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Résumé

En matière de défense, les armées accroissent en permanence leurs exigences opérationnelles afin de moderniser leurs techniques de combat. Dans ce contexte, le développement à bas coûts des performances des munitions intelligentes, par synergie entre les principaux domaines technologiques émergents, est l'un des enjeux majeurs des industriels de l'armement. Des études de concepts innovants d'architectures aérodynamiques et de dispositifs de contrôle sont nécessaires pour répondre à ces besoins. Ce travail de thèse est un avant-projet de conception de munitions guidées d'artillerie à portées étendues, de calibre 155 mm et équipées de surfaces aérodynamiques. Cette étude s'inscrit dans un processus d'optimisation multidisciplinaire, fonction d'une multitude de paramètres et de contraintes, qui nécessite des outils numériques flexibles et capables d'estimer rapidement les coefficients aérodynamiques des configurations étudiées. Dans un premier temps, une revue bibliographique récapitule les performances annoncées, réelles et à venir des systèmes d'artillerie. Dans ce cadre, un code de prédiction aérodynamique, basé sur un couplage de type RANS-Potentiel, a été développé pour des conditions de vols subsoniques compressibles et hors décrochage. Les travaux menés s'articulent ensuite en deux grands volets: le premier, théorique, qui décrit les principales caractéristiques du code, et le second, expérimental, qui a pour objectif d'évaluer les conclusions de la partie théorique par des essais en soufflerie et des tests en vol libre. Enfin, un exemple de design est illustré dans une dernière partie, sur la base de calculs de trajectoires.
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Introduction Context of the study

Over history, the increasing needs to fire projectiles far beyond the power, the range and the accuracy of existing weapons in the battlefields led to the advent of ballistics. This latter is defined as the science of mechanics which aims at designing and accelerating a projectile up to desired specifications. Ballistics deals with all the phenomena to which a moving projectile is subjected from launching up to its effects on the target. This research domain is commonly divided into four main categories, including:

• Interior ballistics which aims to improve both launching and operating sequences occurring within the gun, from the propellant ignition until the projectile ends his motion within the gun barrel

• Intermediate ballistics which deals with the transitional process from interior to exterior ballistics and studies the initial motion of a projectile as it leaves the gun barrel. All the interactions arising to the projectile when it is close to the gun muzzle are investigated, such as for example muzzlebrake-venting or sabot-discard effects

• Exterior ballistics which focuses on the trajectory of the projectile in flight [START_REF] Wey | Simulation et diagnostic de trajectoires balistiques[END_REF], from the time when it is no more perturbed by any initial interactions up to the target

• Terminal ballistics which deals with interactions between the projectile and the target, with the associated terminal effects

The characterization of the behaviour of a projectile in flight remains one of the oldest and most emergent research topic in the field of exterior ballistics. In this context, the introduction of efficient design techniques, able to reach optimal configurations with respect to (w.r.t.) multidisciplinary constraints, is still a complex and challenging task. Ballistic research scientists are constantly investigating new technologies and systems able to push back the limits of artillery in terms of range, accuracy and manoeuvrability.

While the electric artillery is increasingly under improvement, a large set of issues concerning conventional powder systems still need to be addressed. Depending on the retained technology or on the flight envelope, plenty of extended range projectiles were defined over the past years. More recently, 155 mm extended range and guided ammunition raised to a new level of development, in particular with the emergence of both Excalibur 1 and Vulcano 2 projectiles. In this frame, the French-German Research Institute of Saint-Louis (ISL) investigates solutions to extend the sphere of action of several class of ammunition ranging from small to large calibre projectiles. The present study focuses on full-calibre guided artillery shells launched from existing 155 mm rifled guns and is restricted to projectile concepts devoid of basebleed units or propulsion systems and fitted with a set of aerodynamic surfaces. In this frame, the main goal of the study aims at contributing to the design of an increased range projectile, based on several specifications including the flight scenario (in terms of range, time-of-flight, terminal velocity, steering strategy, accuracy at impact or manoeuvrability) and the geometry design (in terms of body fuselage, fin shapes, unfolding mechanism, mechanical constraints, size of the payload or total mass). Moreover, the present work aims at providing to ammunition designers complementary aerodynamic prediction models and investigation methodologies capable of contributing to the design of projectile concepts achieving significant extended ranges of more than 80 km.

Motivations

Besides other parameters such as the fuselage geometry, the capability of a designed configuration highly depends on the lifting-surfaces in terms of number, shape or position. As such, a parametric study has to be conducted on plenty of configurations for determining the best-suited one which would lead to a sufficient increase of capability w.r.t. desired specifications, in terms of range, accuracy and manoeuvrability. This process deals with multi-physic phenomena which can be characterized through Multidisciplinary-Design-Optimization (MDO) techniques [START_REF] Martins | Multidisciplinary design optimization: A survey of architectures[END_REF][START_REF] He | An Aerodynamic Design Optimization Framework Using a Discrete Adjoint Approach with OpenFOAM[END_REF]. MDO is a field of engineering which is based on optimization algorithms for solving design problems that simultaneously incorporates various disciplines with their mutual interactions. It can efficiently lead to optimum architectures, superior to the ones found when optimizing each discipline sequentially. However, the complexity of the investigated problem increases using this approach, since it simultaneously accounts for complex multi-physic phenomena. While plenty of experimental and numerical methods are available to the designers for quantifying and optimizing new configurations, they must be suitably chosen with regards to the interval of confidence required by the optimization level. From the conceptual design up to the optimal configuration, these methods are employed in iterative processes working in parallel. When optimizing, preliminary design stages are of prime importance, especially in a multidisciplinary environment where a large number of requirements or constraints have to be simultaneously considered. To speed-up this process, investigations can be performed by means of rapid prediction methods, suitable for preliminary design in terms of computational time, results accuracy and flexibility of the design space. In this frame, the present thesis aims to investigate aerodynamic models which could improve design phases of new extended range and guided ammunition.

Aerodynamic characterization methods

Over the past decades, numerous investigation methods were developed and improved for determining the aerodynamic properties of flying bodies such as aircraft, guided missiles or artillery projectiles. Today, common approaches include numerical methods, wind-tunnel measurements and free-flight tests.

Numerical techniques can be used for qualitatively or quantitatively assessing plentiful aerodynamic data. They include empirical tools based on experimental databases, correlation-based methods associated to semi-empirical codes, or Computational Fluid Dynamic simulations (CFD). Existing approaches consider aerodynamic models more or less complex, totally or partially capable of providing aerodynamic contributions of the investigated physical phenomena, such as separation, viscous effects or poststall characteristics. CFD is a high-fidelity numerical technique able to investigate both complex and non-linear aerodynamic phenomena around the considered architecture, ranging from pressure or velocity distributions up to three-dimensional flow structures. While it is carried out by solving the fundamental equations of fluid dynamics in a discrete domain encompassing the studied body, it is able to compute the aerodynamic coefficients for a static operating point (at fixed flight conditions) quite easily, with a reasonable computational cost. More complex CFD techniques allow the determination of dynamic derivatives characterizing unsteady phenomena, such as for example pitch and yaw damping effects or wake flows. However, parametric studies associated to a large set of flight conditions and body geometries could lead to very long computational times for characterizing the full flight envelope, especially for preliminary design purposes.

Wind-tunnel experiments have many advantages since they can be conducted for characterizing scaled or full-size models of the geometry to be investigated, by means of multiple measurement techniques. Dedicated support systems allow to study the model under lots of incidences and Mach numbers. Force and moment balance measurements can be carried out for determining the aerodynamic coefficients. Numerous flow-field visualizations or pressure distributions can be performed, for example thanks to the Particule Image Velocimetry (PIV) or the Pressure Sensitive Paint (PSP) techniques. However, windtunnel tests suffer from several drawbacks since the similarity with a realistic free-flight is only partial, due to scale effects and interactions between the model, the support system or the wind-tunnel walls. Moreover, the determination of the dynamic derivatives is a laborious task, especially for spinning, lunarconing, or forced oscillation motions, since they require the development of complex devices capable of capturing fast and strong unsteady effects.

Free-flight tests enable to characterize the behaviour of scaled or full-size flying bodies at realistic conditions of flight. The aerodynamic coefficients of the studied geometry can be determined through complementary codes which aim at gathering and post-processing a set of data extracted from embedded sensors (for example: accelerometers, magnetometers, pressure transducers, or optical sensors) and/or from ground measurements (for example: Doppler radar signals, recorded videos of the ammunition in flight which are extracted from the trajectory trackers, or acoustic data). Indeed, the aerodynamic coefficients of the studied geometry can be determined either by a parameter identification code which accuracy of the results depends on the number of investigated data, or by an image processing code which is based on three-dimensional analyses of the projectile motion extracted from the recorded videos and which can be used to verify the coherency of the obtained results (see section 3.4). In the field of exterior ballistics, the determination of aerodynamic coefficients from free-flight data is still a challenging process due to the fast dynamics, to the experimental set-up, as well as to the manufacturing process. This technique requires sufficiently mature and advanced prototyping and remains the most realistic approach, usually employed late in the development process of new ammunition. These techniques are complementary and indivisible since they include advantages and drawbacks. Respective contributions of each method to the aerodynamic quantification, the modelling representativeness, the local flow-field analyses as well as the conception time, are summarized in Figure 1.

FIGURE 1: Aerodynamic investigation methods (adapted from [START_REF] Délery | Aérodynamique expérimentale -Souffleries et méthodes de mesure[END_REF])

Methodology of investigation

During the preliminary design stages of new ammunition concepts, the main design criteria are based on flight performances which are primarily determined thanks to trajectory computations. This process initially needs relevant aerodynamic prediction models, rapidly capable of computing the aerodynamic coefficients associated to the studied designs. In this frame, the present research project aims at providing to ammunition designers complementary aerodynamic prediction models and investigation methodologies capable of contributing to the design of projectile concepts achieving significant extended ranges of more than 80 km. As a reminder, each concept considered herein is based on a conventional 155 mm projectile fuselage shape fitted with a set of lifting-surfaces. Due to the aerodynamic surfaces, the increase of range is mainly achieved by means of a gliding trajectory, from the vicinity of the apogee towards the target. In order to improve the capability of the ammunition, an optimization process has to be conducted on the geometry of the added fins, resulting in a large set of configurations to study. In preliminary design phases, this process has to be rapidly performed thanks to aerodynamic data, by means of a parametric study based on trajectory computations.

On the one hand, the first aerodynamic characterizations are usually conducted by means of empirical or semi-empirical methods capable of rapidly computing the aerodynamic coefficients for numerous configurations. Depending on the available computational resources, a few number of complementary CFD simulations could be performed for validating these initial characterizations, in order to increase the confidence level of the obtained results. However, existing empirical and semi-empirical tools are based on theoretical models and database of experimental and/or simulation results for known and conventional projectile geometries. Accuracy of the obtained results largely depends on the quality of the database and whether the studied cases are similar to the references which are included in the database. Therefore, existing empirical and semi-empirical codes can suffer from a lack of capabilities for designing new architectures with non-common shapes, or for investigating configurations that involve preponderant non-linearities in the flow-field which cannot be properly captured. By contrast, the use of high-fidelity CFD tools would be much time consuming for a first parametric study, since plenty of configurations have to be quantified. To address these issues, a rapid aerodynamic prediction code is developed: WASP (Wing-Aerodynamic-eStimation-for-Projectiles). The code is dedicated to the aerodynamic prediction of ammunition fitted with a set of lifting-surfaces and is developed according to several key drivers including the design space flexibility, the results accuracy as well as the computational cost.

On the other hand, multiple wind-tunnel experiments and free-flight tests are carried out for a set of academic and illustrative geometries, in order to validate WASP predictions and to provide additional aerodynamic characterizations of the studied geometries which cannot be properly captured by the current version of the code. Moreover, high-fidelity CFD simulations are performed for one configuration and compared with the associated wind-tunnel measurements and WASP computations, in order to highlight shortcomings of code predictions, mostly due to three-dimensional effects. Finally, the project involves multidisciplinary fields which need to address additional issues. Indeed, a special care should be devoted to the design of the lifting surfaces w.r.t. the flight scenario, the mechanical constraints, the unfolding mechanism or the size of payload. These restrictions are considered to design the overall shape of the lifting-surfaces, together with their numbers as well as their positions on the body fuselage.

To summarize, the challenges associated to the development of WASP include:

• A complementarity with existing semi-empirical tools in terms of design space capabilities • A prediction accuracy relevant for preliminary design • A low computational cost WASP is based on a CFD-potential coupling algorithm which aims at computing the aerodynamic coefficients of new configurations for which database are not available in the open literature. Largely retained for predicting aerodynamics of aircraft shapes [START_REF] Phillips | Modern Adaptation of Prandtl's Classic Lifting-Line Theory[END_REF][START_REF] Bertrand | Modélisation aérodynamique des surfaces de contrôle de la voilure d'un avion de transport[END_REF], the considered coupling approach is used for designing projectiles fitted with fins. During the course of this study, the WASP predictions are evaluated in the frame of preliminary design by gathering results from CFD simulations, wind-tunnel tests and free-flight experiments.

Chapter 1 firstly introduces open issues of the present research project from an operational point of view. It outlines how much problems such as mobility, firing-rates, extended ranges and accuracy are of primary concern. For this purpose, a bibliographical review of existing developments in the field of guided ammunition and artillery systems is presented. Current and future generations of long-range guided ammunition are then described, with a reminder to maximal ranges achieved by existing rounds. The main objectives of the present PhD thesis are described, and the associated investigation methodology is presented. Existing studies are finally presented and the manuscript structure is justified by introducing key drivers and main objectives.

Chapter 2 describes the aerodynamic modelling of the WASP code. The chapter firstly reminds the main aerodynamic properties of an ammunition from a global point of view and makes it possible to understand its impacts on the flight behaviour of the studied geometries. For this purpose, main aerodynamic properties of an arbitrary projectile are listed as a function of flight conditions. Conventions employed in the WASP code are also defined and interactions between aerodynamics and flight-mechanics is raised. Theoretical considerations of fluid mechanics are then presented, by describing aerodynamic data which can be qualitatively or quantitatively assessed by existing numerical techniques, including CFD simulations, semi-empirical correlation-based methods, or empirical codes based on experimental databases. In addition, it raises how much existing software consider aerodynamic models more or less complex, totally or partially able to provide aerodynamic contributions of the investigated physical phenomena, such as separation, viscous effects or post-stall characteristics. Based on the solutions of the three-dimensional wing loading problem, the main characteristics of WASP are unveiled. From the first attempt to include viscous effects into aerodynamic models up to the emergence of more-recent coupling-based methods, a suitable model for preliminary design is chosen. Based on a RANS-potential coupling strategy, expected advantages and drawbacks of the chosen aerodynamic model are described. Finally, the chapter outlines the complementarity of the retained computational methodology w.r.t. existing semi-empirical tools, in the frame of weapon aerodynamics.

Chapter 3 describes the experimental set-up of both wind-tunnel and free-flight tests carried out during the course of this study in order to assess WASP predictions. General design criteria of the studied academic architectures are introduced, in addition to the chosen reference body fuselage and the fin model components. As the studied configurations represent sub-scaled models associated to full-size geometries, the key flow parameters are stated to consider the scaling effects. The second part of the chapter describes the experimental set-up as well as the measurement techniques retained for conducting both wind-tunnel experiments and free-flight tests, carried out at the ISL trisonic wind-tunnel and at the ISL proving ground, respectively.

Chapter 4 discusses simulation and experimental results. It firstly includes preliminary investigations which were devoted to the numerical simulations of the reference components retained for designing the studied geometries. A comparison of WASP predictions w.r.t. URANS simulations is then performed for a selected architecture. The code predictions are also compared with the wind-tunnel measurements and the free-flight tests carried out during the course of this PhD work: the results are shown to display a very good coherency. Finally, an example of illustrative concept of extended range ammunition is provided and the associated range performances are evaluated by means of trajectory computations based on WASP predictions. Artillery is today know as one of the oldest class of military weapons including howitzer, mortar, tankdestroyers or anti-aircraft guns. It was continuously redesigned and improved over centuries according to the evolving needs of the battlefields. Even if this domain is one of the oldest and most emergent, a lot of recurring issues are still open and need to be addressed. This chapter introduces the main issues of the present research project from an operational point of view: mobility, firing-rates, extended ranges and accuracy are of primary concern. For this purpose, section 1.1 reminds developments in the field of ballistics over history which primary interest deals with artillery systems. Extended range concepts are then described in section 1.2, with a reminder of maximal ranges achieved by existing ammunition. The methodology of investigation proposed in the present work is described in section 1.3, with a focus on the goals to achieve. Similar studies are then summarized in section 1.4 and the manuscript organization is justified by introducing key drivers with main objectives. The earliest example of exterior ballistics probably remains the first stone hurled by prehistoric man. Devices such as slings and spears were afterwards employed for launching farther with higher power, leading in turn to the invention of the bow. Nevertheless, the origin of artillery systems can be traced up to the Roman era, where Roman legions used transportable and horse-towed projectile-launchers to conquer territories. For example, the ballista which is illustrated in Figure 1.1A, is an ancient engine of war invented by the Greeks and employed by the Romans in 400 BC. This device was able to launch large projectiles in the form of an arrow up to 250 m. The word ballista is an extension of the bow and takes its translation from the greek word ballein, meaning "to throw", from which the word ballistics is derived. The catapult illustrated in Figure 1.1B is another example of a launcher able to deliver projectiles in the form of round-shots, up to 400 m. Since the advent of gunpowder (9 th century in China) with (A) Ballista [START_REF] Cartwright | [END_REF] (B) Catapult [START_REF] Viollet | Dictionnaire raisonné de l'architecture française du XIe au XVIe siècle[END_REF] FIGURE 1.1: Early engines of war growing improvements of gun-systems enabled round-shots to go faster and to reach longer distances, the paradigm of the horse-towed artillery remained for centuries. At the same time, artillery systems became continuously more mobile and flexible, by involving interchangeable components for improved logistic burden [START_REF] Hounshell | From the American System to Mass Production, 1800-1932: the Development of Manufacturing Technology in the United States[END_REF], but rapidly raised to a new level of importance in the battlefields of the 20 th century. Prior to the outbreak of the World War I, horses towing artillery pieces started to be replaced by towing vehicles based on agricultural machines, allowing the tactical use of heavier guns. This model of artillery evolved once again during the World War II, especially when the German company Krupp developed the first self-propelled howitzer SonderKraftfahrzeug 3 165/1 (abbreviated Sd.Kfz. 165/1), a special purpose vehicle using a 105 mm leFH-18/1-L/28 howitzer and mounted on a Panzer-IV chassis, as it is shown in Figure 1.2A. Self-Propelled-Artillery (SPA) systems started to proliferate immediately after the World War II since they could be used for a wide set of tasks on the battlefields, ranging from counter-battery fire to bombardment of opposing artillery batteries. These systems were designed as large projectile weapons (for instance 105 mm, 127 mm, or 155 mm) able to engage enemy targets by direct fire and/or indirect fire:

Introduction

• Direct fire, widely used historically in the battlefields, involves warfare theatres where targets are on the line-of-sight of the artillery piece. SPA systems used for direct fire are usually heavily armoured vehicles, such as tank-destroyers or assault-guns, the former providing anti-tank capabilities and the latter acting as a close-firing support against local hardened positions.

• For indirect fire operations, projectiles are fired on targets beyond the line-of-sight of the artillery piece, such that the target cannot be seen by the aimer. For example, it was used by the Japanese forces during the Russo-Japanese war (from 1904 to 1905) which resulted in an unexpected victory of Japan [START_REF] Wellons | Direct Fire to Indirect Fire: Changing Artillery for the Future? Technical report[END_REF]. Indirect fire was mainly emulated by both German and United Kingdom (UK) artilleries during the World War I, and due to the lack of accuracy of unguided projectiles, it was mainly used in the 20 th century for barrage fires, situations in which a lot of rounds were required before the fire had the desired effects. SPA systems used for indirect fire operations are today preferably lightly armoured, such as mortars4 or howitzers 5 .

The increasing need of mobility for SPA systems led to the development of units able to be transported by plane for rapidly sustaining military forces in external operations. These devices are highly computerized with the use of a Global-Positioning-System (GPS) together with an Inertial-Navigation-System (INS), allowing a self-survey of firing positions with a capability of Joint-Fire-Support (JFS). Several wheeled 155 mm self-propelled guns were introduced in the market, such as the CAESAR6 vehicle, an air-transportable 155 mm L52-calibre self-propelled howitzer system (compatible with both C-130 and A400M aircraft) which version mounted on a 8 × 8 truck is illustrated in Figure 1.2B. Finally, the emergence of a new class of high power artillery based on Electro-Magnetic Rail-Gun Systems (EMRGS7 ) should overcome the range limits of powder guns. EMRGS are today considered for operational use on ship-boards, self-propelled vehicles or fixed land-based forces. Expected performances of such systems are described in section 1.2.6.

The advent of modern artillery shells

From the first prehistoric man to hurl a stone up to medieval archers, modern guns, rockets or even sporting events, projectiles have played and are still playing an important role in the human history. Indeed, the use of projectiles for stand-off engagements goes back for millennia [START_REF] Spearman | Historical Development of Worldwide Guided Missiles[END_REF]. As previously mentioned, the earliest forms of projectiles which would follow a ballistic trajectory when thrown through the air were stones and projectiles in the form of an arrow. From the Roman era up to the 16 th century, there were no significant improvements concerning the shape of projectiles. During the same period, innovations in the field of artillery primarily focused on the problematic of launching heavier projectile at higher speeds, by increasing the amount of energy produced with powder gun systems, without any major improvements concerning the shape of existing projectiles. Additionally, due to the manufacturing technology available from the 15 th century, round-shots were increasingly used at the expense of projectiles in the form of an arrow, with several exceptions such as for example the Fyrpilen projectile which is illustrated in Figure 1.3. However, the work of Leonardo Da Vinci (1412-1519) prob-FIGURE 1.3: Fyrpilen projectile [START_REF] Renström | Fyrpilen: the Fire Arrow[END_REF] ably led to the first early development of modern ordnance engineering, by designing plenty of crude weapons such as a machine gun or a tank. He provided the first basics of aerodynamics when studying the flight of birds, by raising the idea of centre of pressure. Moreover, he sketched a primitive system capable of measuring aerodynamic forces acting on a wing [START_REF] Anderson | A History of Aerodynamics and Its Impact on Flying Machines[END_REF]. Exterior ballistics was born as a science with the work of Galileo Galilei of Italy (1562-1642), who destroyed the Aristotelian theory of motion by deducing a parabolic path for a projectile in vacuum. Galileo understood the limitation of his own theory since he introduced the notion of resistance for a moving body in the atmosphere (associated to the drag force). He was the first to define this resistance as a function which increases with the speed of the studied body and vary broadly with its shape. The equation of a projectile following a parabolic flight-path in vacuum was exactly formulated by his pupil Evangelista Torricelli (1608-1647), who investigated numerous properties of the parabola. The work done by Galileo paved the way for a modern founder of exterior ballistics, Sir Isaac Newton (1642-1727), with his publication explaining the motion of fluids and rigid bodies [Newton, 1726]. In the 18 th century, the first experimental techniques able to measure muzzle velocities of existing cannons emerged with the need to improve the understanding of the drag force. For example, Leonard Euler of Switzerland (1707-1783) was the first to analyse the available experimental range firings for analytically estimating the drag of cannon balls. In addition, Benjamin Robins introduced in 1742 the first technique for experimentally measuring the muzzle velocity of musket balls, by means of a device based on a ballistic pendulum [START_REF] Anderson | A History of Aerodynamics and Its Impact on Flying Machines[END_REF]. As such, he was able to determine velocities up to 105 m.s -1 for distances up to 76 m from the cannon. Robins experimentally verified the squared drag formulation proposed by Newton up to speeds of 244 m.s -1 . For a velocity reaching the speed of sound and above, he measured the dramatic increase of drag due to the transition from subsonic to supersonic flight. While existing smooth bore guns of the 18 th century produced inaccurate small muzzle velocities and were effective only at short distances, the need for measuring more accurately the drag of artillery projectiles increased with the advent of interior ballistics and ordnance during the 19 th century. Indeed, the studies performed by Sir Charles Wheatstone or Francis Bashforth (1819Bashforth ( -1912) ) have led to accurate timing of artillery shell motions, thus improving the associated drag measurements. The aerodynamic properties of bodies also started to be gradually seen as a function of the fluid properties, and round shots progressively evolved to projectile geometries now in common use, with a slender shape generally composed of an ogive nose with a cylindrical body. While their destructive power raised over the years thanks to chemical explosives, their in-flight stability was improved with the introduction of rifled-barrels which emerged thanks to metallurgy advances during the Industrial Revolution [START_REF] Bastable | From Breechloaders to Monster Guns: Sir William Armstrong and the Invention of Modern Artillery, 1854-1880[END_REF]. When firing, a driving-band typically made of gilding metal, copper or lead, is fixed on the projectile to prevent from leakage of gas pressure, and convey high spin values to the projectile (see Figure 1.4). Therefore, the description of flying projectiles FIGURE 1.4: Example of a spin-stabilized Shrapnel projectile [START_REF] Duguid | An Introduction to Collecting Artillery Shells and Shell Casings[END_REF] subjected to aerodynamic forces, other than gravity and drag, simultaneously started with the design of rifled barrels and the advent of spin-stabilized projectiles, for which the gyroscopic effect prevent them from tumbling (see appendices A and B). By contrast, projectiles which are stabilized by means of aerodynamic surfaces (aerodynamically-stabilized projectiles) such as those in the form of an arrow or similar to missiles, have received a growing interest in the second part of the 20 th century. Indeed, the advent of mechanisms based on sabot packages led to the possibility of launching this kind of projectile from both rifled and smooth bore guns. A sabot package prevents from gas leakage and guides a finned projectile into a gun barrel. When the projectile leaves the gun tube, the sabot petals separate from the projectile which is then considered in free-flight (see Figure 1.5). It was not before the 20 th century that FIGURE 1.5: An Armour Piercing Fin-Stabilized Discarding Sabot (APFSDS) projectile [START_REF] Dodd | Damage caused to metals by kinetic and chemical energy projectiles. Security and Use of Innovative Technologies Against Terrorism -LWAG -Light-Weight Armour for Defence and Security[END_REF] more realistic mathematical models were established for describing the behaviour of dumb-projectiles 8 in flight. Although ineffective against moving enemy troops, and despite their dependency to external disturbances, there are still plenty of unguided artillery shells on the market. Nevertheless, three main technological improvements emerged in the field of projectiles during the recent decades. While the first one concerns the design of extended range ammunition (as it is described in section 1.2), the second and the third ones respectively deal with the introduction of an inertial navigation equipment into the shell as well as of a steering capability.

The increasing need of accuracy

The behaviour of an artillery shell in flight highly depends on disturbances, such as initial launch conditions [START_REF] Wennersten | Artillerilära för Kustartilleriet (Ballistics for The Coastal Artillery)[END_REF], varying cross winds and atmospheric density along the trajectory as well as small variations of both projectile weight and inertia [START_REF] Vikström | Den militära nyttan av kurskorrigerande tändrör (The Military Usefulness of Course Correction Fuzes)[END_REF]. Impact dispersions of unguided projectiles increase with the range and will depend on disturbances in terms of nature and order of magnitude. Thus, it is necessary to improve the accuracy of conventional indirect fire weapons by means of guidance, navigation and control, especially when considering enemy targets on the move. Without such capabilities, a larger number of rounds could be necessary to hit a given target with the desired effect, resulting in an increase of logistic footprint with higher risks of collateral damages. Hence, supply chain, operational costs as well as engagement times would be affected.

The emergence of precision-guided ammunition 1.1.2.1 Historical review

The idea of including guidance capabilities for flying bodies is not new. The basis of modern rocketry was laid independently by several pioneers in the first thirty years of the 20 th century [START_REF] Tsiolkovsky | The Exploration of Cosmic Space by Means of Reaction Devices[END_REF][START_REF] Esnault-Pelterie | Considérations sur les résultats d'un allègement indéfini des moteurs[END_REF][START_REF] Goddart | A Method of Reaching Extreme Altitudes[END_REF][START_REF] Oberth | The Rocket into Planetary Space[END_REF]. This yielded later to the development of the first operational rockets controlled in flight by inertial guidance, namely the German Vergeltungswaffe 1 and 2 (retaliation weapons V1 and V2), designed by Wernher Von Braun and his team during the World War II at the Peenemünde research site (Germany). The catapult launched version V1 was more vulnerable and less expensive than the second one, but could however carry one tonne of payload over a range of about 300 km [START_REF] Mackenzie | Inventing Accuracy: A Historical Sociology of Nuclear Missile Guidance[END_REF][START_REF] Becklake | The V2 Rocket -a Convergence of Technologies[END_REF]. These models were crucial for the emergence of tactical missiles and were also used as technological forerunners for the future Inter-Continental-Ballistic-Missiles (ICBMs) as well, achieving long ranges over 10000 km [START_REF] Siouris | Missile Guidance and Control Systems[END_REF]. Unlike this progressive development of smart missiles by means of Guidance Navigation and Control (GNC) subsystems, the development of smart ammunition, much cheaper than missiles, is far behind. Indeed, even if radio guided bombs were introduced by Germany during the World War II with the Fritz X, such development really started with the advent of the laser together with the microchip in the 1960s [START_REF] Ross | Gun Launched, Terminal Guided Projectile[END_REF], resulting in the deployment of the first laser guided bombs BOLT-117 during the Vietnam War in 1968 (see Figure 1.6). Nevertheless, the 155 mm M712 Copperhead (see Figure 1.7) introduced in 1972 is perhaps the first mass produced guided artillery projectile [START_REF] Watts | Six decades of guided munitions and battle networks: Progress and prospects[END_REF] using new gyroscopes and embedded computers able to withstand the force of being blasted out of a cannon, over 10000 gees. With a maximum range of 16 km, it was the first Semi-Active-Laser (SAL) guided anti-tank ammunition using an inertial mid-course guidance [START_REF] Morrison | Guidance and Control of a Cannon-Launched Guided Projectile[END_REF][START_REF] Nulk | Semiactive Laser Guidance System Development[END_REF][START_REF] Morrison | A Lesson Learned about Cannon-Launched Guided Projectiles[END_REF]. This projectile was employed by the US Army during the Desert Storm Operation in 1991, mainly for destroying fixed targets. Such laser guided rounds suffer from a dependency upon having a clear line of sight to FIGURE 1.7: M712 Copperhead the target during the guidance such that precision is dependent on weather conditions. In order to overcome this shortcoming, the relatively recent development of ammunition using a satellite aided inertial navigation unit, composed of a GPS receiver for countering the inertial drift error, was initiated. Among existing programs, the 155 mm M982 Excalibur (or XM982) introduced in 2007 during the Iraq War, was arguably the first operational guided round with a range independent Circular Error Probable (CEP) radius of less than 10 m and a maximum range of 57 km [START_REF] Wells | The projectile GRAM SAASM for ERGM and Excalibur[END_REF][START_REF] Grubb | Excalibur: New Precision Engagement Asset in the Warfight[END_REF][START_REF] Eshel | Mighty Mortars: Precision Rounds Shift the Dynamics of Fire Support[END_REF] (a description of the projectile is provided in section 1.2.4.1).

A large amount of research programs were conducted to develop reliable and accurate indirect fire ammunition with affordable costs. In this field, retrofitting the existing stockpile of artillery shells thanks to modular steering mechanisms, such as guidance fuzes, represents a complementary alternative.

Steering mechanisms for projectiles

Flow control was widely considered as a good candidate for increasing weapon performances such as missiles or artillery shells. In the field of guided ammunition, two technical challenges are addressed: firstly, an increase of the aero-ballistic performances (in terms of range), and secondly, a reduction of the projectile dispersion at impact (increase of accuracy and manoeuvrability) [START_REF] Simon | Simulations numériques hybrides RANS/LES de l'aérodynamique des projectiles et applications au contrôle des écoulements[END_REF][START_REF] Zeidler | Application des techniques de contrôle des écoulements au pilotage des projectiles: Contrôle fluidique d'un projectile gyrostabilisé de 155 mm par effet Coanda[END_REF]. Most of existing flow control applications for projectiles put emphasis either on drag reduction or on the increase of manoeuvrability. These applications are consistent with the aforementioned challenges.

On the one hand, the importance of base effects on the total drag of flying bodies was already demonstrated. Indeed, base effects can contribute for more than 50 % to the total drag acting on a projectile at subsonic or transonic speeds [START_REF] Rollstin | Measurement of In-Flight Base Pressure on an Artillery-Fired Projectile[END_REF]. The growing need of understanding the physical phenomena associated to base effects and wake flows led to numerous studies involving projectiles with rearward shape modifications for minimizing the drag. These modifications include:

• Boat-Tails [START_REF] Herrin | Supersonic Near-Wake Afterbody Boattailing Effects on Axisymmetric Bodies[END_REF][START_REF] Cummings | Turbulent Flow Computation and Drag Optimization for Axisymmetric Afterbodies[END_REF]Bourdon andDutton, 2000, 2001] • Rearward steps [START_REF] Kentfield | Multi-Step, Afterbody Fairings[END_REF][START_REF] Wikoff | An Examination of Controlled Vortex Drag Using Stepped Afterbodies From M=0.5 to 3.0[END_REF][START_REF] Kidd | An Investigation fo Drag Reduction Using Stepped Afterbodies[END_REF][START_REF] Viswanath | Drag Reduction of Afterbodies by Controlled Separated Flows[END_REF] • A cavity located into the base surface [START_REF] Rudy | A Numerical Study of Unsteady Two-Dimensional Subsonic Compressible Base Flow[END_REF][START_REF] Viswanath | Passive Devices for Axisymmetric Base Drag Reduction at Transonic Speeds[END_REF][START_REF] Kruiswyk | Effects of Base Cavity on Subsonic Near-Wake Flow[END_REF][START_REF] Viswanath | Efectiveness of Passive Devices for Axisymmetric Base Drag Reduction at Mach 2[END_REF][START_REF] Molezzi | Study of Subsonic Base Cavity Flowfield Structure Using Particle Image Velocimetry[END_REF] • A set of annular (or circumferential) cavities [START_REF] Heller | The Physical Mechanism of Flow-Induced Pressure Fluctuations in Cavities and Concepts for Their Suppression[END_REF][START_REF] Poulain | Réduction de traînée en écoulement bidimensionnel par contrôle de l'émission tourbillonaire à l'aide de cavités[END_REF][START_REF] Flodrops | Réduction de traînée de culot par contrôle de tourbillons: écoulement axisymétrique en subsonique[END_REF] • Mechanical vortex generators, including notches [START_REF] Gai | Subsonic Axisymmetric Base Flow Experiments With Base Modifications[END_REF][START_REF] Rodriguez | Etude d'un dispositif réducteur de traînée de culot par contrôle des tourbillons[END_REF], 1988, 1989;[START_REF] Rodriguez | Réduction de traînée d'arrière-corps axisymmétriques par interaction de tourbillons longitudinaux[END_REF] or tabs [START_REF] Bradbury | The Distorsion of a Jet by Tabs[END_REF][START_REF] Zaman | Control of an Axisymmetric Jet Using Vortex Generators[END_REF][START_REF] Gutmark | Mixing Enhancement in Supersonic Free Shear Flows[END_REF][START_REF] Bourdon | Altering Turbulence in Compressible Base Flow Using Axisymmetric Sub-Boundary-Layer Disturbances[END_REF][START_REF] Janssen | Sub-Boundary-Layer Disturbance Effects on Supersonic Base-Pressure Fluctuations[END_REF] On the other hand, ballistic research scientists were increasingly investigating modular trajectory correction actuators that could be incorporated into existing projectiles. The primary goal for such devices aims at improving the projectile manoeuvrability by generating downrange or cross-range corrections larger than the standard deviation of the projectile baseline. The main developments include the following:

• Mechanical actuators, namely spoilers [START_REF] Fresconi | Flight Mechanics of a Novel Guided Spin-Stabilized Projectile Concept[END_REF][START_REF] Wey | 2D course correction system for spin-stabilized projectiles using a spoiler control surface[END_REF], pin-based actuators [START_REF] Massey | Mechanical Actuators for Guidance of a Supersonic Projectile[END_REF][START_REF] Massey | Combining Experimental Data, Computational Fluid Dynamics, and Six-Degree Of Freedom Simulation to Develop a Guidance Actuator for a Supersonic Projectile[END_REF][START_REF] Libsig | Contrôle d'écoulements en vue d'un pilotage alternatif pour les projectiles d'artillerie[END_REF][START_REF] Leonard | Aerodynamic Optimization of Microspoiler Actuators for Guided Projectiles[END_REF], deflectable cones [START_REF] Schmidt | Technique to Reduce Yaw and Jump in Fin-Stabilized Projectiles[END_REF][START_REF] Costello | Improved Dispersion of a Fin-Stabilized Projectile Using a Passive Moveable Nose[END_REF][START_REF] Landers | Deflectable Nose and Canard Controls for a Fin-Stabilized Projectile at Supersonic and Hypersonic Speeds[END_REF], as well as moving surfaces such as canards [START_REF] Regan | Aeroballistics of a Terminally Corrected Spinning Projectile (TCSP)[END_REF][START_REF] Costello | Potential Field Artillery Projectile Improvement Using Movable Canards[END_REF][START_REF] Costello | Extended Range of a Gun Launched Smart Projectile Using Controllable Canards[END_REF][START_REF] Ilg | Navigation, and Control for Munitions[END_REF][START_REF] Theodoulis | Guidance and Control Design for a Class of Spin-Stabilized Fin-Controlled Projectiles[END_REF][START_REF] Sève | Pitch/yaw Channels Control Design for a 155 mm Projectile with Rotating Canards, Using a H ∞ Loop-Shaping Design Procedure[END_REF], tail-fins [START_REF] Morrison | Guidance and Control of a Cannon-Launched Guided Projectile[END_REF][START_REF] Nulk | Semiactive Laser Guidance System Development[END_REF][START_REF] Morrison | A Lesson Learned about Cannon-Launched Guided Projectiles[END_REF][START_REF] Slegers | Predictive Control of a Munition Using Low-Speed Linear Theory[END_REF][START_REF] Creagh | Attitude Guidance for Spinning Vehicles with Independent Pitch and Yaw Control[END_REF] or a combination of both [START_REF] Ollerenshaw | Model Predictive Control of a Direct Fire Projectile Equipped with Canards[END_REF][START_REF] Rogers | Design of a Roll-Stabilized Mortar Projectile with Reciprocating Canards[END_REF][START_REF] Salman | Active Coning Compensation for Control of Spinning Flying Vehicles[END_REF][START_REF] Fresconi | Flight Mechanics of a Novel Guided Spin-Stabilized Projectile Concept[END_REF][START_REF] Cooper | Flight Stability of an Asymmetric Projectile with Activating Canards[END_REF][START_REF] Fresconi | High Maneuverability Projectile Flight Using Low Cost Components[END_REF]. These effectors also include spin and drag brakes [Gagnon andLauzon, 2008, 2009] together with ram-air-mechanisms integrated in the nose of the projectile [START_REF] Chandgadkar | Performance of a Smart Direct Fire Projectile Using a Ram Air Control Mechanism[END_REF] as well as fixed or movable strips mounted on the aft part of a projectile [START_REF] Patel | Range and Endgame Performance Assessment of a Smart Projectile Using Hingeless Flight Control[END_REF]. Mechanical vortex generators are also actuators which can be considered for steering purposes, since they are capable of reducing or removing detached flows. In particular, the additional amount of turbulence produced by the latter improves the mixing layer process into the boundary layer which becomes more robust against detached flows and provides a steering capability [START_REF] Lin | Small Submerged Vortex Generators for Turbulent Flow Separation Control[END_REF][START_REF] Lin | Exploratory Study of Vortex-Generating Devices for Turbulent Flow Separation Control[END_REF][START_REF] Lin | Separation Control on High-Lift Airfoils Via Micro-Vortex Generators[END_REF][START_REF] Pearcey | Inclined Air-Jets Used as Vortex-Generators to suppress Shock Induced Separation[END_REF][START_REF] Apostolovski | Microactuators for Projectile Flight Control Systems: a Feasibility Study[END_REF][START_REF] Brunet | Experimental and Numerical Investigations of Vortex Generators Effects[END_REF]].

