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Context

Gust and atmospheric turbulence, which can be seen as sudden movement of the air around the aircraft, have been considered from the earliest days of aviation in order to ensure successful flights [START_REF] Etkin | Turbulent Wind and Its Effect on Flight[END_REF][START_REF] Wright | Introduction to Aircraft Aeroelasticity and Loads[END_REF]. These changes in air velocity modify the effective incidence seen by the body surfaces, creating aerodynamic forces and moments which cause a dynamic response of the aircraft. This response may involve different rigid as well as flexible motion according to the atmospheric disturbance, creating internal loads in addition to trajectory and attitude variations of the vehicle that need to be considered in different aircraft analysis and design tasks.

The simulation of the aircraft response in such cases is a multidisciplinary problem relevant for different applications. Aircraft design and certification require gust load analysis in order to ensure that the airframe is able to withstand the internal loads due to gust and turbulence [START_REF]Certification Specifications for Large Aeroplanes (CS-25)[END_REF][START_REF] Hoblit | Gust Loads on Aircraft: Concepts and Applications[END_REF]. This defines the structural sizing and as a result, the aircraft weight. Uncertainties related to the model used for the loads calculation are translated into design margins.

The effect of gust and turbulence on aircraft flight dynamics is also of interest to evaluate the aircraft response and flight control laws in realistic atmospheric disturbances. Flight tests analysis is an important part of this kind of analysis. Possible flight control law tuning from the initial design also relies on flight test. Modelling improvements before the flight test phase could enable cost and lead time reduction. Enhanced simulation means could also allow the possibility to propose strategies to attenuate the gust and turbulence effects on the aircraft response.

For different purposes, gust loads as well as flight dynamic analysis require accurate means able to predict the aircraft response in these conditions in early design phases. Within this context, understanding and modelling the relevant physics involved leading to accurate simulations is essential.

Gust loads and flight dynamics applications require low computing times as several flight conditions and aircraft parameters are evaluated. Different aerodynamic simulation 1 approaches with different levels of fidelity can be used to generate computationally efficient unsteady aerodynamic models used to capture the gust and turbulence induced effects.

Appart from considering the atmospheric contribution, the aircraft rigid and flexible motion create additional aerodynamic forces and moments. An example of the simulation of the aircraft response due to a vertical gust is shown in figure 1. The aircraft before the gust encounter is also included. The wing flexible deformation modifies the angle of attack in addition to the variation created by the external gust profile, changing the lift force and affecting the overall aircraft response. These effects are also of importance when simulating the aircraft response in these cases. Flight dynamics analysis are based on nonlinear time domain simulations with a corrected aerodynamic model to account for flexible deformation, assuming that the structure is in static equilibrium [START_REF] Etkin | Dynamics of Flight: Stability and Control[END_REF]. Dynamic effects due to rapid changes in rigid motion, flexible deformation or external aerodynamics are not taken into account and perturbations have an instantaneous effect on the aerodynamic forces. This assumption is referred to as quasisteady aerodynamics and is sufficient to capture the main effects of slow manoeuvres of current aircraft passenger configurations. Nonlinear aerodynamic effects such as stalls as well as compressible effects appearing at high Mach numbers are included in the model. As the interest in flight dynamics is the study of the global aircraft response, aerodynamic forces and moments can be calculated though global aerodynamic coefficients with respect to a reference point, such as the aerodynamic centre. Different local and component effects are superposed and considered with respect to the reference point. The gust and turbulence profiles affect locally the aircraft parts at different times, due to the atmospheric disturbance propagation at a certain speed all along the vehicle.

Gust loads require the use of aeroelastic models to calculate the dynamic response [START_REF] Wright | Introduction to Aircraft Aeroelasticity and Loads[END_REF]. This approach combine a structural model and a linear unsteady aerodynamics model usually expressed in the frequency domain. The aerodynamic forces are distributed all along the aircraft enabling local analysis for the structural sizing of the different components.

Dynamic effects due to motion and external disturbances are taken into account. Corrections are required to extend the range of validity of the linear aerodynamic model, in particular at transonic speeds close to cruise, where aerodynamic nonlinear effects appear.

Integration of methods and data from both approaches are of interest for multidisciplinary analysis, consistency between domains and overcome some of the limitations of each strategy. These kind of integration approaches are explored and proposed in this work in the framework of the simulation of the flexible aircraft response to gust and turbulence for flight dynamics investigations. The overall aircraft response also affects the calculated gust loads used to size the structure. Improved means to predict the global aircraft response could lead to more accurate gust loads. Local analysis which are not considered in the present work, are required to capture the level of loads in all the different structural components (shear force, bending and torsional moments).

Previous work

Extensive research has been previously focused on the simulation and modelling of the gust and turbulence effects on the aircraft response as well as the development of integrated flight dynamics and aeroelastic models. This section includes previous work on both topics contributing to the possibility to simulate the free flying flexible aircraft response due to gust and turbulence.

Gust and Atmospheric Turbulence Effects

Many possibilities for modelling unsteady aerodynamic effects are proposed in the literature. The traditional approach used during the last decades for gust loads analysis consist in calculating the gust and turbulence induced unsteady aerodynamic forces through potential flow equations over a range of frequencies with panel methods such as the Doublet Lattice Method (DLM), which captures unsteady effects without taking into account the steady state condition [START_REF] Albano | A doublet-lattice method for calculating lift distributions on oscillating surfaces in subsonic flows[END_REF]. Corrections with wind tunnel and steady Computational Fluid Dynamics (CFD) data have been used to overcome limitations of panel methods, in particular in the transonic regime [START_REF] Valente | A Doublet-Lattice Method Correction Approach for High Fidelity Gust Loads Analysis[END_REF].

Other possibilities in early design phases can be considered as studied by Kier [START_REF] Kier | Comparison of Unsteady Aerodynamic Modelling Methodologies with Respect to Flight Loads Analysis[END_REF]. Different simulation methods with different modelling assumptions are compared by predicting the estimated gust loads in the time domain. Predictions from DLM are compared with quasi-steady Vortex Lattice Method (VLM), the steady strip theory and the unsteady strip theory with the Wagner and Küssner indicial functions [START_REF] Wright | Introduction to Aircraft Aeroelasticity and Loads[END_REF]. The effect of gust propagation as well as the lags associated with the unsteady aerodynamic response are observed when evaluating the differences between the approaches. Recommendations are provided for preliminary gust loads design objectives. Some advantages of a 3D panel method in comparison to DLM are shown by Kier [START_REF] Kier | An Integrated Model for Lateral Gust Loads Analysis and Dutch Roll Flight Dynamics using a 3D Panel Method[END_REF] for lateral gust loads and flight dynamic analysis in early design phases. In particular, the 3D panel method is able to capture relevant flight dynamic effects such as the roll-yaw coupling which affects the flight mechanical modes like the dutch roll. These effects are not taken into account by DLM as in plane aerodynamic effects are not considered. DLM requires corrections to include some of the neglected physics. A 3D panel method is also used by Staveren [START_REF] Van Staveren | Analyses of Aircraft Responses to Atmospheric Turbulence[END_REF] to identify gust stability derivatives to simulate one-dimensional (1D) and two-dimensional (2D) turbulence inputs. The method is used to calculate both the quasi-steady and unsteady stability derivatives using harmonic analysis from the aircraft frequency response functions. The identified gust derivatives are then dependent of the gust scale length and aircraft mass. The approach is compared with some analytical single-point and multi-point aircraft models presented in [START_REF] Van Gastel | Aircraft responses to atmospheric turbulence. A comparative study[END_REF]. Some of the modelling limitations of panel methods have been pointed out by using higher fidelity simulation means, such as CFD, in particular at transonic conditions. High fidelity methods can be used to correct panel methods or to directly calculate the gust induced effect. The application of nonlinear CFD in the time domain to simulate the aircraft response of a flexible aircraft due to gust encounters is compared with classical DLM by Reimer et al. [START_REF] Reimer | CFD-based Gust Load Analysis for a Free-flying Flexible Passenger Aircraft in Comparison to a DLM-based Approach[END_REF]. The multidisciplinary coupling framework of a CFD based approach is presented to account for flight dynamics and structural deformation. However, gust loads analysis as well as flight dynamics investigations require the simulation of a large number of cases with several parameter variations. The use of nonlinear CFD for unsteady purposes in the time domain involves large computation times.

