scientists, which developed dedicated tools for modeling these phenomena and predicting the transition location. Experimental activities have been conducted in the framework of national EUfunded research projects and numerical transitional models have been consolidated and implemented in our fluid solvers (elsA Navier-Stokes solver [START_REF] Cambier | The ONERA elsA CFD Software: Input from Research and Feedback from Industry[END_REF], 3C3D boundary layer code [START_REF] Perraud | Descriptif et mode d'emploi du code 3C3D[END_REF]). The present paper deals with recent research activities carried out regarding transition prediction within JTI Clean Sky and more specifically in the framework of the SFWA-ITD (Smart Fixed Wing Aircraft Integrated Technology Demonstrator). A summary of the main results obtained with ONERA tools are given on three industrial applications, and references are given to papers in which all the details can be found: a business-jet model equipped with laminar wings (collaboration with Dassault Aviation (DAv)), a two-dimensional airfoil model designed to study laminar boundary layer effect on the buffeting (with DAv) and a laminar nacelle (with SAFRAN Nacelles). Then, activities on the effect of twodimensional imperfections (such as steps, gaps or waviness) on the transition location are presented.

TRANSITION PREDICTION ON SMOOTH BODIES

Different strategies can be followed to predict the location of the transition in numerical simulations: the use of transition criteria in RANS simulations can give good results, provided that the near-wall mesh is fine enough to compute the boundary layer correctly, since those criteria are mainly based on the estimation of the integral parameters [START_REF] Cliquet | Application of Laminar-Turbulent Transition Criteria in Navier-Stokes Computations[END_REF]. Another strategy entails mean flow computation using a fully turbulent RANS simulation; this data is then used as an input for boundary-layer and stability computations, which give the amplification of boundary layer unstable waves until the laminar/turbulent transition threshold is reached [START_REF] Arnal | Laminarturbulent transition prediction in 3D flows[END_REF].

Business-jet model equipped with laminar wings

Within SFWA 213 workpackage, a Low Speed Business Jet equipped with laminar wings was designed by Dassault Aviation. A high speed wind tunnel test campaign was performed by Dassault Aviation at the European Transonic Windtunnel (ETW) in Cologne (Germany) in October 2015 (see Dassault Aviation's paper [START_REF]Design, Manufacturing and Testing at ETW of a Laminar Wing Business Jet Model at High Reynolds Number[END_REF]).

The main objectives of these tests were to assess the laminarity of the wings, the high speed performance of the U-shape horizontal tail plan, and innovative mock-up implementation.

ONERA and Dassault Aviation teams analyzed results in close collaboration. Especially, ONERA performed RANS computations with the elsA solver of the LSBJ configuration, the laminarturbulent transition being taken into account through the AHD-C1 transition criterion.

Transition criteria represent a compromise between accuracy and simplicity. In order to calculate the transition location induced by TS instabilities, the Arnal-Habiballah-Delcourt (AHD) criterion has been developed, while transition due to crossflow waves is captured by C1 criterion [6][7]. Figure 1 illustrates for instance one comparison between CFD (black lines) and WTT results (TSP images) of the transition location on the upper and lower surfaces of the EE wing in cruise conditions performed by Dassault Aviation and ONERA. CFD computations were performed before the tests. A very good match is obtained, and a journal paper is in preparation on this subject.

Figure 1: Comparisons between CFD and WT data for transition location

Laminar buffet and 2D laminar aerofoils

Within SFWA 112 workpackage, ONERA, in cooperation with Dassault-Aviation, analysed buffet onset for 2D aerofoils representative of the LSBJ configuration. Tests were performed in ONERA S2MA wind tunnel WT tests for natural and tripped transitions (see Fig. 2). Three different aerofoils designed by Dassault-Aviation for extended laminar flows were tested. The objectives of these tests were to evaluate the laminar behaviour of these aerofoils, to study buffet in laminar conditions and to acquire a detailed database for CFD software validation. RANS computations of the most interesting experimental configurations were performed with the elsA solver, the transition location being captured by the AHD criterion. 

Effect of surface imperfections on transition location

In real applications, the surface of the aircraft is not perfectly smooth. Splices, rivets, manufacturing defaults can create surface imperfections which may deeply affect the transition process, and even ruin the positive effect of a laminar design. ONERA scientists have a long-time expertise in this topic and have compiled a lot of experimental data concerning the effect of two-dimensional imperfections such as steps, gaps or waviness on the transition location, either in a laboratory wind tunnel or during flight tests performed with industrial partners. From these experiments, ONERA proposed several transition triggering criteria, which are complementary to the famous Nenni & Gluyas criteria [START_REF] Nenni | Aerodynamic Design and Analysis of an LFC Surface[END_REF] and may thus allow more accurate surface tolerance requirements. ONERA also developed a ∆N approach [START_REF] Perraud | Laminar-Turbulent transition prediction in the presence of surface imperfection[END_REF], which models how the transition location may be progressively moved toward the leading edge depending on several surface imperfections parameters. SFWA activities were focused on gaps and holes.