• Fluidic actuators, mostly based on continuous or periodic blowing jets, able to modify the flow topology close to projectile surfaces [START_REF] Champigny | Lateral Jet Control for Tactical Missiles[END_REF][START_REF] Leplat | Interactions Aérodynamiques sur un Intercepteur Hypersonique Piloté par Jets Transversaux[END_REF][START_REF] Cooper | Flight Dynamic Response of Spinning Projectiles to Lateral Impulsive Loads[END_REF]. Such blowing can be produced thanks to piezo-electric synthetic jets, sometimes directed over a convex surface9 for locally inducing flow attachment: in this field, first investigations were carried out under the SCORPION10 program [START_REF] Rinehart | Transitory Force Development on a Body of Revolution Using Synthetic Jet Actuation[END_REF][START_REF] Sahu | Unsteady Numerical Simulations of Subsonic Flow Over a Projectile with Jet Interaction[END_REF][START_REF] Sahu | Time-Accurate Simulations of Synthetic Jet-Based Flow Control for an Axisymmetric Spinning Body[END_REF][START_REF] Sahu | Time-Accurate Computations of Free-Flight Aerodynamics of a Spinning Projectile With and Without Flow Control[END_REF][START_REF] Mcmichael | Microadaptive Flow Control Applied to a Spinning Projectile[END_REF][START_REF] Abramson | Fluidic Control of Aerodynamic Forces on a Body of Revolution[END_REF][START_REF] Abramson | Fluidic Control of Asymmetric Forces on a Body of Revolution[END_REF][START_REF] Abramson | Direct Measurements of Controlled Aerodynamic Forces on a Wire-Suspended Axisymmetric Body[END_REF][START_REF] Abramson | Fluidic Control of Aerodynamic Forces on a Bluff Body of Revolution[END_REF][START_REF] Lambert | Unsteady Aerodynamic Flow Control of a Wire-Suspended, Moving Axisymmetric Body[END_REF][START_REF] Lambert | Yaw Control of a Moving Axisymmetric Body Using Synthetic Jets[END_REF][START_REF] Lambert | Aerodynamic Flow Control of a Moving Axisymmetric Bluff Body[END_REF], initiated by the DARPA 11 in collaboration with the Georgia Institute of Technology and the US Army Research Laboratory. Fluidic actuators include also impulse thrusters, usually produced by the release of a gas [START_REF] English | Gas Generator Actuator Arrays for Flight Control of Spinning Body Projectiles[END_REF][START_REF] Davis | Addressing the Challenges of a Thruster-Based Precision Guided Mortar Munition With the Use of Embedded Telemetry Instrumentation[END_REF] or by the detonation of a small amount of explosive charges [START_REF] Corriveau | Thrusters Pairing Guidelines for Trajectory Corrections of Projectiles[END_REF].

• Plasma actuators, mostly based on dielectric barrier discharge mechanisms, capable of deflecting the trajectory of a projectile in a supersonic flight [START_REF] Gnemmi | Feasibility Study for Steering a Supersonic Projectile by a Plasma Actuator[END_REF][START_REF] Gnemmi | Experimental Investigations on a Free-Flying Supersonic Projectile Model Submitted to an Electric Discharge Generating Plasma[END_REF].

According to the results obtained in the aforementioned SCORPION project, a follow-up study with plasma actuators acting on a Coanda surface was conducted: a reduction of both drag and side forces acting on a projectile, by 9 % and 17 % respectively, was demonstrated for Mach numbers ranging from 0.3 to 0.5 [START_REF] Corke | Radius Flow Vectoring for Projectile Drag and Steering Control Using Plasma Actuators[END_REF].

• Inertial effectors which are based on internal translating parts [START_REF] Rogers | Control Authority of a Projectile Equipped with a Controllable Internal Translating Mass[END_REF] or rotating ones [START_REF] Frost | Linear Theory of a Rotating Internal Part Projectile Configuration in Atmospheric Flight[END_REF], that can be composed of liquid [START_REF] Cooper | Trajectory Prediction of Spin-Stabilized Projectiles with a Liquid Payload[END_REF]. These internal parts offset the centre of gravity of the projectile by changing its distribution of mass in order to provide a control authority.

• Porosities, for which the physical principle is based on pressure difference existing between two adjacent walls, namely solid and porous. In such a configuration, a flow can be established through cavity channels placed under both surfaces. This principle was investigated in the last years for modifying the aerodynamic characteristics of flying bodies such as artillery projectiles [START_REF] Liang | Drag Reduction for Turbulent Flow over a Projectile: Part II[END_REF][START_REF] Onn | Computational Drag and Magnus Force Reduction for a Transonic Spinning Projectile Using Passive Porosity[END_REF][START_REF] Ibrahim | A Numerical Study of the Drag Reduction of a Transonic Projectile with Porous Surfaces and Slots[END_REF]. Several studies were also carried out by considering a large set of cavity channels actuated by means of Micro-Electro-Mechanical Systems (MEMS) such as microvalves, up to high frequencies [START_REF] Patel | A CFD Study of a Missile Aero Control Fin by Near-Wall Flow Modifications[END_REF][START_REF] Lopera | Experimental Investigations of Reconfigurable Porosity for Aerodynamic Control[END_REF][START_REF] Patil | Control of Separation Using Spanwise Periodic Porosity[END_REF][START_REF] Ng | Subsonic to Supersonic Wake Stabilization Using Discrete Porosity[END_REF]. Despite promising results in terms of control authority and drag reduction, this technology would not be suitable for conventional projectiles when considering a large number of microactuators, due to technological constraints. This is probably why a reduced number of cavities were considered in ancillary developments [START_REF] Patil | Trajectory Control of a Small Caliber Projectile Using Active Transpiration[END_REF][START_REF] Zbierajewski | Low drag aerodynamic attitude control for high-speed missiles using transpiration[END_REF].

The selection of a steering mechanism depends on a lot of aspects, as for example technological limitations, the manoeuvring strategy, or the mean of achieving airframe stability. Steering mechanisms for 155 mm ammunition available on the market mostly deal with mechanical effectors, used both for fin and spin-stabilized configurations. Among such concepts, the former includes Russians 30F39 Krasnopol and GRAN projectiles12 , United-States (US) M712 Copperhead [START_REF] Morrison | Guidance and Control of a Cannon-Launched Guided Projectile[END_REF][START_REF] Nulk | Semiactive Laser Guidance System Development[END_REF][START_REF] Morrison | A Lesson Learned about Cannon-Launched Guided Projectiles[END_REF] and M982 Excalibur [START_REF] Wells | The projectile GRAM SAASM for ERGM and Excalibur[END_REF][START_REF] Grubb | Excalibur: New Precision Engagement Asset in the Warfight[END_REF], both Chinese Norinco13 GP1 and GP6, the French Metric-Precision-Munition MPM14 as well as the Vulcano15 projectile, described in section 1.2.4.2. The latter class essentially deals with Course Correction Fuzes (CCF), intended to convert an unguided spin-stabilized artillery shell into a precision-guided ammunition. Two examples of CCF illustrated in Figure 1.8 include the SPACIDO (Système à Précision Améliorée par CInémomètre DOppler) which provides a one-dimensional course correction using a deployable air brake [START_REF] Campion | SPACIDO 1D Course Correction Fuze[END_REF], together with the M1156 Precision Guidance Kit (PGK) which is a two-dimensional correction system using a roll-adjustable set of fixed canards [START_REF] Burke | Precision Guidance Kit (PGK) Overview[END_REF]. The SPACIDO brake is devoid of GPS navigation and improves the accuracy of an unguided shell by a factor of approximately 4, while the M1156 PGK relies on GPS navigation and guarantees a CEP less than 30 m over ranges of 30 km and with a unit cost of approximately $10000. Finally, the Israeli TopGun16 is also a two-dimensional CCF which is able to convert a dumb projectile into a precision guided weapon, with a CEP of less than 20 m up to 40 km of range.

Recurring for decades, another military requirement for artillery deals with the development of reliable and accurate extended range ammunition. In this field, most of available developments deal with large calibre artillery shells. These improvements are still ongoing today with growing military needs in terms of range, accuracy and destructive power at affordable costs. In the following sections, both land and naval artillery are considered.

Extended range ammunition

In order to accomplish a large panel of missions, the vast majority of modern gun systems is able to deliver a large selection of 155 mm projectiles, including:

• High-Explosive (HE or HE-FRAG for fragmentation)

• Sensor-fuzed warheads • Information or electronic warfare payloads such as leaflets or radio jaming units

• Cargo ammunition • Incendiary projectiles • Illumination units • Obscuring smokes • Land-mines
The present study focuses on 155 mm HE rounds since increasing the range of such indirect fire weapons would substantially improve safety of friendly forces in the battlefields. They could directly benefit from a greater flexibility in engaging targets with a better effectiveness, a reduction of the logistic footprint, and enhanced urban operations [START_REF] Costello | Potential Field Artillery Projectile Improvement Using Movable Canards[END_REF]. In this field, main developments are reported in the following paragraphs.

Base-bleed modules

A base-bleed system is a modular package fitted in the rear part of a conventional artillery shell (usually located between the driving-band and the base of the projectile) which aims at extending its range, typically by about 30 %, by reducing its base drag during the ballistic trajectory [START_REF] Kubberud | Extended Range of 155 mm Projectile Using an Improved Base Bleed Unit: Simulations and Evaluation[END_REF]. The module consists of a base burner unit which include a container of a hot gas propellant, ejected in the aft end of the projectile. When ejected, this gas fills up the wake zone and suppresses the creation of turbulent vortices behind the projectile, which increases the base pressure and thus reduces the base drag. While the module is usually activated at the top zone of the trajectory for avoiding increased dispersion at impact, a reduced payload is required for integration purposes.

Propulsion systems 1.2.2.1 Rocket assisted projectiles

A Rocket Assisted Projectile (RAP) benefits from the propulsion force provided by a rocket motor fixed on the shell. The rocket motor makes the projectile to reach longer ranges, compared to common standards (such as for example the M107 (maximum range: 18.1 km) or the M795 (maximum range: 22.5 km). Under the Extended Range Cannon Artillery (ERCA17 ) program, described in section 1.2.5, the US army is currently developing a 155 mm HE-RAP denoted XM113 and illustrated in Figure 1.9), scheduled to replace existing M549/M549A1 155 mm in 2022. When launched from a 155 mm L39 gun, the XM113 would reach ranges of at least 40 km (10 km more than its predecessors), and should be compatible with the M1156 PGK for improved accuracy. FIGURE 1.9: XM1113 HE-RAP [START_REF] Calloway | PEO helps develop safer, extended range rocket-assisted artillery round[END_REF] 

Ramjets

A ramjet is able to create a thrust force with a system that collects and compresses the incoming air on a body in flight [START_REF] Fink | Aerodynamic Properties of an Advanced Indirect Fire System (AIFS) Projectile[END_REF][START_REF] Andersson | Solid Fuel Ramjets for Projectile Propulsion -Summing Up of a Joint FOA-TNO Research Project[END_REF]. Unlike liquid fuel, a simpler design is associated to the Solid Fuel RamJet (SFRJ) since it avoids any destabilizing and moving parts into the body (see Figure 1.10). A gun-launched projectile using this technology benefits from a thrust balancing the drag force. Hence, the powered projectile experiences a pseudo-vacuum flight-path and is much less sensitive to the external disturbances (with the advantage of leading to easiest trajectory computations).

FIGURE 1.10: Sketch of a SFRJ artillery projectile [START_REF] Kang | Design of Gun Launched Ramjet Propelled Artillery Shell with Inviscid Flow Assumption[END_REF] For land operations, SFRJ are considered for both howitzers and mortars. For example, a 120 mm mortar shell is expected to achieve a maximum range of 35 km with this technology [START_REF] Mcnab | Tools of Violence: Guns, Tanks and Dirty Bombs[END_REF]. Moreover, scientists from the Poongsan Defense R&D Institute and the aerospace engineering department of the KAIST 18 unveiled a new 155 mm design which features a specific shaped cap tapering into an air inlet and a diffuser that includes a nozzle to enable the exhaust to escape, contrary to a base plate (see Figure 1.11) [START_REF] Kang | Design of Gun Launched Ramjet Propelled Artillery Shell with Inviscid Flow Assumption[END_REF]. According to the authors, the proposed ramjet mechanism is expected to involve approximately 14 s of combustion, leading the projectile to reach ranges of more than 80 km (see Figure 1.12). FIGURE 1.12: Trajectory of the 155 mm SFRJ compared to conventional ordnance [START_REF] Kang | Design of Gun Launched Ramjet Propelled Artillery Shell with Inviscid Flow Assumption[END_REF] For completeness, evolutions of additional parameters such as the velocity, the drag and the altitude of the projectile as a function of the flight time are presented in Figure 1.13. Finally, the Norwegian com- 

Lifting-surfaces

Instead of minimizing the drag force by means of base-bleed technologies and contrary to propulsion systems, another way of increased range aims at using the lift force provided by a set of lifting-surfaces, in order to counterbalance the gravity force acting on the projectile. This method has found widespread use for designing guided missiles [START_REF] Yang | An Aerodynamic Shape Optimization Study to Maximize the Range of a Guided Missile[END_REF][START_REF] Yang | Aerodynamic Shape Optimization System of a Canard-Controlled Missile Using Trajectory-Dependent Aerodynamic Coefficients[END_REF] which are by nature stabilized by fins, but several studies have also been carried out on artillery shells [START_REF] Ryan | Trajectory Optimization Studies of Long Range Morphing Projectiles[END_REF][START_REF] Hamel | Artillery Precision Guided Munition Ariframe Definition[END_REF] as well as on mortars [START_REF] Steelman | Advanced Capability Extended Range Mortar (ACERM)[END_REF].

Existing developments

According to the open literature, a few number of extended range projectiles developed "from the ground up" raised to a significant jump in performances. This jump was possible by the introduction of hybrid concepts associated to the following developments: The overall class is composed of three technological variants, including20 :

• A unitary penetrating warhead, for stationary targets (this variant includes the following versions:

XM982, M982, M982A1, Excalibur-S, Excalibur-N5 and Excalibur-EST)

• 65 XM85 DPICM sub-munitions or 2 Sense-And-Destroy-ARMor (SADARM) smart sub-munitions, for moving and time-sensitive targets

• A smart target recognition package for improved efficiency ("discriminating" projectile)

The variant using unitary warhead includes also two sub-versions: while the first one aims at extending its operational capabilities thanks to a SAL targeting (155 mm Excalibur-S), the second one results from the scaling of version S to a smaller 127 mm calibre that can be fired from 155 mm warship guns (127 mm Excalibur-N5). The version N5 will involve a large variety of fusing options as well as dualmode GPS/laser-seeker, and could afterwards involve millimetre-wave-seekers. It is announced to triple the maximum range achieved by conventional 127 mm naval guns with pin-point accuracy.

Vulcano class

Vulcano21 is a class of projectiles including an unguided Ballistic Extended Range (BER) version, in addition with a Guided Long Range (GLR) one. The GLR version achieve greater ranges and higher precisions by combining GPS-INS with lasers or infrared sensors. The overall geometry includes tail-fins for stability as well as aerodynamic effectors composed of canard surfaces for control (see Figure 1.16). The Vulcano is a sub-calibre family including 76 mm, 127 mm as well as 155 mm calibre ammunition As it is sketched by the designers in Figure 1.17, the flight envelop is composed of three phases, namely ballistic, gliding and terminal guidance:

• The 76 mm GLR model is saboted to 127 mm and can engage targets up to 40 km (using the 127 mm L64 LW naval gun) 

Long Range Land Attack Projectile (LRLAP)

The LRLAP24 is a 155 mm HE precision guided hybrid projectile, including a base-bleed rocket assistance in combination with a set of fins (see Figure 1.18). The ammunition weights nearly 102 kg with a total length of 2.23 m and is only compatible with the 155 mm naval Mk 51 AGS mounted on the Zumwalt-class destroyer (two launchers by destroyer). The projectile achieves a maximum range of 190 km with a CEP of 50 m or less thanks to a guidance GPS-INS package, with a warhead effectiveness similar to the M795 projectile. Due to the trimming of the Zumwalt-class destroyer fleet to three models, the US-Navy announced to cancel the purchase of the shell because of rising costs (estimated between $800.000 to $1.000.000 per shell). As announced, the projectile is fitted with a set of tail-fins and a set of canards for steering purposes. Two versions are announced to be developed by the company, each of them capable of being armed with a 6 kg HE insensitive munition warhead:

• The first version is designed to reach a maximum range of 60 km, with a miss distance better than 10 m by means of a guidance module composed of GPS-INS (KATANA Mk 1).

• The second one is expected to reach a similar maximum range and should include a Global Navigation Satellite System (GNSS) combined with an IMU (KATANA Mk 2a). A supplementary configuration intended to achieve more than 60 km range should feature a SAL option for improved accuracy (KATANA Mk 2b).

1.2.4.6 155 mm HE Gliding Guided Artillery Munition (GGAM)

The POONGSAN company is developing a 155 mm fin-stabilized artillery shell denoted GGAM and composed of both tail-fins and gliding-fins (see Figure 1.20). The cant angles of the tail-fins can be modified by means of brushless motors for steering purposes, while the gliding-fins contribute to range maximization. As illustrated in Figure 1.21, the considered flight scenario is composed of four main 

Gun barrel extensions

Under the experimental Extended Range Cannon Artillery (ERCA26 ) program, the US army is investigating the possibility to fire an artillery ammunition faster and further by using higher initial energy. This project is initiated to demonstrate the feasibility of doubling maximum ranges of all legacy 155 mm ammunition by increasing the gun barrel lengths. While the project started with M777 howitzers, recent studies stated during the course of this PhD work unveiled a modified M777ER model 450 kg heavier than the original M777 which integrates a new cannon tube denoted XM907 and 3 calibre longer than usual 52 calibre tubes. Although maximum ranges of more than 70 km are announced, an optimization process has still to be performed to integrate low cost upgrades, including:

• A new fire control system • An autoloader

• The XM654 supercharge • The 155 mm HE-RAP XM1113, described in section 1.2.2.1

• The design of a suitable muzzle brake able to properly handle the blast when firing

Electric artillery

The artillery sphere of action can be extended thanks to high power EMRGS27 which involve tens of Mega-Joules and convert an electrical energy into a kinetic energy for launching a projectile. The power supply generates magnetic forces able to accelerate an armature for launching a projectile up to hypersonic velocities. This concept is a game-changing technology since it avoids the use of gunpowder charges and exceed the range limits of conventional powder guns thanks to hypersonic muzzle velocities (ranging from Mach 5 to 7). A projectile fired from an EMRGS is able to reach faster and stronger long range targets without using any propellant, while remaining cheaper than missiles of comparable range. The electric artillery is being considered for both land and naval operations such as close-in defence or land attack. Among the recent developments, the conception of high pulsed power systems and the ammunition design (in terms of geometry, launch package, payload or embedded electronics) are key challenges. While high pulsed power systems reach today tens of Mega-Joules, the next-generation of projectiles, such as the Hyper Velocity Projectile (HVP 28 ), is currently under investigation. Three launch packages are currently studied to make the HVP compatible with the following guns (see Figure 1. A HVP can destroy a target by smashing into it for maximum effect. Hence, the amount of explosive charges to carry on warships would decrease significantly to provide a better safety. Moreover, the firing conditions within the barrel must withstand to a pressure of several thousand atmosphere, to megaampere currents as well as to the rail erosion caused by friction with the launch package: hence, the barrel durability would be rapidly degraded for high fire rates. Therefore, numerous investigations are still necessary to integrate this technology into the battlefields, with the continuous objectives of minimizing engagement costs and collateral damages, while increasing the impact lethality as well as the operational range.

Synopsis

According to the open literature available during the course of this study, Table 1.1 summarizes the maximum range achieved by a selection of artillery shells including future developments, and Figure 1.23 plots the associated accuracy as a function of the corresponding range (announced performances of concepts which are still under development should be considered with caution since not yet validated). 

Studied concepts

As previously described in the introduction, the ISL investigates solutions to extend the sphere of action of several class of ammunition ranging from small to large calibre projectiles. The present study focuses on full-calibre guided artillery shells launched from existing 155 mm rifled guns and is restricted to projectile concepts devoid of base-bleed units or propulsion systems and fitted with a set of aerodynamic surfaces. In this frame, the final goal of the study aims at contributing to the design of an increased range projectile, based on several specifications including the flight scenario (in terms of range, time-of-flight, terminal velocity, steering strategy, accuracy at impact or manoeuvrability) and the geometry design (in terms of body fuselage, fin shapes, unfolding mechanism, mechanical constraints, size of the payload or total mass). During the course of this study, the required range is defined to be above 80 km. The possible long range concepts are based on a flight scenario including four main phases which are described in Figure 4.38 (the aerodynamic coefficients which firstly influence the main performance metrics are mentioned). The first concept C 1 is probably the most common and realistic flight scenario which is best suited to the design specifications. The associated flight sequences are the following:

• Phase I -Upward supersonic ballistic phase: The ammunition is fired at supersonic speeds and is equipped with a slipping driving band such that the rifle of existing 155 mm gun barrels initially imparts a small fraction of spin to the projectile after gun exit (several Hertz for an initial velocity of 930 m.s -1 , corresponding to Mach 3). Under these initial conditions, the projectile is no longer spin-stabilized and a set of tail-fins unfolds just after the gun exit for stability purposes, besides their contributions to the increase of range. According to the initial speed of the projectile, conventional supersonic tail-fin shapes are selected. Considering a fin-stabilized configuration from the gun exit has the advantage to circumvent the challenge of decreasing the high spin-rate values initially imparted by the rifle of the gun barrel to the projectile, in order to reduce the mechanical stresses which are involved both on the fins and on the deployment mechanism. This solution facilitates the mechanical deployment of the gliding-fins which is expected to occur at the vicinity of the apogee. Indeed, a standard rifled gun 45 • elevated and firing a conventional 155 mm projectile at 930 m.s -1 would impart an initial spin-rate of almost 300 Hz to the round, leading to apogee conditions for which the projectile would spin at approximately 220 Hz.

• Phase II -Apogee of the trajectory: The projectile begins a transitional stage in which a set of supplementary fins has to be unfolded according to a suitable strategy such that the non-spinning glider starts the next phase with the best efficiency. Therefore, if the projectile is still experiencing a very small residual spinning motion at the vicinity of the apogee, for example due to geometrical surface imperfections, then the artillery shell should be fully devoid of spin when starting the next third gliding phase. In the following, the aforementioned supplementary fins will be called the gliding-fins since they are dedicated to the gliding phase of the flight primarily for range maximization.

• Phase III -Downward gliding phase: The gliding-fins are unfolded to make the non-spinning projectile fly further since the main contribution to the range is expected to occur during this stage (see the red curve in Figure 4.38). The steering strategy of the non-spinning projectile glider has to be determined as it is a function of multiple parameters such as for example the aerodynamic design and the trajectory shaping (the phase III can include different flight conditions ranging from low-subsonic to supersonic speeds). Besides additional parameters, a special care should be devoted to the design of the fins according to the gliding strategy and to the evolution of the projectile velocity along the trajectory. To address these issues, two types of gliding-fin shapes can be considered:

-The first one deals with medium-to-high aspect-ratios fins (typically AR > 4) involving subsonic and/or transonic cross-sections -The second one deals with low-to-medium aspect-ratios fins (typically AR < 4) involving supersonic cross-sections However, any kind of cross-sections involving subsonic, transonic or supersonic shapes could be retained for designing all the lifting-surfaces which are fitted on the projectile fuselage. Moreover, the aerodynamic interactions between the tail-fins and the gliding-fins should be quantified.

• Phase IV -Terminal guidance: The terminal guidance of the projectile up to the target for ensuring a metric precision.

Concept C 2

The second concept C 2 is still based on four flight sequences and deals with an ammunition which is spin-stabilized at the gun exit. Indeed, the projectile is fired at supersonic speeds and includes a driving band such that the rifle of existing 155 mm gun barrels initially imparts the full fraction of spin to the projectile after gun exit (approximately 300 Hz for an initial projectile velocity of 930 m.s -1 , corresponding to Mach 3). Therefore, the projectile remains spin-stabilized as it leaves the gun and up to the vicinity of the apogee, where the gliding-fins are unfolded to make the spinning projectile fly further. However, the projectile is still experiencing high values of spin-rate at the vicinity of apogee. For example, a conventional 155 mm ammunition fired at 930 m.s -1 from a standard rifled gun with a quadrant elevation of 45 • would lead to apogee conditions for which the projectile flies at high-subsonic and transonic velocities with a spin-rate of more than 220 Hz. Such spin-rate magnitude would be critical for the unfolding phase of the lifting-surfaces, since the mechanical stresses are involved both on the gliding-fins and on the deployment mechanism. Hence, a particular attention should be devoted to the study of deployment mechanisms in order to decrease the global spin-rate of the projectile to a suitable and reduced value (different from zero), while maintaining the integrity of the gliding-fins together with the stability of the projectile up to the target. A method for decreasing the spin rate of the projectile in flight has already been proposed in a previous work and is described in section 1.4 [START_REF] Dupuis | Aerodynamic Characteristics of the A1 DRDC-ISL Reference Projectile: Long-Range Artillery Shell Concept[END_REF][START_REF] Berner | Etude de définition d'un démonstrateur de Munition à Portée Accrue[END_REF]. During the third phase, the spin-rate of the projectile is fixed by means of twisted or canted gliding-fins and a roll-decoupled nose fitted with a set of canards is considered for steering purposes up to the terminal guidance.

Contributions of the present study

The present research project was undertaken with the goal of providing to ammunition designers a set of complementary aerodynamic prediction methods and investigation methodologies which aims at contributing to the definition of projectile concepts achieving significant extended ranges. As previously mentioned, each concept considered herein is based on a typical 155 mm projectile fuselage shape fitted with a set of lifting-surfaces. The final configuration should be capable of reaching targets located above 80 km. Due to the lifting-surfaces, the increase of range is mainly achieved by means of a gliding trajectory, from the vicinity of the apogee towards the target. Therefore, the first step of the project is primarily dedicated to challenges associated to the gliding phase of the flight. In order to improve the capability of the ammunition, an optimization process has to be conducted on the geometry of the added fins, resulting in a large set of configurations to investigate. In preliminary design phases, this process has to be rapidly performed thanks to aerodynamic datasets by means of a parametric study.

On the one hand, this task is usually performed by using medium fidelity tools, such as existing semi-empirical codes able to rapidly compute aerodynamic coefficients. However, these codes suffer from a lack of capabilities for designing new architectures such as for example the glider geometries of the present study, or for investigating configurations that involve preponderant non-linearities in the flow-field which cannot be properly captured. By contrast, the use of high-fidelity CFD methods would be much time consuming for a first parametric study, especially with regards to the large number of configurations that could be considered for preliminary design. For these purposes, an aerodynamic prediction code called WASP (Wing-Aerodynamic-eStimation-for-Projectiles) was developed in order to predict aerodynamics of ammunition fitted with a set of aerodynamic surfaces. Key drivers of the code development include computational cost, design space flexibility and accuracy.

On the other hand, an extensive experimental campaign including wind-tunnel measurements and free-flight tests was carried out for providing complementary aerodynamic characterizations of the studied academic geometries. The experimental results were also compared with high-fidelity CFD simulations which were performed during the course of this study for highlighting shortcomings of predictions of the WASP code, mostly due to three-dimensional effects.

Finally, the project involves multidisciplinary fields which need to address further issues. For instance, special care should be devoted to the design of the lifting-surfaces w.r.t. mechanical constraints, unfolding mechanism, size of payload and steering strategy. These restrictions were considered and retained as key drivers for designing the overall shape of the lifting-surfaces, together with their numbers as well as their positions on the body fuselage.

Existing studies 1.4.1 First example

The first example is associated to the concept C 1 [START_REF] Rainville | Development of an Extended Range, Large Caliber, Modular Payload Projectile[END_REF]. In this work, the author describes a 155 mm projectile concept reaching a maximum range of approximately 70 km thanks to a set of lifting-surfaces. In a first step, the investigations are conducted by using a Design of Experiments (DoE) combined with numerical simulations, in order to optimize the projectile fuselage fitted with the tail-fins for the upward ballistic phase of the flight. Besides the initial firing conditions, multiple geometrical parameters are studied, including both the ogive and the meplat shapes, the boom length as well as the boat-tail characteristics. In a second step, the obtained geometry is fitted with additional lifting-surfaces for range maximization. The resulting projectile geometry is described in Figure 1.25 and the associated trajectory is depicted in Figure 1.26. 

Second example

The second example is associated to the concept C 2 and deals with the project entitled Munition de Précision à Portée Accrue (MMPA). In the years 1995 to 2005, both the ISL and the Defence Research and Development Canada (DRDC -Valcartier) were investigating the design of new concepts of 155 mm extended range ammunition [START_REF] Fleck | Increase of Range for an Artillery Projectile by Using the Lift Force[END_REF][START_REF] Dupuis | Wind Tunnel Tests of a Long Range Artillery Shell Concept[END_REF][START_REF] Berner | Experimental and Computational Analysis for a Long Range Spinning Artillery Shell with Lifting-Surfaces[END_REF][START_REF] Grignon | Steering of a Spin-Stabilized Gliding projectile: First Approach[END_REF][START_REF] Dupuis | Aerodynamic Characteristics of a Long Range Spinning Artillery Shell. Part 1: From Aeroballistic Range Free-Flight Tests[END_REF][START_REF] Fleck | Aerodynamic Characteristics of a Long-Range Spinning Artillery Shell Obtained from 3D Magnetic Sensors[END_REF]. The proposed flight scenario is similar to scenario C 2 and is based on the use of the lift force provided by gliding-fins in order to compensate the gravity force acting on the projectile during the steered gliding phase (see Figure 1.27).

FIGURE 1.27: Flight sequence (source [START_REF] Grignon | Steering of a Spin-Stabilized Gliding projectile: First Approach[END_REF])

The steering strategy requires the projectile to fly with an upward directed angle-of-attack, in order to maintain a lift-to-drag ratio leading to an increased range. This is the case for a spinning projectile that experiences throughout its trajectory an angle-of-attack called the yaw-of-repose, for which the orientation and the magnitude essentially depend on the moment of the aerodynamic forces acting on the projectile, besides other parameters. The yaw-of-repose is defined by the following equation (see Appendix B):

ξ R = i P G M + iP T (1.1)
Investigations conducted during the course of this project have shown the feasibility of using the yawof-repose as an astute fashion to maintain a continuous angle-of-attack, for extending the range of an artillery shell up to 60 km. Indeed, it was demonstrated that the proposed gliding-fins can increase the global lift-to-drag ratio by spinning the projectile at the right rate and by canting the fins at the right angle.

In the proposed concept, the spin-rate of the projectile is progressively reduced during the intermediate phase by means of the following sequences:

• Firstly, four canards unfold when the projectile has reached a velocity in the order of 250 m.s -1 for reducing the spin-rate down to 100 Hz, such that spin-stabilization is preserved

• Secondly, the gliding-fins unfold and decrease the spin down to 50 Hz: this phase lasts 5 s, in which the projectile flies at high incidences ranging from 20 • to 40 • This value of 50 Hz was defined thanks to theoretical considerations. Indeed, a 155 mm spinstabilized projectile which flies at high-subsonic speeds close to the top of the trajectory (in the order of 250 m.s -1 , approximately at 10 km altitude) will experience a positive precession frequency, in the order of 1 rad.s -1 . Therefore, the precession frequency can be steered along the flight-path. The set of gliding-fins is designed and fitted behind the centre of gravity of the ammunition (CG) in such a way that it will shift its centre of pressure (CP) behind the CG. This will result in a shift of the pitching moment coefficient C mα from 4.5 (positive for the fuselage alone) to -1 (negative for the fuselage with the gliding-fins).

The gliding-fins were also defined to make the configuration spinning at 50 Hz by suitably canting them. Under these assumptions, the precession frequency is still of the order of 1 rad.s -1 , but negative. From this point, shifting once again the CP in front of the CG such that C mα = 1 by using a set of appropriate canards will result in a positive precession frequency of the same order of magnitude (1 rad.s -1 ). Therefore, guidance may be conducted by unfolding and retracting the canards alternatively ("reciprocating" canards) while preserving the stability of the projectile along the guided phase of the flight:

• When the canards are folded, the CP is behind the CG, resulting in a negative pitching moment coefficient (C mα < 0) and leading to a negative precession rate (the projectile axis will move anti-clockwise around the velocity vector when seen from behind).

• By contrast, when the canards are unfolded, the CP of the aerodynamic force is in front of the CG. This results a positive pitching moment coefficient (C mα > 0), leading to a positive precession rate (the projectile axis will move clockwise around the velocity vector when seen from behind). Hence, the angle-of-attack of the projectile can be oriented either to the left or to the right by alternating the location of the CP acting on the projectile, as it is illustrated in Figure 1.28. Figure 1.29B shows an example of the complex angle-of-attack obtained from a complete 6-Degree-of-Freedom (6-DoF) simulation using this principle, and Figure 1.30 summarizes the proposed steering method. However, the proposed approach suffers from several drawbacks:

• The lift force is not always used to increase the range since the total angle-of-attack oscillates from the left to the right The present chapter aims at describing the current development-state of the WASP code. To this end, it is divided into four main sections. Section 2.1 reminds the main aerodynamic properties of a projectile from a global point of view and makes it possible to understand their effects on the flight behaviour of the studied geometries. For this purpose, the main aerodynamic properties of an arbitrary projectile are listed as a function of the flight conditions. Additionally, the retained conventions are described and the interaction between aerodynamics and flight-mechanics is raised. Section 2.2 reminds the basics of fluid mechanics and describes the aerodynamic data which can be qualitatively or quantitatively assessed by existing numerical techniques, including CFD simulations, semi-empirical correlation-based methods, or empirical codes based on experimental databases. Section 2.3 raises how much existing software consider aerodynamic models more or less complex, totally or partially able to provide the aerodynamic contributions of the investigated physical phenomena, such as for example separation, viscous effects or post-stall characteristics. Based on the solution of the three-dimensional wing loading problem (described in section 2.3.4), the main characteristics of the WASP code are unveiled in section 2.4. The code is especially developed for preliminary design studies of long-range guided ammunition. From the first attempt to include viscous effects into the aerodynamic models, up to the emergence of more recent coupling-based methods, a suitable model for the purpose of the present study is chosen and described.

Based on a RANS-potential coupling strategy, both of its advantages and drawbacks are stated. Finally, it is shown how much the retained computational method could provide complementary modelling w.r.t. existing semi-empirical tools, in the frame of weapon aerodynamics.

Aerodynamic coefficients

For convenience, the retained notations to describe the aerodynamics of a projectile are based on international conventions [ANSI/AIAA-R- 1992]. The main frames and the main coordinate systems are described in appendix A for completeness. Then, section 2.1.1 describes the aerodynamic modelling itself w.r.t. the retained conventions. Finally, the common aerodynamic coefficients of a projectile are listed as a function of the flight conditions and a discussion on the primary coefficients of interest is provided.

Introduction

Besides geometrical features, a flying projectile is directly influenced by its physical properties as well as the flight conditions. While the former essentially deals with its mass, inertia or centre of gravity location, the latter includes flow characteristics such as Mach and Reynolds numbers, incidence angles and body rotation rates (with their associated derivatives), control surface deflections, pressure, temperature or wind effects [START_REF] Zipfel | Modeling and Simulation of Aerospace Vehicle Dynamics[END_REF]. Thus, a projectile is submitted to a set of actions directly coming from its external environment, as it leaves the muzzle of a gun. While some of them are well known and can be analytically defined (such as for example Coriolis or gravity forces), the others can be much more sophisticated. The actions due to the fluid itself onto the projectile are usually predominant. These actions can be easily modified by perturbations such as thrust, spin-induced effects, aero-elasticity, thermal ablation, or abrasion which in turn can substantially alter the aerodynamic properties and flight performances of the projectile. The associated physical phenomena should be understood through realistic mathematical models able to give back the behaviour of the studied projectile in flight. The first natural representation of all aerodynamic actions applied on the projectile consists in three global force and moment components that are usually expressed either in the aerodynamic coordinate system ] A 0 or in the body-fixed zero spin coordinate system ] B [ANSI/AIAA-R- 1992]. Figure 2.1 provides a graphical overview of the global aerodynamic components acting on a projectile, that are described in the following.

Global terms

The present section provides a brief physical description of global aerodynamic components expressed in the aerodynamic coordinate system ] A 0 . It also defines their associated components given in body coordinates ] B . 

Expression in the aerodynamic coordinate system

] A 0 [f aero , m aero ] A 0 =    X a A L a A Y a A M a A Z a A N a A    (CG,xa,y a ,za) =    -D L a A Y a M a A -L N a A   
(CG,xa,y a ,za)

(2.1)

• Drag force D is the component of the aerodynamic force in the stream-wise flow direction, pointing to the reverse -x a axis. It is opposed to the projectile motion and corresponds to the aerodynamic resistance from the fluid in which it is evolving.

• Lift force L is the component of the aerodynamic force in the perpendicular stream-wise flow direction, mainly due to the surface pressure distribution on the projectile (in the case where α = 0). This force points to the +z a axis (respectively -z a axis) when α < 0 (respectively α > 0).

• Side force Y a points to a direction perpendicular to the plane defined by both lift and drag forces.

• Rolling moment L a A is associated to the aerodynamic roll production or damping w.r.t. the longitudinal axis of the projectile. Additional aerodynamic surfaces also contribute to the total roll-rate, depending on their cant angles.

• Pitching moment M a A is associated to the lift force and characterizes the static stability of a flying body. As long as the CP location is different from the CG one, an induced pitching moment is produced. For non-spinning configurations, the CP should be longitudinally located behind the CG for ensuring static stability. By contrast, for conventional spinning configurations devoid of fins, the static stability is usually ensured through the gyroscopic effect.

• Yawing moment N a A is the third component associated to the lateral force Y a .

Expression in the body coordinate system

] B [f aero , m aero ] B =    X A L A Y A M A Z A N A    (CG,x B ,y B ,z B ) =    -A L A Y M A -N N A    (CG,x B ,y B ,z B ) (2.2)
• Axial (A), normal (N ) and side (Y ) forces are given as a function of D, N and Y a by using the transpose matrix of equation A.6. The first force component points along the reverse -x B axis, the second one along the reverse -z B axis when α > 0 (+z B axis when α < 0) and the last one is perpendicular to the plane defined by both axial and normal forces.

• Rolling (L A ), pitching (M A ) and yawing (N A ) moments are given as function of L a A , M a A , N a A using the transpose matrix of equation A.6.

For practical reasons, the aerodynamic behaviour of a projectile is preferably modelled through nondimensional terms enabling the similarity between a sub-scaled model (for instance a wind-tunnel model) with its corresponding full-size ammunition (when possible). It makes it easier the comparison of aerodynamic data between different configurations, independently of experimental conditions or model scaling. These terms are called aerodynamic coefficients, and are denoted by

(C A =-C X , C Y , C N =-C Z ) and
(C l , C m , C n ) respectively for the forces and the moments, when expressed in ] B . In the case of artillery ammunition, the calibre of the projectile d and its corresponding cross-section area S = πd 2 /4 are reference values chosen for non-dimensioning, in addition to the dynamic pressure (function of air-speed V and air-density ρ at altitude h) defined by:

q = 1 2 ρ(h)V 2 (2.3)
Written in ] B , the expression of the aerodynamic actions applied on the projectile is given by means of global coefficients through equation 2.4:

[f aero ] B =    -A Y -N    B = qS    -C A C Y -C N    B =    C X C Y C Z    B [m aero ] B =    L A M A N A    B = qSd    C l C m C n    B (2.4)
These global terms are required for simulating projectile trajectories. However, they could not the bestsuited for predicting realistic and accurate trajectory simulations, mainly due to the complexity of the multi-physical phenomena which can occur in flight. For example, the Magnus force produced by a spinning projectile flying at a non-zero angle-of-attack and at supersonic speeds, creates an asymmetry both in the boundary-layer and in the counter rotating vortices structures (usually symmetric) shed from the projectile nose. Therefore, the trajectory of the projectile is modified by the Magnus effect which influences the dispersion at impact [START_REF] Simon | Simulations numériques hybrides RANS/LES de l'aérodynamique des projectiles et applications au contrôle des écoulements[END_REF]. In order to account for such particular behaviour into the aerodynamic model, the idea of decomposing global force and moment components as a function of primary influence parameters (w.r.t. a given physical phenomenon) was early proposed by pioneers many decades ago and led to the notion of stability derivatives [START_REF] Nielsen | Missile Aerodynamics[END_REF].