Instead of solving nonlinear CFD directly in the time domain, recent developments have shown the possibility to obtain accurate aerodynamic predictions in the transonic regime with a low computational cost through linearized frequency-domain (LFD) methods. This approach, also known as time-linearized or linear harmonic small disturbance method, offer a large computational efficiency improvement while maintaining the accuracy of non-linear CFD. The governing equations are linearized around a non-linear steady state assuming low amplitude harmonic disturbances. This allows retaining the aerodynamic steady nonlinearities such as shock waves as well as shock-induced local separation. The approach is proposed and validated by Thormann and Widhalm [START_REF] Thormann | Linear-Frequency-Domain Predictions of Dynamic-Response Data for Viscous Transonic Flows[END_REF] in order to predict forced-motion unsteady aerodynamic effects and determine the flutter boundaries at high Mach numbers. Widhalm et al. [START_REF] Widhalm | Linear frequency domain predictions of dynamic derivatives for the DLR F12 wind tunnel model[END_REF] also propose a linearized approach as an appropriate strategy to cover wide parameter variations in a reasonable computational cost to extract dynamic stability derivatives. Both subsonic and transonic conditions are evaluated and results are validated against experimental data as well as time accurate unsteady CFD simulations.

The extension of the linearized CFD approach to solve unsteady aerodynamic effects due to gust encounters is presented by Bekemeyer and Timme [START_REF] Bekemeyer | Reduced Order Gust Response Simulation using Computational Fluid Dynamics[END_REF]. Aerodynamic responses of an airfoil due to different gust profiles are obtained by superposing several frequency domain results at subsonic and transonic flight conditions. The maturity of the method is demonstrated by Bekemeyer et al. [START_REF] Bekemeyer | Linearised Frequency Domain Gust Analysis of Large Civil Aircraft[END_REF] by efficiently computing the aerodynamic response to gust for a three dimensional relevant industrial case. Responses in the time domain are obtained by using a complex-valued weighting function in combination with the superposition of responses at discrete frequencies. Global lift as well as surface pressure distributions are calculated for a large civil aircraft and validated against nonlinear CFD in the time domain. The progress achieved in linearized CFD allowed the possibility to use unsteady CFD in an industrial context for gust loads calculations as shown by Weigold et al. [START_REF] Weigold | Linearized Unsteady CFD for Gust Loads with TAU[END_REF]. This enables the possibility to avoid or minimise the adjustments required for panel methods. Advantages of using linearized CFD in the design of a gust loads alleviation at transonic conditions are also shown by Bekemeyer et al. [START_REF] Bekemeyer | Investigation Into Gust Load Alleviation Using Computational Fluid Dynamics[END_REF].

The gust low amplitude assumption is not always respected and dynamic non linear effects that are not captured by linearized CFD may appear. Corrections to account for unsteady nonlinear effects at low frequencies have been recently investigated by Thormann and Timme [START_REF] Thormann | Application of Harmonic Balance Method for Non-linear Gust Responses[END_REF]. The harmonic balance method is employed by using a small number of harmonics to correct the low frequency range while using the linearized frequency domain CFD at higher frequencies. Different gust encounters are considered to calculate the aerodynamic and aeroelastic response of an airfoil at transonic conditions.

Other strategies have been investigated to better account for nonlinear unsteady aerodynamic effects through the form of a CFD-based Reduced Order Model (ROM). This topic has been widely investigated in order to provide modelling strategies in the nonlinear aerodynamic region for many applications. An overview of nonlinear ROM applied to aerodynamics and aeroelasticity is given by Ripepi [START_REF] Ripepi | Model Order Reduction for Computational Aeroelasticity[END_REF]. Some approaches have been proposed to deal with the specific problem of the nonlinear aerodynamic response of an aircraft to gust and turbulence. Quero et al. [START_REF] Quero | A Nonlinear Frequency Domain Aerodynamic Model for Continuous Turbulence Encounter based on Functional Series Expansion[END_REF] present a ROM in the frequency domain based on the identification of Volterra kernels by continuous time impulses to predict the nonlinear aerodynamic response to gust and turbulence encounters. Bekemeyer et al. [START_REF] Bekemeyer | Nonlinear Unsteady Reduced-Order Modeling for Gust-Load Predictions[END_REF] propose another unsteady nonlinear ROM for gust load predictions based on least-squares residual minimization of the full order model projected in a reduced space. More accurate predictions are shown with respect to a linearized CFD approach once unsteady aerodynamic nonlinearities appear.

Unsteady aerodynamic forces calculated by linearized CFD or DLM are expressed in the frequency domain. Forces can be obtained in the time domain by different approaches. One of the possibilities consists in fitting the frequency data with rational functions in the time domain through the Rational Function Approximation (RFA) method proposed by Roger [START_REF] Roger | Airplane Math Modelling Methods for Active Control Design[END_REF]. The method captures the unsteady effects in the time domain by introducing additional aerodynamic states, also referred to as lag states. This method has been widely used for various aeroservoelastic applications. Different forms have been proposed in order to keep the minimum number of additional lag states, such as the minimum state-method developed by Karpel [START_REF] Karpel | Time-Domain Aeroservoelastic Modeling Using Weighted Unsteady Aerodynamic Forces[END_REF].

Context

Googin [START_REF] Goggin | A general gust and maneuver load analysis method to account for the effects of active control saturation and nonlinear aerodynamics[END_REF] proposes an aeroservoelastic method for manoeuvre and gust loads calculations in the time domain. An alternative RFA approach is applied, by adding explicit delays to the classic form proposed by Roger [START_REF] Roger | Airplane Math Modelling Methods for Active Control Design[END_REF]. These delays can be associated with different parts of the aircraft, such as the nose, the wing and the tail. Compared to the classic RFA approximation, the RFA with explicit delays requires less additional lag states and is found to be more accurate at higher frequencies and predicting local gust loads in the rear part of the aircraft, where gust propagation effects are important. Weighting factors are proposed to correct the RFA to account for experimental data or quasi-steady aerodynamic nonlinearities.

Different frequency and time domain approaches to simulate the dynamic aircraft response to atmospheric gust excitations are presented by Karpel et al. [START_REF] Karpel | Dynamic Response of Aeroservoelastic Systems to Gust Excitation[END_REF]. The possibility to divide the aircraft in zones is also proposed to increase the accuracy of the RFA. These time delays can also be approximated by delay filters of different order in cases the use of explicit delays for each zone is not possible. Kier and Looye [START_REF] Kier | Unifying Manoeuvre and Gust Loads Analysis[END_REF] deal with the problematic of approximating the phase shift associated with the gust propagation effect. In the frequency domain, the time lags associated with the gust effect all along the aircraft are expressed as phase shifts with an exponential function, which can be difficult to capture in the time domain. Instead of approximating the gust column in the time domain, the proposed approach consists of expressing the gust downwash as a function of time thanks to the relative location between the aircraft and the gust through the propagation speed. A RFA with distributed coefficients over the aircraft is calculated in order to evaluate the aerodynamic effect of the downwash associated with the gust velocity as a function of time. The same approach, dividing the aircraft in five sections, is applied to the design of a gust load alleviation function by Giesseler at al. [START_REF] Giesseler | Gust Load Alleviation Based on Model Predictive Control[END_REF].