Modeling of gap and holes effect by criterion and ∆ ∆ ∆ ∆N approach

From 2009 to 2015 experiments have been conducted in a research wind tunnel at ONERA in order to investigate the effect of gaps and holes on laminar-turbulent transition at low speed (U ∞ < 80 ms -1

). A two-dimensional model based on an ONERA-D profile has been successively equipped with several inserts including different surface defaults at 10% chord. Their effect on transition was investigated through hot wire measurements for sweep angles ϕ = 0° (TSinduced transition) and 60° (crossflow-induced transition). Some typical results are summarized below for the unswept configuration. The results are plotted using the critical Reynolds number R b defined by:

ν b U R c b =
, where b is the width of the gap and U c is the critical velocity for which transition is triggered. Figure 4 shows the evolution of R b versus the aspect ratio of the gap h/b. The dashed line corresponds to R b =15000, which is the critical value suggested by the Nenni-Gluyas criterion. Except for the low values of h/b, this criterion largely overestimates the Reynolds number corresponding to transition tripping. The results also show that the aspect ratio h/b = 0.2 is a value of interest: Re b seems to have a constant value (~ 6000) as long as the aspect ratio is higher than 0.2 thus, the assumption that depth is not a critical parameter (as assumed in the Nenni & Gluyas criterion) seems to be verified only for gaps sufficiently deep. The tripping limits are also plotted on the second plot of Figure 4: This plot shows the values of the ratio h/δ 1c versus the ratio b/δ 1c for each tested gap under the critical conditions, which means that δ 1c is the value of the displacement thickness at the location of the gap (x/c = 10%) and for the critical free-stream velocity. All the tripping limits gathered on this figure depict a specific L-shaped curve which separates the domain where the boundary layer is laminar from the domain where transition is tripped by the gap. This critical curve seems to have two asymptotes which are h/δ 1c ~ 2 and b/δ 1c ~ 18 meaning that a gap has to verify these two geometrical criteria to have a chance to trip transition. .

Figure 4 : Critical Reynolds Number R b versus aspect ratio and tripping limits for all tested gaps (φ=0°).

These experiments were also used to derive a ∆N approach dedicated to gaps. Steady laminar Navier-Stokes computations were undertaken using the ONERA code elsA, to compute the mean flow on a flat plate with a rectangular gap downstream of the leading edge. The boundary layer profiles were then used as input data for local, linear stability calculations to produce Nfactor curves. From the results of such parametric studies, it was shown that the N-factor modification induced by a gap results in the superposition of two components: on one hand a Npeak value which represents a drastic amplification just past the roughness and may induce transition onset at the gap position and, on the other hand, a Nfar value which represents a shift from the natural N-factor curve and which may induce a progressive upwind move of the transition position. All these results have been detailed in a conference paper [START_REF] Forte | Experimental and numerical study of the effect of gaps on laminar-turbulent transition of incompressible boundary-layers[END_REF] and in a journal paper [START_REF] Beguet | Modeling of transverse gaps effects on boundary-layer transition[END_REF].

In collaboration with Dassault-Aviation, the same kind of experiment was performed using isolated holes in order to address the lack of bibliographical data on this issue. A dedicated experimental campaign has thus been prepared, in order to study transition triggering by holes of various size (diameter and height) and tool prints in subsonic conditions.

Application to flight tests of ONERA methodology for surface tolerance prediction

From 2010, ONERA participated to the preparation and analysis of the HTP (Horizontal Tail plane) flight experiments on the F7X aircraft with Dassault Aviation, in the scope of SFWA 316 workpackage. In some of the flight tests, the HTP was perfectly smooth, in other flight tests calibrated imperfections were installed on the surface. These surface imperfections were placed parallel to the leading edge and could be considered as two-dimensional. Transition was detected with an infra-red camera. ONERA was especially involved into the qualification of surface quality. ONERA tools and methodology, similar to the one presented in the section before, were applied to the flight test configuration and results were compared to the experimental ones, with a specific focus on backward and forward facing steps. In order to take into account the effect of surface defaults on the amplification of instabilities inside the boundary layer, the ∆N method has been applied. Since two-dimensional defaults destabilized longitudinal waves, an envelope curve restricted to the amplification of only Tollmien-Schlichting instabilities has first been computed. In a second time, the modified N-factor (N+∆N) taking into account surface influence has been calculated, and a very good agreement was obtained with infra-red measurements.

CONCLUSION

ONERA was deeply involved into JTI Clean Sky SFWA activities dedicated to laminarity, in close collaboration with industrial partners. ONERA improved its numerical methodology and tools for laminar/turbulent transition prediction, which are based on the 3C3D boundary layer code and on the elsA Navier-Stokes solver. On smooth wings or airfoils, fast transition prediction location can be obtained with RANS simulations coupled with a transition criterion. If a more accurate transition location is needed, the database method or linear stability calculations have to be performed based on boundary layer simulations. Challenges that will be tackled by ONERA in the near future will be the implementation of the database method into the elsA solver, transition prediction on deformable wings, and optimal design of laminar wings. ONERA also has a specific methodology for predicting surface tolerance, based on a ∆N approach.

These tools will be continuously improved, for all kinds of surface imperfections that may exist in industrial configurations, taking into account the compressibility effects as accurately as possible in transonic flows.
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 23 Figure 2: Picture of the 2D laminar aerofoil within ONERA S2MA wind-tunnel
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