Stability derivatives

Three families of stability derivatives can be defined [START_REF] Klein | Aircraft System Identification -Theory and Practice[END_REF]]:

• Static terms, associated to linear velocity quantities u, v and w or equivalently V , α and β

• Dynamic terms, associated to angular velocity quantities p, q and r • Unsteady terms, including for example acceleration quantities Stability derivatives usually come from look-up databases or from polynomial decompositions expressed as a function of flight parameters. From a theoretical point of view, the aerodynamic forces and moments acting on a projectile at a given time-of-flight generally depend on the complete dynamical history of its motion. For simplicity, only the influence of both linear and angular velocity components of the projectile are considered in the following approach. Under this assumption, a given aerodynamic coefficient (denoted by F (t)) can be primarily written as a function of the full dynamic history of the projectile by equation 2.5:

F (t) = f [u(t), v(t), w(t), p(t), q(t), r(t)] (2.5)
Due to the complexity of determining accurate formulations of equation 2.5, the usual approach assumes instantaneous values u(t), v(t), w(t), p(t), q(t) and r(t) to be time independent, such that:

F = f (u, v, w, p, q, r) (2.6)
Assuming F as an analytical function, it is possible to expand it as a Taylor series about constant values u 0 , v 0 , w 0 , p 0 , q 0 and r 0 , expressed by equation 2.7:

F = F 0 + ijklmn=1,2,... f ijklmn (u 0 , v 0 , w 0 , p 0 , q 0 , r 0 )du i dv j dw k dp l dq m dr n (2.7)
where f ijklmn = f ijklmn (u 0 , v 0 , w 0 , p 0 , q 0 , r 0 ) is the partial derivative given by equation 2.8:

f ijklmn = ∂ g f ∂u i ∂v j ∂w k ∂p l ∂q m ∂r n
(2.8)

with g = i+j+k+l+m+n. The notion of partial derivative has improved the knowledge of the physical phenomena involved in aerodynamics, particularly when investigating their dependence as a function of various parameters. As such, high-order derivatives without any limit could be generated, according to the complexity of involved physical phenomena. In practice, the first order terms are essentially retained and considered. For example, each force and moment components written in the body coordinates ] B can be decomposed by equation 2.9:

          C X = C X 0 + ∂C X ∂u du + ∂C X ∂v dv + ∂C X ∂w dw + ∂C X ∂p dp + ∂C X ∂q dq + ∂C X ∂r dr
...

C N = C N 0 + ∂C N ∂u du + ∂C N ∂v dv + ∂C N ∂w dw + ∂C N ∂p dp + ∂C N ∂q dq + ∂C N ∂r dr           B (2.9)
For convenience, a partial derivative is denoted by using the recommended notations [ANSI/AIAA-R- 1992]. For example, the first partial derivative term of equation 2.10 is written by equation 2.10:

C Xu = ∂C X ∂u (2.10)
On the present example, 36 partial derivatives of first order terms in the Taylor expansion are obtained (six components which depend on six flight quantities as it can be seen in equation 2.9). Let us now formulate the generic expressions of the first order stability derivatives. For this purpose, the normalized rates of roll, pitch and yaw, respectively denoted by p * = pd/V , q * = qd/V and r * = rd/V , are introduced (several authors reduce these terms by 2V instead of V ). When expressed in their non-dimensional form, and in the case where α and β are assumed small compared to the unity (α ≈ w/u and β ≈ v/V ), the first order stability derivatives are given by both equations 2.11 and 2.12:

                              C Xu = ∂C X ∂(u/V ) C Xα = ∂C X ∂α C X β = ∂C X ∂β C Xp = ∂C X ∂(pd/V ) C Xq = ∂C X ∂(qd/V ) C Xr = ∂C X ∂(rd/V ) C Yu = ∂C Y ∂(u/V ) C Yα = ∂C Y ∂α C Y β = ∂C Y ∂β C Yp = ∂C Y ∂(pd/V ) C Yq = ∂C Y ∂(qd/V ) C Yr = ∂C Y ∂(rd/V ) C Zu = ∂C Z ∂(u/V ) C Zα = ∂C Z ∂α C Z β = ∂C Z ∂β C Zp = ∂C Z ∂(pd/V ) C Zq = ∂C Z ∂(qd/V ) C Zr = ∂C Z ∂(rd/V )                               B (2.11)                               C lu = ∂C l ∂(u/V ) C lα = ∂C l ∂α C l β = ∂C l ∂β C lp = ∂C l ∂(pd/V ) C lq = ∂C l ∂(qd/V ) C lr = ∂C l ∂(rd/V ) C mu = ∂C m ∂(u/V ) C mα = ∂C m ∂α C m β = ∂C m ∂β C mp = ∂C m ∂(pd/V ) C mq = ∂C m ∂(qd/V ) C mr = ∂C m ∂(rd/V ) C nu = ∂C n ∂(u/V ) C nα = ∂C n ∂α C n β = ∂C n ∂β C np = ∂C n ∂(pd/V ) C nq = ∂C n ∂(qd/V ) C nr = ∂C n ∂(rd/V )                               B (2.12)
Most of these stability derivatives have a negligible influence on the global coefficient terms of equation 2.4. Usually, experiments are conducted for determining derivatives of primary influence w.r.t flight parameters which could substantially have an effect on them (u, v, w, p, q, r, α, β, M , Re, ...). In most of the studied cases, the following derivatives were experimentally observed to be of primary concern:

• C A 0 (resp. C D 0 ) = Axial (resp. drag) static force coefficient at zero angle-of-attack • C N 0 (resp. C L 0 ) = Normal (resp. lift) static force coefficient at zero angle-of-attack • C Nα (resp. C Lα ) = normal (resp. lift) force coefficient slope • C Yp α = Lateral force coefficient slope.
This term is associated to the Magnus force coefficient for spin-stabilized projectiles

• C mα = Pitching moment coefficient derivative. It is negative for statically-stable configurations and positive for statically-unstable ones

• C n β = Yawing moment coefficient derivative (for axisymmetric geometries:

C n β = C mα [Winchen- bach, 1997])
• C np α = Lateral moment coefficient slope. This term is associated to the Magnus moment coefficient for spin-stabilized projectiles

• C mq = Pitch damping moment coefficient, a term providing an indication of the projectile dynamicstability w.r.t. the pitch axis. This coefficient remains negative for dynamically-stable architectures and positive for dynamically-unstable ones. It includes the damping effects both due to q and α (for rectilinear trajectories q = α such that C mq indifferently encompasses the sum C mq + C m α )

• C nr = Yaw damping moment coefficient, characterizing the dynamic-stability of the flying body w.r.t. the yaw axis (C nr = C mq for axi-symmetric geometries)

• C lp = Roll damping moment coefficient. In the case of a spinning ammunition devoid of liftingsurfaces, it characterizes the aerodynamic roll damping w.r.t. the longitudinal axis, due to the fluid viscosity. In the case of finned ammunition, fitted for example with a set of identical canted fins, a rolling moment is produced if the cant angles of the fins (denoted by δ) are different from zero. Depending on the cant orientations (δ > 0 or < 0), this moment may tend to increase or decrease the spin rate of the projectile. It is associated to an additional roll moment coefficient due to the fin cant and denoted by C l δ (which sign depends on the sign of δ) such that: C l = C lp p * + C l δ δ by considering first order terms Historically, the damping effects have been quantified thanks to such decomposition. However, higher order quantities such as second order terms were not considered in the present approach. They can highly influence the behaviour of a projectile in flight, as for example during a strong acceleration. In that case, the corresponding quantities ( u, v, ẇ, ṗ, q, ṙ, α, β, ...) should be added to the mathematical model by means of additional force and moment gradient, functions of these supplementary terms.

Elements of fluid mechanics

As previously stated and according to appendix B, aerodynamics largely influences the behaviour of a flying vehicle. As such, the determination of the aerodynamic coefficients is a difficult task of primary interest for weapon designers. Numerically speaking, modelling the flow-field around a flying body is necessary to meet these needs. The present section aims to introduce fundamental equations of fluid mechanics from which plenty of theoretical or numerical methods are derived (see Figure 1).

Navier-Stokes equations

Under the continuum mechanics assumption, the Navier-Stokes equations are the fundamental laws describing the behaviour of real fluids, i.e. Newtonian 29 , unsteady, viscous, compressible, rotational and capable of exchanging energy (such as for example by means of heat transfer). They can be expressed in terms of integral or differential equations which can be conservative or not, by four different ways: while mathematically similar, they are not equivalent in terms of numerics [START_REF] Anderson | Computational Fluid Dynamics -The Basics with Applications[END_REF]. For simplicity, the differential conservative form was preferably treated in most of existing CFD codes. When written in Cartesian coordinates by using the Einstein-summation 30 , they are given by three conservation laws (equations 2.13, 2.14 and 2.15 or 2.16 ):

Conservation of mass ∂ρ ∂t + ∂ ∂x i (ρu i ) = 0 (2.13) Conservation of momentum ∂ ∂t (ρu i ) + ∂ ∂x j (ρu i u j ) = - ∂P ∂x i + ∂τ ij ∂x j + ρf i (2.14) Conservation of energy ∂ ∂t (ρE) + ∂ ∂x j [(ρE + P )u j ] = ∂ ∂x j (τ ij u i ) - ∂q i ∂x i + ρ ( q + f i u i ) (2.15) or ∂ ∂t ρ e + 1 2 u i u i + ∂ ∂x j ρu j h + 1 2 u i u i = ∂ ∂x j (τ ij u i ) - ∂q j ∂x j + ρ ( q + f i u i ) (2.16)
where:

• t = Time [s] • x i = i th spatial coordinate [m] • u i = i th fluid velocity component [m.s -1 ] • P = Fluid pressure [Pa] = [kg.m -1 .s -2 ] • T = Fluid temperature [K] • ρ = Fluid density [kg.m -3 ] • q i = i th component of the local heat flux density vector q [W.m -2 ]
• q = Heat power per mass unit (combustion, ...) [W.kg -1 ]

29 By definition, the shear stress of a Newtonian fluid is linearly proportional to the velocity gradient perpendicular to the shear plane. 30 The Einstein-summation is a convention used for summing over a set of indexed terms in a mathematical formula. It is employed to simplify the reading of mathematical expressions with sum operators. In 3D Cartesian coordinates: i, j = 1, 2, 3 or x, y, z.

• E = Total energy per mass unit

= e + e c = c v T + 1 2 u i u i [J.kg -1 ] • e = Internal energy per mass unit = c v T [J.kg -1 ] • e c = Kinetic energy per mass unit = 1 2 u i u i [J.kg -1 ] • h = Specific enthalpy = e + P ρ = c p T [J.kg -1 ] • c v = Mass-specific-heat-capacity of the fluid at constant volume [J.kg -1 .K -1 ] • c p = Mass-specific-heat-capacity of the fluid at constant pressure [J.kg -1 .K -1 ]
• f i = Components of a given force f , expressed per mass unit (gravity, ...) [N.kg -1 ]

• τ ij = Components of the viscous stress tensor τ [Pa], that can be expressed as a function of supplementary terms µ and µ given by equation 2.17: -According to [START_REF] Bonnet | Théories de la dynamiques des fluides[END_REF], µ and µ are linked with a third viscosity coefficient µ defined by 3µ = 3µ + 2µ.

τ ij = µ ∂u i ∂x j + ∂u j ∂x i + µ ∂u k ∂x k δ ij (2.17
δ ij = Kronecker symbol Under the Stokes assumption, dilatations or compressions of a fluid occur such that µ = 0. In that case, the viscous stress tensor components τ ij of a Newtonian fluid can be expressed by equation 2.18:

τ ij = µ ∂u i ∂x j + ∂u j ∂x i - 2 3 µ ∂u k ∂x k δ ij (2.18)
This assumption remains valid for a Newtonian fluid that involves a local thermodynamic equilibrium or for a mono-atomic gas [START_REF] Hirsch | Numerical Computation of Internal and External Flows -The fundamentals of Computational Fluid Dynamics[END_REF]. Although µ = 0 for poly-atomic gases, the assumption is usually considered valid excepted for aeroacoustic problems or for flow-fields involving large pressure and temperature changes [START_REF] Chassaing | Mécanique des fluides -Eléments d'un premier parcours -3e édition revue et augmentée[END_REF]. Nonetheless, the system formed by equations 2.13 to 2.18 involves seven unknown variables (P , ρ, T , u 1 , u 2 , u 3 and µ) such that it cannot be solved without additional formulations. Therefore, it is necessary to complete this system by means of additional laws, typically:

Ideal gas law which links the pressure P , the density ρ, the temperature T and the internal energy e of the fluid through equation 2.19:

P = ρrT = ρ(γ F luid -1)e (2.

19)

Fourier's law expressing q i as a function of temperature gradients through equation 2.20:

q i = -κ ∂T ∂x i (2.20)
Sutherland's law (170K < T < 1900K) expressing the dynamic viscosity µ as a function of temperature T by equation 2.21:

µ = µ ref T T ref 3 2 T ref + S T + S (2.21)
where:

• r GP = 287.053 J.kg -1 .K -1 is the ideal gas constant

• γ F luid = c p /c v is the heat capacity ratio of the fluid at constant pressure and temperature (γ F luid = 1.4 for the air)

• κ = Thermal conductivity coefficient [W.m -1 .K -1 ] • T ref = 273.15 K is the reference temperature • S = 110.4 K is the Sutherland's temperature • µ ref = 1.711x10 -5 kg.m -1 .s -1 is the reference viscosity of air at T ref = 273.15 K

Euler equations for inviscid flow

Neglecting viscosity effects (τ ij = 0) and energy transfers (q i = 0), the Navier-Stokes equations simplify to Euler ones. In addition, by assuming f i = 0 for simplicity, the obtained system is composed of equations 2.22, 2.23 and 2.24, expressed by:

Conservation of mass ∂ρ ∂t + ∂ ∂x i (ρu i ) = 0 (2.22) Conservation of momentum ∂ ∂t (ρu i ) + ∂ ∂x j (ρu i u j ) = - ∂P ∂x i (2.23) Conservation of energy ∂ ∂t (ρE) + ∂ ∂x j [(ρE + P )u j ] = 0 (2.24)

Potential equations for irrotational flow

An Euler problem reduces to a potential flow model by considering the flow free of any vorticity. This approximation facilitates computations of the velocity field by decreasing the number of unknown variables. It can help in investigating a three-dimensional problem throughout two-dimensional fields.

Full-potential flow An irrotational flow is mathematically described by equation 2.25:

∇ ∧ V = 0 ⇔ ∂u i ∂x i = 0 (2.25)
where the velocity field V can be expressed as a function of a scalar potential Φ by equation 2.26:

V = ∇Φ ⇔ u i = ∂Φ ∂x i (2.26)
In the frame of the vortex flow theory, equations 2.25 and 2.26 are valid at every point except at the origin of the vortex, where the velocity tend to infinity [START_REF] Anderson | Fundamentals of Aerodynamics[END_REF]. Expressed in a non-conservative form by working out density derivatives from the momentum conservation equation 2.23, the isentropic potential model is driven by the velocity potential equation 2.27, also called the full-potential equation:

a 2 ∆Φ-V .∇ V 2 2 = ∂ 2 Φ ∂t 2 + ∂(V 2 ) ∂t ⇔ (a 2 δ ij - ∂Φ ∂x i ∂Φ ∂x j ) ∂ 2 Φ ∂x i ∂x j = ∂ 2 Φ ∂t 2 +2 ∂Φ ∂x i ∂ 2 Φ ∂x i ∂t (2.27)
where the speed of sound, denoted by a, is given for perfect gases by equation 2.28:

a 2 = ∂P ∂ρ (2.28)
Unsteady flows require temporal derivatives to be computed by means of additional time-dependent formulations. For example, the Bernoulli31 equation for the pressure can be employed to determine ∂ρ/∂t. Nevertheless, compressibility effects can be easily evaluated assuming steady-state flows: for simplicity, temporal derivatives of equation 2.27 will not be considered in the following. Compressibility corrections fully developed, steady potential flow problems are governed by equation 2.29 :

(a 2 -u 2 ) ∂ 2 Φ ∂x 2 + (a 2 -v 2 ) ∂ 2 Φ ∂y 2 + (a 2 -w 2 ) ∂ 2 Φ ∂z 2 -2uv ∂ 2 Φ ∂x∂y -2vw ∂ 2 Φ ∂y∂z -2uw ∂ 2 Φ ∂x∂z = 0 (2.29)
Formulation 2.29 is a second order, non-linear, full-potential partial differential equation (higher order terms are neglected). Because shock-waves are source of entropy (strong shock waves tend to separate the flow), they cannot be exactly and rigorously modeled by the potential-flow model. Indeed, equation 2.29 is a valid approximation whether the magnitude of existing shock-waves in the flow-field remains small, i.e. for weak shock waves which admit isentropic jumps conserving mass but not momentum (this is typically true for Mach numbers M < 1.3 for the normal velocity component upstream of the shockwave). However, potential theory can be used for both supersonic or hypersonic speeds by linearizing equation 2.29. In all cases, instead of individually solving Cartesian components of the velocity field, only one equation has to be solved for one unknown variable, thus reducing computational cost.

Linearized potential flow and small-perturbation hypothesis In this section, the flow-field is supposed to follow a preferred orientation: the x axis. Under the small-perturbation hypothesis [START_REF] Bonnet | Théories de la dynamiques des fluides[END_REF]], the potential Φ can be expressed by equation 2.30:

Φ = V ∞ x + ϕ p (x, y, z) (2.30)
where V ∞ and ϕ p (x, y, z) are respectively the free-stream velocity and the perturbation potential associated to the perturbation velocity V p , given by equation 2.31:

V p = V p (u -V ∞ , v, w) = V p ∂ϕ p ∂x , ∂ϕ p ∂y , ∂ϕ p ∂z (2.31)
By substituting expressions of Φ and V p in equation 2.29, one obtain the small-perturbation equation of potential, given by relation 2.32:

(1 -M 2 ∞ ) ∂ 2 ϕ p ∂ 2 x + ∂ 2 ϕ p ∂ 2 y + ∂ 2 ϕ p ∂ 2 z = (1 + γ F luid )M 2 ∞ u V ∞ ∂ 2 ϕ p ∂ 2 x + 2M 2 ∞ v V ∞ ∂ 2 ϕ p ∂x∂y + 2M 2 ∞ w V ∞ ∂ 2 ϕ p ∂z∂x + 2M 2 ∞ u V ∞ w V ∞ ∂ 2 ϕ p ∂y∂z (2.32)
The small-perturbation potential equation can be simplified depending on the Mach number range:

• For incompressible flows, the velocity is driven by equation 2.33:

∇.V = 0 (2.33)
In that case, formulation 2.32 simplifies into the linear Laplace equation of potential 2.34:

∆Φ = ∇ 2 Φ = ∇ 2 ϕ p = ∂ 2 ϕ p ∂ 2 x + ∂ 2 ϕ p ∂ 2 y + ∂ 2 ϕ p ∂ 2 z = 0 (2.34)
• For transonic speeds, formulation 2.32 can be reduced to:

1 -M 2 ∞ -(1 + γ F luid ) M 2 ∞ V ∞ ∂ϕ p ∂x ∂ 2 ϕ p ∂ 2 x + ∂ 2 ϕ p ∂ 2 y + ∂ 2 ϕ p ∂ 2 z = 0 (2.35)
• For purely subsonic or purely supersonic speeds, the non-linear right hand side term of equation 2.32 can be dropped to obtain the linear equation 2.36 expressed by:

(1 -M 2 ∞ ) ∂ 2 ϕ p ∂ 2 x + ∂ 2 ϕ p ∂ 2 y + ∂ 2 ϕ p ∂ 2 z = 0 (2.36)
commonly called the Prandtl-Glauert equation.

Constitutive laws for incompressible potential flow

The first significant application of the potential flow theory deals with the aerodynamic characterization of lifting-surfaces. The present paragraph enumerates supplementary considerations associated to the physics of incompressible potential flows, including [START_REF] Katz | Low-Speed Aerodynamics[END_REF]]:

• The Kelvin's circulation theorem which stipulates that the variation of the circulation Γ w.r.t. the time, around a closed curve C(t) encompassing the body far enough from it to be outside of its boundary layer and consisting of the same fluid element, is equal to zero. This theorem is mathematically expressed by equation 2.37:

DΓ Dt = D Dt C(t)
V dl = 0 (2.37)

V and dl are the local fluid velocity and the infinitesimal length vector along C(t), respectively.

• Helmoltz's theorems describe the three-dimensional motion of an inviscid fluid close to vortex filaments:

-The vortex strength is constant along the length of a vortex filament (first theorem)

-A vortex filament must extend to the boundaries of the fluid since it cannot end in a fluid (second theorem)

-Devoid of rotational external forces, a fluid that is initially irrotational, remains irrotational (third theorem)

• The Kutta-Joukowsky theorem stipulates that for an incompressible, inviscid and irrotational flow in an unbounded fluid domain, the generation of lift over a body is proportional to the circulation Γ around it. In that case, the resulting lift force per unit span f is given by equation 2.38:

f = ρV ∧ Γ (2.38)
Therefore, the force over an airfoil is perpendicular to the free-stream velocity. Moreover, the lift requires a circulation Γ in order to exist, but there is an infinite number of solutions for the circulation (see Figure 2.2). A circulation Γ corresponding to an "observable" flow physics was FIGURE 2.2: Multiple circulations over an airfoil for a potential flow [START_REF] Anderson | Fundamentals of Aerodynamics[END_REF] introduced by the German mathematician Wilhelm Kutta in 1902, when observing the features of a steady flow around an airfoil (see Figure 2.3):

-The circulation Γ around the airfoil is such that the flow leaves smoothly both top and bottom surfaces at the trailing edge -A stagnation point exists if the trailing edge angle is finite -Velocities that leave both top and bottom surfaces at the trailing edge are equal both in magnitude and direction if the trailing edge is a cusp [START_REF] Anderson | Fundamentals of Aerodynamics[END_REF] • Boundary conditions: potential flow problems require to specify suitable boundary conditions for the velocity at the limits of the fluid domain (i.e. on the body surface and at infinity), for properly closing the system. For this purpose, two possibilities are usually employed to solve boundary conditions: either the zero normal flow velocity is specified in the boundary conditions (Neumann problem), or the potential is directly specified in the boundary conditions (Dirichlet problem).

FIGURE 2.3: Kutta condition
When expressed in the body fixed coordinate system ] B , the former is mathematically expressed by two conditions:

-Firstly, the velocity component normal to the body surface must be zero:

V .n = ∇Φ.n = 0 (2.39)
where n is the local vector normal to body surface.

-Secondly, a disturbance produced by the body must decay far from it:

lim R f ar →+∞ (∇Φ -v f ar ) = 0 (2.40)
where R f ar = (x f ar , y f ar , z f ar ) and v f ar respectively denote the position and the velocity at infinity, as seen by an observer moving with the body.

Concluding remarks On the one hand, linear potential flow problems can be described in the form of a linear equation which can be solve by summing elementary solutions on the body surface (principle of superposition:

Φ = Φ 1 + Φ 2 + ... + Φ n ):
a set of elementary solution can be linearly superposed for solving and synthesizing sophisticated geometries that cannot be analytically solved. These elementary solutions have to fulfill considerations stated in section 2.2.3. Numerous 2D or 3D elementary point/line flow structures can be chosen as solutions, for example: uniform, sources, sinks, doublets, vortices, or any combination of the aforementioned structures. These solutions are called singularities since they are singular at the origin of the considered elementary structure. Vortex-based singularities are usually retained for solving aerodynamic potential flow problems over bodies and wings, since they are capable of modelling airflows with finite lift. For example, the horseshoe vortex as well as the vortex ring are part of the most popular singularities employed in the open literature [START_REF] Katz | Low-Speed Aerodynamics[END_REF].

On the other hand, potential methods are fast and capable of accurately capturing weak transonic shock waves. Equation 2.32 can be solved on the surface of the studied geometry only: discretization of the flow-field around it is not mandatory and pre-processing resources can be saved. This approximation was widely considered in the aircraft industry and is still very useful today. As it will be seen further in section 2.3.4.1, plenty of aerodynamic prediction models were developed based on these considerations, including the lifting-line theory, Vortex-Lattice-Methods or higher-fidelity panel methods. However, these approaches consider singularity elements and are not rigorously valid for compressible flows. Moreover, viscous effects and post-stall characteristics need to be addressed. Several techniques were developed to overcome these shortcoming and will be further presented and discussed in section 2.3.5.

Summary

Thanks to the increase of computer performances, numerical methods able to solve aerodynamic problems have evolved over the years, from simplified low-computational-cost models up to very sophisticated techniques involving resource-consuming algorithms. Equations 2.13 to 2.15 are the fundamentals of existing CFD techniques. By contrast, equations 2.27 and 2.32 remain the fundamentals of existing semi-empirical methods in common use. Although best accurate approaches are increasingly and preferably chosen today, avoiding complementary methods (i.e. numerical methods less accurate) would be prejudicial when developing new concepts. Indeed, advantages and drawbacks remain for each technique and their complementarity can lead to improved development phases with regards to multidisciplinary fields. A synthesis of existing methods with their associated accuracy level is illustrated in Figure 2.4. FIGURE 2.4: Classical aerodynamic prediction methods and their corresponding modelling levels (adapted from [Délery, 2008])

Numerical methods

CFD methods

The Navier-Stokes closed system of equations 2.13, 2.14, 2.15 and 2.16 is able to model all types of flow-fields, involving for instance shock-waves, vortices, turbulence, separation effects and many more. It involves a non-linear problem which can be solved by means of multiple CFD approaches that are briefly reminded herein. In the present work, the commercial Fluent-V.15 software from the ANSYS company was employed to perform all the CFD computations. The following paragraph is based on the open literature which contains plenty of references describing this field [START_REF] Hirsch | Numerical Computation of Internal and External Flows -The fundamentals of Computational Fluid Dynamics[END_REF].

The basic philosophy of CFD can be summarized into the following main steps:

• Identify the most preponderant physical phenomena that have to be investigated in order to estimate the best-suited approaches that would be capable of properly solving the considered problem (definition of physical scales of primary concern, turbulence modelling, assumptions and limitations)

• Define a computational domain (mesh) consisting of cells, in which the non-linear system of equations will be solved (a set of boundary conditions are defined at the boundary-cells of the computational domain)

• Set-up the best suited solver for numerically solving the equations associated to the studied problem (Navier-Stokes or Euler). In this step, the operating conditions in terms of velocity, pressure, temperature, ... are also defined by the user. Equations are discretized by means of spatial and temporal schemes which follow the general formulation 2.41:

Sources -Losses = Convection -Diffusion (2.41)
The approach retained by the Fluent code to solve the considered set of equations is the Finite-Volume-Method (FVM) which is by nature conservative and well suited for solving the conservation equations [START_REF] Hirsch | Numerical Computation of Internal and External Flows -The fundamentals of Computational Fluid Dynamics[END_REF].

• Post-process the results thanks to dedicated software able to check and analyse plenty of flow-field variables, such as for example pressure, density, velocity, or temperature fields Ideally, Direct Numerical Simulation (DNS) is able to solve the Navier-Stokes equations including all the physical turbulent scales associated to the flow-field structure of the studied problem. However, due to computer limitations in terms of memory and computational time, this technique is today primarily dedicated to fundamental and basic case studies involving simple configurations, for which the Reynolds number remains small (indeed, the computational time is proportional to the cubic exponent of the Reynolds number). For aeronautic and aerospace applications, scientists and engineers must renounce to resolve all the turbulence scales ranging from micrometre distances, for computational domains which can involve metres or even kilometres, depending on the studied problem. In that case, the associated computational cost would be prohibitive. In practice, three possibilities are considered to overcome this major issue (see Figure 2.5):

• The statistic Reynolds-Averaged-Navier-Stokes approach (RANS) and the associated unsteady version (Unsteady-RANS, denoted by URANS)

• The Large Eddy Simulation (LES) approach which aims at modelling small scales of turbulence while computing larger ones

• Hybrid methods that combine the RANS approach at the vicinity of the body surface with the LES approach elsewhere (for example: DES, ZDES, ILES, ...) FIGURE 2.5: Turbulence modelling versus accuracy and computational cost [START_REF] Sagaut | Multiscale and Multiresolution Approaches in Turbulence -LES[END_REF][START_REF] Pain | Simulation numérique, analyse physique et contrôle d'écoulements massivement décollés. Application au buffeting culot et à l'ovalisation de la tuyère sur des configurations de lanceur[END_REF] All the CFD simulations that were performed in the present work are based on RANS/URANS methods which principle is described in the following section.

The Reynolds-Averaged-Navier-Stokes model (RANS)

One of the most common technique employed for numerically solving the Navier-Stokes equations aims at only considering the averaged values by modelling all turbulence scales of the studied problem: this is the RANS approach. Initially developed for simulating steady-state flow-fields, this approach has been extended to unsteady-state cases (URANS). Herein, each physical quantity f (x, t) is decomposed in an averaged part f and a fluctuating one f (x, t) [START_REF] Chassaing | Mécanique des fluides -Eléments d'un premier parcours -3e édition revue et augmentée[END_REF]:

f (x, t) = f + f (x, t)
where:

f = 0 (2.42)
For a statistically steady-state case (RANS), the averaged part of equation 2.42 is given by equation 2.43:

f = f (x) = lim T →+∞ 1 T t+T t f (x, τ )dτ (2.43)
In the unsteady-state case (URANS), the averaged part of equation 2.42 is given by equation 2.44:

f = f (x, t) = 1 T t+T /2 t-T /2 f (x, τ )dτ (2.44)
where T is a time-scale sufficiently chosen high-enough w.r.t. the turbulence one and small-enough w.r.t. the one associated to flow-field variations. However, averaging equation 2.42 is suitable for incompressible flow-fields only, since it would introduce density fluctuations ρ leading to additional terms that cannot be properly modelled for compressible cases, numerically speaking. To overcome this shortcoming, the Favre decomposition which is based on weighted averages w.r.t. the density ρ is employed [START_REF] Favre | Equations des gaz turbulents compressibles[END_REF][START_REF] Chassaing | Variable Density Fluid Turbulence[END_REF]:

ρ = ρ + ρ (2.45) f = ρf ρ (2.46)
According to Favre, the fluctuating part is given by equation 2.47:

f = f -f where: f = 0 (2.47)
Applying such decomposition to all physical quantities leads to the averaged, compressible and unsteady Navier-Stokes system formed by equations 2.48, 2.49, 2.50 and 2.51:

Conservation of mass ∂ ρ ∂t + ∂ ∂x i (ρũ i ) = 0 (2.48) Conservation of momentum ∂ ∂t (ρũ i ) + ∂ ∂x j (ρũ i ũj ) = - ∂ p ∂x i + ∂(τ ij + R ij ) ∂x j (2.49)
where:

τij = μ ∂ ũi ∂x j + ∂ ũj ∂x i - 2 3 µ ∂ ũk ∂x k δ ij and R ij = -ρu i u j (2.50)
Conservation of energy

∂ ∂t ρ ẽ + ũi ũi 2 + ρu i u i 2 + ∂ ∂x j ρũ j h + ũi ũi 2 + ũj ρu i u i 2 = ∂ ∂x j -q j -ρu j h + τ ij u i - 1 2 ρu j u i u i + ũi τij -ρu i u j (2.51)
In the RANS approach, the temporal derivatives vanish. This system of equations is similar to the original Navier-Stokes formulations, but remains an open system since a set of additional unknowns are generated.

Closure of RANS-URANS equations

Among supplementary terms of equations 2.48, 2.49, 2.50 and 2.51, the Reynolds stress tensor formulations R ij = -ρu i u j represent the most important components since they essentially determine the behaviour of the mean velocity field. The optimal closure level is currently based on the solution of the exact transport equations of R ij (for example the Reynolds-Stress Model (RSM)). They bring out the unknown fluctuating high-order correlations which require to be modelled (they are called: "second-order models"). However, to perform unsteady CFD computations within an industrial frame with a reasonable computational cost, first-order closure models are considered in the present thesis. Reynolds stresses Chapter 2. Aerodynamic modelling and/or turbulent heat transfers are directly given by means of hypotheses that express them as a function of mean flow-field variables. To estimate the correlations of the velocity fluctuations ρu i u j , first-order approaches based on the use of so-called constitutive laws are introduced. These laws express turbulent stresses as a function of the averaged physical quantities associated to the investigated flow-field. In this frame, the turbulent viscosity introduced by Boussinesq remains the basis of existing models and is expressed by equation 2.52 (k denoting the turbulent kinetic energy) [START_REF] Chassaing | Turbulence en mécanique des fluides -Analyse du phénomène en vue de sa modélisation à l'usage de l'ingénieur[END_REF]:

R ij = -ρu i u j = µ t ∂ ũi ∂x j + ∂ ũj ∂x i - 2 3 ∂ ũk ∂x k δ ij - 2 3 ρk δ ij (2.52)
While equation 2.52 linearly expresses turbulent stresses as a function of the mean stress tensor, the turbulent viscosity µ t still needs to be estimated. For this purpose, multiple models are available in the literature (k -, k -ω, k -ω SST, Spalart-Allmaras, RSM, ...) but none of them can be considered as the best one regardless of the investigated problem. Since the goal of the present thesis does not aim at comparing turbulence models, only the one which was retained for the purpose of the present study will be described, namely the k -ω SST (Shear-Stress-Transport) model [START_REF] Menter | Two-equation eddy-viscosity turbulence models for engineering applications[END_REF]. The interested reader is invited to read references from the open literature for supplementary details concerning turbulence modelling [START_REF] Chassaing | Turbulence en mécanique des fluides -Analyse du phénomène en vue de sa modélisation à l'usage de l'ingénieur[END_REF]. Due to its ease of implementation, the retained turbulence model is probably one of the most commonly employed today for aeronautic or aerospace applications. Instead of the kmodel, it is robust and does not require any damping function of turbulent viscosity close to body surfaces, or any additional low-Reynolds terms. The k -ω SST model is based on two transport equations, one for the turbulent kinetic energy k (equation 2.53) and one for the dissipation per kinetic energy unit ω (equation 2.54), respectively:

∂ ∂t ρk + ∂ ∂x i ρk ũi = ∂ ∂x i μ + µ t σ k ∂ k ∂x i + G k -Y k + S k (2.53) ∂ ∂t (ρω) + ∂ ∂x i (ρωũ i ) = ∂ ∂x i μ + µ t σ ω ∂ω ∂x i + G ω -Y ω + D ω + S ω (2.54)
where σ k , σ ω and G k are defined in equation 2.55:

σ k = 1 F 1 σ k,1 + 1-F 1 σ k,2 σ ω = 1 F 1 σ ω,1 + 1-F 1 σ ω,2 G k = min (G k , 10Y k ) (2.55)
with:

• G k = Production term associated to turbulent kinetic energy due to the mean velocity gradient of the flow-field

• G ω = Production term associated to ω • Experimental constants σ k,1 , σ ω,1 , σ k,2 and σ ω,2 are provided in table 2.1:

• D ω = A "
σ k,1 σ ω,1 σ k,2 σ ω,2
1.176 2.0 1.0 1.168 The k -ω SST model is an hybrid formulation that combines advantages of the k -ω model close to the body surface (where is it robust and accurate) [START_REF] Wilcox | Formulation of the k -ω Turbulence Model Revisited[END_REF], with the kmodel elsewhere (where it is independent from the far-field). For this purpose, two blending functions F 1 and F 2 are employed for switching from a model to the other, depending on the considered position in the computational domain. These functions which equal 1 close to the body-surface and 0 elsewhere, are expressed by equations 2.56 and 2.57, respectively. The model provides reasonable estimations for partially separated flowfields including adverse pressure gradients. It is advised to be used on computational grids for which y + ≈ 1 (restrictive condition for complex geometries) and sometimes fails to correctly determine the switching transition zone between kand k -ω models.

F 1 = tanh   min k 0.09ωy , 500μ ρy 2 ω , 4ρ k σ ω,2 D + ω y 2 4   (2.56) F 2 = tanh   max 2 k 0.09ωy , 500μ ρy 2 ω 2   (2.57)
with:

D + ω = max 2ρ 1 σ ω,2 1 ω ∂ k ∂x i ∂ω ∂x i , 10 -10 (2.58)
The SST correction enables the limitation of the turbulent viscosity coefficient µ t thanks to equation 2.59 [START_REF] Menter | Two-equation eddy-viscosity turbulence models for engineering applications[END_REF] (an overestimation of the viscosity having been observed near the walls, prior to such a correction model):

µ t = ρk ω 1 max 1 α * , S 0 F 2 α 1 ω
(2.59)

where:

• α 1 ≈ 0.31

• α * is the "switch variable"
• S 0 is the Frobenius norm of the mean rotation rate tensor Conclusion: compared to second-order models, the ones composed of two transport equations are largely employed due to their reasonable computational costs, robustness, and ease of implementation. Nevertheless, they may suffer from several limitations, for instance when rapid variations of the mean flowfield quantities occur [START_REF] Pope | Turbulent flows[END_REF]. While the results produced by two transport equation models can be quantitatively inaccurate, they always remain qualitatively realistic [START_REF] Chassaing | Turbulence en mécanique des fluides -Analyse du phénomène en vue de sa modélisation à l'usage de l'ingénieur[END_REF].

Numerical methods for the three-dimensional wing problem

To introduce and justify the computational model which has been selected for developing the WASP code, a review of existing solutions for the three-dimensional wing problem is briefly reminded in section 2.3.4.1. This review is of primary concern since the goal of the present research project aims at extending the range of an artillery projectile by means of aerodynamic surfaces. As it will be seen further in section 2.3.5, recent efforts were performed for properly including non-linear effects into the computations of Vortex Lattice Methods (VLM) ("modified VLM"), such as viscous and compressibility effects or poststall characteristics. To introduce the topic, section 2.3.4.2 describes the basics of the classical liftingline method from Prandtl [START_REF] Prandtl | Gottinger Nachrichten[END_REF][START_REF] Prandtl | Application of Modern Hydrodynamics to Aeronautics[END_REF]. Then, section 2.3.4.3 puts emphasis on a modified VLM which principle has been retained in the WASP code for modelling the aerodynamic surfaces [START_REF] Mutterperl | The calculation of span load distribution on swept-back wings[END_REF][START_REF] Weissinger | The lift distribution of swept-back wings[END_REF][START_REF] Blackwell | A Finite Step Method for Calculation of Theoretical Load Distributions for Arbitrary Lifting-Surface Arrangements at Subsonic Speeds[END_REF].

Review

Plenty of methods can be found in the literature for calculating the loads of three-dimensional finite wings. These methods aim at determining the velocity fields in the vicinity of the wing. For this purpose, potential flow methods represent an interesting compromise since they require solutions for a small part of the flow-field, thus saving a substantial amount of computational time. In addition, compressibility and/or viscous effects can be added to these methods through additional suitable corrections. To summarize, the main techniques in common use include [START_REF] Katz | Low-Speed Aerodynamics[END_REF]]:

• Panel methods • Vortex-Lattice Methods (VLM)

• Modified VLM including non-linear effects Linear panel methods which principle consists in modelling both lower and upper surfaces of a wing by means of singularity elements called panels, inducing a perturbation on the velocity field. A flow tangency condition is imposed at a number of control points equal to the number of singularity elements. This leads to a linear system of equations which solutions allow the determination of each panel strength and of the aerodynamic characteristics of the finite wing. Moreover, the effects of the freely deforming wake topology can also be captured thanks to the panels for which the local flow velocity can be computed. In this frame, the most common singularities include source, doublet or vortex panels. Advanced panel methods can imply a mix of different singularity elements that can be non-planar.