Quero et al. [START_REF] Quero | A Generalized State-Space Aeroservoelastic Model Based on Tangential Interpolation[END_REF] proposed an alternative to the classical Roger approximation [START_REF] Roger | Airplane Math Modelling Methods for Active Control Design[END_REF] for cases in which gust-induced forces are required at higher frequencies, such as for gust loads analysis in the time domain. The approach is based on tangential interpolation and provides a minimal order approximation, avoiding any selection of lag states.

Integrated Aircraft Model

Once the aerodynamic forces and moments due to the atmospheric disturbance are calculated, the equations of motion are used to predict the aircraft response to these forces. The integration of flight dynamics and aeroelastic equations of motion offers the possibility to account for both rigid and flexible motion. The definition and formulation of these kind of integrated approaches have been addressed by several authors.

A derivation of these equations of motion from first principles using the Lagrange's equations and the principle of virtual work was proposed by Waszak and Schmidt [START_REF] Waszak | On the Flight Dynamics of Aeroelastic Vehicles[END_REF][START_REF] Waszak | Flight Dynamics of Aeroelastic Vehicles[END_REF]. Aerodynamic generalized forces are obtained through strip theory in a closed form integral expression. The reference axes are appropriately chosen in order to minimise the inertial coupling between rigid and flexible motion, through the concept of mean axes reference frame. The use of free vibration modes to express the flexible motion automatically fulfils the practical mean axes constraints of the reference frame minimising the intertial coupling. Additional inertial coupling terms are neglected. The nonlinear equations of motion of the integrated model describe the aircraft motion relative to body axes and the elastic deformation of the airframe relative to this reference frame. These differential equations for flight mechanics and aeroelastic motion are only coupled through the external aerodynamic forces. The same equations are obtained by Etkin [START_REF] Etkin | Dynamics of Flight: Stability and Control[END_REF] when adding the aerodynamic coupling terms due to the flexible degrees of freedom to the flight dynamics equations of motion.

The inertial coupling effects in the equations of motion of a free flying flexible aircraft are studied by Buttrill et al. [START_REF] Buttrill | Nonlinear simulation of a flexible aircraft in maneuvering flight[END_REF]. The formulations and assumptions of the integrated equations of motion from Waszak [START_REF] Waszak | On the Flight Dynamics of Aeroelastic Vehicles[END_REF][START_REF] Waszak | Flight Dynamics of Aeroelastic Vehicles[END_REF] and Buttrill [START_REF] Buttrill | Nonlinear simulation of a flexible aircraft in maneuvering flight[END_REF] are compared in [START_REF] Waszak | Modeling and Model Simplification of Aeroelastic Vehicles: An Overview[END_REF], providing possible simplifications as well as recommendations concerning the importance of the inertial coupling terms. Inertial coupling between the rigid and flexible degrees of freedom is taken into account in the derivation of the equations of motion done by Reschke [START_REF] Reschke | Integrated Flight Loads Modelling and Analysis for Flexible Transport Aircraft[END_REF] for a generic current passenger aircraft configuration. The effects on the flight dynamic states of considering an inertially coupled formulation are found to be small. An important effect of the inertial coupling is detected in structural components with large concentrated masses, such as the engines. The influence of inertial coupling on loads is found to be relevant at flight conditions with high angular rates or accelerations.

Various simulation environments are proposed to implement different integration strategies between models. One of the possibilities is VarLoads presented by Hofstee et al. [START_REF] Hofstee | A Variable, Fully Flexible Dynamic Response Tool for Special Investigations (VarLoads)[END_REF] proposed for specific investigations from preliminary design to the analysis of in-flight events. The modular software structure of the environment allows the possibility to implement different models from various disciplines. The nonlinear equations of motion developed by Waszak and Schmidt [START_REF] Waszak | Flight Dynamics of Aeroelastic Vehicles[END_REF] are implemented.

Apart from the equations of motion, an integrated approach between flight dynamics and aeroelastic responses needs to address the combination between different aerodynamic models dealing with different assumptions and data sources.

Rigid nonlinear quasi-steady aerodynamics are combined with an unsteady aerodynamic model from DLM in the work done by Gupta et al. [START_REF] Gupta | Development of an integrated aeroservoelastic analysis program and correlation with test data[END_REF]. A padé approximation similar to the RFA from Roger [START_REF] Roger | Airplane Math Modelling Methods for Active Control Design[END_REF] is employed to express the unsteady aerodynamic forces in the time domain. The rigid quasi-steady contribution is removed from the unsteady forces.

When the quasi-steady aerodynamics model is corrected to account for quasi-static flexible effects, some aspects need to be considered when integrating both aerodynamic models. The work presented by Winther et al. [START_REF] Winther | Reduced-Order Dynamic Aeroelastic Model Development and Integration with Nonlinear Simulation[END_REF] deals with this problematic and proposes a method to combine dynamic effects from the aeroelastic equations of motion with the Context nonlinear quasi-steady flexible equations used for flight dynamics analysis. It is assumed that the rigid body dynamics of the residualized linear aeroelastic model are equivalent to the linearized flight dynamics model including quasi-static flexible corrections. The integrated model aims for real-time simulations and recommendations are given to keep low computational times. The approach, referred to as Residualized Model, is extended in the work proposed by Looye [START_REF] Looye | An Integrated Approach to Aircraft Modelling and Flight Control Law Design[END_REF], providing the possibility to use aeroelastic models with unsteady aerodynamic lag states.

Another strategy presented by König and Schuler [START_REF] Koenig | Integral Control of Large Flexible Aircraft[END_REF] proposes adding the states of a linearized or nonlinear flight dynamics equations of motion in an aeroelastic model. A modal analysis is employed to decouple rigid and flexible motion. The rigid body modes of the aeroelastic model need to be identified and are replaced by the states of the linearized or nonlinear flight dynamics equations of motion. It is assumed that the flight dynamic states are equivalent to a linear combination of rigid body modes of the aeroelastic model. The strategy is applied in the design of a controller through multi-objective parameter optimization for flight control, loads reduction and structural mode control. The integration of a linearized flight dynamics and aeroelastic model without coupling terms is also applied to different multi-objective control design techniques in the work presented by Puyou [START_REF] Puyou | Conception multi-objectifs de lois de pilotage pour un avion de transport civil[END_REF].

The work done by Reschke and Looye [START_REF] Reschke | Comparison of Model Integration Approaches for Flexible Aircraft Flight Dynamics Modelling[END_REF] compares the König and Schuler approach [START_REF] Koenig | Integral Control of Large Flexible Aircraft[END_REF] and the Residualized Model method proposed by Looye [START_REF] Looye | An Integrated Approach to Aircraft Modelling and Flight Control Law Design[END_REF]. The different assumptions, some pre-processing and implementation details as well as advantages of each approach are included. Both methods are based on the idea of keeping the flight dynamics model unchanged. Results obtained as well as computational times are found to be similar for both approaches. Recommendations to choose between them are based on the simulation environment.

Another possibility to integrate nonlinear quasi-steady aerodynamics with linear unsteady aerodynamics is proposed by Kier and Looye [START_REF] Kier | Unifying Manoeuvre and Gust Loads Analysis[END_REF]. A set of nonlinear equations of motion as developed in [START_REF] Waszak | On the Flight Dynamics of Aeroelastic Vehicles[END_REF][START_REF] Waszak | Flight Dynamics of Aeroelastic Vehicles[END_REF] are used. The quasi-steady aerodynamic effects are modelled through VLM. Unsteady aerodynamics are considered through a RFA of results from DLM according to Roger's method [START_REF] Roger | Airplane Math Modelling Methods for Active Control Design[END_REF] for time domain simulations. Instead of projecting the aerodynamic forces to modal coordinates (generalized forces) before the approximation, the RFA is done in physical coordinates directly in the aerodynamic grid. This enables a clear separation between quasi-steady and unsteady terms which may come from different models. This has also the advantage that the approximation is only dependent on the Mach number and is not tied to a mass case like the modal unsteady aerodynamic forces.

Different applications can be found in literature. Teufel et al. [START_REF] Teufel | Integrated flight mechanic and aeroelastic modelling and control of a flexible aircraft considering multidimensional gust input[END_REF] applies an integrated flight mechanics and aeroelastic model to predict the dynamic response of a large passenger aircraft to multidimensional gusts. These integration approaches have also been applied both for loads analysis [START_REF] Kier | Unifying Manoeuvre and Gust Loads Analysis[END_REF] as well as for specific flight control law design strategies [START_REF] Giesseler | Gust Load Alleviation Based on Model Predictive Control[END_REF][START_REF] Looye | An Integrated Approach to Aircraft Modelling and Flight Control Law Design[END_REF].

Objectives

The main goal of the PhD is to propose a modelling approach able to capture relevant aerodynamic effects due to gust and turbulence in the frequency range of interest for flight dynamics investigations. The strategy is intended to capture relevant physics when simulating the gust and turbulence effect on flight dynamics, providing more accuracy in the predictions and minimising the increase of computational cost.

The topic requires an understanding of the main physics involved in order to propose appropriate models to capture the relevant effects. A strategy to generate the required data for the model, covering different parameters in a reasonable computation time, is also needed within an industrial context. Validation means and recommendations on the application of the proposed models are also necessary. One of the challenges when dealing with experimental data from flight test is the level of uncertainty of the gust or turbulence inputs encountered in flight.

Enhanced simulation means to capture the aircraft response in such conditions and keeping consistency between gust loads as well as flight dynamics analysis is of interest for multidisciplinary analysis in early design phases, which is essential for future aircraft developments. Specific aspects concerning flight dynamics analysis need to be addressed, such as the possibility to provide simulation means that could be integrated in the existing real-time simulation environments in the form of aerodynamic stability derivatives. The possibility to account for the effect of flight control laws in the time domain is also required for meaningful flight dynamics investigations.

Outline

In this PhD, and based on some of the previous work concerning the topic, an integrated approach including gust and turbulence induced effects is formulated and applied to simulate the free flying flexible aircraft response due to different atmospheric disturbances.

In part I, the theoretical aspects of different simulation methods and models are detailed and proposed in order to predict the aircraft dynamic response due to gust and turbulence.

The first chapter presents the aerodynamic formulation from higher to lower fidelity methods with its assumptions. The unsteady aerodynamic data is generated with CFD through its linearized form to cover a wide variation of parameters, such as the Mach number, keeping a reasonable computational time and avoiding corrections as the ones required to overcome the neglected physics of DLM. Nonlinear CFD in the time domain is also considered to validate the modelling approach and quantify the effect of possible aerodynamic nonlinearities in the global aircraft response. The remaining sections of this chapter deal with the means to predict the flight dynamics and aeroelastic response. The Context equations of motion and aerodynamic models are described for each approach and details concerning the different modelling strategies are given.

The second chapter describes the integration framework to combine flight dynamics and aeroelastic models as well as how the gust-induced and dynamic flexible effects are considered. Some strategies to reduce the number of additional aerodynamic states, associated with the gust-induced effect, are shown. As flight dynamics investigations are focused on the low frequency range, accurate predictions can be obtained by keeping a low number of additional aerodynamic states in a rational function approximation. The analytical derivation of gust aerodynamic derivative coefficients for both vertical and lateral analysis is included as a possible mean to estimate the effect. Considering inertial coupling between rigid and flexible motion can provide more accuracy for specific load calculations but the effect on flight dynamics of current passenger aircraft configurations can be neglected. In this work, the external coupling through the aerodynamic forces is considered. Motioninduced unsteady aerodynamics from the flexible response are taken into account to assess the impact of dynamic flexibility on aircraft flight dynamics for current passenger aircraft configurations. Different forms of the residualized model approach are presented in order to account for the dynamic flexible effect.

In part II, the integrated approach is applied to simulate the aircraft response to gust and atmospheric turbulence. The theoretical inputs are assumed to be known and taken from the certification requirements [START_REF]Certification Specifications for Large Aeroplanes (CS-25)[END_REF]. Turbulence measured in flight is also considered as input for the simulation. Assumptions and uncertainties related to this measure are important and need to be taken into account for appropriate analysis. The analysis is done for both vertical and lateral atmospheric disturbances with different approaches and modelling assumptions detailed in the previous section. As the work is focused on the effect of gust and turbulence on flight dynamics, the variables of interest predicted and analysed through the different modelling strategies are aerodynamic global coefficients or quantities such as load factors at the centre of gravity as well as angular rates (roll, pitch, yaw). A generic current passenger aircraft configuration is used to evaluate the different simulation methods.

The third chapter focuses on the aircraft response to theoretical gust profiles at different flight conditions. Once the model is created and validated, some of the relevant physics as well as modelling assumptions are assessed. The predicted response to gust at transonic conditions is also evaluated in order to quantify the effect of possible shock motion or local stalls on the global response.

The fourth chapter focuses on the application of the approach to simulate the aircraft response due to theoretical as well as realistic atmospheric turbulence. Flight test measures are used to compare with simulation results. The effect of turbulence variations along the wingspan is discussed at the end of the chapter.

Finally, conclusions and some recommandations for future work are given.

Chapter 1 Simulation and Modelling of Aircraft Dynamic Response

In this chapter, various aerodynamic formulations with different modelling assumptions are presented. The equations of motion used to calculate the aircraft response as well as the form of the models providing the aerodynamic forces and moments are detailed. The described approaches cover both flight dynamics and aeroelastic responses.

Aerodynamic Formulation

Aerodynamics simulation and modelling is an extensive domain. Different strategies can be applied covering the needs of specific applications. Simulation means from higher to lower fidelity with its underlying assumptions and modelling strategies are shown in this section. From the Navier-Stokes equations to solve the aerodynamic problem in the time domain, to the linearisation of the equations to solve it in the frequency domain as well as the traditional potential methods used for unsteady aerodynamic computations. The predicted aerodynamics from simulation means can be adjusted with experimental data such as wind tunnel or flight tests in order to extend the validity of the model within the flight envelope.

Reynolds Averaged Navier Stokes (RANS) Equations

The Navier-Stokes equations is the common approach used to capture the flow phenomena around the aircraft. The equations force the conservation of mass, energy and momentum by imposing the continuity equation, Newton's second law of motion and the first law of thermodynamics. Additional empirical relations to define the fluid properties such as viscosity and thermal conductivity as well as a constitutive law are added to the system 13 of equations. Even if an important progress has been recently done in terms of computational ressources, the Navier-Stokes equations are not suitable when dealing with relevant industrial problems. The adopted solution consists of using the Reynolds Averaged Navier Stokes (RANS) equations, in which the characteristic turbulent flow variations are averaged and a turbulence model is used to approximate the additional turbulent variations. The flow variables are then expressed as a time-average and a turbulent variation around the average condition.

According to the formulation employed by Ripepi and Quero [START_REF] Ripepi | Model Order Reduction for Computational Aeroelasticity[END_REF][START_REF] Quero | An Aeroelastic Reduced Order Model for Dynamic Response Prediction to Gust Encounters[END_REF], the governing equations for a compressible, viscous and conductive fluid with constant properties in conservative form are:

∂y f ∂t + ∇ • f(y f ) = ∇ • d(y f ) (1.1)
Being y f the conservative flow variable vector which depends both on the spatial position (x) and time (t), the inviscid fluxes f and viscous fluxes d, defined respectively as:

y f =   ρ ρv E   f =   ρv ρv × v + P I v(E + P )   d =   0 τ τ • v + q  
With ρ(x, t) being the density, v(x, t) the flow velocity, E the energy per unit volume, P (x, t) the pressure, τ (x, t) the viscous stress tensor, q(x, t) the power exchanged by conduction and I the identity matrix. The state equation for the pressure as well as the constitutive equations for the viscous stress tensor and the power exchanged by conduction lead to the closure of the problem. The resulting nonlinear Partial Differential Equations (PDEs) is solved by specifying the boundary and initial conditions of the problem. These equations are averaged in time leading to the Reynolds Averaged Navier-Stokes (RANS) equations. This overcomes the high computational cost of the direct solution of the Navier-Stokes equations. Additional details about the formulation can be found in [START_REF] Anderson | Computational Fluid Dynamics: The Basics with Applications[END_REF].