Vortex-Lattice Methods (VLM) which classical version considers the wing as a thin surface devoid of thickness. Span-wise and chord-wise segments subdivide the surface into a grid composed of vortex ring elements. The vorticity associated to each element is represented by a horseshoe vortex including:

• A span-wise component bound to the quarter-chord line of the element • Two chord-wise components parallel to the free-stream velocity and trailing downstream from the trailing-edge of the element A flow tangency condition is also imposed at a number of control points equal to the number of horseshoe vortices. This leads to a system of linear equations to solve and allows the determination of the vortex strength associated to each element. Moreover, each trailing vortex filament strength is obtained by summing each chord-wise contribution at a specified span-wise position on the grid. VLM methods do not consider thickness effects but are able to model plenty of wing shape features such as sweep, twist, dihedral or control flaps.

Modified VLM involve singular perturbations which can be solved numerically based on the so-called Matched Asymptotic Expansions approach (MAE). Assuming small span-wise variations of the aerodynamic environment, the three-dimensional flow-field around a finite wing is considered as a combination of two models (see Figure 2.6): a first one for the wing which is modelled by means of a single liftingline (inner problem) and a second one for the wake (outer problem). The basic principle of the MAE FIGURE 2.6: Match Asymptotic Expansion (MAE) [START_REF] Johnson | Rotorcraft Aeromechanics[END_REF] approach aims to provide numerical solutions, albeit analytical expressions are available. When solved, both inner and outer problems are combined through a matching procedure based on a numerical iterative process. Depending on the considered perturbation-order, these methods were shown to be suitable for solving three-dimensional wing problems involving swept and yawed plan-forms, for steady/unsteady, incompressible/compressible, viscous/inviscid flows. The first order solution is the well-known Prandtl's lifting-line theory, associated to incompressible steady flows over high aspect-ratio wings devoid of sweep. Higher-order methods were initiated by Weissinger in 1947 for incompressible steady flows over wings with sweep and/or dihedral and were generalized later by Van Dyke who provided the most relevant theoretical justification of the theory. However, modified VLM suffer from several drawbacks:

• Small span-wise variations of the aerodynamic environment over the studied wing are assumed negligible

• Thickness effects are not considered

• The effects of the chord-wise vorticity on the down-wash distribution are not considered such that VLM are not best suited for studying cambered wings

Prandlt's lifting-line theory

Background At the beginning of the twentieth century, the concept of induced drag for finite wings was discovered when attempting to explain the paradox of d'Alembert. For an ideal potential flow, both scientists Kutta and Joukowski were demonstrating that a lift could be generated by introducing the concept of circulation. However, at that time no theory was able to explain the magnitude of the drag which was observed experimentally. Based on energy considerations, a conceptual model of a free vortex wake producing drag and able to explain the nature of induced drag, was initially proposed by Lanchester in 1907. Based on the second Helmholtz's theorem, Lanchester assumed a trailing vortex sheet extending downstream from the wing-tips to model the wing-tip vortices, and a bound vortex associated to the wing span (see Figure 2.7). Lanchester observed that the kinetic energy, associated FIGURE 2.7: "Vortex trunks" concept [START_REF] Lanchester | London, constable and co[END_REF] to the free vorticity distribution of a wing with finite span and shed downstream from the wing trailing edge, is equal to the work necessary to produce the amount of lift (this work is not considered for a wing with infinite span). He showed the induced drag to be the convected energy downstream the wing in the trailing wake region.

Prandtl's integro-differential equation During the 1920s, a model able to describe the induced drag of a planar wing in a steady flow was proposed by Prandtl and his students Munk and Betz, by combining 3D effects with 2D solutions [START_REF] Prandtl | Gottinger Nachrichten[END_REF][START_REF] Prandtl | Application of Modern Hydrodynamics to Aeronautics[END_REF][START_REF] Munk | The Minimun Induced Drag of Aerofoils[END_REF]. Prandtl extended the idea of Lanchester by neglecting span-wise variations of the aerodynamic environment along a wing of high aspect-ratio (AR) and by considering a system of horseshoe vortices. The wing is described by a continuous distribution of bound vortices, while the downstream wake is modelled by a continuous distribution of trailing vortices (see Figure 2.8). The bound vortices superimpose one into the others and are symmet- As it is illustrated in Figure 2.9, the local velocity dV induced at an arbitrary point P by an infinitesimal element of circulation dΓ, is computed thanks to the Biot-Savart law given by equation 2.61:

dV = dΓ ∧ r 4π | r | 3 (2.61) FIGURE 2.9: Biot-Savart law
The resulting downwash distribution v i (y n ) at each span-wise section y n and the corresponding induced angle-of-attack α i (y n ) are computed by integration along the wing span (equation 2.62):

v i (y n ) = - 1 4π span γ wake dy y n -y & α i (y n ) = arctan v i (y n ) V ∞ ≈ v i (y n ) V ∞ (2.62)
Since a flow exists over a bound vortex, the Kutta-Joukowski theorem can be used for expressing both the lift L(y n ) and the induced drag D i (y n ) at the span-wise station y n , given by equation 2.63:

L(y n ) = ρV ∞ Γ(y n ) & D i (y n ) = ρv i (y n )Γ(y n ) (2.63) FIGURE 2
.10: Downwash effect on the flow over an airfoil section for a finite wing [START_REF] Anderson | Fundamentals of Aerodynamics[END_REF] As it can be seen in Figure 2.10, the effective angle-of-attack of each wing cross-section is expressed by equation 2.64:

α ef f (y n ) = α geo (y n ) -α i (y n ) (2.64)
For two-dimensional flows, the general formulation of the circulation associated to a cross-section can be expressed by equation 2.65:

Γ(y n ) = κ(α ef f (y n ))V ∞ c(y n ) (2.65)
where:

• c(y n ) is the cross-section chord at the span-wise station y n

• κ(α ef f (y n )) is a dimensionless coefficient which depends on the cross-section shape as well as on the effective angle-of-attack α ef f (y n ). For small incidences:

κ(α ef f (y n )) = k ∞ α ef f (y n ),
where k ∞ is a coefficient characterizing the two-dimensional cross-section associated to a wing of infinite span (the slender body theory gives:

k ∞ ∼ π)
Combining formulations 2.62 to 2.65 leads to the Prandtl's integro-differential equation 2.66 [START_REF] Anderson | Fundamentals of Aerodynamics[END_REF][START_REF] Katz | Low-Speed Aerodynamics[END_REF]:

α(y n ) = Γ(y n ) k ∞ V ∞ c(y n ) - 1 4πV ∞ span γ wake dy y n -y (2.66)
Solving equation 2.66 allows the determination of the circulation Γ(y n ) at each point of the lifting-line (for example by representing the lift distribution as a Fourier series). This leads to the knowledge of both the total lift and induced drag forces by integration along the lifting-line.

In reality, the distribution of bound vortices producing the lift and the induced drag are located in the boundary layer: the resulting lift and the induced drag forces are obtained by integration of the surface pressure distribution over the wing. Moreover, the theory assumes a wake distribution extending downstream to infinity, while it breaks down in reality due to viscous dissipations (the kinetic energy of the wake is dissipated by means of heat transfer). Nonetheless, for plenty of aeronautic applications, the wake distribution breaks down so far downstream that such simple infinite wake model remains realistic.

Induced drag According to the Prandtl's lifting-line theory, the induced velocities associated to a three-dimensional finite wing depends on circulation gradients. Since the circulation is linked to the pressure jump, it is worth zero at the wing tips. In that case, the gradient of circulation is large enough to generate induced drag. Hence, a reduction of the induced drag can be performed by reducing such high gradients (non-planar wings, winglets, ...) [START_REF] Demasi | Invariant Flormulation for the Minimum Induced Drag Conditions of Nonplanar Wing Systems[END_REF]. A direct consequence of the Prandtl's model for planar wings is that the minimum induced drag occurs for an elliptical distribution of circulation, i.e. when the down-wash distribution along the wing span is uniform. Munk generalized this condition for non-planar wings [START_REF] Munk | The Minimun Induced Drag of Aerofoils[END_REF]:

• Munk's stagger theorem: The total induced drag of any three-dimensional system of lifting elements is independent of the elements positions in the direction of the free-stream velocity V ∞ • Munk's minimum induced drag theorem: When all the elements of a lifting system have been translated into a single plane, the induced drag will be minimum when the component of the induced velocity normal to the lifting element at each point is proportional to the cosine of the dihedral angle of the lifting element at that point Additionally, Prandtl intuitively assumed a wake parallel to the free-stream velocity for obtaining an analytic solution, albeit this is not rigorously true in reality. The latter can be more difficult to investigate since the final position of the wake would have to be determined [START_REF] Demasi | Aerodynamic Analysis of Non-conventional Wing Configurations for Aeroelastic Applications[END_REF]. Even if the governing equations are linear, the problem would become non-linear. In the WASP code, the wake vortex sheet is aligned with the free-stream velocity, for simplicity.

Limitations The classical Prandtl's lifting-line theory is able to provide accurate results for straight wings and for incompressible and attached steady flows, as far as the boundary layer effects remain small. The theory is valid whether the small span-wise variations of the aerodynamic environment occur over a high aspect-ratio wing (typically higher than four). Moreover, it is not able to accurately compute the wing pitching moment through the span-wise lift distribution, because the lifting-line is located on a single straight quarter-chord line, devoid of sweep and dihedral angles. Thus, plenty of geometrical features are not considered by the classical theory of Prandtl.

Method of Weissinger

Principle The onset of modified VLM started with the work done by Mutterperl, Weissinger and later Blackwell who studied the loading of swept-back wings [START_REF] Mutterperl | The calculation of span load distribution on swept-back wings[END_REF][START_REF] Weissinger | The lift distribution of swept-back wings[END_REF][START_REF] Blackwell | A Finite Step Method for Calculation of Theoretical Load Distributions for Arbitrary Lifting-Surface Arrangements at Subsonic Speeds[END_REF]. The principle of the method aims to solve a collocation problem of kinematic boundary conditions associated to the considered aerodynamic surfaces. The method was widely adapted by many research scientists over the years and the version developed by Phillips is described in the following [START_REF] Phillips | Modern Adaptation of Prandtl's Classic Lifting-Line Theory[END_REF]. Contrary to the formulation developed by Ludwig Prandtl, each horseshoe vortex is placed next to each other, bound along the quarter-chord line which can have sweep and/or dihedral planforms (see Figure 2.11). The method is similar to a classical VLM with a single panel in the chord-wise direction and involves control points which are [START_REF] Bertin | Aerodynamics for Engineers[END_REF]]:

• Chord-wisely located at the three-quarter-chord line of each horseshoe vortex, for bound vortices located at the quarter-chord line

• Span-wisely located midway between the trailing segments of each horseshoe vortex The velocity vector induced by a vortex filament at an arbitrary point P in space is based on the Biot-Savart law and can be expressed by equation 2.67:

v i = Γ 2π r 1 ∧ r 2 | r 1 ∧ r 2 | 2 r 0 r 1 r 2 - r 2 r 1 = Γ 4π (r 1 + r 2 )(r 1 ∧ r 2 ) r 1 r 2 (r 1 r 2 + r 1 .r 2 ) (2.67)
where:

• Γ is the vortex intensity • r 0 is the vortex filament vector, while r 1 and r 2 are the vectors starting from both boundary points of the vortex filament to the considered point P Applying equation 2.67 for each segment of the horseshoe vortex shown in Figure 2.12 allows the determination of the associated induced velocity v i at an arbitrary point P in space, expressed by equation 2.68:

v i = Γ 2π (r 1 + r 2 )(r 1 ∧ r 2 ) r 1 r 2 (r 1 r 2 + r 1 .r 2 ) + u ∞ ∧ r 2 r 2 (r 2 -u ∞ .r 2 ) - u ∞ ∧ r 1 r 1 (r 1 -u ∞ .r 1 )
(2.68)

The induced velocity associated to a horseshoe vortex is based on equation 2.67 which leads to a numerical singularity for an evaluation point approaching the vortex filament itself. To circumvent this behaviour in the WASP code, the retained methodology is based on a de-singularisation model described in section 2. 4.3 [van Garrel, 2003]. This model was preferred to a higher-order alternative (e.g. [START_REF] Le Bouar | Numerical simulations of unsteady aerodynamics of helicopter rotor in manoeuvring flight conditions[END_REF]) due to its natural implementation in the current mathematical model.

System of equations

Both the bound and the trailing vorticity distributions are described by a set of horseshoe vortices. In the following, the circulation strength of the i th horseshoe vortex is denoted by Γ i and the total number of horseshoe vortices is N . The local inviscid force dF i acting on the i th differential bound segment of the lifting-line, denoted by dl i and aligned with the local bound vortex of circulation Γ i , is expressed by the three-dimensional vortex-lifting-law given by equation 2.69 [START_REF] Saffman | Vortex force and bound vorticity -Vortex Dynamics[END_REF]:

dF i = ρΓ i V toti ∧ dl i (2.69)
In equation 2.69, V toti is the resulting local air speed of the considered cross-section and combines the free-stream velocity plus the induced velocities associated to the set of horseshoe vortices representing the wing and the wake. The resulting velocity is expressed by equation 2.70:

V toti = V reli + N j=1 Γ j v ij = V reli + N j=1 Γ j v ij (2.70)
In equation 2.71, V reli includes the upstream velocity V ∞ plus the ones due to extra-motions at section i (for example a small spinning motion such that V spin << V ∞ ), while v ij is the induced velocity at the bound portion of the horseshoe vortex i, by the unit horseshoe vortex j, given by equation 2.71:

v ij = 1 2π (r i 1 + r i 2 )(r i 1 ∧ r i 2 ) r i 1 r i 2 (r i 1 r i 2 + r i 1 .r i 2 ) + u ∞ ∧ r i 2 r i 2 (r i 2 -u ∞ .r i 2 ) - u ∞ ∧ r i 1 r i 1 (r i 1 -u ∞ .r i 1 )
(2.71)

where:

• r i 1 is the vector from the first node on section i to the control point on section j

• r i 2 is the vector from the second node on section i to the control point on section j

To determine Γ i for each horseshoe vortex, is it necessary to constrain the problem by the local airfoil section characteristics. For this purpose, each horseshoe vortex bound segment is assimilated to a strip of area dS i , with a two-dimensional airfoil section located midway of each segment. According to the classical wing theory, the differential lift force magnitude dF i produced by strip i is:

dF i = 1 2 ρV 2 toti Cl i (α i )dS i
where:

α i = arctan V toti .n i V toti .t i (2.72)
where n i and t i are unit vectors, respectively normal and tangent to the chord section i (see Figure 2.11). Setting the right-hand-side (RHS) of equation 2.72 equal to the magnitude of equation 2.69 for each section i, leads to the following system of equations to solve for the vortex strength at each section i:

∀i ∈ [1, ...N ] : ρΓ i   V reli + N j=1 Γ j v ij   ∧ dl i - 1 2 ρdS i V 2 toti Cl i (α i ) = 0 (2.73)
which is in the form of f (Γ) = R. Making R to converge to zero by means of an iterative process allows the determination of the solution vector for Γ. The iterative process is initiated thanks to a suitable initial guess for Γ and involves a Jacobian matrix [J] such that [J ]∆Γ = -R, where J ij = ∂f i /∂Γ j . The circulation distribution is determined when a convergence criteria is satisfied. According to [START_REF] Phillips | Modern Adaptation of Prandtl's Classic Lifting-Line Theory[END_REF], a good initial guess is found by linearizing equation 2.73 (second order terms are neglected and a small induced angle-of-attack is assumed):

2Γ i dS i .C Lα i |V reli ∧ dl i | -V 2 reli   N j=1 Γ j v ij .n i V relj   = V 2 reli arctan V toti .n i V toti .t i -α L0i (2.74)
Solving equation 2.74 provides an initial guess for each Γ i . Therefore, the non-linear system of equations 2.73 can be solved by means of an iterative solver, for example a Newton solver [START_REF] Phillips | Modern Adaptation of Prandtl's Classic Lifting-Line Theory[END_REF] or a Picard method [START_REF] Anderson | Fundamentals of Aerodynamics[END_REF]. By considering Newton iterations and by using initial guess previously determined for each Γ, it is possible to solve the Γ i distribution. Thus, the aerodynamic forces and moments can be computed by equations 2.75 and 2.76, respectively:

F = ρ N i=1     V ∞ + N j=1 Γ j v ij   Γ i ∧ dl i   + D viscous (2.75) M = ρ N i=1 r i ∧     V ∞ + N j=1 Γ j v ij   Γ i ∧ dl i   + dM i (2.76)
where r i represents the vector from the body CG to the control point i. Moreover, the viscous drag force is expressed by equation 2.77:

D viscous = N i=1 1 2 ρV 2 toti dS i C Di V toti V toti (2.77)
and the quarter-chord moment coefficient of each section i is given by equation 2.78:

dM i = - 1 2 ρV 2 toti C M i strip c 2 ds.s i + N i=1 1 2 ρV 2 toti dS i C Di .r i ∧ V toti V toti (2.78)
The aforementioned method models three-dimensional effects better than the Prandtl's scheme since it allows the investigation of wings with smaller aspect-ratio involving sweep and dihedral. Furthermore, the viscous drag is determined in addition to the inviscid wing characteristics.

Non-linear viscous-inviscid coupling methods

The work done by Ludwig Prandtl at the beginning of the twentieth century led to major advances in the understanding of fluid mechanics. Indeed, a large difference between theoretical predictions from Euler equations and hydrodynamic experiments of that time still occurred, although Navier-Stokes equations were known. This shortcoming was essentially expected to come from viscosity effects (neglected in Euler equations), but no theories were found capable of explaining such effects in the Navier-Stokes model. It was difficult to intuitively imagine the importance of viscous effects on flow-fields, especially with regards to the small magnitude of air viscosity, leading to forces much smaller by comparison with both pressure and inertial ones. To overcome this shortcoming, the boundary layer concept was introduced [START_REF] Prandtl | Verhandlungen des dritten internationalen Mathematiker-Kongresses in Heidelberg[END_REF]: the flow-field is subdivided by two main regions, namely a first one close to the body surface in which viscous effects are predominant and a second one far-enough the body surface such that viscous effects can be neglected. This evolutionary model led to plenty of coupling theories between perfect fluid equations and viscous ones which largely evolved over the last decades. As previously said in the introduction part, these methods are still useful today, especially for predicting the aerodynamics of flying bodies with a reduced computational cost. The present section summarizes the main characteristics of existing techniques in this field, including Euler-Boundary-Layer and RANS-potential coupling approaches.

Euler-Boundary-Layer coupling techniques

Multiple software based on the coupling between inviscid techniques with boundary-layer (BL) equations were developed in the past and are still used today. In the Euler-BL coupling techniques, the computational mesh is composed of a viscous domain and an inviscid one. Solutions in both regions are coupled thanks to an iterative process for ensuring continuity of the flow-field at the interface of both domain (conservation of the velocity component normal to the interface). Two concepts were introduced for conserving the velocity component normal to the interface: the displacement thickness and the transpiration velocity. More information can be found in references [START_REF] Maskew | Progam vsaero theory document: A computer program for calculating nonlinear aerodynamic characteristics of arbitrary configurations[END_REF][START_REF] Kafyeke | Application of ktran transonic small disturbance code to the challenger business jet configuraiton with winglets[END_REF][START_REF] Drela | Multi-element airfoil design/analysis software[END_REF].

RANS-potential coupling techniques

The RANS-potential coupling strategy consists in introducing viscous effects into inviscid methods by means of sectional databases obtained through wind-tunnel tests and/or numerical simulations. Two specific techniques exist, namely the Γ method and the α method, described in the following.

Γ method Steady-state subsonic-flow problems were extensively performed by means of lifting-line theory, VLM and panel methods. The first attempt to couple viscous data with an inviscid method was proposed by Tani in 1934 [START_REF] Tani | A simple method of calculating the induced velocity of a monoplane wing[END_REF] and [START_REF] Multhopp | Die Berechnung der Auftriebsverteilung von Tragflügeln[END_REF][START_REF] Multhopp | Die Berechnung der Auftriebsverteilung von Tragflügeln[END_REF]. They used sectional viscous data for correcting the circulation distribution through a VLM and matched better the non-linear lift slope predictions of a finite wing at higher incidences. A modified version was proposed in 1947 by Sivells and Neely for a symmetrical lift distribution over straight and un-swept wings, who introduced an iterative process capable of correcting results from the lifting-line theory through sectional lift databases [START_REF] Sivells | Method for calculating wing characteristics by lifting-line theory using nonlinear section lift data[END_REF]. A version was also proposed by Anderson, albeit requiring a small relaxation factor for reaching convergence [START_REF] Anderson | Fundamentals of Aerodynamics[END_REF]. These methods are Γ-based coupling algorithms, commonly called Γ methods which basic algorithm is summarized in table 2.2 an illustrated in Figure 2.13. The algorithm provides accurate solutions below stall (for α α stall ). According to Γ-based correction method 1: Assume a lift distribution (i.e. elliptical distribution) 2: Calculate the induced angle of attack for each section using

α i (y n ) = 1 4πV∞ b/2 -b/2
(dΓ/dy)dy yn-y 3: for every span-wise section i do 4: Interpolate the sectional viscous lift at the effective angle-of-attack: α e = α (i) -α i (i) → Cl viscous (α e (i)) 5:

Calculate the new circulation distribution using the Kutta-Joukowski theorem:

Γ new (i) = 1 2 V ∞ cCl viscous (α e (i)) 6:
Update the local circulation with a relaxation factor β: [START_REF] Parenteau | Aerodynamic Optimization of Aircraft Wings Using a Coupled VLM-2.5D RANS Approach[END_REF] (A) Loosely coupled algorithm (B) ∆Γ correction FIGURE 2.13: Γ Method [START_REF] Anderson | Fundamentals of Aerodynamics[END_REF] Sears, the solution of the Prandtl's lifting-line problem is not unique when the lift-curve slope becomes negative: the algorithm remains suitable up to the maximum lift coefficient below stall [START_REF] Sears | Some recent developments in airfoil theory[END_REF].

Γ (i) = Γ old + β (Γ new -Γ old ) 7: end for 8: Repeat steps 2-7 until |Γ new -Γ old | < TABLE 2.2: Γ-based coupling algorithm
To ensure the uniqueness of the solution for post-stall conditions, Chattot was the first to propose a correction to the Γ method by introducing an artificial viscosity [START_REF] Chattot | Analysis and Design of Wings/Winglets Combinations at Low Speeds[END_REF]. An alternative approach which is able to overcome shortcomings of the Γ method is described in the following paragraph and deals with the α-based coupling algorithm.

α method The α method uses sectional data into a lifting-line model and consists in separately adjusting the local angle-of-attack of each panel [START_REF] Tseng | Calculation of aerodynamic characteristics of airplane configuraitons at high angle of attack[END_REF]. The correction is based on the difference between the viscous and the inviscid sectional lift coefficients of each section, respectively (Figure 2.14). A complementary formulation which provides a unique solution in the post-stall regions 

α ef f (i) = Cl inviscid (i) Cl αviscous -δα 2D (i) + α 3D 4:
Interpolate the viscous lift at the effective angle-of-attack:

α ef f (i) → Cl visc (α ef f (i)) 5:
Calculate the angle-of-attack correction :

δα 2D (i) = δα 2D (i) + Cl viscous( α ef f (i)-Cl inviscid (i))
Cl αviscous 6: end for 7: Repeat steps 1-6 until |Cl viscous -Cl inviscid | < TABLE 2.3: van Dam α-based algorithm [START_REF] Parenteau | Aerodynamic Optimization of Aircraft Wings Using a Coupled VLM-2.5D RANS Approach[END_REF] attack is based on a de-cambering approach which aims to "de-camber" each section for equalizing both viscous and inviscid coefficients, respectively for the lift force and the pitching moment ones [START_REF] Mukherjee | An Iterative Decambering Approach for Post-Stall Prediction of Wing Characteristics Using Known Section Data[END_REF]. Further developments of steady-state load prediction methods for post-stall conditions were performed by extending the algorithm at subsonic and transonic speeds and for high angles-ofattack [Gallay andLaurendeau, 2015, 2016]. Inspired by the work of Chattot, the authors improved the convergence of the α-based algorithm by introducing an artificial dissipation, thus ensuring the uniqueness of the solution. Further developments of unsteady load predictions were then initiated to capture unsteady dynamic effects for post-stall conditions by estimating the location where the flow separates thanks to the Kirchhoff-Helmholtz model [START_REF] Dias | Nonlinear Lifitng-Line Algorithm for Unsteady and Post-stall Conditions[END_REF]. More recently, an unsteady VLM coupled with sectional data that incorporates cross-flow effects was developed for designing high-lift aircraft configurations (2.5D RANS model) [START_REF] Parenteau | VLM Coupled with 2.5D RANS Sectional Data for High-Lift Design[END_REF]. In this approach, the sectional data are obtained through an infinite swept wing solver and the mean wing surface has to be modelled in the VLM.

Summary x

Method Year Author(s) Description 

WASP Modelling

Investigation methodology

The methodology of investigation for developing the WASP code is based on component-build-up approach and was commonly used over the past decades for the development of semi-empirical aerodynamic prediction tools [START_REF] Nielsen | Missile Aerodynamics[END_REF]. This approach aims to separately compute the aerodynamic contributions associated to each reference component of the projectile and to model the interactions existing between each element. The aerodynamic contributions include linear and non-linear models which are on the basis of existing semi-empirical tools. The aerodynamic forces and moments acting on the full architecture can be rapidly estimated as function of the reference components and the flight conditions.

Assumptions

Based on the current needs and shortcomings of the research project, it is possible to restrict the validity domain of WASP in order to focus the code development for the more promising concepts. On the one hand, the main contribution to the increase of range is expected during the downward phase of the flight thanks to the set of gliding-fins fitted on a projectile fuselage. Therefore, the code is firstly developed to rapidly estimate aerodynamics of gliding configurations composed of a fuselage and a set of fins. In a first step, the wake shed by the set of fins is assumed to be straight and the geometrical features of the fins involve:

• Medium-to-high aspect-ratios

• Symmetrical cross-sections

• Small thickness

The component build-up methodology is illustrated in Figure 2.15 based on the example of a spinning geometry fitted with gliding-fins and devoid of tail-fins or canards. On the other hand, the code is developed for rapidly feeding a trajectory tool by the aerodynamic data associated to the studied geometries, in order to rapidly compute gliding trajectories during the downward phase of the flight (for high-subsonic and transonic speeds and below stall conditions). Under these assumptions, using a loosely RANS-potential coupling algorithm in order to determine contributions of the fins seems to be sufficient (section 2.3.5.2). Indeed, the accuracy required by the current investigation level corresponds to the one which is associated to preliminary design. It does not mean that the mathematical model of WASP could not be refined in a future work following new operational constraints or new specifications not yet available at the editing time of this PhD manuscript (such as for example the maximum affordable time-of-flight or the minimal terminal energy at impact). Rather, the chosen mathematical model of WASP is selected to be the best suited w.r.t. the research project objectives, for which the primary goal aims to be capable of rapidly computing realistic downward trajectories at highsubsonic speeds where the major contribution to the range is expected. In this frame, the present PhD thesis aims at contributing to the design of a long-range guided ammunition which range is primarily governed by:

• Gravity effects • The drag force coefficient C D defined by:

C D = C A cos α + C N sin α (2.79)
• The lift force coefficient C L defined by:

C L = C N cos α -C A sin α (2.80) • The pitching moment coefficient C m
Therefore, the study focuses on the aforementioned coefficients and the lateral effects are numerically not yet addressed. Nevertheless, section 4.3 provides complementary free-flight results associated to these effects and raises the drawbacks of using spinning geometries in the downward phase of the flight.

Aerodynamic modelling

Based on the aforementioned assumptions, the mathematical model of WASP is defined by equations 2.81 to 2.84:

C N T OT = C N B + n i=1 C N iF (B) + C N iB(F ) = C N B + n i=1 C N iF × (K i F (B) + K i B(F ) )
(2.81)

C m T OT = C m B + n i=1 C m iF (B) + C m iB(F ) = C m B + n i=1 C m iF × (K i F (B) + K i B(F ) ) (2.82) C A T OT = C A B + n i=1 C A i F (2.83)
The pitch-damping moment coefficient sum of fin-stabilized geometries is approximated in the WASP code through equation 4.8 [START_REF] Chin | Missile configuration design[END_REF]:

(C mq + C m α ) T OT = (C mq + C m α ) B - n i=1 C Nα i x CP i -x CG d 2 = (C mq + C m α ) B - n i=1 C mα i 2 C Nα i (2.84)
where:

• i = Considered fin "i"

• n = Total number of fins [-]

• T OT = Full configuration

• B = Body fuselage alone

• F = Fin alone

• F (B) = Increment due to the fin i in the presence of the body fuselage

• B(F ) = Increment due to the body fuselage in the presence of the fin i

• K i F (B) = Interference coefficient from body fuselage to fin i [-] • K i B(F ) = Interference coefficient from fin i to body fuselage [-] • K i F (B) + K i B(F ) =
Mutual interactions with the body fuselage [-], computed by equation 2.85 [START_REF] Nielsen | Missile Aerodynamics[END_REF]: • The fin cross-section: The retained method for computing aerodynamic contributions of a fin i (i.e.

K i F (B) + K i B(F ) = 1 + d 2s i 2 (2.85) • s i = Span of fin i [m] • x CP i = Centre of pressure of fin i [m] • x CG =
C N iF , C m iF C A i F
) is based on the knowledge of the fin cross-sectional data [START_REF] Phillips | Modern Adaptation of Prandtl's Classic Lifting-Line Theory[END_REF]]. This method is retained in the WASP code due to its capability of modelling fin sweep and dihedral through geometrical bound vortex characteristics (the computational method is fully described in section 2.3.4.3). CFD is employed for computing 2D RANS profile data of each fin i in order to include the influences of both Mach and Reynolds numbers as well as incidence effects. Herein, the simulations were performed at realistic flow conditions for Mach numbers ranging from 0.4 to 0.8 and for Reynolds numbers smaller than 1 × 10 6 . However, the induced velocity associated to a given horseshoe vortex is fundamentally based on the equation 2.67 and leads to a numerical singularity for an evaluation point approaching the vortex filament itself. To circumvent such behaviour in the WASP code, the velocity vector induced by a vortex filament at an arbitrary point P in space includes a de-singularisation model based on a cut-off radius parameter (denoted by δ cut-of f ) and is expressed by equation 2.86 [START_REF] Van Garrel | Development of a wind turbine aerodynamics simulation module[END_REF]:

v i = Γ 4π (r 1 + r 2 )(r 1 ∧ r 2 ) r 1 r 2 (r 1 r 2 + r 1 .r 2 ) + (δ cut-of f × r 0 ) 2
(2.86)

Figure 2.16 describes the effects of δ cut-of f on the velocity induced by a unit-strength vortex filament in a plane perpendicular to the line, at a distance r ⊥ . As it can be observed, the influence is strongly felt in the immediate vicinity of the vortex itself for δ cut-of f < 2.5 × 10 -3 , while negligible for distances r ⊥ 0.01 × r 0 . Therefore, a cut-off value of 2.5 × 10 -3 was retained for computing all the induced velocities. • Mutual interactions between the body fuselage and each fin i are modelled by means of equation 2.85. Although this model remains approximative, it has the advantage of simplicity. Another alternative aims to describe fuselage effects on each fin i by means of a panel method. However, regarding the good results obtained in chapter 4 with the present method, the need of using an alternative method remains questionable under the current design specifications and assumptions.

Contributions from the lifting-surfaces involve a loosely RANS-potential coupled algorithm. The method was proven to be well suited for predicting aerodynamics of medium-to-high aspect-ratio planar fins, with sweep and small dihedral, at low subsonic speeds and below stall conditions. In the frame of weapon aerodynamics, the algorithm is assessed at higher speeds for both spinning and non-spinning ammunition which can involve multiple sets of twisted or canted fins with high aspect-ratios (typically for AR > 4).

Chapter 3

Experimental set-up Additionally to numerical techniques, experimental techniques can be employed for quantifying aerodynamic characteristics including wind-tunnel experiments and free-flight tests. These complementary techniques have been considered for assessing WASP predictions. General criteria for the design, such as the reference body and fin model components, are introduced in section 3.1. Moreover, as the considered models represent sub-scaled geometries of the full-size one, section 3.2 reminds key flow parameters to consider for the scaling. The second part describes the experimental set-up as well as the measurement techniques employed for conducting wind-tunnel experiments and free-flight tests, carried out at the ISL trisonic wind-tunnel (section 3.3) and at the ISL open range test site (section 3.4), respectively.

Model components

This section describes reference elements of the projectile designs. Studies presented were carried out on passive configurations only, for which movable surfaces were initially not considered. As such, two reference components were retained. The first one is a Secant-Ogive-Cylinder-with-Boat-Tail geometry (SOCBT), sketched in Figure 3.1. This geometry is a typical body of revolution composed of three main parts, including a secant ogive nose, a cylindrical shaft and a boat-tail. The centre of gravity of the geometry is located at a distance of 3.6 × d from the spike nose. This shape has been chosen since it is an open academic design similar to existing full-calibre 155 mm high-explosive artillery shells. The second one is a reference NACA 0012 subsonic profile which was used as fin cross-section. In this context, multiple configurations were designed including spinning and non-spinning models. These geometries have been chosen for the purpose of code validation. given by equation 3.1:

p * = pd V (3.1)
Two spinning full-size concepts were defined together with a non spinning one. For each architecture, the quarter-chord line of a fin features an academic NACA 0012 profile, and is perpendicular to the longitudinal axis of the projectile. Each fin has a length of 1.5 × d, corresponding to a span of 2 × d (from SOCBT axis to fin-tip), and a root chord of 0.35 × d that evolves elliptically along the span-wise direction. For both cases, the Mach number was easy to duplicate. On the contrary, due to the presence of lifting-surfaces, it was not possible to duplicate the Reynolds number: as such, effects of this term on obtained results has been assessed (besides its shape, aerodynamics of a wing profile largely depends on this parameter and cannot be neglected). Moreover, it was not possible to duplicate relative density parameters of the proposed configurations, since no full-size data were available at this stage. Thus, it has been decided to manage the distribution of both the mass and the inertia of the models according to manufacturing constraints and geometrical restrictions.

Similarity for spinning-concepts

For spinning concepts, the quarter chord line of the fins is located at 4.5 × d from the nose of the SOCBT fuselage (see Figure 3.2), ensuring statically stable configurations. From this point, two geometric configurations, namely A and B, were defined. Configuration A is fitted with six twisted fins such that, if the full-size projectile flies at zero incidence (i.e. α = 0°), each local zero-lift-line of each local cross-section is collinear to the respective local velocity. The latter results from the geometric combination of the free-stream-speed plus the local cross-section-speed due to the spinning motion (see Figure 3.3). Geometrically speaking, the twisted configuration does not produce a normal force at zero FIGURE 3.3: Principle of the twist design (illustration for an arbitrary cambered profile section) incidence. For illustrative purposes, the twist evolution along the span direction of each fin is arbitrarily calculated by considering a full-scale projectile (d 1 = 155 mm), flying at a speed V 1 = 250 m.s -1 with a spin rate p 1 = 105 rad.s -1 . Based on the results obtained in a previous work at ISL [START_REF] Fleck | Increase of Range for an Artillery Projectile by Using the Lift Force[END_REF][START_REF] Dupuis | Wind Tunnel Tests of a Long Range Artillery Shell Concept[END_REF][START_REF] Berner | Experimental and Computational Analysis for a Long Range Spinning Artillery Shell with Lifting-Surfaces[END_REF][START_REF] Grignon | Steering of a Spin-Stabilized Gliding projectile: First Approach[END_REF][START_REF] Dupuis | Aerodynamic Characteristics of a Long Range Spinning Artillery Shell. Part 1: From Aeroballistic Range Free-Flight Tests[END_REF][START_REF] Fleck | Aerodynamic Characteristics of a Long-Range Spinning Artillery Shell Obtained from 3D Magnetic Sensors[END_REF], they are associated to apogee flight conditions for which the set of fins is assumed to be deployed. Moreover, by ensuring a small dimensionless spin-rate, the wake shed by each fin can still be assumed quasi-straight. In that case, the computational model involved in WASP is expected to be suitable enough for predicting the aerodynamics of the defined architectures. According to equation 3.1, the corresponding dimensionless design spin-rate p 1 * of the fins is defined by:

p 1 * = p 1 d 1 V 1 (3.2)
When designing the twist angles of a respective sub-scaled projectile (calibre d 2 < d 1 ) for a given freestream speed V 2 (such as free-flight or wind-tunnel models), the corresponding dimensionless spin-rate of the sub-scaled projectile is fixed to the p 1 * value. Therefore, it is possible to compute the speed of the corresponding local cross-section due to the spinning motion. This formulation allows the determination of the local twist angle variation along each fin and also the computation of the spin-rate of the subscaled-model by:

p 2 * = p 1 * ⇔ p 2 = p 1 d 1 d 2 V 2 V 1 (3.3)
Configuration B includes six canted fins, with a cant-angle equals to the average twist-angle of the configuration A. Although the spin-rate remains the same for both of these configurations, the local twist-angle of the canted architecture B is by definition identical for each cross-section and does not evolve along each fin. Hence, depending on the investigated calibre, on the spin-rate and/or on the upstream velocity, the required twist and/or cant evolutions can be easily determined to conserve the non-dimensional spinrate. In the present work, twist and cant angles of spinning configurations were designed by imposing in equation 3.3 a velocity V 2 that corresponds to a fixed Mach value of 0.7, at the considered Reynolds number (i.e. associated to pressure and temperature conditions of the wind-tunnel test section, or to the free-flight test ones). To summarize, the local twist angles of the fins as well as the expected spin-rate of the free-flying configuration are computed by using equation 3.3, leading to p = 620 rad.s -1 for M ∞ = 0.7 and for α = 0 • . Furthermore, the twist angles of the fin cross-sections evolve between values of δ twist = 1.46 • to 7.80 • from root to tip. Since the designed cant-angle of the fins from configuration B equals the mean twist angle of the fins from configuration A, the average value is: δ cant = 4.63 • .

Wind-tunnel experiments

A large set of wind-tunnel experiments were carried out in the present PhD work, following two main objectives:

• Firstly, validate the WASP database of the SOCBT body that was generated by means of CFD simulations. Indeed, it was necessary to overcome the lack of aerodynamic data of the SOCBT body for high subsonic/transonic speeds. In addition, supersonic flow-fields were investigated during the course of this study for qualifying the ISL trisonic wind-tunnel

• Secondly, investigate the proposed architectures at compressible subsonic speeds, i.e. the flight envelop where the configurations are expected to fly in the gliding phase, for assessing WASP predictions (studied Mach numbers were 0.53, 0.6 and 0.7)

In the following, a description of the facility and the developed experimental set-up is conducted. Test conditions and model configurations are fully described.

Facility description

The ISL trisonic wind-tunnel dedicated to aerodynamics investigations of reduced-scale objects such as missiles or artillery ammunition is depicted in Figure 3.4. About 288 m 3 of air can be compressed and FIGURE 3.4: ISL trisonic wind-tunnel stocked into nine tanks by means of two compressors, each of them being able to provide 1800 kg.h -1 with a pressure of 30 Bar. Air is relaxed by means of a rapid valve for generating an operating pressure between 2 and 18 Bar. The air-flow is accelerated through a variable nozzle and a diffuser, comes to the test section and leaves outside to the atmosphere through an exhaust chimney. While the maximum flowrate is 54 kg.s -1 , blow-down tests can be conducted up to 120 s, depending on the conditions required by the user. Two movable test-sections are used and allow the covering of Mach numbers ranging from 0.3 up to 4.5. While the transonic test section is employed for blow-down experiments below Mach 1.20, the supersonic one is employed for Mach numbers above 1.20. The transonic test-section is equipped with perforated walls with boundary layer control for suction and includes a supplementary exhaust chimney. The Mach number of the supersonic test section can be adjusted thanks to variable walls, during the blow-down. A 300 × 400 mm 2 test-section can include models up to 40 mm of reference calibre with a maximum length of 300 mm without flow blocking effects. Finally, incidences ranging from -7 • up to 24 • can be investigated, at Reynolds numbers -based on the maximum reference calibre -ranging from 5 × 10 5 up to 2.2 × 10 6 , for a turbulence rate less than 1% of the mean velocity.