Increased accuracy can be achieved through alternative approaches such as the Detached Eddy Simulation (DES) which combines RANS equations near wall regions and Large Eddy Simulations (LES) [START_REF] Piomelli | Large-eddy simulation: achievements and challenges[END_REF], the direct simulation of the rest of the flow.

In this study, steady and unsteady RANS equations have been solved by the use of the Computational Fluid Dynamics (CFD) code TAU from the DLR. Finite volume discretization is employed on deformable unstructured meshes. This code has been applied and validated extensively in research and industry for both steady and unsteady problems [START_REF] Stickan | Computational aeroelastic investigation of a transonic limit-cycle-oscillation experiment at a transport aircraft wing model[END_REF].

The turbulence model used in all the simulations presented in this work is the Spalart-Allmaras model [START_REF] Spalart | A one-equation turbulence model for aerodynamic flows[END_REF]. Steady solutions are obtained using the backward Euler implicit scheme with Lower-Upper Symmetric Gauss-Seidel (LU-SGS) iterations. Convergence is accelerated through a 2v multigrid scheme [START_REF]TAU-Code User Guide[END_REF].

For the unsteady solution, the equations are integrated in time with the second order backward difference operator using a dual time stepping [START_REF]TAU-Code User Guide[END_REF]. For subsonic problems, time step size is set to 0.004s with 100 inner iterations per time step. For transonic conditions, the time step size is set to 0.002s with 150 inner iterations per time step based on a similar configuration [START_REF] Kaiser | Quantification of nonlinear effects in gust load prediction[END_REF].

The method used to impose the atmospheric disturbances is the so called Disturbance Velocity Approach (DVA) (also known as Field Velocity Approach) [START_REF] Heinrich | Comparison of different approaches for modeling atmospheric effects like gusts and wake-vortices in the CFD code TAU[END_REF]. The gust effect is added as a velocity term in the governing equations and prescribed in the mesh with no additional deformation of the grid required.

The resolution of the RANS equations in the time domain through CFD simulations can be applied for a detailed analysis of the relevant physics to quantify aerodynamic nonlinear effects in specific flight conditions [START_REF] Kaiser | Quantification of nonlinear effects in gust load prediction[END_REF]. In this case, these simulations are used for the validation of the model-based approach. The effect of possible aerodynamic nonlinearities is also analysed. In particular, when flying at high Mach numbers in transonic conditions, where shock motions or local stalls may appear due to gust and turbulence induced effects.

The CFD solver can also be coupled with a computational structural mechanics (CSM) and flight mechanics (FM) solver in order to deform the mesh according to the structural deformation and rigid body response of the aircraft respectively. The framework FlowSimulator is used to handle the coupling, the different sets of data and simulations [START_REF] Meinel | The FlowSimulator framework for massively parallel CFD applications[END_REF]. Details about the unsteady aerodynamic solution in the time domain have been previously provided. Structural deformations are represented using a modal approach. The aerodynamic forces are projected to the different modes before calculating the aircraft response due to theses forces. The structural equations are solved through a Newmark time integration scheme [START_REF] Newmark | A Method of Computation for Structural Dynamics[END_REF]. Rigid body and flexible motion calculated through the equations of motion presented in the next sections of this chapter are interpolated into the CFD surface mesh. The appropriate mesh deformation to account for the aircraft rigid and flexible motion is calculated and applied using the radial basis function method (RBF). Further details on the deformation technique can be found in [START_REF] Barnewitz | Improved Mesh Deformation[END_REF] and [START_REF] Michler | Aircaft control surface deflection using RBF-based mesh deformation[END_REF]. Appart from the 6 rigid body modes, 90 flexible modes are retained. A similar coupling approach can be found in [START_REF] Ritter | Nonlinear Numerical Flight Dynamics of Flexible Aircraft in the Time Domain by Coupling of CFD, Flight Mechanics, and Structural Mechanics[END_REF].

All the CFD simulations presented in this work are done with the same mesh. An unstructured mesh with 11.4 million points is used for a similar configuration as the one presented in [START_REF] Reimer | CFD-based Gust Load Analysis for a Free-flying Flexible Passenger Aircraft in Comparison to a DLM-based Approach[END_REF]. The surface mesh is shown in figure 1.1. 

Linearized Reynolds Averaged Navier Stokes (RANS) Equations

The previous detailed RANS equations can be linearized around a nonlinear steady state condition. The formulation is presented according to Bekemeyer [START_REF] Bekemeyer | Rapid Computational Aerodynamics for Aircraft Gust Response Analysis[END_REF]. Applying a finitevolume discretisation of the governing equations, for a fixed flight condition, the ordinary differential equation (ODE) in semi-discrete form can be expressed as:

∂νy f ∂t = R(y f , x, ẋ, w G ) (1.2)
with x and ẋ being the change in mesh coordinates and their velocities respectively, w G being the gust disturbances which are accounted for through mesh velocities ẋ. The term R corresponds to the non-linear fluid residual of the unknowns of the problem and ν contains the cell volumes in a matrix.

An increment between the conservative flow variable and the steady state solution can be defined:

∆y f = y f -y f s (1.3)
Similarly, for gust disturbances ∆w G = w G -w Gs , mesh coordinates ∆x = xx s and velocities ∆ ẋ = ẋẋs . When assuming small disturbances, a Taylor expansion can be applied around the steady state:

ν d∆y f dt + y f d∆ν dt = R(y f s , x s , ẋs , w Gs ) + ∂R ∂y f ∆y f + ∂R ∂x ∆x + ∂R ∂ ẋ ∆ ẋ + ∂R ∂w G ∆w G + • • • (1.4)
with ∂R ∂y f being the fluid Jacobian matrix, ∂R ∂x , ∂R ∂ ẋ and ∂R ∂w G changes in the fluid residual due to mesh deformation, mesh velocities and gust disturbance, respectively. The different derivatives are defined around the nonlinear steady state condition. The term R(y f s , x s , ẋs , w Gs ) is the nonlinear steady-state flow residual which accounts for the steady aerodynamic nonlinearities. A well converged steady solution is important before solving the linearized problem.

Assuming harmonic excitation (∆w G = ŵG e jωt ) and the fact that the system also change harmonically in time, it is possible to express equation 1.4 in the frequency domain:

∂R ∂y f -jkν ŷf = - ∂R ∂x x - ∂R ∂ ẋ x + ŷf d∆ν dt - ∂R ∂w G ŵG (1.5)
with ŷf , x, x and ŵG being the Fourier coefficients.

The reduced frequency k is defined as:

k = ωl ref V ∞ = (2πf )l ref V ∞ (1.6)
with ω being the angular frequency, l ref being the reference chord length, f being the frequency and V ∞ the true air speed.

Changes in rigid body motion, surface deflection or structural deformation can be taken into account through mesh deformation and velocities (x, ẋ). In the present work, the considered disturbance is the one from gust excitations according to [START_REF] Bekemeyer | Rapid Computational Aerodynamics for Aircraft Gust Response Analysis[END_REF]. The idea behind the approach is the same for other forced motions. Changes in the aerodynamic residual due to harmonic gust disturbances are denoted by the term ∂R ∂w G ŵG , which can also be expressed as:

∂R ∂w G ŵG = ∂R ∂ ẋ ∂ ẋ ∂w G ŵG (1.7)
with ẋ being the mesh velocities used to take into account the gust effect in the CFD simulation through the disturbance velocity approach. By using this technique, the relation between the gust disturbance w G and the mesh velocity ẋ is:

ẋ = -w G (1.8)
The gust-induced effect can be then written as:

∂R ∂w G ŵG = - ∂R ∂ ẋ ŵG (1.9)
Before solving the linear system in equation 1.5, the gust-induced term can be directly calculated by evaluating the residual through finite-difference discretisation, avoiding the matrix calculation and storage:

∂R ∂w G ŵG = R(y f s , x s , ẋs , w Gs + δ ŵG ) -R(y f s , x s , ẋs , w Gs -δ ŵG ) 2δ (1.10)
with the gust shape vector ŵG which is known and the finite-difference step size δ, which need to be small to avoid errors due to higher order terms but large enough to avoid errors from the limited accuracy of the residual [START_REF]TAU-Code User Guide[END_REF].