Tests parameters and instrumentation

Aerodynamic coefficients are dimensioned w.r.t. the reference calibre d of the SOCBT fuselage. All coefficients are expressed in the body-fixed zero-spin coordinate system, detailed in appendix A. For each wind-tunnel configuration previously presented, the reference point defined for expressing the moment coefficient is the theoretical SOCBT centre of gravity, located at 3.6 × d from the SOCBT nose. For each blow down, 15 seconds of incidence sweeping were required for investigating incidences α ranging from -12 • up to 12 • . During the tests, a sting-mounted six-components balance is used for determining aerodynamic forces and moments, as illustrated in Figure 3.5. Balance results are post Test section 

M ∞ P i∞ P ∞ U ∞ T i∞ T ∞ [-] [Bar] [Bar] [m.s -1 ] [K] [K] SUB-TRANSONIC 0.

Base effects considerations

For each studied configuration, wind-tunnel tests were conducted to determine the main aerodynamic coefficients including C N , C m and C AF orebody , since the base component of the axial force coefficient C ABase is experimentally challenging to determine. In the present work, two pressure probes are located at the base of each studied configuration for estimating a mean value of the base pressure during the wind-tunnel tests, in order to correct the measured total axial force coefficient from sting effects. This technique leads to the determination of the experimental C AF orebody by removing sting influences on this coefficient, and make it possible a comparison of C AF orebody with RANS computations, further described in section 4.1.1.5.

Wind-tunnel models

The reference calibre of each model is 40 mm. The test matrix involves four models, including the SOCBT body, two spinning-configurations as well as a non-spinning geometry.

Spinning configurations A and B

Spinning geometries A and B, respectively involving twisted fins and canted fins, together with their corresponding fin profiles, are illustrated in Figure 3.6. According to 3.2.2, the twist angles of the fin cross-sections evolve between values of δ twist = 0.92 • to 4.88 • from the root to the tip. The designed cant-angle of the fins from configuration B equals the mean twist-angle of the fins from configuration A, i.e. δ cant = 2.9 • . During the course of this PhD work, many iterations were required for properly designing the mechanical parts of spinning architectures and for measuring their associated spin-rate. This process resulted in the experimental model sketched in Figure 3.7, specially developed for studies involving spinning projectiles in the test section. The resulting device is composed of a fixed-internal-mechanical-part of a spinning fore-body projectile using ball-bearings, for which spinning motion is produced by fins during the blow-down. Due to the presence of ball-bearings in the set-up, a small rolling moment is induced depending on the axial load as well as on the spin-rate. Consequently, the tests were conducted at a roll-rate which is slightly shifted FIGURE 3.7: 3D sketch of the wind-tunnel spinning models and of the constitutive mechanical parts compared to the equilibrium one, defined by a null roll-moment: this can influence both the axial-force and the roll-moment measurements. Based on the obtained results, this point will be discussed in chapter 4. The roll-rate is measured by means of a laser beam impacting on the wind-tunnel model surface made of Aluminium, that produces a specular reflection of the light, as depicted in Figure 3.8A. Half of the model is covered with black paint, as shown in Figure 3.8B, in order to stop the reflection during half of each rotation. The light is observed and converted into an electrical signal thanks to a photo-detector. The periodic signal is processed in order to get the roll-rate as a function of time. The optical set-up includes also a visualization system based on parallel light, which aims at measuring the effective angle-of-attack during the test. Both methods, i.e. photo-detector signal and visualization acquisitions, are triggered with force and moment measurements. Additionally, a non-spinning glider geometry, symmetrical w.r.t. the incidence plane of the projectile and composed of two pairs of fins, was a priori designed by using the WASP code. The proposed geometry is called Dragonfly and includes fins with identical plan-form shapes as previously defined, except:

• They are devoid of twist but they can be canted (for simplicity)

• Each pair of fins is located at two different longitudinal positions along the SOCBT body, symmetrically w.r.t. the plane of incidence of the projectile

• They may include small dihedral angles for minimizing interactions between both pairs

To minimize these interactions, the fore pair has been set with a positive dihedral of 10 • , while the rear one involves a negative dihedral of -10 • . As already said, the WASP code has been employed for designing the configuration with regards to desired specifications in terms of aerodynamic performance.

In the present work, these requirements have been arbitrarily set to a design point such that the configuration is statically stable, with a maximum lift-to-drag ratio (LDR) at Mach 0.6 and for α = 3 • , under pressure and temperature conditions of the test-section. These specifications do not corresponds to operational requirements, but rather, they have been arbitrarily chosen for illustrative purposes. Initially, no requirements were defined concerning the pitching moment coefficient, albeit it would be necessary in reality. Therefore, by considering the longitudinal positions and the cant angles of each pair as the only influencing parameters, the WASP code has been employed for determining the ones leading to the desired design point, as aforementioned. For simplicity, the location of each pair was restrained on the cylindrical portion of the SOCBT body. Additionally, the cant angles were restrained to range from 0 • to 4 • for each fin. The resulting design is not mandatory the best-suited one w.r.t. the aforementioned stated constraints, since no optimization process was performed. Rather, a design which meets the proposed criteria was simply raised by this approach, the overall goal being the evaluation of the a priori design with regards to experimental results. Consequently, the configuration that was obtained by WASP to answer the stated specifications, illustrated in Figure 3.9, is such that:

• Quarter-chord lines of the fore pair locate at 3.5 × d from the nose, with cant angles of 3.4 • Quarter-chord lines of the rear pair locate at 4.75 × d from the nose, with cant angles of 3.5 • FIGURE 3.9: Non-spinning Dragonfly concept For this geometry, the overall goal of the experimental tests aims at checking the accuracy of WASP predictions at the design point, and their evolutions w.r.t. both angle-of-attack and Mach number.

Free-flight tests

Free-flight experiments can be carried out either on a ballistic proving ground, such as that of DGA Land Systems located at Bourges in France, or that of the German army WTD 91 located at Meppen, or in a ballistic spark range facility, for example the one of the Defence Research and Development Canada (DRDC) of Valcartier. Both facilities are frequently involved in military purposes like artillery ammunition or human-piloted micro air vehicles, and for civilian applications as space vehicle configurations or space probes. The main objectives of the conducted free-flight tests are the following:

• Firstly, to obtain a qualitative observation of the flight behaviour of the spinning models, for investigating their dynamic stability (see appendix B)

• Secondly, to identify the aerodynamic coefficients of the proposed spinning models by means of an identification process based on free-flight data [START_REF] Albisser | Identification of aerodynamic coefficients from free flight data[END_REF] (the free-flight data are obtained through complementary measurement techniques which were developed and improved over the past decades at the ISL)

• Thirdly, to compare the estimated set of aerodynamic coefficients with WASP predictions, as well as with the aforementioned wind-tunnel measurements

• Finally, to provide complementary information on the studied spinning architectures, in terms of roll and lateral effects, which were not the first purpose of the wind-tunnel test campaign Consequently, to introduce these tests, studied models, electronic packages, sabot design, as well as the overall experimental set-up of the ISL open range test site, are described.

Architectures and electronic units

Each model is composed of two parts, namely a front one made of brass, and a rear one fitted with the fins and made of an Aluminium alloy. The reference calibre for all twisted and canted configurations was set to 25 mm, leading to fin span of 100 mm. For configuration A, the twist-angle of the fin crosssections evolves between values of δ twist = 1.46 • to 7.80 • from root to tip. The designed cant-angle of the fins from configuration B equals the mean twist-angle of the fins from the first architecture, i.e. δ cant = 4.63 • ). The longitudinal position of the fin quarter-chord line was also set to 4.5 × d from the projectile nose. For safety reasons, the proposed designs were statically stable with a theoretical centre of gravity located at 3.12 × d from the nose. Prior to the trials, the CG position together with mass and moments of inertia were measured by means of the state-of-the-art equipment supplied by Space Electronics, for each tested projectile. To summarize, the variation range of the measured physical properties of the selected free-flight architectures are given in Table 3 In the present case, models were considered to be axi-symmetric with a centre of gravity located along the longitudinal axis of the projectile, and a moment of inertia which is assumed to be identical in any transverse direction, i.e. I y = I z .

Complementary measurement techniques based on embedded sensors and ground devices were deployed for conducting the free-flight tests and for determining the aerodynamic coefficients of the studied projectiles. Dedicated electronic units of 16 mm diameter were developed by the Sensor, Telemetry and Communication group (STC) and were integrated into the projectiles. These units include embedded sensors composed of a 3D magnetometer and a 3D accelerometer. The three-axis magnetometer considers the orientation of the Earth's magnetic field as the reference direction and measures its projection on the sensor axes (the Earth's magnetic field is assumed to be characterized and constant at the experimental test locations). The magnetometer calibration is performed using a 3D Helmholtz coil device which allow the determination of the calibration factors [START_REF] Bieber | CalibrateMagnetometer, a software for magnetometer calibration[END_REF]. Under this condition, the angular positions in flight can be determined with an accuracy better than 5 mrad [START_REF] Fleck | Determination of the angular Motion and of the aerodynamic Aerodynamic Coefficients from 3D Magnetic Sensor Signal[END_REF]. The three-axis accelerometer measures the specific forces and is employed for determining the forces acting on the projectile. Calibration of the accelerometer is performed thanks to the acceleration due to gravity by means of a 3D motorized ball [START_REF] Bieber | Etalonnage des Accéléromètres. Principes et mode opératoire[END_REF]. Several limitations due to the mechanical assembly do not ensure the transducers to be perfectly located at the projectile centre of gravity. Therefore, the distance between sensor positions and the centre of gravity must be considered and experimentally measured [START_REF] Jategaonkar | Flight vehicle system identification: a time domain methodology[END_REF]. To convey the embedded data by means of telemetry techniques, the models are equipped with an antenna as well as with a transmitter. Depending on the model, the electronic package could be integrated at two distinct positions into the projectile: either in the nose (as shown in Figure 3.10A) or in the base (as illustrated in Figure 3.10B). Indeed, the integration into the base was additionally tested for easing the recovery units and for re-using the electronics for multiple trials. 

Sabot design

Since the sub-scaled models have to be launched from a smooth bore powder gun, special sabot packages were designed, and the projectiles were fitted into the structures without angle-of-attack (α 0 = 0 • ). The main sabot design criteria which were considered are the model geometry, the total mass, both muzzle velocity and gun acceleration (from one trial to another one) in order to obtain consistent separations of the packages. Therefore, they were manufactured from a polypropylene shaft in which saw cuts are created along the same direction as the fin locations. These cuts have a width such that the total fin span has a snug fit. As it can be seen in Figure 3.11A, the polypropylene shell is split into six petals w.r.t. the fin locations. The package includes also a pusher-plate made of polyethylene and Aluminium alloy at the base of the petals, in order to prevent from gas leakage. An overview of the resulting model/sabot package is presented in Figure 3.11B. 

Open range test facility and experimental conditions

The free-flight experiments conducted in the frame of this PhD work were carried out at the ISL proving ground at Baldersheim, located about 25 km far from the North of Saint-Louis. The site allows free-flight tests over firing distances up to 1000 m with rifled-or smooth-bore powder guns, for calibre ranging from 20 mm to 105 mm. Projectile speeds varying from Mach 0.6 up to 6.0 can be achieved, depending on the desired flow conditions as well as on the studied architectures. A panoramic view of the proving ground including the retained measurement techniques is presented in Figure 3.12. The models were fired from a 105 mm smooth bore powder gun at atmospheric conditions, over a distance of 230 m on average and with rectilinear trajectories, with known initial Mach numbers and angles of attack. After the gun launch, sabot petals separate from the projectile at a certain distance which depends on both the initial velocity and on the total mass to be fired. Therefore, models can be considered free-flying from a minimum distance -of almost 10 m in the present cases -where no perturbations from the gun or from the sabot occur anymore. Two complementary ground measurement techniques are deployed to complete the data obtained from the embedded sensors and to verify the coherency of the results. Firstly, a continuous Doppler radar located next to the launcher provides the evolution of the projectile velocity along the trajectory and the associated total drag. The Doppler radar frequency range is 10.52 GHz and the radar data are reduced and post-processed by means of a Fast-Fourier-Transform analyzer (FFT). Secondly, a 3D high-speed optical system developed by Specialized Imaging Ltd was deployed to record videos of the projectiles in flight. This system is composed of two trajectory trackers which are located on both sides of the fire-line. Each tracker is equipped with a high-speed camera and a motorized mirror ensuring the follow-up of the projectile in flight. Three-dimensional analyses of the videos obtained from both trackers are performed thanks to an image processing code [START_REF] Portier | 3D position and attitude determination of a vehicle in free-flight based on 3D high-speed videos[END_REF] (the code will be further upgraded for both improved accuracy and increased capabilities). Figure 3.13 shows examples of snapshots of a projectile in flight, extracted from both trajectory trackers just after the sabot separation. These complementary measurement techniques bring additional output signals yielding to FIGURE 3.13: Snapshots of sabot separation obtained from both trajectory trackers the determination of the 3D positions along the trajectory. This task is performed through the analyses of the radar data and of the recorded videos based on the image processing code (they are compared to the collected data from the embedded sensors in order to increase the confidence level of the obtained results). Furthermore, two sky screens were deployed along the fireline for correcting the motorized mirror scanning speeds of the trajectory trackers, in order to ensure a correct follow-up of the projectiles in flight. Finally, the triggering of the experiments is ensured thanks to a muzzle flash detector. Since no recovery is necessary when using telemetry acquisition, the first trials were initially conducted with projectiles ending into the sand bay. However, due to the low initial velocities, it was then decided to retrieve them thanks to soft recovery units composed of recycled rugs located at the vicinity of the sand bay. This approach brings the advantage to recover the projectiles by preventing the sensors from heavy damages such that multiple tests can be performed by using the same instrumentation, saving manufacturing costs. The initial experimental conditions for the firings are defined to be the velocity and the angle-of-attack of the projectiles into the sabot packages. In the present study, several free-flight tests with instrumented models were performed at the ISL proving ground, over a firing distance of 230 m, for initial Mach numbers M 0 ranging from 0.69 to 0.82 and for initial angles of attack into the sabot of α 0 = 0 • . Disparities on the investigated initial Mach numbers were due to the inability of the smoothbore gun system to provide the same initial velocities for all the tests. Among the full test matrix, eight free-flight tests were selected in the present PhD report for illustrative purposes. The tests which were selected are associated to four configurations fitted with six canted fins and to four configurations fitted with six twisted fins, according to the geometrical considerations of section 3.2.2.

Trajectory trackers

Soft recovery unit

Chapter 4 This chapter discusses simulation and experimental results. Section 4.1 includes preliminary investigations which were devoted to numerical simulations related to reference components of the proposed configurations which are on the bases of the WASP code. In addition, WASP predictions were compared to a set of CFD URANS simulations for the twisted architecture A. In a second step, wind-tunnel experiments as well as free-flight tests were conducted with all the proposed architectures. Comparisons of WASP predictions with wind-tunnel measurements and free-flight tests are displayed in sections 4.2 and 4.3, respectively. Experimental results are shown to be comparable w.r.t. WASP predictions, especially within the frame of conceptual design. Finally, section 4.4.5 provides an illustrative concept of extended 91 range ammunition, for which range performances have been assessed by means of relevant trajectory computations based on WASP predictions.

Results and discussion

Numerical results

SOCBT projectile

Existing data

The SOCBT fuselage was chosen in this research project since it is an open academic design, similar to existing full-calibre 155 mm high-explosive artillery shells (see Figure 3.1 of section 3.1). Existing studies involving the SOCBT geometry were firstly initiated at the United-States Army-Ballistic-Research-Laboratory (US-ARBRL) in the early 1970s. Many experiments were conducted in a windtunnel at both transonic and supersonic speeds for measuring the aerodynamic coefficients [START_REF] Nietubicz | Supersonic wind-tunnel measurements of static and Magnus aerodynamic coefficients for projectile shapes with tangent and secant ogive noses[END_REF], the pressure distributions [START_REF] Reklis | Surface pressure measurements on slender bodies at angle of attack in supersonic flow[END_REF][START_REF] Kayser | Surface pressure measurements on a boattailed projectile shape at transonic speeds[END_REF][START_REF] Kayser | Base pressure measurements on a projectile shape at transonic speeds[END_REF] and the boundary-layer profiles [START_REF] Kayser | Measurements in the turbulent boundary layer of a yawed, spinning body of revolution at mach 3.0 with a laser velocimeter and impact probe[END_REF]. At the same time, the first numerical simulation methods were developed for supersonic flow, including the so-called thin-layer Parabolized-Navier-Stokes (PNS) computational technique, where the full solution is obtained from a converged one near the tip of the projectile which is marching in the stream-wise direction [START_REF] Sturek | Computational parametric study of the aerodynamics of spinning slender bodies at supersonic speeds[END_REF]. In France, research initially focused on numerical computations of the Magnus effect at supersonic speeds [START_REF] Pechier | Prévisions numériques de l'effet Magnus pour des configurations de munitions[END_REF], completed by experiments carried out at the Laboratoire de Recherches Balistiques et Aérodynamiques (LRBA), up to 30 • of incidence. More recently, additional investigations were also conducted, involving wake flow simulations with hybrid RANS/LES methods [START_REF] Simon | Simulations numériques hybrides RANS/LES de l'aérodynamique des projectiles et applications au contrôle des écoulements[END_REF], as well as flow control techniques [START_REF] Zeidler | Application des techniques de contrôle des écoulements au pilotage des projectiles: Contrôle fluidique d'un projectile gyrostabilisé de 155 mm par effet Coanda[END_REF].

Simulated flow conditions

In addition to existing data, complementary wind-tunnel experiments and CFD simulations were conducted on the SOCBT fuselage, from subsonic up to supersonic speeds, with two objectives:

• Firstly, for populating the WASP database of the SOCBT body fuselage in order to complete already existing data

• Secondly, for the ISL trisonic wind-tunnel qualification, that was partially carried out within the frame of this research project at the Aerodynamics, Measurements and Simulations team (AMS)

Concerning the CFD simulations, the wind-tunnel sting was not numerically modelled such that the base flow was not computed and was excluded from the obtained results.

Non-spinning cases Incidences ranging from -12 • to 12 • were experimentally investigated during the ISL wind-tunnel tests, while the simulated flow cases were conducted from 0 • to 21 • . The reference length chosen for performing the CFD simulations was set to 40 mm according to the model calibre, with the simulated flow conditions described in Table 4.1. To check the influence of the Reynolds number on the obtained results, several simulation cases were also completed with a reference length of 155 mm at atmospheric standard conditions of pressure and temperature (ISA conditions at sea level, corresponding to P atm = 1 Bar and T atm = 288.15 K) and finally with a reference length of 57.15 mm at flow conditions corresponding to existing experimental ones from the literature stated in section 4.1.1.1. The obtained results are presented and discussed in section 4.1.1.5.

Test section • The drag force coefficient:

M ∞ P i∞ P ∞ U ∞ T i∞ T ∞ [-] [Bar] [Bar] [m.s -1 ] [K] [K] SUBSONIC & TRANSONIC 0.
C D = C A cos α + C N sin α • The lift force coefficient: C L = C N cos α -C A sin α • The pitching moment coefficient: C m
In this context, using a lot of computational resources for estimating roll and lateral effects (C l , C Y and C n ) of the body fuselage would remain questionable, especially for preliminary design purposes.

However, it is necessary to quantify spin effects on static aerodynamic coefficients which essentially influence the range, namely C D , C L and C m , or equivalently C A , C N and C m , in order to show whether the obtained URANS results remain close to the ones determined by RANS computations. To do so, a complementary set of URANS simulations was completed for a given value of spin and for two Mach numbers, each of them being typical of both subsonic and supersonic speeds. Results of these investigations are presented in section 4.1.1.6.

Computational grids

Domain structures

The geometry of the SOCBT projectile was designed by using Creo-Parametric32 .

In the present investigations, two domain structures were designed by using GridPro33 which is able to efficiently produce multi-block computational grids. The first domain structure is designed for both subsonic and transonic simulations and is sketched in Figure 4.1. This domain is a cylinder composed of 3D hexahedral cells and includes farfield boundaries located 50 × d far from the SOCBT surface (upstream of the nose, downstream of the base as well as radially). These dimensions were shown sufficient to overcome characteristic perturbations associated to subsonic and transonic speeds [START_REF] Thepot | Etude numérique de l'effet Magnus sur un projectile en rotation (modélisation Baldwin-Lomax) -Comparaisons aux résultats d'essais en soufflerie. Rapport Technique ONERA[END_REF]. The second domain structure is generated for supersonic cases (M ∞ > 1.2) and is different from the first one since the positions of the farfield boundaries extend 1 × d upstream of the projectile nose, 18 × d downstream of the base as well as radially to the projectile surface. Compared to both subsonic and transonic cases, the distance upstream of the SOCBT is strongly reduced for supersonic speeds, otherwise the information would not be properly transported across the first shock wave. In addition, previous investigations have shown both downstream and radial distances of the farfield boundaries to be sufficiently far from the SOCBT surface for correctly simulating supersonic cases [START_REF] Silton | Navier-Stokes Computations for a Spinning Projectile From Subsonic to Supersonic Speeds[END_REF].

Grid densities For each domain structure, three grid levels were generated to check the influence of the grid resolution on the results. Densities of the considered grids (respectively coarse, medium and fine), with their associated distributions in the domains, are stated in Table 4.2. In order to accurately resolve the viscous boundary layer, the first grid spacing normal to the projectile walls is set to 0.5 µm for all the grids. In addition, a stretch-ratio smaller than 1.1 is employed to compute successive grid points from the first normal grid spacing, leading to an adequate boundary layer resolution such that y + < 1. As an illustration, the values of y + are plotted for several Mach numbers in Figure 4.2, based on the example of the medium grids which were retained as the baseline grids for all the computations of the present study, i.e. for subsonic/transonic and for supersonic speeds (see section 4.1.1.5). The investigated meshes were developed with the objective of further performing hybrid RANS/LES simulations in order to correctly determine the base drag of the SOCBT body: that is why medium meshes are over-sized for the purpose of the present RANS/URANS computations.

M ∞ Mesh size N axial N radial N azimuthal N total N body N upstream N downstream ≤ 1.

Numerics

Overview Grids were exported in a double-precision-format, and numerical investigations were carried out with the Fluent 34 CFD code. A spinning boundary condition was applied to the SOCBT walls which were defined viscous and adiabatic. Moreover, a pressure-far-field boundary condition was applied to the farfield boundaries of the computational domains. Three-dimensional compressible RANS equations were solved for all the computations which are presented in sections 4.1.1.5 and 4.1.1.6. The double-precision density-based solver was employed, with a second-order-upwind-scheme and an implicit formulation using the advection upstream splitting method, to calculate the convective and pressure fluxes. The k -ω SST two-equation eddy-viscosity model was employed for all the simulations (see section 2.3.3). This turbulence model was retained thanks to previous investigations conducted at the ISL, showing its capability to correctly predict aerodynamic flows at the studied conditions [START_REF] Libsig | Contrôle d'écoulements en vue d'un pilotage alternatif pour les projectiles d'artillerie[END_REF]. Concerning the RANS computations, a ramping schedule was used to progressively increase the Courant-Friedrich-Levy number (CFL) from 1 to 500. Depending on the flow conditions, in terms of both Mach number and angle-of-attack, the steady-state convergence was reached over approximately 2000-5000 iterations, for which the cell-averaged residuals of the RANS equations decreased at least by four orders of magnitudes.

URANS simulations For each flow condition, the results obtained from the steady-state RANS simulations of the SOCBT were employed to initialize the time accurate URANS computations. For this purpose, the dual time stepping mode of the Fluent code was employed to conduct the transient URANS simulations. This procedure which requires a suitable determination of an "outer" physical time-step together with an "inner" time-step, was largely used in the past to investigate unsteady weapon aerodynamics [START_REF] Sahu | Time-Accurate Computations of Free-Flight Aerodynamics of a Spinning Projectile With and Without Flow Control[END_REF][START_REF] Simon | Simulations numériques hybrides RANS/LES de l'aérodynamique des projectiles et applications au contrôle des écoulements[END_REF][START_REF] Sahu | Virtual Fly-Out Simulations of a Spinning Projectile From Subsonic to Supersonic Speeds[END_REF][START_REF] Bhagwandin | Numerical Prediction of Pitch Damping Stability Derivatives for Finned Projectiles[END_REF][START_REF] Zeidler | Application des techniques de contrôle des écoulements au pilotage des projectiles: Contrôle fluidique d'un projectile gyrostabilisé de 155 mm par effet Coanda[END_REF]. The outer time-step is global and represents the discrete varying time of the corresponding physical one. The outer time-step is applied to each cell of the mesh, does not vary spatially and is determined by equation 4.1:

∆t = ∆ roll 360 × p (4.1)
where ∆ roll is the roll-angle-step variation term (expressed in degrees) per ∆t. The inner time-step is a local artificial one that helps the physical transient equations to reach convergence. It may vary spatially and it is set in the solver thanks to a number of inner iterations i. The discretization of the outer physical transient equations is exactly satisfied when the inner iterations converge. Therefore, the inner time step is a local value without physical meaning which lets the RANS equations to converge at each outer physical time-step. All URANS computations of the SOCBT were performed with i = 10 inner iterations, resulting in a reduction of about one order of magnitude in the cell-averaged inner residuals of the RANS equations. In addition, the CFL number was set to a value of 20 for all the URANS simulations and all the numerical simulations were computed on 96 parallel processors (frequency 2666 MHz).

Validations of RANS simulations

Results of the mesh independence study As it is outlined in section 4.1.1.3, a mesh independence study was conducted for checking the influence of the grids densities on the computed static aerodynamic 

α [ • ] Grid C A,F orebody C N C m 1 Coarse 8.
∞ = 0.7 α [ • ] Grid C A,F orebody C N C m 1
Coarse 1.30 × 10 -1 4.96 × 10 -2 5.98 × 10 -2 Medium 1.31 × 10 -1 4.96 × 10 -2 5.99 × 10 -2 Fine 1.31 × 10 -1 4.96 × 10 -2 5.99 × 10 -2 3 Coarse 1.31 × 10 -1 1.52 × 10 -1 1.77 × 10 -1 Medium 1.32 × 10 -1 1.52 × 10 -1 1.78 × 10 -1 Fine 1.32 × 10 -1 1.52 × 10 -1 1.78 × 10 -1 7 Coarse 1.35 × 10 -1 3.91 × 10 -1 3.93 × 10 -1 Medium 1.36 × 10 -1 3.91 × 10 -1 3.93 × 10 -1 Fine 1.36 × 10 -1 3.91 × 10 -1 3.93 × 10 -1 11 Coarse 1.40 × 10 -1 7.08 × 10 -1 5.63 × 10 -1 Medium 1.41 × 10 -1 7.09 × 10 -1 5.62 × 10 -1 Fine 1.41 × 10 -1 7.09 × 10 -1 5. the fine ones are practically not visible, while the computational time was doubled. At M ∞ = 0.7, evolutions of the pressure coefficients along the SOCBT fuselage within the incidence plane, for α = 0 • , 7 • and 11 • , superimposed for all the investigated grid densities (left plots of Figure 4.4). Furthermore, the pressure ratios at Mach 3 overlap for all the supersonic grid densities, for α = 0 • , α = 7 • and α = 11 • , and superimposed to existing experimental data for α = 7 • and 11 • (right plots of Figure 4.4) [START_REF] Reklis | Surface pressure measurements on slender bodies at angle of attack in supersonic flow[END_REF]. For all these reasons, the medium grids were retained as baselines for investigating all the considered Mach numbers. For completeness, Figure 4.5 provides additional evolutions of the pressure coefficients for transonic speeds, along the SOCBT fuselage within the incidence plane. As it is outlined in section 4. At M ∞ = 0.7, no shock nor expansion waves occur along the SOCBT. The flow-field decelerates at the nose tip, while accelerating along the ogive. Moreover, both junctions ogive/cylinder and cylinder/boattail induce very small modifications of density gradients. At M ∞ = 3, an oblique shock occurs at the tip of the nose and the expansion waves remain along the body at both junctions ogive/cylinder and cylinder/boat-tail. In the wake area, streamlines tend to re-align with the upstream flow-field direction. Comparisons with wind-tunnel measurements Overviews of the obtained results as a function of the Mach number are presented in Figures 4.6 to 4.10 which provide comparisons of the computed aerodynamic coefficients with the experimental measurements conducted at the ISL, as well as with the existing experimental data [START_REF] Nietubicz | Supersonic wind-tunnel measurements of static and Magnus aerodynamic coefficients for projectile shapes with tangent and secant ogive noses[END_REF][START_REF] Sturek | Computational parametric study of the aerodynamics of spinning slender bodies at supersonic speeds[END_REF][START_REF] Kayser | Surface pressure measurements on a boattailed projectile shape at transonic speeds[END_REF]. Due to time constraints, a moderate number of wind-tunnel experiments were conducted during the ISL test campaign. As such, the experimental results were not plotted from a statistical point of view. However, a special care was devoted to the reproducibility of the wind-tunnel tests which were randomly checked during the campaign for maximizing the confidence level of the obtained results.
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• Forebody axial force coefficient: Since the C A0F orebody of the SOCBT projectile was experimentally assessed in the ISL windtunnel, a direct comparison with the RANS computations was possible. Such comparison was performed because RANS turbulence models fail in predicting highly separated flow-fields which is essentially the case downstream the boat-tail part of the SOCBT (phenomenon emphasized at non-zero angles of attack). Instead of a LES simulation, a RANS computation is not able to properly predict the radial evolution of the base pressure and consequently induces a numerical error to the computed total axial force coefficient C A . As it is shown in Figure 4.6, small discrepancies between simulation results and experiments can be observed for several subsonic test points which is also the case at Mach 3.75 where numerical simulations tend to overestimate C A0F orebody . Such 

C A0F orebody = f (M ∞ )
differences could come from small sting effects modifying the flow structure around the projectile (including the forebody pressure distribution close to the boat-tail region). To verify this issue, additional experiments should be conducted in order to increase the number of test points. In the meanwhile, RANS simulations could also slightly overestimate the predicted coefficients. Nevertheless, a reasonable agreement can be observed. Regarding the supplementary simulation cases computed for different Reynolds numbers, namely for SOCBT calibre respectively of 155 mm at ISA conditions and of 57.15 mm at flow conditions corresponding to wind-tunnel experiments stated in section 4.1.1.1, a very small influence of the Reynolds number on the computed results is observed on the magnitude C AF orebody , mainly at subsonic and transonic speeds. 

α [°] Angle-of-attack (B) M ∞ ≥ 1.2 FIGURE 4.7: C AF orebody = f (α)
• Normal force coefficient slope:

By contrast, the RANS results plotted in Figure 4.8 provide almost identical C N α predictions for the three considered Reynold numbers which additionally agree with all the experimental data. 

M [-] Mach 8 [rad -1 ] FIGURE 4.8: C N α = f (M ∞ )
• Pitching moment coefficient slope: Predictions of C mα are also identical for the set of RANS computations. Even if the results are coherent in terms of trends and magnitudes, several ISL wind-tunnel measurements slightly overestimate this aerodynamic coefficient up to transonic Mach numbers, while they are always underestimated at supersonic speeds (see Figure 4.9). 

C mα = f (M ∞ )
• Position of the longitudinal centre of pressure: As it can be observed in Figure 4.10, the knowledge of both C N α and C mα makes it possible to determine the position of the longitudinal centre of pressure x CP as a function of the Mach number, defined by equation 4.2:

x CP -x CG d = C mα C N α (4.2)
As it can be seen, the obtained values remain coherent with the expected ones for standard spinstabilized ammunition. The SOCBT is statically unstable for the full range of investigated Mach numbers. That is why in practice, a spinning motion is provided to such kind of ammunition to prevent them from tumbling. 

x CP = f (M ∞ )
Around Mach one, some of the existing experimental results show disparities on each of the aforementioned aerodynamic coefficients (see section 4.1.1.1). That probably results from the experimental difficulty to assess transonic Mach numbers in a wind-tunnel. However, the aforementioned comparisons show a good agreement between simulation and experimental results for the full range of investigated Mach numbers, in terms of trends and magnitudes.

Validations of URANS simulations

As it is outlined in section 4.1.1.2, the main objectives of this section are twofold:

• Firstly, to assess the accuracy of the URANS simulations For this purpose, a set of URANS simulations was completed at several angles of attack for a given value of spin-rate and for two Mach numbers, each of them being typical of both subsonic and supersonic flows.

At supersonic speeds, the investigated flow conditions are the following: M ∞ = 3 and p = 2828 rad.s -1 (or in a dimensionless form: p * = 0.19). These flow conditions were chosen according to available experimental data in the literature, for validating the URANS computations [START_REF] Nietubicz | Supersonic wind-tunnel measurements of static and Magnus aerodynamic coefficients for projectile shapes with tangent and secant ogive noses[END_REF].

Even if no experimental results exist for spinning cases at subsonic speeds, the study was extended for the same value of spin-rate p for M ∞ = 0.7.

Time-step study

A time-step study was firstly performed for three incidences (5 • and ∆ roll = 5 • , corresponding to a number of 360 and 72 iterations per rotation, respectively. The URANS simulations were run over three periods of rotation around the SOCBT axis, after which the obtained coefficients were selected. The results are summarized in Tables 4.5 and 4.6.

M α [ • ] p [rad.s -1 ] ∆ roll [ • ] C A,F orebody C N C m 0.7 5 2828 0.1 8.582 × 10 -2 1.279 × 10 -1 3.896 × -1 1 8.588 × 10 -2 1.280 × 10 -1 3.893 × -1 5 8.588 × 10 -2 1.280 × 10 -1 3.893 × -1 0 RANS 8.604 × 10 -2 1.254 × 10 -1 3.899 × -1
13 2828 0.1 6.441 × 10 -2 3.886 × 10 -1 9.421 × -1 1 6.443 × 10 -2 3.887 × 10 -1 9.418 × -1 5 6.444 × 10 -2 3.887 × 10 -1 9.418 × -1 0 RANS 6.442 × 10 -2 3.564 × 10 -1 9.804 × -1 21 2828 0.1 1.539 × 10 -2 8.600 × 10 -1 1.345 1 1.541 × 10 -2 8.611 × 10 -1 1.344 5 1.541 × 10 -2 8.612 × 10 -1 1.343 0 RANS 1.230 × 10 -2 7.858 × 10 -1 1.434

3.0 5 2828 0.1 1.321 × 10 -1 2.638 × 10 -1 2.892 × -1 1 1.321 × 10 -1 2.638 × 10 -1 2.892 × -1 5 1.321 × 10 -1 2.638 × 10 -1 2.892 × -1 0 RANS 1.327 × 10 -1 2.638 × 10 -1 2.898 × -1 13 2828 0.1 1.431 × 10 -1 8.975 × 10 -1 6.410 × -1 1 1.431 × 10 -1 8.975 × 10 -1 6.409 × -1 5 1.441 × 10 -1 8.986 × 10 -1 6.403 × -1 0 RANS 1.431 × 10 -1 8.975 × 10 -1 6.409 × -1 21 2828 0.1 1.656 × 10 -1 1.704 × 10 -1 1.043 × -1 1 1.656 × 10 -1 1.704 × 10 -1 1.043 × -1 5 1.656 × 10 -1 1.704 × 10 -1 1.043 × -1 0 RANS 1.667 × 10 -1 1.705 × 10 -1 1.044 × -1
TABLE 4.5: Time-step study for p = 2828 rad.s -1 where M ∞ = 0.7 and 3, respectively for α = 5 • , 13 • and 21 • (the results are compared with corresponding RANS results computed for p = 0 rad.s

-1 ) M α [ • ] ∆ roll [ • ] C Y C l C n 0.7 5 0.1 -2.095 × 10 -2 5.684 × 10 -1 -1.414 × 10 -1 1 -2.081 × 10 -2 5.683 × 10 -1 -1.386 × 10 -1 5
-2.081 × 10 -2 5.683 × 10 -1 -1.385 × 10 -1 13 0.1 -1.082 × 10 -1 5.255 × 10 -3 -9.270 × 10 -2 1 -1.082 × 10 -1 5.252 × 10 -3 -9.264 × 10 -2 5 -1.082 × 10 -1 5.252 × 10 -3 -9.263 × 10 -2 21 0.1 -2.940 × 10 -2 4.565 × 10 -3 -2.890 × 10 -3 1 -2.930 × 10 -2 4.563 × 10 -3 -2.875 × 10 -3 5 -2.929 × 10 -2 4.563 × 10 -3 -2.874 × 10 -3

3.0 5 0.1 -5.630 × 10 -3 1.134 × 10 -3 -6.093 × 10 -3 1 -5.630 × 10 -3 1.134 × 10 -3 -6.093 × 10 -3 5 -5.630 × 10 -3 1.134 × 10 -3 -6.093 × 10 -3 13 0.1 -1.390 × 10 -2 1.171 × 10 -3 -1.271 × 10 -2 1 -1.390 × 10 -2 1.171 × 10 -3 -1.271 × 10 -2 5 -1.390 × 10 -2 1.171 × 10 -3 -1.271 × 10 -2 21 0.1 -1.003 × 10 -2 1.422 × 10 -3 -6.522 × 10 -3 1 -1.003 × 10 -2 1.422 × 10 -3 -6.523 × 10 -3 5 -1.003 × 10 -2 1.422 × 10 -3 -6.532 × 10 -3 TABLE 4.6: Time-step study for p = 2828 rad.s -1 where M ∞ = 0.7 and 3, respectively for α = 5 • , 13 • and 21 •

For each studied case, the obtained results when using ∆ roll = 1 • present maximum discrepancies in the order of 0.1% with the obtained ones when using ∆ roll = 0.1 • , at a small fraction of the computational cost. The differences increase between results using ∆ roll = 1 • and ∆ roll = 5 • , with maximum discrepancies in the order of less than 1% for all cases. As such, the obtained results when using a roll-angle step of 1 • were retained as the baselines in the following and were compared with the corresponding experimental data.

Comparisons with existing data and discussion Figure 4.11 provides comparisons of both C N and C m as a function of the angle-of-attack for M ∞ = 3. Although a very small gap can be observed above 13 • , the simulation results reasonably match the experimental measurements for both coefficients. Concerning the lateral effects in terms of side force and pitching moment coefficients, plotted in Figure 4.12, the agreement with experimental data remains questionable, depending on the angle-of-attack range. As it can be seen, C Y values match accurately up to α = 13 • , after which the URANS computations underestimate C Y magnitudes. While the trends of C n are reasonably predicted, the computed magnitudes of this coefficient match roughly the experimental results, excepted below 3 • of incidence as well as for α = 11 • and 19 • . Experimentally speaking, the aforementioned discrepancies on the lateral effects could be explained by several reasons:

• Since the upstream boundary layer can be modified by the behaviour within the separation zone, the sting can alter the flow-field structure which would occur in free-flight without any support devices [START_REF] Simon | Simulations numériques hybrides RANS/LES de l'aérodynamique des projectiles et applications au contrôle des écoulements[END_REF][START_REF] Merz | Subsonic axisymmetric near-wake studies[END_REF][START_REF] Birtwell | Reverse Magnus on a magnetically suspended ogive cylinder at subsonic speeds[END_REF] • The resonance phenomena that may occur during the wind-tunnel measurements can lead to oscil-lations of the studied model, thus providing lateral effects which are by nature very sensitive

• A misalignment of the wind-tunnel model w.r.t. the flow-field direction creates a small angle-ofside-slip β that can lead to modifications of both the Magnus force and moment coefficients

• The loads of the six-components balance in the lateral plane are relatively small w.r.t. its maximal load capability, when compared to longitudinal ones Numerically speaking, several studies have proven the influence of the wake flow un-steadiness on the predictions of both lateral coefficients C Y and C n [START_REF] Cayzac | Analysis of static and dynamic stability of spinning projectiles[END_REF][START_REF] Despirito | CFD Computations of Magnus Moment and Roll Damping Moment of spinning Projectile[END_REF]. In these studies, URANS simulations were shown unable to capture turbulent fluctuations of separated flows. As such, the use of URANS simulations for investigating lateral effects remains questionable. According to [START_REF] Simon | Simulations numériques hybrides RANS/LES de l'aérodynamique des projectiles et applications au contrôle des écoulements[END_REF], below α < 6.34 • , the boundary layer remains attached to the body and the Magnus effect is due to the gyroscopic motion. At higher angles of attack (for α > 6.34 • ), the boundary layer separates and the gyroscopic motion produces an asymmetry of the counter rotating vortices located on the lee side of the SOCBT body. This leads to lateral effects which tend to counteract the attached boundary layer structure, thus producing a highly separated flow on the lee side of the SOCBT. To capture the dynamics of such highly separated flow, more refined numerical approaches should be employed (for example LES). Nevertheless, the obtained results demonstrate the capability of the present URANS computations to properly capture global effects along the SOCBT projectile (which is sufficient for preliminary design purpose). Up to now, side effects are not addressed by the WASP code. Therefore, the numerical methodology employed herein can be considered validated within the frame of the present work, especially with regard to successful comparisons of C N and C m for the full range of investigated incidence, as well as the relatively good agreement observed for C Y and C n .

Discussion on the SOCBT database selected for WASP The set of computed URANS coefficients C A,F orebody , C N and C m when using ∆ roll = 1 • was compared with the RANS results at zero spin. As it is outlined in Table 4.5, no significant differences occur between the retained unsteady baseline results and the RANS predictions. However, maximal discrepancies appear at subsonic speeds, in the order of 2%, for all the coefficients and for all the studied incidences, excepted for 13 • and 21 • . Differences of 9% and 3%, respectively on C N and C m , can be noticed at 13 • , while discrepancies are highly emphasized at 21 • (20% on C A,F orebody , 9% on C N and 7% on C m ). Such differences can be due to multiple effects such as for example spin-rate ones which certainly modify the flow-field structure, but also due to the influence of numerical parameters such as the retained turbulence model. However, according to the results presented in Table 4.5, spin-rate effects on C A,F orebody , C N and C m can be considered negligible in the frame of preliminary design, at least for the studied Mach numbers and up to p = 2828 rad.s -1 . Consequently, the RANS coefficients of the SOCBT at zero spin were retained for populating the WASP database, for configurations spinning slower than p = 2828 rad.s -1 and for the full range of investigated Mach numbers and incidences. While such approximation is rigorously not true, it has the advantage of saving a lot of computational resources which is a key parameter in the present research project. This is reinforced by the fact that WASP is primarily developed to provide aerodynamic coefficients for moderately spinning configurations (up p = 628 rad.s -1 ). However, the need of performing more refined numerical simulations will be addressed in the future, depending on the accuracy required by the optimization level.

NACA 0012 two-dimensional RANS sectional data

Numerous two-dimensional RANS simulations were performed for populating the NACA 0012 profile database which considers influences of Mach and Reynolds numbers together with incidence effects. The computed data are based on the profile chord length and include the two-dimensional lift and drag force coefficients as well as the pitching moment coefficient, respectively denoted by c L , c D and c M . The computed flow conditions include Mach and Reynolds numbers ranging from 0.4 to 0.8 and from 5×10 3 to 7.24 × 10 5 , respectively, for incidences varying from -12 • to 12 • . The computational methodology remains the same for each case and aims to fix the chord length of the mesh geometry, while adapting the boundary conditions in order to reach the desired Mach and Reynolds numbers. For illustrative purpose, the mesh independence results corresponding to three among ten arbitrarily selected Reynolds numbers are presented in the following. Such Reynolds number variation simulates a varying chord length equivalent to 25 mm, 40 mm and 155 mm at ISA conditions, corresponding to test cases 1, 2 and 3 (denoted by TC1, TC2 and TC3, respectively). Besides simulations parameters, examples of two-dimensional RANS polar data are also described.

Computational domain and numerical parameters

As it is depicted in Figure 4.13, a single two-dimensional structured fine grid was generated for studying the NACA 0012 profile ("C-H type" grid). The geometrical chord length of the profile was fixed to 100 mm, and the far-field boundaries were pushed back 100 times far from the airfoil. The multi-block structured grid was created by using ICEM35 and exported in a double-precision-format to FIGURE 4.13: NACA 0012 grid elements perform two-dimensional numerical simulations with the Fluent code. The profile walls were defined viscous and adiabatic and a pressure-far-field boundary condition was applied to the far-field boundaries. The two-dimensional compressible RANS equations were solved and the double-precision density-based solver was employed with a second-order-upwind-scheme and an implicit formulation. Since turbulence effects are not investigated in the present work, the retained turbulence model is the same as the one chosen for performing the CFD simulations of the SOCBT, i.e. the k -ω SST two-equation eddyviscosity model. To ensure converged simulations, a ramping schedule was employed to progressively increase the CFL number from 0.2 to 50. The steady-state convergence was reached over approximately 1000 iterations, depending on the investigated flow condition.

Mesh independence study

Due to the lack of accurate NACA 0012 data for the investigated flight envelop (i.e. up to Mach 0.8 and for Reynolds numbers smaller than 1 × 10 6 ), it was initially scheduled to conduct wind-tunnel measurements for experimentally validating the numerical results presented herein, based on a chord length of 100 mm. However, due to wind-tunnel schedule constraints, these tests were not performed during the course of this PhD work such that no experimental results can be used for validation purposes. The initially chosen chord length of the grid (i.e. c sim = 100 mm), would result in an incorrect Reynolds number for the three presented test cases whether the boundary conditions remain unchanged. Since changing either the flow velocity V ∞ or the dynamic viscosity µ would also alter the Mach number, a practical way of ensuring an unchanged Reynolds number is to change the density ρ (µ depends on the temperature T according to the Sutherland's formula). Although ρ can not be specified as a boundary condition, it is directly related to the static pressure P through the ideal gas law. The described test conditions were defined for a flight at atmospheric pressure of P f light = 101325 Pa. The corresponding flight Reynolds number Re f light is therefore given by equation 4.3:

Re f light = ρ f light V ∞ c f light µ = P f light r GP T V ∞ c f light µ (4.3)
In order to set the simulation Reynolds number Re sim to Re f light , the static pressure of the simulation P sim is calculated according to the following equation 4.4:

P sim = P f light c f light c sim (4.4)
For illustrative purpose, values of the simulated static pressures and corresponding Reynolds numbers at Mach 0.6 are presented in Table 4.7 for the aforementioned tests cases.

Test Case

c f light [m] Re f light P sim [Pa] TC1
4.9476 × 10 -2 7.24 × 10 5 50131.56 TC2

1.2768 × 10 -2 1.87 × 10 5 12937.18 TC3 7.98 × 10 -3 1.17 × 10 5 8085.74 A mesh independence study was conducted to find a suitable mesh on which the simulations could be performed with a sufficient accuracy. Due to the large number of simulations, the emphasis was put on minimizing the grid elements in order to reduce the overall simulation time. As already outlined, a fine mesh was initially generated to ensure a sufficient grid density (see Figure 4.13). From this mesh, the number of grid cells was iteratively reduced. Between each iteration, a complete simulation of TC2 was conducted at Mach 0.6 and for an angle-of-attack of 5 • (for illustrative purpose, the computed Mach number field is depicted in Figure 4.14). The obtained results at each iteration were compared to results from the original fine mesh. Four iterations were enough to reduce the number of elements by over 58% without significant impacts on the results. From this point, the number of elements was not reduced further since the mesh was deemed sufficiently small to achieve all the simulations within the desired time frame. In a final step, the mesh accuracy was verified on TC1 to ensure a y + value of the elements closest to the profile walls to sufficiently be small (i.e. y + < 1) with the highest investigated Reynolds number. This procedure was not performed on TC3, since the Reynolds number remains the limiting factor and is the smallest for TC3. The proposed mesh independence process is efficient for rapidly investigating plenty of cross sections, since the chord length is fixed to a given value while the density is changed. However, a set of windtunnel experiments carried out at realistic flow conditions would be required to validate the numerical simulations. Since this validation process was not performed during the course of this study, the overall computed NACA 0012 database was assumed to be suitably determined.

Mach and Reynolds number effects on profile data

To illustrate the influences of both Mach and Reynolds numbers as well as compressibility effects, examples of NACA 0012 data are depicted in Figure 4.15. As it can be observed, the rise of drag occurs for smaller incidences as the Mach number increases (Figure 4.15A). Similarly, the stall is reached for smaller incidences as the Mach number increases (Figures 4.15C and 4.15E). Consequently, compressibility effects seem to be properly captured since the airfoil lift-to-drag ratio (LDR) decreases as the Mach number increases. Furthermore, as depicted in the right plots of Figure 4.15, the airfoil LDR increases with the Reynolds number. To properly model chord scale effects, a set of 9 Reynolds numbers corresponding to chord length ranging from 5 mm to 155 mm have been investigated, for Mach numbers ranging from 0.4 to 0.8. For simplicity, and regarding the reduced scale of the studied architectures, the aerodynamic data of the smallest computed Reynolds number, associated to chord lengths smaller than 5 mm, were employed. 

Numerical predictions of configuration A

An assessment of WASP predictions w.r.t. URANS simulations which were conducted for architecture A is fully presented in section 4.1.3.1. The obtained CFD data were also used in order to properly initialize the identification procedure of the aerodynamic coefficients of the projectile by means of freeflight data, further described in section 4.3).

CFD simulations

Simulated flow conditions

The CFD results presented herein deal with the twisted configuration A, at flow conditions close to the experimental free-flight ones, for which the SOCBT calibre is set to 25 mm (the total span of the fins is 100 mm). Since the architecture is tested in free-flight, the nominal free-stream static pressure and temperature of the simulations were fixed to ISA conditions at sea level, namely P ∞ = 101325 Pa and T ∞ = 288.15 K, respectively. The computations described herein do not cover the full range of experimental free-flight conditions. Indeed, for M ∞ = 0.7, seven angles of attack were investigated (including 0 • , 1 • , 3 • , 5 • , 7 • , 9 • and 11 • ), despite the free-flight tests involve initial Mach numbers ranging from 0.69 to 0.82. At the time of the experiments, this was due to the inability of the smooth-bore gun to provide the same initial velocities for all the tests, while the nominal flight conditions were defined to be the ones numerically investigated. As such, the local twist angles of the fins as well as the expected spin-rate of the free-flying configuration are computed by using equation 3.3, leading to p = 620 rad.s -1 for M ∞ = 0.7 and for α = 0 • . The twist angles of the fin cross-sections evolve between values of δ twist = 1.46 • to 7.80 • from root to tip (as a reminder, the designed cant angle of the fins from configuration B equals the mean twist-angle of the fins from configuration A, i.e. δ cant = 4.63 • ). Even if the computed spin-rate p f light differs from the equilibrium one, for which the rolling-moment coefficient of the overall architecture is zero, the numerical results will provide realistic aerodynamic coefficients with regard to the studied experimental conditions which results are presented in section 4.3. Finally, the simulated speed is associated to a Reynolds number of 200.000 for ISA conditions at sea level.

Computational grids Architecture A was designed by Creo-Parametric and meshed thanks to GridPro which is able to efficiently produce a multi-block structured hexahedral grid close to the fins. The overall grid structure is composed of two cylindrical domains, namely an inner-one and an outer-one, both coaxial to the configuration axis, as it is sketched in Figure 4.16. The inner one, with a radius of 6.5 × d, has an inlet located 1 × d upstream from the nose of the architecture and an outlet located 22 × d downstream from its base. In addition, the outer domain, which radius is 52×d, has an inlet located 50×d far upstream the nose of the projectile and an outlet 50×d far downstream from the base of the projectile. An Euler grid is generated into the outer domain, and a Navier-Stokes one into the inner domain. In order to reduce the time needed to obtain a viscous grid, an Euler grid is firstly generated into the inner domain before using the clustering utility on the projectile surfaces, composed of the SOCBT fuselage as well as the set of six twisted fins. To conduct the CFD simulations, a spinning motion of the inner-grid is set w.r.t. the outer-one. The outer-grid is defined as a non-spinning reference domain and is required to set the far-field boundaries in terms of flow conditions, namely both the free-stream Mach number M ∞ and the angle-of-attack α. Concerning the inner-grid, the projectile surfaces are defined viscous and adiabatic. Moreover, a non-conformal interface is employed to set up the surface between the inner-spinning-grid w.r.t. the outer-non-spinning one. Indeed, since the configuration A is not axi-symmetric, imposing a rotating boundary condition on the projectile walls is not adapted. Finally, a pressure-far-field boundary condition is applied to the far-field boundaries of the outer-grid. Two 3D grids were generated to check the influence of the grid resolution on all the static aerodynamic coefficients. The fine grid, denoted A 1 , consisted of about 16.200.000 structured hexahedral cells divided in 4.100 blocks, including 15.900.000 hexahedral inner-cells and 300.000 hexahedral outer-cells, for the inner and the outer grids, respectively. Figure 4.17 depicts a view of the mesh close to the projectile. In the axial direction, a number of 40 cells where distributed upstream the architecture, 250 along the projectile surface, and 80 cells downstream the base. The number of cells in the radial and in the azimuthal directions were set to 125 and 360, respectively. Concerning the fins, 80 cells are distributed along the chord-wise direction, while 100 elements are employed along the span-wise one. In order to accurately resolve the viscous boundary layer, the first grid spacing normal to the projectile walls is set to 1 µm. A stretching-ratio smaller than 1.1 is used to compute successive grid points from the first normal grid spacing. When the computations were completed, this resolution was checked to provide a suitable boundary layer resolution such that y + < 1 for M ∞ = 0.7. The medium grid A 2 is generated by reducing the number of inner-grid points in each direction by a factor of 2 1/3 . The corresponding off-wall spacing together with the stretch-ratio are set to the values retained for the fine grid. Numerics The grids were exported in a double-precision-format to conduct the numerical simulations by using the Fluent code. A spinning motion was provided to the inner-grid w.r.t. the outer-grid. The numerical parameters which were used for the SOCBT simulations were retained. The projectile walls were defined viscous and adiabatic, and a pressure-far-field boundary condition was applied to the far-field boundaries of the computational grids. Three-dimensional compressible RANS equations were solved for all the computations. The double-precision density-based solver was employed, with a second-order-upwind-scheme and an implicit formulation with the advection upstream splitting method, to calculate the convective and pressure fluxes. The k -ω SST two-equation eddy-viscosity model was employed for all the simulations (see section 2.3.3). Steady-state static simulations were firstly performed for M ∞ = 0.7 and for the corresponding non-equilibrium design spin-rate p = 620 rad.s -1 . A ramping schedule was used to progressively increase the CFL number from 1 to 100. Depending on the angle-of-attack, the steady-state convergence was reached over approximately 3000 -5000 iterations, for which the cell-averaged residuals of the RANS equations decreased at least by four orders of magnitude. The steady-state results were used to initialize the URANS simulations for the same flight conditions. For this purpose, the dual time stepping mode of the CFD code was employed, with i = 10 and CF L = 20 (the influence of i on the simulation results was not investigated).

Results of grid independence and time-step studies

The simulations were initially conducted by using a global time-step based on a number of 720 iterations per rotation, resulting in a ∆ roll = 0.5 • per ∆t. The simulations were run over three periods of rotation and the static aerodynamic coefficients were determined by averaging the instantaneous results over the last period. Dependence of the results on the grid resolution are presented in table 4.8, for the retained flow conditions, namely M ∞ = 0.7 and p = 620 rad.s -1 , for all the simulated angles of attack. An example of URANS flow-field is shown in Figure 4.18 for α = 3 • . As it can be seen, the differences are small enough such that the results do not depend on the grid resolution. Consequently, the results of the numerical URANS simulations performed with the medium grid A 2 were compared with the associated WASP predictions, further presented in section 4.1.3.2. Additionally, five time steps were investigated in order to check the influence of ∆t on the computed results.
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The study was carried out for an incidence of α = 3 • . The corresponding variations of ∆ roll per ∆t include: In the chosen example, the computations were performed on grid A 2 . In that case, a difference of less than 0.1% in terms of averaged C Y is observed between ∆ roll = 0.1 • and 0.5 • . This difference reaches 5% between 0.1 • and 0.5 • and more than 7% between 0.1 • and 2 • . The discrepancies between 0.25 • and 0.5 • were also checked to be negligible, while the overall computational time was more than doubled (not plotted in Figure 4.19). For these reasons, a time-step of ∆t = 1.4 × 10 -5 s, corresponding to a variation of ∆ roll = 0.5 • , was retained to investigate all the studied angles of attack. Nevertheless, the time-step study was only performed for α = 3 • , and the computed results are considered to be validated up to α = 11 • . Consequently, the computed URANS coefficients of configuration A were considered as references for assessing the WASP predictions at the same flow conditions.

0.1 • , 0.25 • , 1 • , 2 • and

Comparisons with WASP predictions

This section briefly describes WASP parameters which were retained for investigating the configuration A at the studied flow conditions. Comparisons are then stated and results are discussed.

WASP parameters As for each solver, it is necessary to address the independence of the WASP code w.r.t. the most preponderant modelling parameters. As far as the aerodynamic database of the projectile components is available, the computational efforts of the WASP code remains essentially due to the contributions of the lifting-surfaces. Since the chord-wise effects are not included in the proposed computational model of the fins, the minimum number of span-wise subdivisions above which the computed results are independent, needs to be determined. In addition, the number of roll positions above which the computed results are independent, has to be evaluated for spinning configurations. Albeit this study is not presented herein, a number of 25 cross-sections and a number of 12 roll positions were shown to be suitable for ensuring the independence of the results to these parameters.

Results and discussion

As it can be observed in Figure 4.20 which provides comparisons of C A0F orebody , C N and C m as a function of the angle-of-attack α, the following observations can be outlined:

• Concerning C A0F orebody , a maximal difference of 5% is observed up to 9 • of incidence, while it grows up to 13% for 11 •

• Disparities on C N increase up to a maximum of 17% at α = 7 • , and then slightly decrease

• Similarly to C N , differences on C m increase up to a maximum of 23% at α = 7 • , and slightly decrease above

As previously outlined, the SOCBT coefficients are based on 3D RANS simulations while the NACA 0012 ones involve 2D RANS data. In the WASP code, 3D effects of the fins are modelled through the wake which is assumed to be parallel to the upstream velocity. Indeed, regarding the small value of p * , the upstream effects are assumed to predominate the spinning effects on the wake. Moreover, the small span-wise variations of the aerodynamic environment over the fins are neglected in the current version of the WASP code and thickness effects are not modelled. These reasons could explain the observed differences, since an URANS computation predicts 3D effects with a better fidelity. Nevertheless, a reasonable agreement between the WASP predictions and the URANS simulations can be observed, especially within the frame of conceptual design. Additionally to the SOCBT experiments, a set of wind-tunnel tests were conducted with all the designed architectures, namely both configurations A and B as well as the Dragonfly geometry. Compressible subsonic speeds were investigated, corresponding to the flight envelop for which the long range projectile is expected to fly during the gliding phase (see section 1.3).

The calibre of each wind-tunnel model is set to 40mm and the studied flow conditions include Mach numbers of 0.53, 0.6 and 0.7, for angles of attack α ranging from -12 • up to 12 • (see section 3.3). Three sweeps of incidence were conducted for each architecture and for each Mach number, resulting in a test matrix composed of 27 cases. The repeatability of the wind-tunnel measurements has randomly been verified and validated during the campaign, maximizing the confidence of the obtained experimental results. The observed uncertainties of the wind-tunnel measurements, essentially due to the jitter noise, will be clearly visible for each case (red curves in the figures presented in section 4.2.2). Three tests were performed for each flow condition such that the obtained experimental results are not discussed from a statistical point of view. Rather, one among three of the aforementioned tests is arbitrarily selected, for which the proposed comparison methodology considers the measured wind-tunnel flow conditions during the sweep of incidence as inputs of the WASP code, i.e. [M ∞ , Re, α, p] (this approach ensures relevant comparisons). For each geometry, the independence of the WASP results w.r.t. the number of fin cross-sections was verified: 25 profiles were sufficient for subdividing the fins along the chord-wise direction. Moreover, for each spinning case and for each computed angle-of-attack, 12 roll positions were sufficient to average over one period of rotation, ensuring the independence of the WASP results w.r.t. the number of roll positions.

Comparisons results for the selected cases

Based on a set of arbitrarily selected wind-tunnel measurements, the present section provides comparisons results of WASP predictions with wind-tunnel measurements. The WASP assessment is firstly presented for both spinning configurations A and B. Then the evaluation is conducted for the non-spinning Dragonfly geometry under the aforementioned flow conditions.

Spinning architectures A and B

Comparisons of the studied static coefficients for M ∞ = 0.53, 0.6 and 0.7 are presented in Figures 4. 21, 4.22 and 4.23, respectively. In all the graphs, the left plots deal with the results of configuration A, while the right ones deal with the results of configuration B. As it can be observed for all the coefficients and for all the investigated incidences, the WASP predictions widely match the experimental results up to Mach 0.6, albeit small differences exist on the prediction of C AF orebody . At Mach 0.7, discrepancies on both C N and C m are observed for incidences higher than 5 • . This can be explained by the magnitude of the critical Mach number of the NACA 0012 cross-section, above which the drag rapidly increases while the lift drastically decreases (for illustrative purpose, see LDR plots in Figure 4.15). Indeed, the local flow on the fin tips seems to reach too early the critical Mach number value, inducing a flow behaviour which is maybe not correctly described by the current version of the WASP code. Regarding the experimental results, in a real flow, 3D effects may occur and may decrease the local Mach number. As it is already outlined in section 4.1.3.2, these shortcomings of predictions can be due to 3D effects since they are essentially modelled through the wake. If this assumption is true, that would also explain why WASP overestimates the forebody axial force component w.r.t. the wind-tunnel measurements. To assess this hypothesis, more investigations should be conducted in the future under the same flow conditions, as well numerically as experimentally. Finally, while no significant differences are observed for both configurations A and B, the canted configuration B experiences higher axial forces, especially at Mach 0.7. This difference results from the cant angles of configuration B, inducing an higher resistance to the upstream flow-field than for the configuration A, for which the twist angle evolutions are such that a smaller number of cross-sections experience higher angles of attacks, thus decreasing the magnitude of the forebody axial force coefficient C AF orebody .

Non-spinning Dragonfly architecture

The criteria for designing the non-spinning Dragonfly model are reminded in section 3.3.4.2. Comparisons of the studied static coefficients for M ∞ = 0.53, 0.6 and 0.7 are presented in Figure 4.24 (the left plots show the results for M ∞ = 0.53, the middle ones for M ∞ = 0.6, and the right ones for M ∞ = 0.7). Concerning the comparisons of C N for M ∞ = 0.53 and 0.6, an acceptable agreement is observed up to 6 • of incidence, above which predictions are underestimated. The same trends are observed for M ∞ = 0.7 up to α = 4 • . For M ∞ = 0.53, both the experimental and the predictions curves of C m almost agree perfectly, while discrepancies occur above α = 6 • for highest Mach numbers. The predictions of C AF orebody are observed to superimposed with the experimental measurements for positive angles of attack α, where no interactions exist between both pairs of fins. For negative angles of attack α, important discrepancies are visible for all Mach numbers, especially for C AF orebody . This could be due to a wake suction effect produced by the front fins to the rear ones. As expected, under some angles of attack, the interactions of both pairs are expected to have a non-negligible influence on the aerodynamic behaviour of the projectile. In the WASP code, such interactions are not yet taken into account, thus leading to an overestimation of the drag which can be observed on the forebody axial force component C AF orebody for negative angles of attack α. In the meanwhile, both predicted C N and C m are slightly influenced by these interactions, due to the longitudinal distance between both pairs of fins, as well as to their corresponding dihedral angles (respectively set to ±10 • ). As already outlined in section 3.3.4.2, the cant angles of the Dragonfly fins have been a priori designed by means of the WASP code to experience a maximal LDR for M ∞ = 0.6 and for α = 3 • . Regarding the experimental results of C N as well as of C AF orebody , respectively plotted in Figures 4.24B and 4.24H, the proposed design is a posteriori observed to remarkably be validated. This example illustrates the capability of the developed WASP code to be useful for preliminary design purpose.

Concluding remarks

Although not presented herein, comparisons which were conducted for the full test matrix are consistent with the aforementioned conclusions. Even if some mismatches are observed regarding obtained results, the computational methodology of the WASP code provided reasonable predictions of the studied architectures, especially with regard to conceptual design stages. This conclusion is reinforced since non-linearities of the proposed architectures were correctly captured by the code. 

Free-flight results

As it is described in section 3.4.3, multiple free-flight tests were conducted at the ISL proving ground, with the main objective of estimating the aerodynamic coefficients based on the measured free-flight data in order to validate WASP predictions. For illustrative purposes, eight trials were selected for the present study, for several Mach numbers ranging from M 0 = 0.69 up to M 0 = 0.82, and for an initial angle-ofattack into the sabot of α 0 = 0 • . As a reminder, during the free-flight tests, the measured data include the projectile velocity determined by the Doppler radar and both 3D magnetometer and accelerometer signals (each of them include one axial cell and two radial ones). In addition, the 3D high-speed optical system fully described in section 3.4.3 leads to the determination of the 3D position of the projectile in flight [START_REF] Dobre | 3D position and attitude estimation of a vehicle in free-flight based on 3D high speed videos[END_REF]. For illustrative purpose, an example of collected signals, after data filtering and synchronization of the different measurement techniques, is provided in Figure 4.25. This example is based on a spinning canted configuration B launched at M 0 = 0.75 with α 0 = 0 • into the sabot and is associated to the free-flight test trial number "1457_35". As it can be observed, the velocity of the projectile is varying 

Introduction to system identification

The identification process of the aerodynamic coefficients is based on free-flight data and the following section briefly introduces the context of system identification. Indeed, the general descriptions of this procedure must be established in order to analyse the results obtained during the course of this PhD work (complementary informations can be found in [START_REF] Albisser | Aerodynamic characterization of a new concept of long-range projectiles from free-flight data[END_REF]). The determination of the aerodynamic coefficients based on free-flight data is obtained by using an inverse 6-DoF code which relies on a grey-box identification procedure composed of several steps. The mathematical model describing the behaviour of a vehicle in free-flight can be represented as a continuous-time non-linear state-space model, developed from a set of physical laws and having the following general structure expressed by equation 4.5 [START_REF] Klein | Aircraft System Identification -Theory and Practice[END_REF]:

M : ẋs (t) = f (x s (t), C u (x s (t))), x s (0) = x s0 y out (t) = g(x s (t)) (4.5)
In equation 4.5, t ∈ R + and represents the time variable, x s , x s0 and y out denote the vectors of the state variables, their initial conditions and their associated outputs, respectively. Moreover, the vector of the aerodynamic coefficients characterizing the aerodynamics of the studied projectile depends on the state variables and is denoted by C u . The system dynamics are governed by f and g which are non-linear functions of the state variables and of the model parameters. It is a 6-DoF mathematical representation composed of 12 state variables corresponding to the projectile velocity (V ), the angle-of-attack (α) and the angle-of-sideslip (β), the angular velocities (p, q, r), the Euler angles (φ, θ, ψ), and the coordinates of the centre of gravity of the projectile (CG(x CG , y CG , z CG )). The output variable vector y out includes a set of 10 signals and is given by equation 4.6:

y out = (V, M ag x , M ag y , M ag z , Acc x , Acc y , Acc z , x CG , y CG , z CG ) (4.6)

In the present investigations, the considered global force and moment coefficients of the projectile are decomposed in a set of static and dynamic contributions expressed in the form of the following system of equations 4.7:

C X = -C D cos α cos β + C Lα (1 -cos 2 α cos 2 β) (4.7a) C Y = -C D sin β -C Lα cos α cos β sin β (4.7b) C N = C D sin α cos β + C Lα cos α sin α cos 2 β (4.7c) C l = C lp pd 2V + C lδ δ (4.7d) C m = C mα sin α cos β + (q C mq -p C np α sin β) d 2V (4.7e) C n = -C mα sin β + (r C mq -p C np α sin α cos β) d 2V (4.7f)
Among this set of aerodynamic coefficients, the pitch-damping moment coefficient sum C mq + C m α of both architectures A and B is very difficult to estimate due to its poor sensitivity to the outputs (this term is commonly denoted by C mq , as it is explained in section 2.1.3). Consequently, it was necessary to evaluate this aerodynamic coefficient by means of semi-empirical correlations. For all the trials, the analyses of the flight videos as well as of the obtained measured signals show each configuration A and B to experience a pitch-yaw coupling motion along the trajectory (see Figure 4.25). As it can be observed on the videos, the precession motion rotates in the opposite direction of the projectile spin p, while the nutation one rotates in the same direction of the projectile spin p. According to the aforementioned videos analyses and by considering the notions described in appendix B.3, the studied spinning architectures are fin-stabilized. Consequently, this aerodynamic coefficient is initialized by means of equation 2.84 (see section 2.4):

(C mq + C m α ) T OT = (C mq + C m α ) B - n i=1 C mα i 2 C Nα i (4.8)
where n corresponds to the number of fins. Consequently, the vector of the aerodynamic coefficients C u which characterizes the aerodynamics of the studied projectile includes 6 unknown variables and is expressed by equation 4.9:

C u = (C D , C Lα , C lp , C l δ , C mα , C np α ) (4.9)
A parametric study based on CFD simulations was carried out during the course of this PhD work to determine the body contribution (C mq + C m α ) B to the total pitch damping moment coefficient of the projectile, while the contributions from the fins were computed by using the WASP code. Based on the measured data as well as on the mathematical model expressed by equation 4.5, the identification procedure aims to estimate the set of unknown variables of C u which are described in a tabular form for fixed Mach numbers, and to estimate the initial conditions of the state variables x s0 . The estimation process starts few dozen milliseconds after the gun exit, corresponding to the flight-time where the sabot petals do not anymore interact with the projectile. From this specific flight point, the projectile is considered free-flying and x s0 can be fully determined. Furthermore, since the initial coordinates of the centre of gravity of the projectile are experimentally measured, they are not considered as unknowns.

To summarize, the vector of the parameters which have to be estimated thanks to an iterative non-linear least-squares method is composed of 9 initial conditions and 6 aerodynamic coefficients. This vector is denoted by p X and is expressed by the following equation 4.10:

p X = (V 0 , α 0 , β 0 , p 0 , q 0 , r 0 , φ 0 , θ 0 , ψ 0 , C D , C Lα , C lp , C l δ , C mα , C np α ) (4.10)

Initial guess of the aerodynamic coefficients

As described in section 4.3.1 and contrary to the wind-tunnel test campaign which consisted in evaluating C AF orebody , C N and C m , the investigations that are presented in the following aims to determine the aerodynamic coefficients C D , C L and C m . In this frame, the identification procedure requires a first initialization vector of the aerodynamic coefficients which have to be estimated (i.e. C u ). For this purpose, and prior to the free-flight tests, the WASP code is employed in order to predict tabulated data of C D , C Lα and C mα for fixed Mach numbers and for fixed angles of attack α, for both configurations A and B. The set of tabulated WASP data is computed for experimental conditions corresponding to the expected ones associated to the scheduled free-flight experiments, prior to the tests. For the eight selected trials, Figure 4.26 shows the predictions of such tabulated WASP data, for fixed Mach numbers varying between 0.6 and 0.75 and for total angles of attack ranging up to α t = 10 • . To tabulate the total drag coefficient C D of each architecture, a formulation expressing the fuselage base drag as a function of the associated forebody drag is employed, since the WASP database does not include base drag coefficients. The retained formula is an approximation which remains reasonable for three-dimensional axi-symmetric body of revolution and is given by equation 4.11 [START_REF] Hoerner | Fluid Dynamic Drag[END_REF]:

C DBase = 0.029 d base d 3 C DF orebody (4.11)
where d base corresponds to the base diameter. Equation 4.11 is not rigorously valid for non-axi-symmetric bodies, such as for both configurations A and B or for a fuselage shape fitted with a set of fins. Indeed, the presence of fins could have a non negligible effect on the base drag. Since the determination of the base drag associated to such geometries under various flight conditions is experimentally very challenging, the proposed equation 4.11 has been retained as a first approximation. A more accurate determination of the base flow effects on the total drag of a given projectile geometry should be conducted for plenty of projectile configurations fitted with fins. Such studies are expensive in terms of computational resources and of experimental testing.

As such, this is not the purpose of a preliminary design step which primarily deals with rapid and simple aerodynamic models. Nevertheless, wake-flow studies for ballistics should be addressed in the future in order to increase the accuracy of the aerodynamic models.

Results

Experimental and simulated results are compared when the unknown variables of p X are estimated. Both figures 4.27 and 4.28 show examples of magnetometer and accelerometer signals, respectively, for trial 1457_35. Regarding the output residuals (%), the simulated model outputs fit the experimental ones. As it can be seen, the output residuals reach a maximum of less than 0.1 %. Similarly, the evolutions of both X and Z positions of the centre of gravity were determined by post processing the 3D high-speed videos, drawn in magenta lines. The red markers depict the measured coordinates of the impact point, in both Y and Z directions of the soft recovery unit, for which the X coordinate is already known. A good coherency is observed between both the measured and the simulated values such that the estimated parameters reproduce very well the measurements. Concerning the state variable evolutions, the estimated polar diagram of trial 1457_35 is shown in Figure 4.30. As it can be seen, a fast un-damped circular conical motion around the origin is clearly observed. were determined from free-flight data for the eight selected test cases. For illustrative purposes, the evolution of the main state variables for the four trials of configuration B are plotted as function of the Mach number in Figure 4.32. To summarize, concerning the flight behaviour, the following conclusions can be drawn:

• For each trial, depending on the initial Mach number M 0 , the angle-of-attack of the projectile α t reaches a maximum value ranging between 8 • and 10.5 •

• The projectile spin-rate p rapidly reaches a maximum value ranging between 500 rad.s -1 and 600 rad.s -1 , depending on the initial Mach number M 0

• The projectile pitch-rate q varies along the flight between values ranging from -20 rad.s -1 up to 550 rad.s -1

• Both the frequency and the amplitude of the pitch-rate q remain coherent for each trial When the aerodynamic characterization from the free-flight measurements of each trial is performed, the estimation results are compared with the aforementioned tabulated data from the WASP predictions, shown in Figure 4.26. Comparisons are plotted in Figure 4.33, in which the estimated coefficients from the free-flight data are depicted in markers and are expressed as function of several total angle-of-attack α t , for configuration A on the left plots (Figure 4.37A) and for configuration B on the right ones (Figure 4.37B). As it can be seen, the same trends for C D , C Lα and C mα are observed for both configurations and for both quantification methods. This conclusion is in agreement with the wind-tunnel results, for which no significant differences were observed between the considered A and B geometries. Finally, while the WASP code predicts non-linearities close to a total angle-of-attack α t = 8 • , the estimated aerodynamic coefficients C D , C Lα and C mα are globally coherent with the initial WASP tabulated values, both in terms of tendency and in terms of order of magnitude. However, the aforementioned comparisons are not exactly conducted under the same flow conditions. In order to perform coherent comparisons, the estimated state variables coming from the estimation results should be employed as inputs in the WASP code. For illustrative purpose, the results of the trial 1457_45 with initial experimental conditions of M 0 = 0.75 and α 0 = 0 • are selected. Figures 4.34 to 4.36 show the evolutions of the main static aerodynamic coefficients in flight, compared to WASP predictions for the same conditions as those obtained in freeflight.

Lift force coefficient As it can been seen in Figure 4.34, WASP predicts well C L over the full flightpath under the same conditions as those in free-flight. Differences between free-flight estimations and WASP predictions, plotted in the top graph, slightly increase along the trajectory. Between a range of 100 m up to the target, WASP slightly over-predict the amplitude of C L , with a maximal difference of about 0.2 for a nominal value of about 1.5 (14% differences). can be observed, the dynamic stability of both configurations is not ensured for all the incidence angles.

For configuration A, both C lp and C l δ .δ values slightly vary as a function of the Mach number between -27.9 and -24.6 and between 0.79 and 0.95, respectively, while for configuration B, they vary from -29.6 to -25.5, and from 0.79 to 0.94, respectively. Moreover, C np α decreases as a function of α t , from 75 to 15 for configuration A and from 83 to 9.8 for configuration B, respectively. In this study, initializing the pitch damping moment stability derivative C mq thanks to equation 4.8 was shown to be suitable for providing coherent results and realistic free-flight behaviours. However, to increase the confidence level of the obtained results, a multiple fit strategy should be employed in the future. Indeed, such approach considers simultaneously multiple free-flight tests during the estimation steps. A larger variation interval of the variables describing the aerodynamic coefficients could be investigated by using this approach, while increasing the required number of complementary information in terms of both measured signals and of test outputs.

4.4 Application to the conceptual design of extended range projectiles

Context reminder

As previously described in the introduction, the ISL investigates solutions to extend the sphere of action of several class of ammunition ranging from small to large calibre projectiles. The present study focuses on full-calibre guided artillery shells launched from existing 155 mm rifled guns and is restricted to projectile concepts devoid of base-bleed units or propulsion systems and fitted with a set of aerodynamic surfaces. In this frame, the final goal of the study aims at contributing to the design of an increased range projectile, based on several specifications including the flight scenario (in terms of range, time-offlight, terminal velocity, steering strategy, accuracy at impact or manoeuvrability) and the geometry design (in terms of body fuselage, fin shapes, unfolding mechanism, mechanical constraints, size of the payload or total mass). During the course of this study, the required range is defined to be above 80 km.

Relevant flight scenario

The possible long range concepts are based on a flight scenario including four main phases which are described in Figure 4.38, where the aerodynamic coefficients mainly influencing the performance metrics associated to each phase of the flight are mentioned. As already described in section 1.3, the concept C 1 • Phase I -Upward supersonic ballistic phase: The ammunition is fired at supersonic speeds and is equipped with a slipping driving band such that the rifle of existing 155 mm gun barrels initially imparts a small fraction of spin to the projectile after gun exit (several Hertz for an initial velocity of 930 m.s -1 , corresponding to Mach 3). Under these initial conditions, the projectile is no longer spin-stabilized and a set of tail-fins unfolds just after the gun exit for stability purposes, besides their contributions to the increase of range. According to the initial speed of the projectile, conventional supersonic tail-fin shapes are selected. Considering a fin-stabilized configuration from the gun exit has the advantage to circumvent the challenge of decreasing the high spin-rate values initially imparted by the rifle of the gun barrel to the projectile, in order to reduce the mechanical stresses which are involved both on the fins and on the deployment mechanism. This solution facilitates the mechanical deployment of the gliding-fins which is expected to occur at the vicinity of the apogee. Indeed, a standard rifled gun 45 • elevated and firing a conventional 155 mm projectile at 930 m.s -1 would impart an initial spin-rate of almost 300 Hz to the round, leading to apogee conditions for which the projectile would spin at approximately 220 Hz.

• Phase II -Apogee of the trajectory: The projectile begins a transitional stage in which a set of supplementary fins has to be unfolded according to a suitable strategy such that the non-spinning glider starts the next phase with the best efficiency. Therefore, if the projectile is still experiencing a very small residual spinning motion at the vicinity of the apogee, for example due to geometrical surface imperfections, then the artillery shell should be fully devoid of spin when starting the next third gliding phase. In the following, the aforementioned supplementary fins will be called the gliding-fins since they are dedicated to the gliding phase of the flight primarily for range maximization.

• Phase III -Downward gliding phase: The gliding-fins are unfolded to make the non-spinning projectile fly further since the main contribution to the range is expected to occur during this stage (see the red curve in Figure 4.38). The steering strategy of the non-spinning projectile glider has to be determined as it is a function of multiple parameters such as for example the aerodynamic design and the trajectory shaping (the phase III can include different flight conditions ranging from low-subsonic to supersonic speeds). Besides additional parameters, a special care should be devoted to the design of the fins according to the gliding strategy and to the evolution of the projectile velocity along the trajectory. To address these issues, two types of gliding-fin shapes can be considered:

-The first one deals with medium-to-high aspect-ratios fins (typically AR > 4) involving subsonic and/or transonic cross-sections -The second one deals with low-to-medium aspect-ratios fins (typically AR < 4) involving supersonic cross-sections However, any kind of cross-sections involving subsonic, transonic or supersonic shapes could be retained for designing all the lifting-surfaces which are fitted on the projectile fuselage. Moreover, the aerodynamic interactions between the tail-fins and the gliding-fins should be quantified.

• Phase IV -Terminal guidance: The terminal guidance of the projectile up to the target for ensuring a metric precision.