The gust shape vector can be expressed analytically as:

ŵG = w Gz e jϕ(x,k) (1.11)
with w Gz being the gust amplitude and ϕ being the phase shift which is evaluated for each mesh element and it is associated with the gust propagation effect, which is the fact that the gust affects the different aircraft parts at different times. This phase shift can be expressed for each element as:

ϕ(x, k) = (x + x 0 ) V ∞ ω = (x + x 0 ) k l ref (1.12)
with x 0 being the distance between the gust and the aircraft reference point. The harmonic gust vector is extended in all the different directions. Lateral gusts can be also defined by modifying the direction of the mesh velocity (towards y axis instead of z axis as the vertical disturbance):

ŵG = w Gy e j(x+x 0 ) k l ref (1.13)
The solution of equation 1.5 gives the aircraft aerodynamic response (ŷ f ) to a predefined harmonic vertical or lateral gust excitation ( ŵG ) at a specific reduced frequency (k). By exciting different frequencies, the response can be calculated obtaining the so-called frequency response function. From this information in the frequency domain, different techniques are possible in order to calculate the response in the time domain due to aperiodic gust excitations such as the 1-cos gust shape profile. The advantage of solving the linearized RANS equations is that the computationally expensive solution of equation 1.5 at different reduced frequencies is done only once. When the frequency response function has been obtained, the response to different gust profiles in the time domain can be investigated without requiring additional CFD simulations while staying at the considered flight condition. Responses in the frequency domain can also be directly considered [START_REF] Bekemeyer | Rapid Computational Aerodynamics for Aircraft Gust Response Analysis[END_REF].

The Linearized Frequency Domain (LFD) solver of the DLR code TAU is used to solve the linearized RANS equations. The linear system is solved through an iterative method as for the solution of the RANS equations in the time domain. The DLR code TAU uses a first-discretise-then-linearise matrix-forming approach with the fluid Jacobian matrix derived analytically [START_REF] Bekemeyer | Rapid Computational Aerodynamics for Aircraft Gust Response Analysis[END_REF]. This allows for efficient computation in complex test cases. The iterative method used to solve the linear system is a LU-SGS smoothed linear multigrid cycle [START_REF] Dwight | Efficiency Improvements of RANS-Based Analysis and Optimization using Implicit and Adjoint Methods on Unstructured Grids[END_REF]. A Generalized Minimal Residual algorithm (GMRes) is used in order to stabilize and accelerate the linear multigrid solver [START_REF]TAU-Code User Guide[END_REF]. This method has the property of minimizing the norm of the residual over a Krylov subspace [START_REF] Saad | GMRES: A Generalized Minimal Residual Algorithm for Solving Nonsymmetric Linear Systems[END_REF]. The mesh used to solve the linearized RANS equations with CFD is the same as the one presented in section 1.1.1.

Linearized CFD simulations in the frequency domain are able to capture aerodynamic effects such as shock waves at transonic conditions without required corrections in a reasonable computational cost. Simulation results in the frequency domain are used to build a model able to capture the gust-induced effects in the time domain for arbitrary gust excitations and in a reasonable amount of time. Details about the model are given in sections 1.3.2 and 2.3.

As demonstrated in the formulation, the approach makes the assumption that lowamplitude harmonic disturbances are applied to the nonlinear steady condition which is the same as the one used to solve the RANS equations in the time domain. This allows the linearization of the RANS equations in the frequency domain around the steady state as shown in this part, reducing the overall computational cost. Further details on the approach are given in [START_REF] Thormann | Linear-Frequency-Domain Predictions of Dynamic-Response Data for Viscous Transonic Flows[END_REF]. Additional information and extension of the technique to the gust-induced effects can be found in [START_REF] Bekemeyer | Rapid Computational Aerodynamics for Aircraft Gust Response Analysis[END_REF].

Doublet Lattice Method (DLM)

The classical Doublet Lattice Method (DLM) used traditionally in unsteady aerodynamic problems is also considered in order to capture both gust and motion induced effects [START_REF] Albano | A doublet-lattice method for calculating lift distributions on oscillating surfaces in subsonic flows[END_REF]. The formulation is detailed according to Quero [START_REF] Quero | An Aeroelastic Reduced Order Model for Dynamic Response Prediction to Gust Encounters[END_REF].

When neglecting viscous effects and power exchanged by conduction in the previous presented nonlinear RANS equations, the Euler equations are obtained:

∂y f ∂t + ∇ • f(y f ) = 0 (1.14)
The assumption of irrotational flow (∇ × v) allows expressing the velocity as a gradient of a scalar potential function (φ v ) as v = ∇φ v .

The mass and energy conservation are given with these assumptions in equations 1.15 and 1.16. Equation 1.16 is also known as the Bernouilli equation.

∂ρ ∂t + ∇ • (ρ∇φ v ) = 0 (1.15) ∂φ v ∂t + ∇φ v 2 - V 2 ∞ 2 + a 2 ∞ γ -1 ρ ρ ∞ γ-1 = 0 (1.16)
with V ∞ as the freestream velocity, a ∞ being the speed of sound and γ the heat capacity ratio.

Even if the assumption of zero vorticity is made, circulation vorticity at the boundary layer and the wake is imposed to capture the lift affecting the body. The unique solution to the problem is obtained by adding the wake condition and the tangential flow condition around the body. There are limitations of the irrotational assumption when analysing transonic conditions as the presence of shock waves cannot be properly captured. However, some possibilities exist to approximate the effect at moderate upstream Mach numbers [START_REF] Ripepi | Model Order Reduction for Computational Aeroelasticity[END_REF].

The density can be evaluated with equation 1.16 and applied to equation 1.15 in order to obtain the equation for the velocity potential (φ v ):

∇ 2 φ v - 1 a 2 ∞ ∂ 2 φ v ∂t 2 + ∂(v 2 ) ∂t + ∇φ v • ∇ v 2 2 = 0 (1.17) with v = ∇φ v .
The total potential (φ v ) can be expressed as a sum of a steady and small disturbance component (φ v =φ s +φ p ). The linear aerodynamic potential equation is given in equation 1.18, assuming a constant speed of sound (a ∞ ) and freestream Mach number (M ∞ ):

(1 -M 2 ∞ ) ∂ 2 φ p ∂x 2 + ∂ 2 φ p ∂y 2 + ∂ 2 φ p ∂z 2 - 2V ∞ a 2 ∞ ∂ 2 φ p ∂x∂t - 1 a 2 ∞ ∂ 2 φ p ∂t 2 = 0 (1.18)
This equation is completed with the boundary condition specifying the flow to be tangential to the surface, as there is no shear force due to the absence of viscosity. It is assumed that the thickness component is time independent which can be modelled by source panels and it can be superposed to the time dependent flow solution over the body midplane modelled by a doublet sheet.

In order to solve the problem, the different possible solutions to the linear aerodynamic potential equation which can be superposed need to satisfy the boundary conditions. The farfield condition is satisfied when superposing doublet and sources, as their effect tends to zero when the distance tends to the infinite. The assumption of irrotational flow which neglects viscosity needs to be complemented with the Kutta condition to fix the flow circulation around the lifting surface and find a unique solution. This condition established that the pressure difference across the wake at the trailing edge is zero for the linearized flow.