Methodology of investigation 4.4.3.1 Main assumptions

The retained methodology of investigation aims at contributing to the design of a glider projectile suitable for the selected flight scenario and under the aforementioned specifications. Basically, the methodology is composed of two main steps:

• Firstly, the tail-fins design based on stability considerations during the supersonic upward phase which is assumed to be purely ballistic and devoid of steering capabilities

• Secondly, the design of both the gliding-fins and the trajectory shaping in order to increase the flight performances of the complete configuration while preserving its stability

In the following study, the range achieved by a given configuration is defined as the single performance evaluation criterion. Indeed, the operational requirements associated both to the time-of-flight and to the terminal velocity were not available during the course of this PhD work. While of prime importance, these parameters have to be investigated in a next step when they will be defined by operational requirements, that are not yet available today. Therefore, the study focuses on the set of configurations reaching the greatest ranges from an aerodynamic point of view, including scenarios which could involve long times of flight and gliding phases that mostly could remain subsonic or transonic. That is why non-spinning projectiles fitted with high aspect-ratios gliding-fins and involving symmetrical subsonictransonic cross-sections are firstly studied for the third phase. Furthermore, the trajectory shaping should circumvent stall angles in order to maximize the range and guidance issues should be considered in a last step for completeness. As such, the aero-ballistic investigations of the following sections focus on range maximization based on performance metrics primarily governed by:

• Gravity effects

• The drag force coefficient C D defined by:

C D = C A cos α + C N sin α (4.12)
• The lift force coefficient C L defined by:

C L = C N cos α -C A sin α (4.13)
• The pitching moment coefficient C m

Range estimation methodology

An optimization process has to be conducted on plenty of projectile geometries in order to determine the configurations achieving the best ranges. This process has to be rapidly performed thanks to aerodynamic data and by means of a parametric study based on trajectory simulations. In preliminary design steps, aerodynamics is usually performed by using complementary tools such as semi-empirical codes (able to rapidly compute aerodynamic coefficients) or CFD simulations. During the course of this study, different aerodynamic and trajectory tools were retained for predicting the flight performances of the proposed architecture, depending on the studied phase of the flight. In the following paragraphs, the proposed range estimation methodology is described for each phase.

• Phase I -Upward supersonic ballistic phase: This is a supersonic phase involving a conventional projectile fuselage fitted with a set of supersonic tail-fins. Aerodynamics of such configurations is assumed to be well known and properly predicted by existing semi-empirical tools. High-fidelity 6-DoF trajectories are then computed by using the BALCO code through aerodynamic lookup tables, in order to determine realistic apogee conditions for various initial velocities and gun elevations.

• Phase II -Apogee of the trajectory: The aforementioned apogee conditions are then taken as inputs for initializing computations of the downward gliding phase. As such, the transient effect associated to the deployment of the gliding-fins is not yet modelled and should be studied in a future step, for example by means of high-fidelity CFD simulations.

• Phase III -Downward subsonic-transonic gliding phase: This phase considers a non-spinning glider, composed of a fuselage fitted with a set of conventional supersonic tail-fins as well as a set of high aspect-ratios gliding-fins with subsonic-transonic cross-sections (such fin geometries are selected in a first step of the study, while any kind of cross-sections involving subsonic, transonic or supersonic shapes could be retained for designing all the lifting-surfaces). The former set primarily ensures the stability of the projectile (besides its contribution to the range) and the latter is fully dedicated to the increase of range during the downward trajectory. Due to the geometry of the selected shape for the gliding-fins, existing semi-empirical codes can suffer from a lack of design capabilities, especially for projectile configurations different from those included in their database or for those involving preponderant non-linearities in the flow field which are not properly modelled. By contrast, using high-fidelity CFD methods would be time consuming for a first parametric study, since plenty of configurations have to be aerodynamically characterized. To address these issues, a rapid aerodynamic prediction code was developed: WASP (Wing-Aerodynamic-eStimation-for-Projectiles). According to the results of sections 4.1, 4.2 and 4.3, WASP is yet able to rapidly compute realistic values of C D , C L and C m (or of C A , C N and C m ), for all the studied projectiles under the retained flow conditions. For simplicity, the code is also assumed to properly predict aerodynamics of similar projectile configurations, based on fuselage shapes fitted with high-aspect ratios fins. Moreover, the third phase currently under investigation considers non-spinning gliders which are assumed geometrically symmetric w.r.t. their incidence plane. Therefore, it is realistic to neglect side effects during the third phase of the flight, such that the gliding trajectory is planar in the incidence plane (no angles of sideslip and no spinning motions). In this frame, it remains sufficient to use the WASP code for predicting the aforementioned aerodynamic coefficients of such class of non-spinning gliders under the studied flight conditions (subsonic-transonic speeds below stall angles). However, interactions which occur between the set of supersonic tail-fins and the set of subsonic-transonic gliding-fins are not modelled in the first version of WASP, for simplicity. This assumption is made since the primary focus of the code is on the aerodynamic prediction of projectile shapes fitted with symmetrical high-aspect ratios subsonic-transonic fins, configurations for which shortcomings of predictions are expected for existing semi-empirical tools. WASP is then coupled with a 3-DoF trajectory code developed for range estimations.

• Phase IV -Terminal guidance: In a first step, the gliding phase is assumed to finish when reaching the target, without any terminal guidance. Besides the terminal velocity, the impact angle on the target which maximize the payload efficiency has to be determined.

4.4.4 Application 1: simplified expressions of the gliding conditions for a generic projectile steered by a set of fore-fins

The present section provides simplified expressions of the gliding conditions for the third phase of the flight, based on open-loop guidance. According to the proposed flight scenario (see section 4.4.2), the projectile is assumed geometrically symmetric w.r.t. the incidence plane of the trajectory during the third phase of the flight. For illustrative purposes and for simplicity, the concept considered in the following is similar to the geometry sketched in Figure B.2 and is arbitrarily equipped with four tail-fins and two fore-fins, geometrically symmetric w.r.t. the incidence plane of the trajectory (high aspectratios fins are considered for range maximization). Since this configuration is equipped with two sets of fins, the steering can be ensured either by means of the tail-fins or of the fore-fins, or by both sets. In the present approach, the steering is performed by modifying the cant angle of the fore-fins along the trajectory, while fixing all the others geometrical parameters. The cant angle magnitude is identical for both fore-fins which are geometrically symmetric w.r.t. the incidence plane of the projectile. Therefore, the proposed third phase of the flight does not involve side effects since the gliding trajectory remains planar in the incidence plane of the projectile (3-DoF trajectory model). Under these assumptions, by using notations of appendix A and according to the modified point-mass trajectory model described in appendix B.2.2, the second Newton's law of motion expressed by equation B.4 and projected on the z B axis, is given by equation 4.14:

L = qSC L = qS[C N cos α -C A sin α] = m[V γ + g cos γ]
(4.14)

where:

• L = Total lift force of the configuration [N]

• q = Dynamic pressure (defined by equation 2.3) [Pa]

• S = Cross-section area of the projectile

[m 2 ] • m = Projectile mass (constant) [kg] • V = Magnitude of the projectile velocity [m.s -1 ] • g = Magnitude of the gravity vector [m.s -2 ] • α = Angle-of-attack [ • ] • γ = Flight-path inclination angle [ • ] • χ = Azimuth angle (herein arbitrarily fixed to zero) [ • ]
For a constant inclination angle, γ = 0 and equation 4.14 leads to equation 4.15:

L = qS[C N cos α -C A sin α] = mg cos γ (4.15)
Besides drag considerations and according to equation 4.15, the inclination angle should be minimized for maximizing the lift of the projectile. Along the flight-path, the lift depends on multiple parameters including:

• C N = Total normal force coefficient of the projectile

• C A = Total axial force coefficient of the projectile • h = Altitude [m] • V = Magnitude of the projectile velocity [m.s -1 ] • α = Angle-of-attack [ • ] • δ = Cant angle of the steering-fins [ • ]
For simplicity, both angles α and δ are assumed to remain small along the flight-path (no stall):

cos α ≈ 1 & sin α ≈ α (4.16a) cos δ ≈ 1 & sin δ ≈ δ (4.16b)
Therefore, both axial and normal force coefficients of the full configuration can be expressed by the following equations 4.17a and 4.17b, respectively:

C A ≈ C A 0 + C A 2 α 2 + ∆C A (α, δ) (4.17a) C N ≈ C Nα α + C N δ δ (4.17b)
where:

• C A 0 = Axial static force coefficient for α = 0

• C A 2 = Contribution to C A due to α
• ∆C A (α, δ) = Contribution to C A due to control deflection δ, expressed by equation 4.18:

∆C A (α, δ) ≈ k 1 αδ + k 2 δ 2 where: (k 1 , k 2 ) ∈ R 2 (4.18)
• C Nα = Total normal force coefficient slope for δ = 0

• C N δ = Normal force coefficient slope due to control deflection δ, including interactions with each component of the projectile (namely the fuselage and the tail-fins in the present example)

Assuming control laws capable of stabilizing the projectile in the gliding phase, the total pitching moment of the projectile should not necessarily remain negative for ensuring static stability. In the present example, the guidance is performed by modifying the cant angle of the fore-fins, while fixing all the others geometrical parameters. Assuming enough control authority, the total pitching moment of the projectile can be nullified by steering the cant angle of the fore-fins. In that case, the cant angle of the steering-fins able to nullify C m is determined by equation 4.19:

C m ≈ C mα α + C m δ δ = 0 ⇐⇒ α ≈ - C m δ C mα δ (4.19)
where:

• C mα = Total pitching moment coefficient slope for δ = 0

• C m δ = Pitching moment coefficient slope due to control deflection δ, including interactions with each component of the projectile (namely the fuselage and the tail-fins in the present example)

The combination of equations 4.15 to 4.19 leads to an analytical expression for δ ensuring a constant inclination angle γ along the gliding phase. This expression mathematically has multiple solutions for δ and is given by equation 4.20:

C N δ + (C A0 -C Nα ) C m δ C mα δ -k 1 C m δ C mα 2 δ 2 + k 2 C m δ C mα + C A2 C m δ C mα 3 δ 3 ≈ mg qS cos γ (4.20)
Depending on both the projectile design and the studied flight conditions, the terms which are associated to δ 2 and δ 3 could be negligible. Under this assumption which has to be verified for each design and for each flight conditions, equation 4.20 leads to a simplified expression for δ, given by equation 4.21: As initially expected and according to results of sections 4.1, 4.2 and 4.3, the lift-to-drag ratio (LDR) of the Dragonfly projectile is greater than the one of both configurations A and B. Furthermore, both projectiles A and B experience a pitch-yaw coupling instability for flow conditions similar to those expected in the subsonic-transonic gliding stage of the flight. In addition, retaining spinning concepts for the gliding stage would probably lead to the need of developing more complex guidance, navigation and control solutions than for non-spinning ones. For all these reasons, the following section illustrates the use of the developed WASP code as a tool for rapid range estimations, based on a modified version of the Dragonfly architecture and flying in the subsonic and gliding phase of the concept C 1 (section 1.3).

δ ≈ mg qS C N δ + (C A 0 -C Nα ) C m δ C mα cos γ ( 
Since the results obtained for the Dragonfly geometry were experimentally validated, the studied concept herein is based on this architecture. As a reminder, the Dragonfly projectile is composed of two pairs of fins which span is 4 calibre, and featuring an academic NACA 0012 cross-section with a quarterchord line located at two different longitudinal locations from the nose of the SOCBT fuselage and perpendicular to the projectile's symmetry axis. In addition, each fin has a root chord of 0.35 calibre with a specific elliptical plan-form shape. In this configuration, the fore fins have a dihedral of +10 • relatively to the horizontal plane of symmetry, and the rear fins have a dihedral of -10 • . This was foreseen in order to decrease the interactions between both pairs at positive angles of attack, for maximizing the overall lift force. In the following, the proposed flight sequence is based on the concept C 1 and assumes controlled angles of attack by means of the rear pair of fins which are employed for both lifting and steering purposes.

The lift-to-drag optimization of the geometry should be performed under the following constraints:

• At the considered angle-of-attack α t , the pitching moment should be null. The stability w.r.t. the pitching moment is not necessary at this development stage, supposing that control laws will be able to stabilize the projectile • There should exist a domain for the rear cant angle (i.e. the steering angle in the present case) which is large enough for allowing a control authority (at least ±2 • )

As it is shown in Figure 4.39, the pitching moment coefficient C m of the Dragonfly is given as a function of the fin cant angle of the rear pair of fins (δ rear ), for V ∞ = 930 m.s -1 , α t = 3 • and at 5000 m of altitude. In that case, the studied configuration parameters were the following:

• Cant angle of the fore pair of fins: 3. As it can be observed, the rear cant angle able to nullify C m , also called the trim angle, is -0.5 • (depicted by a magenta marker in Figure 4.39B). As such, a negative lift is produced when counteracting the C m of the original Dragonfly projectile. Consequently, in order to ensure positive lifts, it is necessary to determine the position and the cant angles of each pair, that are able to nullify the pitching moment coefficient C m . First of all, the fore pair should be closer to the nose, such that the pitching moment coefficient C m is positive when the Dragonfly flies at an angle-of-attack of α t = 3 • . The cant angles of the fore pair were identical and fixed to 3.4 • since the overall combination provides a large lift-to-drag ratio. It has been arbitrarily chosen to push forward the fore pair up to 3 calibre from the nose. Herein, the constraint is that there should exist a domain of rear cant angles (the steering angle in the present case) which is large enough to allow the required control authority, that is defined to be ±2 • . In this frame, the rear fins quarter-chord positions were moved forward in order to fit that constraint. In Figure 4.40, the pitching moment coefficient C m is null when δ rear = 3 • , allowing the rear set of fins to experience a higher lifting contribution than the previous configuration. The steering angle is limited to a value between -8 • and 5 • , with a trim angle of 3 • . This geometrical configuration is retained for the estimation of the range achieved during the gliding phase of the flight.

Ballistic phase

According to the flight scenario proposed in the concept C 1 and described in section 1.3, several 6-DoF trajectories were computed with the NATO BALCO software [START_REF] Wey | BALCO 6/7-DoF Trajectory Model[END_REF] for predicting the apogee conditions reached by a fin-stabilized projectile composed of:

• The SOCBT fuselage • A set of six tail-fins, designed for ensuring stability • A slipping driving band Aerodynamics of the proposed configuration was computed by using the semi-empirical PRODAS 36 code. The trajectory computations were performed for an initial projectile velocity of 810 m.s -1 (corresponding to the launch zone #5 for which five propulsive charges are used to fire the projectile) and for several initial gun elevation angles ranging from 40 • to 60 • . The initial spin-rate of the simulations was set to few Hertz since the retained scenario of section 4.4.2 deals with an ammunition fitted with a slipping driving band which provides to the projectile a small fraction of the spin-rate initially imparted by the rifle of the gun. In that case, the projectile stability is ensured by means of the tail-fins which properly unfold just after the artillery shell has left the gun barrel.

In Figure 4.41, the initial elevation angle is the single parameter which was investigated as far as the muzzle velocity is fixed by the operational conditions. The obtained results in terms of apogee altitude, range, velocity and time-of-flight, expressed as a function of the elevation angle, are detailed in Table 4.9. These conditions are retained to initialize the computations of the gliding phase. 

Gliding phase

The gliding phase computations are of prime importance since the major increase of range is expected during this stage. First of all, a desired specification aims to avoid spoiling the potential altitude energy into the kinetic energy for too high Mach numbers, since it could lead to an unfavourable drag (loss of energy against both viscosity and air turbulence). Let us assume that for subsonic conditions, the drag coefficient C D in equation 4.22 is a constant:

D = 1 2 ρSV 2 C D (4.22)
The energy used by the system during the flight is:

• Firstly, a conversion between the potential altitude energy and the kinetic energy 

F aero = 1 2 ρSC aero V 2 = m.g (4.24)
If the velocity is too low, the required angle-of-attack reaches stall and the drag coefficient C D increases drastically. Due to the fact that the air density varies with the altitude, an optimal velocity should exist for each altitude. By assuming constant aerodynamic coefficients during the flight, only the velocity should change for counteracting the weight, depending on the air density:

ρV 2 = 20703 kg.m -1 s -2 (4.25)
This constant value is given for such particular configuration. By using equation 4.25, based on a set of densities corresponding to several altitudes, the target velocity can be calculated, as shown in the following Supposing a constant atmosphere density, it is commonly assumed that the best ranges are achieved for maximal lift-to-drag ratios. In the present case, it has been decided to keep this parameter in mind and to steer the pitch angle in the Earth frame during the flight. The best lift-to-drag ratio is given for a trajectory steepness γ max which can be expressed as a function of both the optimal angle-of-attack α max and the corresponding pitch-angle θ max by :

γ max = α max + θ max (4.26)
Theoretically, up to 55 • elevation, the magnitude of the velocity at the apogee is sufficient such that the projectile's lift counteracts the projectile's weight. In practice, 45 • or 50 • of elevation angles might be well suited to achieve high ranges. The pitch-angle profile which is chosen to maximize the projectile's range is set to a value corresponding to an angle-of-attack included between 0 • and 4 • , due to the aerodynamic performances. At the beginning of the trajectory, the angle-of-attack is set to 4 • , in order to decrease the velocity magnitude to a value corresponding to the target one at the considered altitude. Then, when the pitch-angle is compatible with the aforementioned constraint, it constantly and slowly decreases to the optimal value in order to achieve the best LDR. This steering strategy is employed to avoid the oscillating motion observed with the so-called "paper planes" which do not follow a constant slope. The effects of setting the optimal angle-of-attack can be observed in Figure 4.42A and results in a phugoïd trajectory. Using a constant pitch-angle w.r.t. the Earth results in a motion which is associated to a better management of the energy along the trajectory. During the trajectory computations, the rear fins are set to the adapted cant angle so that there is no pitching moment at each flight point of the trajectory, thus simulating a perfect steering of the effective pitch-angle. As it can be seen in Figure 4.42B, the projectile reaches a range of approximately 112 km. The studies which were conducted for assessing the WASP predictions have shown uncertainties in the computed aerodynamics, especially for the drag force coefficient which can reach up to 20% of underestimation. Therefore, these discrepancies should be accounted for in the aforementioned obtained ranges. By doing so, such particular glider configuration could achieve realistic ranges of almost 90 km thanks to a simple "trajectory control law" which aims to ensure an optimal pitch-angle relatively to the ground, leading to a relevant range performance estimation within the frame of preliminary design.

Conclusion and perspectives

The work presented in this thesis consisted in contributing to the geometrical design of a long range guided ammunition through a dedicated semi-empirical tool called WASP (Wing-Aerodynamic-eStimation-for-Projectiles). Depending on the retained technology, numerous types of extended range projectiles were defined over the past years. As outlined in the present report, 155 mm extended range guided ammunition recently raised to a new level of development, leading ballistic research scientists to investigate new technological systems which are able to push back the current limits of artillery in terms of range, accuracy and manoeuvrability. In this context, an aerodynamic study for increasing the capabilities of such an artillery shell was conducted, with the goal of reaching targets up to 100 km of range. In order to assess the developed code, existing aerodynamic prediction methods were employed in a complementary frame, including numerical simulations, wind-tunnel measurements and free-flight experiments. Based on the example of several illustrative projectile designs, a conceptual analysis was conducted in this thesis by gathering results from the aforementioned techniques.

Chapter 1 provided an exhaustive bibliographical review of 155 mm artillery systems, by describing both current and announced generations of long range guided ammunition. The review outlined different promising approaches and flight scenarios in order to meet the initial goal. In the present study, reduced cost solutions based on existing powder gun launchers were retained. Such aerodynamic architectures are based on the combination of a generic body fuselage fitted with a set of aerodynamic surfaces, devoid of base-bleed units or propulsion devices. From an aerodynamic point of view, the range capabilities of a designed configuration were highlighted to mainly depend on lifting-surfaces specifications, essentially in terms of number, shape and position. As the long range configurations are expected to be innovative, the current investigation level is shown to be well suited with a new development from the ground up, for which preliminary designs are of primary concerns.

Based on existing studies, the research methodology of the present thesis is described. Emphases were put on the gliding phase of the flight, in which the most preponderant increase of range is expected to occur. Due to the large number of flight possible scenarios, evaluating the range capabilities of numerous architectures requires efficient parametric studies that mainly depend on trajectory computations involving accurate aerodynamic data. Since plenty of methods are available to designers for quantifying the aerodynamics of a new configuration, the most suitable one has to be appropriately chosen with regards to the interval of confidence required by the optimization level. From conceptual designs up to optimized architectures, these methods are employed by iterative processes essentially managed by preliminary design results. This is outlined to be of prime importance in a multidisciplinary environment, where plenty of restrictions, compromises or constraints have to be simultaneously considered. In this context, the recurrent problem of introducing efficient numerical techniques, able to rapidly reach 151 optimal configurations w.r.t. multidisciplinary design constraints, is nowadays still a complex and challenging task. Indeed, CFD simulations would be too much time consuming for a first parametric study, especially when a huge number of configurations has to be quantified. Such process is usually carried out thanks to empirical or semi-empirical codes mostly based on databases of experimental or simulation results. However, these codes are limited for designing new concepts, essentially for geometries that are not similar to reference ones contained in their databases. For these purposes, the development of a numerical tool was initiated in order to rapidly investigate innovative projectile configurations. Key drivers and main objectives of the WASP code were introduced to enhance the flexibility for rapidly exploring a large set of exotic fin-body combinations, but also for providing suitable aerodynamic predictions in the frame of conceptual design. In this context, the code was dedicated to the characterization of the projectile's aerodynamics in the gliding phase of the flight, for compressible subsonic speeds. Post-stall conditions were firstly not addressed, since they are not compatible with long range requirements.

Chapter 2 provided a full description of the numerical approaches in a general sense, with emphases on the retained computational methodology employed in the present work. The first part was devoted to the description of the aerodynamic modelling of a projectile from a global point of view. Basic elements of fluid mechanics as well as their associated modelling techniques were presented, ranging from lowfidelity models up to high-fidelity approaches. Accuracy of aerodynamic quantifications were shown to be highly dependent on the modelling level. In addition, since the studied architectures were fitted with lifting-surfaces, main solutions of the three-dimensional wing loading problem and their corresponding numerical techniques were sketched. This review was essentially conducted to unveil main specifications of the WASP code which was developed for predicting the aerodynamics of fin-fuselage combinations in a preliminary design frame of work. From the first attempt to include viscous effects into aerodynamic models up to the emergence of more-recent coupling-based methods, a suitable model for the purpose of the present study was chosen and fully described.

As WASP is based on the well-known component build-up methodology, the retained numerical models able to determine the aerodynamic contributions associated to each reference component were fully presented. Concerning the code, the aerodynamics of the body fuselage is completely determined by means of RANS simulations and the contributions from the fins are computed thanks to a RANS-potential coupling strategy, adapted from an existing model of the open literature. Moreover, the interactions from each reference components were included thanks to a correlation-based-method that was widely employed in common semi-empirical codes over the past decades. While simple, the retained methodology was experimentally verified to be well suited for the present study, by considering projectile architectures equipped with medium-to-high aspect ratio fins. Furthermore, the numerical methodology allows future investigations involving swept fins.

Chapter 3 narrowed the experimental scope of the PhD work. The first part described the reference components considered in these preliminary investigations, namely the generic SOCBT body fuselage as well as the NACA 0012 profile. Three architectures were chosen for the purpose of the present work. The first one was a non-spinning architecture a priori designed by means of WASP. Two spinning architectures were additionally defined to increase the scope of investigated concepts. Moreover, two extensive test campaigns were conducted in order to experimentally characterize the proposed geometries, by producing a set of validation test cases. The first campaign consisted in wind-tunnel measurements carried out at high-subsonic speeds, by means of force and moment balance measurements, synchronized with flow visualization and spin-rate acquisitions. The second campaign included free-flight tests that were conducted in order to obtain complementary results on the flight-behaviour of the studied concepts, essentially in terms of dynamic coefficients and lateral effects. Moreover, the study overcame shortcomings of wind-tunnel measurements of the total drag due to sting effects. The experimental set-up employed during the free-flight tests has produced radar data, high-speed camera images, embedded 3D accelerometer and magnetometer signals which were collected by means of telemetry through on-board transmitter and antenna. Eight trials were selected for the present study, for several initial experimental conditions ranging between M 0 = 0.69 and 0.82 and for an angle-of-attack of α 0 = 0 • into the sabot. In both cases, these tests were conducted in view of evaluating the WASP predictions on sub-scaled geometries for realistic flow conditions.

Chapter 4 was devoted to the comparisons between simulation and experimental results. Firstly, CFD simulations were performed to generate a database for the WASP reference components, namely the SOCBT body and the NACA 0012 profile, at realistic flow conditions. Special care was taken in this process, since the WASP predictions highly depend on the quality of the database, besides the retained RANS-potential coupling algorithm. According to the desired range specifications, a special focus was put on the prediction quality of the main aerodynamic characteristics which have to be considered for long range purposes, namely the lift, the drag and the pitching moment coefficients. Initial studies were conducted in order to verify the proposed computational grids of the SOCBT body fuselage. The obtained results were compared and validated by means of wind-tunnel measurements carried out at the ISL, from subsonic up to supersonic speeds. Then, the emphasis was put on the need of performing URANS simulations for parameters varying inside the full flight envelope. As such, a numerical work was conducted to evaluate the spin effects on the studied aerodynamic coefficients. Negligible spin influences were outlined, such that the WASP database of the body fuselage was populated by means of results obtained for non-spinning cases, even for slightly spinning projectiles.

Additionally, two-dimensional steady-state RANS simulations were performed for populating the NACA 0012 profile database. The main objective of these simulations was to include realistic effects at the considered flow regime, such as the influences of both Mach and Reynolds numbers as well as incidence effects. A mesh independence study was carried out in order to increase the confidence level of the numerical results. However, the aerodynamics of the computed profile was not experimentally verified during the course of this project. Indeed, WASP is a priori assumed to employ an appropriate database, and the code predictions were confronted to higher fidelity numerical methods as well as to the experiments conducted for all the proposed architectures. Firstly, WASP predictions were validated with URANS computations for the twisted architecture A. This result was confirmed by successful windtunnel validations for Mach numbers of 0.53, 0.6 and 0.7, albeit some discrepancies were observed and discussed for all studied geometries. Secondly, free-flight tests were conducted at the ISL testing ground in order to assess the WASP predictions on both architectures A and B. This assessment was achieved by means of aerodynamic coefficient estimations based on free-flight data. In this process, the WASP code was employed to initialize the estimation procedure by providing an order of magnitude of the aerodynamic coefficients to estimate. Based on an illustrative example of a free-flight trial selected from the test matrix, the estimated experimental test conditions were employed as inputs in the WASP code, in order to simulate the evolution of the studied static coefficients along the trajectory. These results were successfully compared with the estimated aerodynamic coefficients. Indeed, similarly to the wind-tunnel comparisons, a good agreement was observed on the main coefficients, especially for the lowest angles of attack. Finally, the scientific work presented in this PhD thesis led to a concept of extended range artillery projectile which range was evaluated. Trajectory simulations based on the WASP predictions were conducted in the validated flight regime for the Dragonfly architecture. This class of architectures was chosen due to a better intrinsic aerodynamic performance and to a simpler mechanical design, compared to spinning configurations.

Perspectives Continuing a constant effort in the frame of long range projectiles, a set of complementary studies can be suggested.

Concerning WASP enhancements, many options are possible:

• As far as the goal of this study aims at providing a rapid range estimation tool, the code could be improved with regards to the worst predicted flight conditions, including for example the sectional critical Mach number. Indeed, the quality of the NACA 0012 database could be improved, for instance by performing 3D RANS simulations, in order to better consider the 3D nature of turbulence. Moreover, a set of wind-tunnel experiments could be carried out to validate the computed database.

• The code database could be further populated to investigate different projectile configurations, including additional fuselage geometries as well as profile sections.

• Base effects on the drag of fin-body combinations could also be better taken into account. From the existing empirical correlations to the time consuming CFD and wind-tunnel studies, the variety of approaches is wide in this field.

• Stall and lateral effects still need to be addressed, especially to better model spinning configurations. As far as WASP is capable of modelling swept wings, the effects of this parameter on the aerodynamic performances could also be validated by means of additional experiments.

Concerning the applications, WASP was already implemented in a 3-DoF trajectory code for the purpose of range estimation. According to the results obtained during the course of this PhD work, the aerodynamic performances of non-spinning configurations were demonstrated to surpass spinning ones, as it was initially expected. The most relevant flight scenario associated to the range maximization was fully described in section 4.4.2. The flight sequence is based on the concept C 1 which involves an ammunition including a spinning driving band, such that a set of stabilizing tail-fins unfold properly just after the shell exits from the gun barrel. The projectile is then fin-stabilized from gun-launch and throughout the flight, thanks to the tail-fins. From the vicinity of the apogee up to the target, the deployment of additional fins are expected to make the projectile flies further. From this point, the next step of the research project will consist in optimizing the geometry w.r.t. multidisciplinary constraints such as for example operational requirements in terms of time-of-flight or terminal velocity. While of prime importance, the total time-of-flight was not considered during the course of this study and should be investigated in the future, based on trajectory computations involving for instance geometries fitted with low aspect-ratios fins during the gliding phase of the flight. This process is still under investigation at the ISL and should raise several projectile candidates which will be further evaluated w.r.t. multidisciplinary fields. A.3.3 Aerodynamic coordinate system ] A 0 =(CG, x a , y a , z a )

This coordinate system is also called wind or air-path coordinate system which origin is located on the CG of the body. As it can be seen in Figure A.2, the positive x a axis is collinear in the same direction than the velocity vector V of the body's CG, expressed in ] A 0 . It is oriented thanks to the angle-of-attack α (= arctan w/u, with -π < α π) and the angle-of-sideslip β (= arctan u/V , with -π β/2 π). The angle-of-attack α is taken positive when expressed from x e (= projection of the x a axis on the plane z B x B ) to x B , the angle-of-sideslip β is taken positive when expressed from x e to Assuming the atmosphere attached to the Earth's surface leads to V K = V : the velocity relative to the Earth, of the air surrounding the vehicle, is fixed to zero. 

B.2 Static and dynamic stabilities

Mastering the angle-of-attack of a given ammunition, from gun-launch up to target, is critical for increasing artillery performances in terms of range, accuracy, reproducibility or terminal effectiveness. For this purpose, an ammunition in flight must be as stable as possible along its trajectory.

B.2.1 Definitions

The notion of stability can be defined by two distinct concepts:

Static stability A projectile is considered as statically stable when it converges on the initial equilibrium condition following a small perturbation from the trim angle, equivalent to the initial steadystate total angle-of-attack α t . Static stability is associated to the pitching moment coefficient derivative C mα = ∂C m /∂α which is defined negative for statically-stable configurations and positive for staticallyunstable ones.

Dynamic stability

The restoring process of equilibrium following the perturbation involves a transient motion which characterizes dynamic stability of the projectile. It is associated to the pitch damping stability derivative C mq = ∂C m /∂(qd/V ) defined by the sum of two terms C m α + C mq (damping effects w.r.t. the pitch axis both due to α and q). The first term is due to the angular rate associated to the angle-of-attack α, whereas the second one is due to the angular displacement θ of the longitudinal body axis w.r.t. the Earth-fixed local coordinate system ] L =(O, x 0 , y 0 , z 0 ) (see Appendix A). In the case of nearly rectilinear flight-path, q = α such that the moment expansion C m α + C mq may be expressed as a function of q only, commonly represented by a single term C mq . This coefficient remains negative for dynamically-stable architectures, positive for dynamically-unstable ones.

B.2.2 The modified point-mass trajectory model

Introduction The behaviour of a flying body can be described by a mathematical model based on Newton's laws of motion for rigid bodies [Newton, 1726]. In the field of exterior ballistics, these laws lead to a mathematical system of differential equations of motion, including all necessary actions that should be considered for properly modelling the studied problem (aerodynamic forces and moments, Coriolis or gravity forces, propulsion terms, ...). Today, ballistic research scientists routinely solve these equations for missiles and projectiles, by means of advanced numerical methods on high-speed computers since no exact analytical solution can be obtained (see for example [START_REF] Fehlberg | Classical Fifth-, Sixth-, Seventh-, and Eighth-Order Runge-Kutta Formulas with Stepsize Control[END_REF]). However, it is somehow necessary to identify specific forces or moments that most likely influence a particular motion in order to better understand the associated physics. For this purpose, an analytical model describing the behaviour of the projectile as a function of complementary parameters is required for identifying physical and aerodynamic terms which mostly influence static, gyroscopic or dynamic stabilities. To conduct this analysis, several assumptions are necessary.

Assumptions To establish analytical stability criteria in the case of projectiles, the following assumptions are made [START_REF] Klein | Aircraft System Identification -Theory and Practice[END_REF]]:

• The Earth is considered as a flat surface in a fixed inertial frame, with uniform gravity g (the projectile is not subject to gravity moments)

• The atmosphere is attached to the Earth's surface (the velocity relative to the Earth, of the air surrounding the vehicle, is zero:

V K = V = u.x B + v.y B + w.z B )
• The ammunition is a rigid body with a constant mass m and a fixed mass distribution

• The projectile is a solid of revolution such that its matrix of inertia I is diagonal:

I =    I x 0 0 0 I y 0 0 0 I z    (B.1)
where I x , I y and I z are the longitudinal and lateral moments of inertia, respectively. In the case of finned projectiles, fins are supposed identical and spaced symmetrically around the body in order to preserve the axial symmetry of revolution hypothesis

• The principal axis of inertia of the ammunition coincides with the longitudinal spin axis

• The total angle-of-attack remains small, i.e. α t = arccos(cos α cos β) < 10 •

• The CG of the projectile follows a flat fire trajectory

• The variation of the velocity V is negligible during the considered lapse of time dt (in that case, the aerodynamic coefficients and their associated derivatives remain constants during dt)

• The angular velocity of the body coordinate system ] B =(CG, x B , y B , z B ) relative to the Earthfixed local coordinate system ] L =(O, x 0 , y 0 , z 0 ) is denoted by Ω = p.x B + q.y B + r.z B Linearized equations of motion Under the aforementioned assumptions, the second Newton's law of motion applied to the ammunition which is submitted to a set of external forces F ext and moments M ext (moments are referenced to the CG), is expressed in the Earth axes ] L by two equations:

• An equation describing the trajectory of the CG: where:

• ξ = ξ(s) is the complex angle of attack characterizing both pitching and yawing motions of the projectile

• H = ρSd 2m C Lα -C D - md 2 I t (C m α + C mq ) • P = I x I y pd V = I x I y p * • M = ρSd 3 2I y C mα • T = ρSd 2m C Lα + md 2 I x C np α • G = gd cos γ V 2
Evolutions and main trends

• A sub-calibre projectile (d < d T ) fired from a rifled barrel (with rifling θ T defined by tan θ T = pd T /2V ) that moves at a speed v T , will experience a gyroscopic stability factor that can be expressed by (immediately after firing, close to the vicinity of the gun-barrel): Let us consider an aerodynamically-stabilized projectile composed of a fuselage fitted by a set of fins. Due to the fins, this family of ammunition is designed to be statically stable from an aerodynamic point of view. Indeed, the fins ensure a CP longitudinally located behind the CG of the projectile: C mα < 0 such that M = ρSd 3 2I y C mα < 0. In that case:

S g = 8 π I 2 x I y ρd 5 V V + v T 2 d d T 2 1 C m α
• The gyroscopic stability is always ensured: S g = P 2 4M < 0

• The dynamic stability is followed when 0 < S d < 2 and S g < 1 S d (2 -S d )

(the spin stays below a maximum value given by: P 2 < 4M Assuming initially ξ 0 = 0 and ξ0 = 0, the complex incidence of the non-spinning configuration supposed purely axi-symmetric can be described by a damped sinusoidal motion, given by B.25: 

ξ = e
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 1 FIGURE 1.6: BOmb, Laser Terminal guided (BOLT-117)

  FIGURE 1.8: Examples of Course Correction Fuzes
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 1 FIGURE 1.11: Mock-up of the 155 mm SFRJ artillery projectile (source: DX-Korea-2016)

  FIGURE 1.13: 155 mm SFRJ: evolutions of several parameters along the trajectory[START_REF] Kang | Design of Gun Launched Ramjet Propelled Artillery Shell with Inviscid Flow Assumption[END_REF] pany Nammo announced 19 the development of a ramjet propulsion system leading a 155 mm artillery projectile above 100 km of range, with a CEP of less than 30 m by means of steering fins (see Figure1.14).
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 1 FIGURE 1.14: Mock-up of the Nammo's 155 mm SFRJ concept (source: EUROSATORY-2018)

•

  The Excalibur class • The Vulcano class • Hybrid projectiles including RAP and/or base-bleed and/or lifting-surfaces 1.2.4.1 Excalibur class It is a class of extended range, fin-stabilized and GPS-INS guided artillery shells, co-developed by Raytheon and BAE systems Bofors.For the purpose of extended range, this class of artillery shell works with a free spinning tail and a set of canards, as well as a base-bleed system. The 155 mm M982 which is illustrated in Figure1.15 is announced to reach 57 km with a CEP of less than 10 m (by using a 155 mm L52 gun).
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 1 FIGURE 1.15: M982 Excalibur (source: Raytheon)

  FIGURE 1.16: Vulcano (source: Leonardo Company) which can be fired from multiple weapon platforms, including naval guns (127 mm Mark 45 guns (Mk 45 Mod 2 & Mod 4), 127 mm L64 Light Weight (LW), or the 155 mm Mk 51 Advanced Gun System (AGS)) and land artillery guns (155 mm Panzerhaubitze PzH2000, CAESAR, M777, M109 or M109-ERCA).As it is sketched by the designers in Figure1.17, the flight envelop is composed of three phases, namely ballistic, gliding and terminal guidance:
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 117 FIGURE 1.17: Flight sequences (source: Leonardo Company)
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 1 FIGURE 1.18: LRLAP (source: Lockheed Martin)
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 1 FIGURE 1.19: 155 mm HE KATANA precision guided projectile (source: EUROSATORY-2018)
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 1 FIGURE 1.20: 155 mm HE GGAM (source: POONGSAN)
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 121 FIGURE 1.21: Flight sequences of the 155 mm GGAM artillery ammunition (source: POONGSAN)

  FIGURE 1.22: HVP and associated launch packages (source: BAE Systems)
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  FIGURE 1.24: Flight scenario

FIGURE 1 .

 1 FIGURE 1.25: Possible system integration for a long-range projectile concept[START_REF] Rainville | Development of an Extended Range, Large Caliber, Modular Payload Projectile[END_REF] 

FIGURE 1 . 26 :

 126 FIGURE 1.26: Trajectory simulations[START_REF] Rainville | Development of an Extended Range, Large Caliber, Modular Payload Projectile[END_REF] 
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 128 FIGURE 1.28: Projectile dynamic response to an alternative pitching moment

  FIGURE 1.29: Bang-bang steering strategy[START_REF] Fleck | Increase of Range for an Artillery Projectile by Using the Lift Force[END_REF] 
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 1 FIGURE 2.1: Illustration of global aerodynamic components acting on a projectile

  Dynamic viscosity coefficient of the fluid [Pa.s] µ = Second viscosity coefficient of the fluid [Pa.s]

  crossed" term associated to diffusion effects • Y k and Y ω = Respective dissipation terms due to turbulence, for k and ω, respectively • σ k et σ ω = Prandtl numbers associated to k and ω, respectively • S k et S ω = User-defined source terms • Expressions of G k , G ω , D ω , Y k and Y ω are given in[FLUENT, 2015] 
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 28 FIGURE 2.8: Prandtl's lifting-line model based on horseshoe vortices rically located w.r.t. the symmetry plane of the wing, while the downstream trailing vortices are aligned with the free-stream velocity (according to the slender body theory, each horseshoe vortex is placed along the wing quarter-chord line). Considering a prescribed distribution of bound circulation Γ(y), an infinitesimal element of circulation dΓ can be expressed as a function of the local wake vorticity γ wake by equation 2.60: dΓ = γ wake dy (2.60)
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 2 FIGURE 2.11: Distribution of horseshoe vortices along the quarter-chord line of a swept wing with dihedral

  FIGURE 2.12: Horseshoe vortex model
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 2 FIGURE 2.14: α Method of the lift-curve can be found in the open literature[START_REF] Van Dam | Design-Oriented High-Lift Methodology for General Aviation and Civil Transport Aircraft[END_REF]. This approach is summarized in Table2.3 and aims at modifying the control point positions such that the inviscid lift coefficient of each considered section matches the viscous one. Another algorithm involving a correction of the angle-ofvan Dam α-based correction method 1: Solve the Finite Step Method to calculate Cl inviscid 2: for every span-wise section i do 3:Calculate the effective angle-of-attack :α ef f (i) = Cl inviscid (i) Cl αviscous -δα 2D (i) + α 3D 4:Interpolate the viscous lift at the effective angle-of-attack:α ef f (i) → Cl visc (α ef f (i)) 5:Calculate the angle-of-attack correction :

  the viscous section data coupled with the lifting-line theory 1947 Sivells and Nelly Promoted the method 1956 Sears Analyses the non-uniqueness of the solution 1976 Piszkin and Levinsky Implement a correction for the stalling sections 2004 Chattot Adds the artificial viscosity in order to ensure the uniqueness of the solution α method 1988 Tseng and Lan First to correct the angle-of-attack 2001 Van Dam et al. Develop an algorithm and applies it to wing sections 2003 Mukherjee et al. Correction based on C L and C m , de-cambering approach 2005 Pakalnis et al. Study the evolution of the solution with each iteration and conclude to the rapid convergence without relaxation 2006 De Vargas and Oliveira Study the influence of the wake orientation 2015 Elham Successful applied algorithm in an MDO environment 2016 Gallay et al. Implement a strongly coupled algorithm, and add artificial dissipation (based on the work of Chattot) 2018 Parenteau et al. Non-linear VLM coupled with 2.5D RANS data

FIGURE 2 .