It can be demonstrated that the harmonically oscillating source potential is an elementary valid solution to the linear aerodynamic potential equation. A source cannot generate lift and the potential is differentiated, which yields the doublet potential. The term acceleration potential (Ψ(x, y, z, t)) shown in equation 1.19 is used, which allows expressing the source and doublet solutions to the problem as a function of the pressure difference between the upper and lower surface of the lifting body.

Ψ(x, y, z, t) = - ∂ ∂t + V ∞ ∂ ∂x |φ p |e jωt (1.19)
The integral equation 1.20 can be obtained through the acceleration potential, which relates the downwash (|w|) with the pressure (|P |) magnitude. The kernel function is given in equation 1.21, with

B 2 = 1 -M 2 ∞ and K 0 = λ 2 + B 2 y 2 0 + B 2 z 2 0 . |w|(x, y, z) = -1 4πρV ∞ S ∆|P |K((x -ζ), (y -η), z) dζ dη (1.20) K(x 0 , y 0 , z 0 ) = exp -jωx 0 V ∞ ∂ ∂z 2 x 0 -∞ 1 K 0 exp jω V ∞ B 2 (λ -M ∞ R) dλ (1.21)
The solution to the problem is obtained by determining the doublet distribution which satisfies equation 1.20 and the tangential boundary condition. The downwash (w) is known for each problem and the unknown to determine is the pressure distribution. DLM provides a numerical solution to this equation. The geometry of the lifting body is divided in panels as shown in figure 1.3 and equation 1.20 is evaluated at each panel independently. The doublet is placed at the quarter chord of the panel and the flow tangency boundary condition is imposed at the three quarter chord. The pressure is assumed to be spatially constant at each panel and the unknowns can come out of the integration term. The concept of principle values is used to deal with the singularities along the doublet line at the quarter chord of the panel. Geometrical effects such as dihedral angle can be taken into account by modifying the geometry of the DLM grid shown in figure 1.3. 

∆c p = Q(M ∞ , k)w(k) (1.22) 
with Q(M ∞ , k) being the so called Aerodynamic Influence Coefficient (AIC) matrix which is defined for each panel and provides the incremental pressure coefficient (∆c p ) between the upper and lower surface of a lifting surface due to a local angle of attack (or downwash) variation. The AIC matrix depends on the freestream Mach number (M ∞ ) and the reduced frequency (k) specified in equation 1.6. The pressure difference ∆c p is given at the quarter chord of the panel and the downwash w(k) is specified at three quarters of the panel chord. The downwash nondimensionalized with the freestream velocity (V ∞ ) can be associated to a local angle of attack variation. Further details on the approach can be found in [START_REF] Blair | A Compilation of the Mathematics Leading to the Doublet Lattice Method[END_REF]. This potential method captures essential physical aspects when simulating the aircraft response due to gust encounters, such as the propagation effect of the wind through the different aircraft parts as well as linear unsteady aerodynamic effects at subsonic conditions due to gust and rigid or structural flexible motion.

The theoretical results from DLM need to be corrected to account for additional effects such as viscosity or geometrical parameters like the thickness. Correction methods using data from wind tunnel test or higher fidelity methods such as CFD can be applied to extend its applicability, in particular in the transonic regime. The DLM results used in this study have been corrected with a quasi-steady aerodynamic database.

Flight Dynamics Response

The aircraft response in flight can be described by the principles of classical mechanics, which deal with the motion of bodies possessing a scalar inertial property known as mass [START_REF] Stengel | Flight Dynamics[END_REF]. This part details some of the main elements to be able to predict the flight dynamics response. In particular, the equations of motion to calculate how the aircraft reacts to external forces with its reference system. Different contributions need to be taken into account as external forces. This work focuses on the aerodynamic contribution and other kind of forces such as the thrust computed from engine models is not detailed. The aerodynamic model and assumptions used in flight mechanics to express the external aerodynamic forces and moments is also presented, which is based on some of the previous presented formulations in conjunction with experimental results coming from wind tunnel or flight test.

Equations of Motion

The flight dynamics equations of motion are based on Newton-Euler six-degrees of freedom equations for a rigid body expressed in the body-fixed reference frame (b). The derivation of the equation of motion can be found in [START_REF] Reschke | Integrated Flight Loads Modelling and Analysis for Flexible Transport Aircraft[END_REF]. The formulation is given in equations 1.23 and 1.24 according to Reschke [START_REF] Reschke | Integrated Flight Loads Modelling and Analysis for Flexible Transport Aircraft[END_REF] and Looye [START_REF] Looye | An Integrated Approach to Aircraft Modelling and Flight Control Law Design[END_REF].

m( Vb + Ω b × V b -T bE G E ) = F b (1.23) J b Ωb + Ω b × J b Ω b = M b (1.24)
where V b and Ω b are the translational and angular velocity vectors expressed in the body axes, m and J b are the total mass and inertia tensor of the aircraft respectively. The matrix T bE refers to the transformation from the geodetic reference frame (E) to body axis (b) and G E is the gravitational vector in the geodetic frame. F b and M b contain the different external forces and moments defined in the body axis such as the ones from aerodynamics, thrust and other external contributions. Under the assumption of small angular motions, the flight mechanics equations can be linearized and solved through a modal approach. The geodetic reference system is assumed to be and earth-fixed inertial system. Figure 1.4 shows the body and geodetic inertial frame. It is possible to define the position of the aircraft with respect to the geodetic inertial reference system:

L E = [x 0E y 0E z 0E ] T (1.25)

Geodetic inertial frame

Body frame The translational (V b ) and angular (Ω b ) velocity vectors are expressed in the body frame:

𝑧 ! 𝑦 ! 𝑥 ! 𝑧 " 𝑦 " 𝑥 " 𝑳 ! 𝑂 ! 𝑂 "
Θ = [φ θ ψ] T (1.26) 𝑧 ! 𝑦 ! 𝑥 " 𝑧 # 𝑦 # 𝑥 ! 𝑧 " 𝑧 ! 𝑦 $ 𝑥 " 𝑦 " 𝑥 $
V b = [u b v b w b ] T (1.27
)

Ω b = [p q r] T (1.28)
Kinematic relations are formulated to express the translational and angular velocities from body axes to the inertial frame:

LE = T Eb V b (1.29) Θ = D -1 Ω b (1.30)
with T Eb being the transformation matrix between body to the inertial frame given in equation 1.31. The transformation matrix between the time derivative of the Euler angles and angular velocity expressed in body axis D is given in equation 1. [START_REF] Buttrill | Nonlinear simulation of a flexible aircraft in maneuvering flight[END_REF]. Additional details can be found in [START_REF] Etkin | Dynamics of Flight: Stability and Control[END_REF].

T Eb =   cos θ cos ψ sin φ sin θ cos ψ -cos φ sin ψ cos φ sin θ cos ψ + sin φ sin ψ cos θ sin ψ sin φ sin θ sin ψ + cos φ cos ψ cos φ sin θ sin ψ -sin φ cos ψ -sin θ -sin φ cos θ cos φ cos θ   (1.31) D =   1 0 -sin θ 0 cos φ cos θ sin φ 0 -sin φ cos θ cos φ   (1.32)

Quasi-steady Flexible Aerodynamic Model

In equations 1.23 and 1.24, the aerodynamic forces and moments are calculated according to a quasi-steady flexible aerodynamic model, which cover a wide range of aircraft conditions. This model is able to capture the main aerodynamic effects occurring for slow aircraft manoeuvres, the typical ones of current aircraft passenger configurations, including nonlinear effects such as stall as well as compressible effects appearing at high Mach numbers. This is achieved by combining data from different sources such as CFD simulations according to the formulations presented previously, wind tunnel tests and once the aircraft has been designed and manufactured, flight tests measures. Different forms of the model are possible, but the typical way of expressing the aerodynamic forces and moments is given in equations 1.33 and 1.34 according to Looye [START_REF] Looye | An Integrated Approach to Aircraft Modelling and Flight Control Law Design[END_REF].