 2 FIGURE 2.15: Illustration of the component build-up methodology

  Centre of gravity of the full configuration [m] Two reference components have been defined for the purpose of the present study, including: • The projectile fuselage: Aerodynamic contributions of the fuselage (i.e. C N B , C m B and C A B ) are generated by means of 3D CFD RANS simulations which results are validated by means of wind-tunnel measurements in section 4.1.1.
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 216 FIGURE 2.16: Effect of the cut-off radius value on the velocity induced by a unit-strength vortex filament

Contents 3 . 1

 31 Model components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 3.2 Similarity parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76 3.2.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76 3.2.2 Similarity for spinning-concepts . . . . . . . . . . . . . . . . . . . . . . . . . 77 3.3 Wind-tunnel experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 3.3.1 Facility description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 3.3.2 Tests parameters and instrumentation . . . . . . . . . . . . . . . . . . . . . . 80 3.3.3 Base effects considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81 3.3.4 Wind-tunnel models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81 3.4 Free-flight tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85 3.4.1 Architectures and electronic units . . . . . . . . . . . . . . . . . . . . . . . . 85 3.4.2 Sabot design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86 3.4.3 Open range test facility and experimental conditions . . . . . . . . . . . . . . 87

FIGURE 3 . 1 :

 31 FIGURE 3.1: Secant-Ogive-Cylinder-with-Boat-Tail geometry (SOCBT)
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 32 FIGURE 3.2: Quarter chord line position of the fins, for both configurations A and B
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 3 FIGURE 3.11: Model/Sabot package

  FIGURE 3.12: Panoramic view of the fireline and of the experimental setup
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 41 FIGURE 4.1: Sketch of the computational domain for subsonic speeds

  FIGURE 4.2: Examples of y + evolutions, for several Mach numbers at α = 0 •
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 43 FIGURE 4.3: Visualisation examples of density gradients, for M ∞ = 0.7 and 3, at α = 5 •
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 44 FIGURE 4.4: Comparisons of pressure fields in the incidence plane, along the SOCBT surface, for all the grid densities (the left plots compare pressure coefficients at M ∞ = 0.7, while the right ones compare pressure ratio with existing experimental data for M ∞ = 3)
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 45 FIGURE 4.5: Comparisons of simulated pressure coefficients with existing experimental data, in the incidence plane along the SOCBT surface, for the subsonic medium grid (left plots for M ∞ = 0.91 and right ones for M ∞ = 0.96)

For

  completeness, Figures 4.7A and 4.7B plot evolutions of the forebody axial force coefficient as a function of the angle-of-attack, for the full range of investigated Mach numbers. -ω SST • Medium grid • ISL wind-tunnel condi�ons • SOCBT Ø 40 mm • Mach 0.7 CFD RANS k-ω SST • Medium grid • ISL wind-tunnel condi�ons • SOCBT Ø 40 mm • Mach 0.91 CFD RANS k-ω SST • Medium grid • ISL wind-tunnel condi�ons • SOCBT Ø 40 mm • Mach 0.94 CFD RANS k-ω SST • Medium grid • ISL wind-tunnel condi�ons • SOCBT Ø 40 mm • Mach 0.96 CFD RANS k-ω SST • Medium grid • ISL wind-tunnel condi�ons • SOCBT Ø 40 mm • Mach 0.98 CFD RANS k-ω SST • Medium grid • ISL wind-tunnel condi�ons • SOCBT Ø 40 mm • Mach 1-ω SST • Medium grid • ISL wind-tunnel condi�ons • SOCBT Ø 40 mm • Mach 1.2 CFD RANS k-ω SST • Medium grid • ISL wind-tunnel condi�ons • SOCBT Ø 40 mm • Mach 1.5 CFD RANS k-ω SST • Medium grid • ISL wind-tunnel condi�ons • SOCBT Ø 40 mm • Mach 2 CFD RANS k-ω SST • Medium grid • ISL wind-tunnel condi�ons • SOCBT Ø 40 mm • Mach 3 CFD RANS k-ω SST • Medium grid • ISL wind-tunnel condi�ons • SOCBT Ø 40 mm •

  -ω SST • Medium grid • ISL wind-tunnel condi�ons • SOCBT Ø 40 mm CFD RANS k-ω SST • Medium grid • LRC & NSWC & ARBRL wind -tunnel condi�ons

  -ω SST • Medium grid • ISL wind-tunnel condi�ons • SOCBT Ø 40 mm • Mach 3 • p*=0.19 Experiments • LRBA wind-tunnel • SOCBT Ø 57.15 mm • Mach 3 • p*-ω SST • Medium grid • ISL wind-tunnel condi�ons • SOCBT Ø 40 mm • Mach 3 • p*=0.19 Experiments • LRBA wind-tunnel • SOCBT Ø 57.15 mm • Mach 3 • p*=0.C m = f (α)
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 411 FIGURE 4.11: Comparisons of C N and C m as a function of incidence, for M ∞ = 3 and p * = 0.19

  FIGURE 4.12: Comparisons of C Y and C n as a function of incidence, for M ∞ = 3 and p * = 0.19

FIGURE 4 .

 4 FIGURE 4.14: Example of computed Mach field for M ∞ = 0.6 and α = 5 •

  c d = f (α), c sim =25 mm LDR = f (α), c sim =25 mm c l = f (α), c sim =25 mm LDR = f (α), c sim =40 mm c m = f (α), c sim =25 mm LDR = f (α), c sim =155 mm
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 415 FIGURE 4.15: Examples of NACA 0012 data (the left plots depict the aerodynamic coefficients for a Reynolds number corresponding to c sim =25 mm, and the right ones compare the lift-to-drag ratios for the three illustrative Reynolds numbers)

FIGURE 4 .

 4 FIGURE 4.16: Grid view in the incidence plane

  FIGURE 4.17: Close views of the inner grid of configuration A

FIGURE 4 .

 4 FIGURE 4.18: Example of URANS flow-field, where M ∞ = 0.7 and p = 620 rad.s -1 and for α = 3 • (the axial velocity field is shown in the incidence plane while the pressure field is shown on the projectile surface)

  FIGURE 4.19: Side force coefficient of a single fin as a function of the fin roll position, for several ∆ roll , over the last period of rotation (α = 3 • )

  FIGURE 4.20: Comparisons of WASP predictions with the URANS simulations of configuration A

-----

  FIGURE 4.21: Aerodynamic coefficient comparisons between WASP predictions and wind-tunnel measurements for both configurations A (left plots) and B (right plots) and for M ∞ = 0.53

  FIGURE 4.25: Measured signals of a canted configuration launched at M 0 = 0.75 and α 0 = 0 • , corresponding to the trial 1457_35

  FIGURE 4.26: Aerodynamic coefficients C D , C L and C m predicted by the WASP code prior to the free-flight tests, given for fixed Mach numbers and fixed angles of attack and corresponding to the expected flow conditions associated to the scheduled free-flight tests (these coefficients initialize the inverse 6-DoF code for both configurations A and B)
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 4274 FIGURE 4.27: Simulated and measured magnetometer signals of the trial 1457_35 (M 0 = 0.75 and α 0 = 0 • )
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 429 FIGURE 4.29: Examples of simulated and measured projectile velocities and positions for trial 1457_35 (M 0 = 0.75 and α 0 = 0 • )

FIGURE 4 .

 4 FIGURE 4.30: Polar diagram of the trial 1457_35 (M 0 = 0.75 and α 0 = 0 • )

FIGURE 4 .

 4 FIGURE 4.31: Freeze-frame example of the reconstructed 3D motion from image processing of the trial 1457_35 (M 0 = 0.75 and α 0 = 0 • )

  FIGURE 4.33: Aerodynamic coefficients C D , C L and C m predicted by the WASP code prior to the estimations, compared with the corresponding aerodynamic coefficients estimated by the inverse 6-DoF code
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 434 FIGURE 4.34: Comparisons of C L between the WASP predictions and the inverse 6-DoF estimations for the free-flight trial 1457_45

FIGURE 4 .

 4 FIGURE 4.36: Comparisons of C D between the WASP predictions and the inverse 6-DoF estimations for the free-flight trial 1457_45

FIGURE 4 .

 4 FIGURE 4.38: Flight scenario remains the most realistic flight scenario according to the aforementioned specifications. The associated flight sequences are the following:

  4.21) 4.4.5 Application 2: a Dragonfly concept steered by a set of rear-fins 4.4.5.1 Geometrical considerations

  4 • • Position of the fore pair of fins: 3.5 × d from nose • Position of the rear pair of fins: 4.75 × d from nose

FIGURE 4 . 39 :

 439 FIGURE 4.39: Example of a WASP prediction for C m as a function of δ rear for the Dragonfly

  The final obtained configuration includes the following characteristics:• Cant angle of the fore pair: 3.4 • • Position of the fore pair: 3.0 × d from the nose • Position of the rear pair: 4.5 × d from the nose
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 440 FIGURE 4.40: Example of a WASP prediction for C m as a function of δ rear for the final Dragonfly configuration

  FIGURE 4.42: Flight trajectories for an initial gun elevation of 45 •
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 1 FIGURE A.1: Euler angles

FIGURE A. 3 :

 3 FIGURE A.3: Total-angle-of-attack coordinate system

FIGURE B. 2 :

 2 FIGURE B.2:Typical guided fin-stabilized projectile or missile[Moore, 2000] 

  sometimes be preferably expressed in the body coordinate system ] B . In that case, equations B.2 and B.3 are replaced by the equations B.4 and B.5, respectively formulated by:F ext = m dV dt + Ω ∧ mV ] B =(CG,x B ,y B ,z B ) (B.4) M ext/CG = I dΩ dt + Ω ∧ IΩ ] B =(CG,x B ,y B ,z B ) (B.5)For convenience, equations describing both pitching and yawing motions of the projectile (projections of equation B.5 on body axes) are expressed independently from its size, by introducing a dimensionless arc-length variable s which expresses the projectile downrange travel in calibre, defined by equation B.6: procedure described in reference[START_REF] Mccoy | Modern Exterior Ballistics -The Launch and Flight Dynamics of Symmetric Projectiles. 4880 Lower Valley Road[END_REF] (only gravity force and first order aerodynamic terms are considered), equation B.5 can be solved independently and reads: ξ(s) + (H -iP ) ξ(s) -(M + iP T )ξ(s) = -iP G (B.7)

=⇒=⇒ 6 •

 6 FIGURE B.6: Effect of mass distribution[START_REF] Fleck | Introduction à la balistique extérieure avec exercices[END_REF] 

  FIGURE B.7: Decomposition of the pitch-yaw coupling motion for aerodynamically-stabilized ammunition B.3.1.1 Motion of axi-symmetric configurations devoid of spin

  FIGURE B.9:Illustrative examples of pitch-yaw coupling motions (front view)[START_REF] Giraud | Progression et perspectives en balistique externe[END_REF] 
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 11 Examples of high-explosive artillery shells: current generation and future developments

	Designation	Maximum range
	M107 [general purpose projectile]	18.1 km (155 mm L24.5)
	M795 [standard version]	22.5 km (155 mm L52)
	M898 SADARM	22.5 km (155 mm L52)
	LU211	30 km (155 mm L39) / 40 km (155 mm L52)
	SMArt 155 -DM 702 [base-bleed]	27.5 km (155 mm L52)
	M864 [base-bleed]	29 km (155 mm L52)
	Bofors 155 BONUS [base-bleed]	35 km (155 mm L52)
	ERFB-BB [base-bleed]	30 km (155 mm L39) / 42 km (155 mm L52)
	M549/M549A1 [rocket-motor]	30 km (155 mm L39)
	XM1113 [high performance rocket-motor]	40 km (expected, with 155 mm L39)
	ERFB-RA/BB [hybrid: Base-bleed + Rocket-motor]	41 km (155 mm L39) / 56 km (155 mm L52)
	RA-BB MO3 [hybrid: Base-bleed + Rocket-motor]	41 km (155 mm L39) / 56 km (155 mm L52)
	SFRJ projectile [ramjet-propelled]	[80 -100] km (155 mm L52)
	M712 Copperhead [aerodynamic-surfaces]	16 km
	30F39 Krasnopol [aerodynamic-surfaces]	40 km (155 mm L52)
	M982 Excalibur -Full-calibre [aerodynamic-surfaces]	40 km (155 mm L39) / 57 km (155 mm L52))
	Vulcano 127 mm -Sub-calibre [aerodynamic-surfaces] 80 km (127 mm L54) / 100 km (127 mm L64)
	Vulcano 155 mm -Sub-calibre [aerodynamic-surfaces] 100 km (155 mm Mk 51 AGS)
	Katana 155 mm -Full-calibre [aerodynamic-surfaces]	60 km (155 mm L52)
	GGAM -Full-calibre [aerodynamic-surfaces]	100 km (expected, 155 mm L52)
	127 mm compatible HVP	74 km (expected, Mk 45 Mod 2)
	127 mm compatible HVP	93 km (expected, Mk 45 Mod 4)
	155 mm compatible HVP	80 km (expected, 155 mm powder guns)
	155 mm compatible HVP	130 km (expected, 155 mm AGS)
	ERMGS compatible HVP	> 185 km (expected, electric artillery)
	LRLAP	190 km (155 mm AGS)
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.1: Experimental constants of the k -ω SST turbulence model
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4: Review of RANS-potential coupling methods

TABLE 3

 3 

.1: Experimental conditions of the ISL wind-tunnel tests

TABLE 3

 3 

.2: Measured physical properties of the projectiles

  However, a supplementary numerical study was carried out in order to verify the relevance of conducting additional URANS simulations to populate the WASP database for spinning body fuselages. Indeed, the goal of the present PhD work aims at contributing to the development of a long-range ammunition. Besides gravity effects, the performances in terms of range are primarily governed by:

		53	1.5	1.239	180	288.15 288.15
		0.60	1.4	1.097	204	288.15 288.15
		0.70	2	1.441	238	288.15 288.15
		0.80	2	1.312	272	288.15 288.15
		0.91	2	1.169	286	288.15 247.2
		0.94	2	1.131	294	288.15 244.9
		0.96	2	1.106	300	288.15 243.3
		0.98	2	1.081	305	288.15 241.7
		1.10	2	1.639	335	288.15	232
		1.20	3.5	1.443	360	288.15 223.7
		1.50	2.5	0.681	424	288.15 198.8
		2.00	4	0.511	507	288.15 160.1
	SUPERSONIC	2.25 2.50 2.75 3.00 3.25 3.50	5 6 7 7 8 10	0.432 0.351 0.279 0.190 0.150 0.131	540 567 590 610 626 641	288.15 143.2 288.15 128.1 288.15 114.7 288.15 102.9 288.15 92.6 288.15 83.5
		3.75	15	0.138	653	288.15	75.6
		4.00	15	0.098	664	288.15	68.6

TABLE 4.1: Flow conditions of the ISL wind-tunnel model computations Spinning-cases At the time of the experiments conducted at the ISL wind-tunnel, it was not yet possible to provide a spinning motion to the SOCBT model. Consequently, CFD simulations of the body fuselage were primarily computed for non-spinning cases.

  2

		Coarse	379	64	88	2 200 000	150	50	179
		Medium	500	90	120	5 400 000	270	50	180
		Fine	575	120	144	9 950 000	345	50	180
		Coarse	342	60	88	1 850 000	150	22	170
	> 1.2	Medium	471	80	120	4 550 000	270	31	170
		Fine	546	120	144	9 500 000	354	22	170
				TABLE 4.2: Computational grid densities			

  64 × 10 -2 2.58 × 10 -2 7.70 × 10 -2 Medium 8.76 × 10 -2 2.51 × 10 -2 7.79 × 10 -2 Medium 8.31 × 10 -2 1.77 × 10 -1 5.46 × 10 -1 Fine 8.31 × 10 -2 1.77 × 10 -1 5.46 × 10 -1 11 Coarse 7.09 × 10 -2 2.91 × 10 -1 8.43 × 10 -1 Medium 7.23 × 10 -2 2.90 × 10 -1 8.42 × 10 -1

		Fine	8.76 × 10 -2 2.51 × 10 -2 7.79 × 10 -2
	3	Coarse	8.80 × 10 -2 7.85 × 10 -2 2.21 × 10 -1
		Medium 8.93 × 10 -2 7.70 × 10 -2 2.22 × 10 -1
		Fine	8.93 × 10 -2 7.69 × 10 -2 2.22 × 10 -1
	7	Coarse	8.18 × 10 -2 1.78 × 10 -1 5.45 × 10 -1
		Fine	7.23 × 10 -2 2.89 × 10 -1 8.42 × 10 -1
	15	Coarse	5.33 × 10 -2 4.32 × 10 -1	1.11
		Medium 5.50 × 10 -2 4.36 × 10 -1	1.11
		Fine	5.50 × 10 -2 4.37 × 10 -1	1.10
	21	Coarse	1.16 × 10 -2 7.62 × 10 -1	1.45
		Medium 1.23 × 10 -2 7.86 × 10 -1	1.43
		Fine	1.23 × 10 -2 7.87 × 10 -1	1.43

TABLE 4

 4 

.3: Grid size study for M

TABLE 4 .

 4 

4: Grid size study for M ∞ = 3 coefficients C AF orebody , C N and C m . Results of this study are presented in Tables 4.3 and 4.4, respectively for M ∞ = 0.7 and 3. As it can be seen, the computed coefficients are almost identical for all the grids and for both Mach numbers. Maximum discrepancies between results obtained on the coarse grids w.r.t. the medium ones are much less than 1%. Discrepancies between results on the medium grids w.r.t.

•

  Secondly, to quantify spin-rate effects on the main aerodynamic coefficients C AF orebody , C N and C m (or equivalently C DF orebody , C L and C m )

  • , 13 • and 21 • ) to check the independence of the results w.r.t. the global time-step ∆t. The simulation results are compared with the RANS results obtained in section 4.1.1.5. The first set of URANS simulations was conducted with a global time-step ∆t based on a number of 3600 iterations per rotation. According to the considerations of section 4.1.1.4, it corresponds to a roll-angle step of ∆ roll = 0.1 • per ∆t. Two additional roll-angle steps were investigated, namely ∆ roll = 1

TABLE 4 .

 4 7: Simulated Reynolds numbers and static pressures for the presented test cases

  Dependence of the static force and moment coefficients on the grid size

		167 0.168	0	0	0	0	-0.047 -0.047	0	0	0	0
	1	0.163 0.164 0.017 0.017 0.296 0.293 -0.046 -0.045 -0.300 -0.299 0.039 0.039
	3	0.142 0.141 0.045 0.046 0.863 0.864 -0.041 -0.040 -0.866 -0.866 0.108 0.109
	5	0.127 0.126 0.042 0.041 1.243 1.246 -0.033 -0.035 -1.179 -1.181 0.125 0.127
	7	0.134 0.136 0.019 0.018 1.419 1.422 -0.026 -0.024 -1.222 -1.228 0.102 0.106
	9	0.152 0.153 -0.006 -0.006 1.573 1.572 -0.018 -0.017 -1.244 -1.246 0.074 0.073
	11	0.169 0.168 -0.026 -0.027 1.767 1.769 -0.009 -0.009 -1.327 -1.326 0.055 0.054
		TABLE 4.8:								

  Evolutions of α t , p and q as a function of the Mach number, for each trial of configuration B 4.3.4 Aerodynamic coefficient comparison between WASP predictions and free-flight results

		15						Inverse 6-DoF code:	1457_35	1457_36	1457_37	1457_45
	[°]	10							
	t							
		5							
		0							
		0.78 600	0.76	0.74		0.72	0.70 M [-] Mach 8	0.68	0.66	0.64	0.62
	p [rad.s -1 ]	500 600							
		30 400 0.78	0.76	0.74		0.72	0.70 M [-] Mach 8	0.68	0.66	0.64	0.62
	-1 ]	15							
	q [rad.s	-15 0							
		0.78 -30	0.76	0.74		0.72	0.70 M [-] 8 Mach	0.68	0.66	0.64	0.62
	FIGURE 4.32: L C C D 0 2	4 Total angle of attack 6	t [°]	8	10	
		0	2	4 Total angle of attack 6	t [°]	8	10	
		0	2	4	6	t [°]	8	10	

  Complementary aerodynamic coefficients C lp , C l δ and C np α estimated by the inverse 6-DoF code

		1457_33 Inverse 6-DoF code: 1457_34	1457_41	1457_43			1457_35 Inverse 6-DoF code: 1457_36	1457_37	1457_45
	-24								-24			
	-26								-26			
	-28								-28			
	1 -30 0.62	0.64	M [-] 8 0.66 0.68 0.70 0.72 0.74 0.76 0.78 Mach	1 -30 0.62	0.64	M [-] 8 0.66 0.68 0.70 0.72 0.74 0.76 0.78 Mach
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 49 Apogee flight parameters as a function of the elevation angle, for a launch zone #5

  According to equation 4.23, too high velocities should be avoided for minimizing the drag. Nevertheless, the flight may occur correctly only if the aerodynamic forces are able to counteract the weight (see equation 4.24): this is managed by ensuring the right angle-of-attack.

	• Secondly, a dissipation by means of non-conservative forces	
	The single non-conservative force to consider herein is the drag. If constant flight conditions are con-
	sidered during a short path length dR, then the energy dissipated by the drag is expressed by equation
	4.23:	dE = D.dR ⇒ D =	dE dR	(4.23)

Table 4
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	40	6769.89	0.6051	295.37	184.97
	45	8060.20	0.5215	280.54	199.24
	50	9377.40	0.4455	263.49	215.57
	55	10691.26	0.3785	242.38	233.87
	60	11963.91	0.3126	216.66	257.34

.10: Elevation [ • ] Apogee altitude [m] Density [kg.m -3 ] Apogee velocity [m.s -1 ] Target velocity [m.s -1 ]

TABLE 4 .

 4 10: Apogee altitude and target velocity for a launch zone #5
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This appendix is a reminder to the notations retained for describing aerodynamics of a projectile, based on international conventions [ANSI/AIAA-R- 1992]. It is dedicated to the description of the main frames and coordinate systems involved in the present work.

A.1 Introduction

Although commonly considered and used interchangeably, both terms frame and coordinate system refers to different notions [START_REF] Zipfel | Modeling and Simulation of Aerospace Vehicle Dynamics[END_REF]: while the first one defines a physical reference which is represented at least by a set of three non-collinear points with invariant distances, the second one associates a vector with scalar coordinates in the Euclidean space. Thus, an infinite number of coordinate systems may be defined for a given frame. One origin and three orthogonal unit-vectors are required for defining a frame. The preferred coordinate system is then chosen to be aligned with the same unit-vectors.

A.2 Main frames A.2.1 Earth frame

The Earth frame is suitable for modelling the trajectory of a projectile in flight. With an origin located at the centre of the Earth, its first unit-vector points in a direction defined by the intersection of the Equator plane with the Greenwich meridian. While its third unit-vector points along the rotation axis of the Earth to the North Pole, its second base-vector points out a direction following the right-hand rule.

A.2.2 Body frame

Under the rigid body assumption, the body frame allows the determination of both position and orientation of the projectile w.r.t. an arbitrary reference frame (the Earth one in practice). With an origin located at the centre of gravity of the projectile (denoted by CG), it is defined by unit-vectors directed along the main axes of the moment-of-inertia tensor. While the first unit-vector points out of the nose, the second base-vector points to the right side in the horizontal plane of the projectile and the third one points downwards following the right-hand rule.

A.3 Main coordinate systems

As mentioned previously, an infinite number of coordinate systems could be defined for the aforementioned frames even if they embed a preferred one. Five coordinate systems are relevant for the purpose of the present work, including:

• The Earth-fixed local coordinate system • The body coordinate system • The aerodynamic coordinate system • The total-angle-of-attack coordinate system • The flight-path coordinate system A.3.1 Earth-fixed local coordinate system ] L =(O, x 0 , y 0 , z 0 )

The Origin O of this coordinate system is an arbitrary point on the Earth surface (usually the firing position defined by longitude, latitude and altitude) with a positive x 0 axis pointing to the firing direction (defined by azimuth angle toward the north), a positive y 0 axis pointing to the East and a positive z 0 axis pointing to the centre of the Earth (downward vertical), completing a North-East-Down (NED) coordinate system. It is commonly retained for expressing the projectile trajectory w.r.t. fixed orthogonal axes.

A.3.2 Body coordinate system

Located at the body's CG, it corresponds to the preferred coordinate system of the body frame. It is defined with a positive x B axis pointing to the vehicle nose, a positive y B axis pointing to the right side in the horizontal plane of the vehicle and a positive z B axis pointing down side according to the right-hand rule. For practical reasons, the aerodynamic coefficients can be expressed in the Body-fixed Zero Spin coordinate system, denoted by ] B 0 =(CG, x B 0 , y B 0 , z B 0 ). It corresponds to the body coordinate system which does not rotate with the spin of the projectile. The body coordinate system ] B is oriented thanks to the aerospace Euler angles transformation which consists in three successive rotations, respectively defined by the roll (φ), the pitch (θ) and the yaw (ψ) angles. As it can be seen in x a . The y a axis points to the right-side and the positive direction of the z a axis is oriented downward according to the right-hand rule. This coordinate system describes the flight-path of the body through the air. The corresponding transformation matrix [T] A 0 B expressing the aerodynamic coordinates w.r.t. the body ones is defined by equation A.6:

A.3.4 Total-angle-of-attack coordinate system ] T =(CG, x t , y t , z t )

Also called the aero-ballistic coordinate system, it is useful for axi-symmetric configurations. It is centred on the CG of the vehicle with x t = x a , y t perpendicular to the plane (x B , V ) out the rightside and z t oriented following the right-hand rule. It is oriented w.r.t. the body coordinates by the total angle-of-attack α t and the roll angle φ , respectively given by equations A.7 and A.8:

As it can be seen in Figure A.3, the first axis x k of this coordinate system is oriented to the direction of the flight-path velocity relative to the Earth (denoted by V K ). The x k axis points to the direction of V K , the y k axis is included in the horizontal plane and z k axis is oriented following the right-hand rule (z k is included in the ballistic firing plane). This coordinate system is oriented w.r.t. the Earth by two successive rotations defined by flight-path azimuth angle (χ) and inclination (γ). The mathematical transformation expressing the flight-path coordinates w.r.t. the Earth ones is given by equation A.9: This appendix aims to introduce main concepts of exterior ballistics [START_REF] Mccoy | Modern Exterior Ballistics -The Launch and Flight Dynamics of Symmetric Projectiles. 4880 Lower Valley Road[END_REF]. For this purpose, section B.1 describes basic features of typical ammunition mostly prevalent in the world today. Static and dynamic stabilities are then defined in section B.2: the physical meaning of each notion is presented, and a mathematical description of the associated phenomenons is fully provided. Finally, section B.3 compares the typical flight behaviour of both spin and fin -stabilized configurations.

B.1 Basic features

In exterior ballistics, the reference length usually employed for analysing free-flight tests is the calibre d, which represents the diameter of the ammunition (while l denotes its length). All dimensions of the considered problem are usually reduced to d, which can be different from the gun tube calibre d T (l T = tube length, θ T = tube rifle angle). The reference surface is given by S = πd 2 /4 and is employed for non-dimensioning area of aerodynamic surfaces fitted on the ammunition. Moreover, the reference length retained for expressing the aerodynamic forces and moments coefficients is d. According to the gun tube diameter, three families of projectile can be defined: Due to geometry of fuses, typical spin-stabilized rounds have a truncated nose, with a slope discontinuity at the junction between fuse and nose. They also include a driving band usually made of Copper which imparts to the projectiles a spinning motion driven by the gun barrel twist, and boat-tails which reduce drag at supersonic speeds. In a first approach described further in section B.2.3, and besides other parameters, the gyroscopic stability factor of spin-stabilized projectiles evolves as a function of (d/l) 2 : usually, the total length of conventional spin-stabilized 155 artillery shells does not exceed 6 calibre. Finally, a steering capability can be provided to such projectiles, for example by using course correction fuzes, decoupled or not with the rest of the spinning ammunition and fitted with a set of canards for guidance. • Fin-stabilized projectiles (see Figure B.2). They generally involve a rear set of aerodynamic surfaces for ensuring stability (tail-fins), and may include additional sets for steering (canards or wings with a spherical or a sharp blunt nose). Common aerodynamic surfaces are thick enough to withstand high acceleration forces during the launch. Aerodynamically-stabilized projectiles are almost similar to guided missiles. However, a small spinning motion should be provided to such projectile, for preventing them from trajectory perturbations associated to weak geometrical asymmetries due to the manufacturing process or to possible damages. An associated sabot package leads to the possibility of launching this class of projectiles from both rifled and smooth bore guns.

A sabot package prevents from gas leakage and guides a finned projectile into a gun barrel (see Figure 1.5 of section 1.1.1.2). The total length of such projectile is usually higher than 10 calibre, but can reach more than 70 calibre (better penetrating effectiveness at impact, mainly by direct fire for anti-tank purposes).

• Drag stabilized projectiles, for instance by means of flare. This is also the case for blunt bodies such as for example re-entry space probes.

Solutions Under the above mentioned hypotheses, differential equation B.7 (which coefficients are supposed constant during the lapse of time dt) includes all significant terms that can have an effect on linearized pitching or yawing motions of both spinning or non-spinning projectiles. Therefore, solutions of equation B.7 are expected to provide reasonable trends. They can be expressed by a complex number in the form of (see Figure B.3):

where:

• The total angle-of-attack is computed by:

• The ballistic precession angle ψ b follows [START_REF] Fleck | Introduction à la balistique extérieure avec exercices[END_REF]: 

]e i(φ F 0 + φF s) + [K S 0 e λ S s ]e i(φ S 0 + φS s) (B.11) Where:

• Due to interaction of the projectile with gravity, the term ξ R represents the steady-state solution given by (ξ R is commonly called "yaw of repose"):

• The term K F e iφ F = [K F 0 e λ F s ]e i(φ F 0 + φF s) represents the nutation motion (or "fast" arm, subscripted by "F ") defined by:

-An amplitude [K F 0 e λ F s ], where damping characteristics are function of a real number λ F expressed by equation B.13:

-A rotation e i(φ F 0 + φF s) which non-dimensioned turning rate φF is characterized by equation B.14 (φ F 0 =initial phase angle of the fast mode, ω F =nutation frequency (rad/s)):

• The term K S e iφ S = [K S 0 e λ S s ]e i(φ S 0 + φS s) represents the precession motion (or "slow" arm, subscripted by "S") defined by:

-An amplitude [K S 0 e λ S s ], where damping characteristics are function of a real number λ S expressed by equation B.15:

15)

-A rotation e i(φ S 0 + φS s) which non-dimensioned turning rate φS is characterized by equation B.16 (φ S 0 =initial phase angle of the slow mode, ω S =precession frequency (rad/s)):

B.2.3 Stability factors

Conditions for a stable flight The stability coefficients are defined by both equations B.17 and B.18:

• Gyroscopic stability factor:

• Dynamic stability factor:

Therefore, the conditions for a stable flight are the following (ξ remains small):

• φF and φS must be real numbers, for ensuring the gyroscopic stability

• λ F and λ S must be real and negative numbers, for ensuring the dynamic stability. For this purpose, two conditions must be realized:

Stability diagrams Different conventions can be chosen for plotting the stability conditions associated to equations B.19, B.20 and B.21, including: [START_REF] Murphy | Free-Flight Motion of Symmetric Missiles[END_REF][START_REF] Nicolaides | On Missile Flight Dynamics[END_REF] (C) σ = f (ŝ) [Molitz and Strobel, 1963;[START_REF] Fleck | Introduction à la balistique extérieure avec exercices[END_REF]]

Motion of asymmetric spinning configurations

Physical phenomena For many reasons (manufacturing tolerances or unexpected damages after firing), ammunition are not perfectly axi-symmetric in terms of shape or mass-distribution. They can also involve asymmetries from thrust devices or from the design itself. Due to these asymmetries, spinning aerodynamically-stabilized ammunition exhibit sometimes anomalous behaviour in flight: when the spin-rate unintentionally matches values close-enough to the pitching frequency, the steady-state trim angle-of-attack of the ammunition can be amplified. Such amplification produces induced roll-moments, which are non-linear w.r.t. total angle-of-attack (α T ) and roll orientation (φ). They are due to the cyclic fin loading, and to the coupling of a CG offset with lateral forces applied to the ammunition. Under some circumstances, the spin-rate locks to the pitching frequency by action of such non-linear induced rollmoments. This phenomenon is called roll lock-in, which can lead the ammunition to reach limit-cycles.

During roll lock-in, the ammunition follows a sustainable lunar 37 motion, characterized by a wobbling flight (i.e. pitch-yaw oscillations) of moderate amplitude with a constant non-rolling trim angle α T . As such, the ammunition also experiences non-linear induced side-moments (non-linear w.r.t. α t and φ) that can modify the yaw damping characteristics of the ammunition (i.e. nutation or precession terms). Occasionally, the combination of both rolling and wobbling motions makes the trim angle (α T ) to reach very large amplitudes, phenomenon associated to catastrophic yaw. Hence, a spin-rate much higher than the roll-resonance frequency should be provided to the ammunition, for avoiding this problem. However, the spin rate is in practice not a constant and can varies through the roll-resonance. By considering an aerodynamically-stabilized configuration placed inside a sabot package, the desired spin-rate can be produced either initially thanks to rifled barrels, or by using smooth-bore guns where the spin is produced by means of canted surfaces (just after sabot separation). The former method aims to avoid time-consuming changes of barrel when firing successively spin or fin-stabilized ammunition (it essentially happens for medium-calibre projectiles): in that case, the spin rate is well beyond the pitching one and no resonance phenomena occur. Concerning the latter, spin increases from almost zero up to a given value (defined by cant angles), such that the ammunition "passes through resonance" during flight: in that case, the ammunition can experience a mild phenomenon of yaw amplification, for which spin briefly locks to pitch frequency before building-up the design value. This phenomenon is called transient resonance and may be sufficient for destabilizing the ammunition in flight. Numerous studies have been conducted for understanding the aforementioned phenomena in order to raise the steady-state long term behaviour of the considered ammunition [START_REF] Nicolaides | On the free flight motion of missiles having slight configurational asymmetries[END_REF][START_REF] Nicolaides | Two non-linear problems in the flight dynamics of modern ballistic missiles[END_REF][START_REF] Nicolaides | A review of some recent progress in understanding catastrophic yaw[END_REF][START_REF] Nicolaides | Non-linear resonance instability in the flight dynamics of missiles[END_REF][START_REF] Murphy | Free-Flight Motion of Symmetric Missiles[END_REF][START_REF] Murphy | Some special cases of spin-yaw lock-in[END_REF][START_REF] Murphy | Spin-Yaw Lock-In of a Rotationnaly Symmetric Missile[END_REF][START_REF] Glover | Effects on roll rate of mass and aerodynamic asymmetries of ballistic re-entry bodies[END_REF][START_REF] Price | Sources, mechanism, adn control of roll resonance phenomena for sounding rockets[END_REF][START_REF] Pepitone | Resonant behavior of a Symmetric Missile Having Roll Orientation-Dependent Aerodynamics[END_REF][START_REF] Morote | Analytic Model of Catastrophic Yaw[END_REF]. While by nature non-linear, the occurrence of roll lock-in and catastrophic yaw can be determined thanks to a simple model based on linear theory, described in the following paragraph.

Simplified model Let us consider an aerodynamically-stabilized ammunition, slightly enough asymmetric such that its contributions still can be linearly introduced in the differential equation of motion B.7. Asymmetry contributions can be modelled by trim aerodynamic forces (normal and side components) and moments (pitching and yawing components). In that case, equation B.7 yields:

Where:

• Ãe iφ Ã = forcing function that represents forces and moments components due to asymmetries (" Ã" denotes asymmetry contributions)

• Ã = ρSd 2m 

Where supplementary terms to equation B.11 are:

• φ Ã0 = initial arbitrary roll angle of the ammunition at s = 0, which contains the plane of the asymmetry

= expression of the yaw component due to forces and moments caused by asymmetry Hence, occurrence of both roll lock-in and catastrophic yaw can be analytically assessed:

• For non-spinning ammunition (p * = 0), forces and moments associated to asymmetries remain in a fixed orientation. The lateral drift of the ammunition would increase w.r.t. this fixed orientation, such that accuracy at impact would be reduced. For this purpose, a spin rate different from zero is preferably provided to aerodynamically-stabilized ammunition (averaging out the effects of small asymmetries aims to reduce dispersion at impact)

• For most of the spinning aerodynamically-stabilized ammunition, the denominator of K A e iφ Ã0 is usually governed by its real part (p * -φF )(p * -φS ). In the case of roll lock-in, p * = φF or p * = φS (in most of cases p * = φS ) such that a yaw amplification is observed, and the imaginary part of the denominator is then no more negligible. In the case of catastrophic yaw, very large yaw amplifications are observed when: ṗ * H -P T -Mside = 0 ⇐⇒ Mside = ṗ * H -P T Nevertheless, roll lock-in and catastrophic yaw are by essence non-linear. For this reason, an accurate determination of the steady-state long term flight-behaviour of such ammunition requires non-linear aerodynamic models, in order to predict realistic coupled roll-yaw dynamics.

B.3.2 Spin-stabilized ammunition

Due to their shape, conventional spin-stabilized projectiles are not statically stable from an aerodynamic point of view. By contrast to aerodynamically-stabilized ammunition, the CP location of such projectiles is longitudinally in front of the CG:

In that case:

• The gyroscopic stability is ensured when S g = P 2 4M > 1

• The dynamic stability is followed when 0

(the spin is greater than a minimum value given by: P 2 > 4M 

B.3.3 Conclusion

To conclude, evolutions of complex incidence ξ for the wide majority of existing projectiles are summarized in Figure B.9.

Appendix C

Isentropic flow relations for an ideal gaz

This appendix reminds how to determine flow-field parameters in the wind-tunnel test-section, as a function of total pressure P i∞ , total temperature T i∞ as well as the test-section Mach number M ∞ . For this purpose, the following hypotheses are considered:

• Air is assumed as a perfect gas: the heat capacity ratio of air is a constant (γ air = 1.4) and the value of ideal gas constant is r GP = = 287.053 J.kg -1 .K -1

• Expansions are isentropic

Pressure ratio

Temperature ratio

Total density

Total density is calculated from the perfect gas law given by: Flow velocity

Critical nozzle throat area The area of the nozzle throat A * is computed from the mass flux conservation equation with regards to the test section ṁsection = ρ ∞ V ∞ A section (with A section = 0.12 m 2 ) as well as to the nozzle throat ṁ * = ρ * V * A * (where M * = 1). 2(γ air -1)

(C.7)

Mass flow rate ṁ = ρ section V section A section (C.8)

The dynamic viscosity in the test section Dynamic viscosity is calculated from the Sutherland's law:

Where:

• T ref = 273.15 K is the reference temperature

• µ ref = 1.711x10 -5 kg.m -1 .s -1 is the dynamic viscosity of the air at the reference temperature