F b = q S ref T ba   C x C y C z   (1.33) M b = q S ref l ref T ba   C l C m C n   + r CG-25% × F b (1.34)
with q being the dynamic pressure, S ref the wing reference area, l ref is the reference length, which is usually the Mean Aerodynamic Chord (MAC) of the wing or the half wing span. The dimensionless force (drag C x , side-force C y and lift C z ) and moment (rolling C l , pitching C m and yawing C n ) coefficients are expressed in the aerodynamic reference system (a). The distance between the aircraft centre of gravity and the origin of the aerodynamic reference system is r CG-25% . The origin of the aerodynamic frame is usually positioned at 25% of the MAC of the wing. The matrix T ba , given in equation 1. [START_REF] Hofstee | A Variable, Fully Flexible Dynamic Response Tool for Special Investigations (VarLoads)[END_REF] The aerodynamic coefficients are given through mathematical expressions as a function of different parameters such as the angle of attack (α), sideslip (β), Mach number (M ), body angular rates (p, q, r) or control surface deflection, among others. Appart from the aerodynamic quasi-steady contribution, this model may also include some unsteady effects. The most relevant is the lag effect of the downwash angle on the horizontal tail plane due to an angle of attack variation at the wing (incidence rate effect α). Terms such as C z α for the lift force coefficient capture this downwash delay between the wing and the horizontal tail plane. Next chapter provides a possibility to include the gust and turbulence induced effects at low frequencies. An example of some terms that contribute to the lift force coefficient (C z ) are given in equation 1. [START_REF] Gupta | Development of an integrated aeroservoelastic analysis program and correlation with test data[END_REF].

C z = C z0 + C zα α + C zβ β + C zq q l ref V ∞ + C z α α l ref V ∞ + • • • (1.36)
The coefficients can be corrected to account for the effects of the quasi-static flexible deformation of the airframe [START_REF] Barriety | Fast Fluid-Structure Computational Method Taking Into Account Non-linear Aerodynamic[END_REF]. The corrections are meant to include flexible effects in the rigid aerodynamic coefficients at frequencies close to zero. This correction usually depends on the vertical load factor and dynamic pressure [START_REF] Etkin | Dynamics of Flight: Stability and Control[END_REF]. The dynamic effect appearing when the flexible modes are excited is not taken into account. Chapter 2 describes a possibility to add the dynamic flexible effect. Different responses with and without this modelling assumption are analysed in chapter 3. Additional details on the aerodynamic modelling used for flight mechanics analysis can be found in [START_REF] Etkin | Dynamics of Flight: Stability and Control[END_REF][START_REF] Stengel | Flight Dynamics[END_REF].

Aeroelastic Response

The aeroelastic response of the aircraft deals with the perturbations appearing around a trimmed flight state, which can be calculated with the previous detailed equations 1.23 and 1.24. This is useful to predict the flutter stability margins of the aircraft as well as the loads that appear when the aircraft encounters gust or turbulence, relevant to achieve certification [START_REF]Certification Specifications for Large Aeroplanes (CS-25)[END_REF]. These perturbations can be predicted through modally reduced linear elastic equations of motion, which are presented in this section. These equations are able to capture the unsteady interactions between the aircraft structural dynamics and the airflow. Unsteady aerodynamic models used in conjunction with the equations of motion and based on the previous detailed aerodynamic formulations are also detailed. The aeroelastic response can be also expressed through a state space model for aeroservoelastic applications, as presented at the end of this section.

Equations of Motion

The linear Finite Element Method (FEM) is used to numerically discretize the aircraft structure. The model consist of different grid points with mass and stiffness elements. The global aircraft FEM model shown in figure 1.7 can be reduced to retain the most relevant degrees of freedom for the analysis. A condensation of the model in a reduced number of degrees of freedom simplifies and reduces the computational cost of the dynamic analysis. Condensed lumped masses and inertia elements are calculated and attached to the retained grid points which are elastically interconnected with the appropriate stiffness elements [START_REF] Guyan | Reduction of stiffness and mass matrices[END_REF]. Figure 1.8 shows the condensed model with the structural reference frame. The linear aeroelastic equations of motion in the structural reference system are given in equation 1.37 according to Looye [START_REF] Looye | An Integrated Approach to Aircraft Modelling and Flight Control Law Design[END_REF]. The derivation can be found in [START_REF] Reschke | Integrated Flight Loads Modelling and Analysis for Flexible Transport Aircraft[END_REF].

M gg ẍg (t) + B gg ẋg (t) + K gg x g (t) = F g (t)
(1.37)

with M gg , B gg and K gg being the mass, damping and stiffness matrix of the degrees of freedom of the FEM structural model, x g being the degrees of freedom of the grid points with respect to the structural reference system, which has the dimension n g . Structural damping is usually neglected in aeroelastic analysis. The external forces applied to the set of interconnected grid points is F g , expressed as well in the structural reference frame.

A modal analysis of the aircraft configuration is performed from equation 1.37, neglecting the structural damping, without an external excitation (F g = 0) and without constraints (free aircraft). By assuming the small linear displacements of the degrees of freedom which can be expressed as a superposition of harmonic functions (x g = xg e jωt ), equation 1.37 can be expressed in the frequency domain:

(-ω 2 M gg + K gg )x g (ω) = 0 (1.38)
The structural modes of the studied configuration defined by its eigenfrequencies and the associated mode shape eigenvectors can be obtained from equation 1. [START_REF] Looye | An Integrated Approach to Aircraft Modelling and Flight Control Law Design[END_REF]. In this study, the eigenfrequencies and modal matrix φ gh which collects the eigenvectors in columns have been calculated with the software MSC.Nastran [START_REF]Nastran User's Guide[END_REF]. The first six eigenfrequencies have a value close to zero and correspond to the six rigid body modes.

The structural displacements (x g ) can be expressed as a function of the modal or generalized coordinates (u h ) as shown in equation 1.39.

x g = φ gh u h = φ gr φ ge u r u e (1.39)
Rigid body and flexible degrees of freedom can be considered separately. The modes are divided in rigid with subscripts r and elastic with subscript e. The number of eigenvectors considered in φ gh can be truncated leading to an additional reduction in the considered degrees of freedom. The order of magnitude of the retained number of modes is close to 100. This usually covers the frequency range of interest and beyond. The number of retained eigenvectors which define the modal basis is usually smaller than the total number of structural degrees of freedom (n h < n g ). The approximation is justified by the fact that the neglected modes have a low energy and its contribution to the structural deformation of the degrees of freedom is several orders of magnitude lower than the one from the retained modes.

The flight mechanics response is taken into account through the rigid body modes assuming low amplitude angular motions. The rigid body modes obtained from the modal analysis are defined in arbitrary directions. A redefinition of the rigid body modes corresponding to the three translations and three rotations may be of interest for aeroelastic analysis [START_REF] Quero | An Aeroelastic Reduced Order Model for Dynamic Response Prediction to Gust Encounters[END_REF]. A possible correction involves imposing unit translations and rotations around the centre of gravity respectively according to the direction of the body reference frame [START_REF] Looye | An Integrated Approach to Aircraft Modelling and Flight Control Law Design[END_REF] presented in section 1.2.

The equation of motion 1.37 can be projected in the reduced set of generalized coordinates. Replacing equation 1.39 in equation 1.37 expressed in the frequency domain, the half-generalized form of the linear aeroelastic equations of motion is obtained:

(-ω 2 M gh + jωB gh + K gh )u h (ω) = F g (ω) (1.40)
with M gh , B gh and K gh being the half-generalized mass, damping and stiffness respectively. Modal damping can be estimated or identified from experiments. This form of the equation is interesting for loads analysis, as it provides the load distribution along the airframe.

Multiplying equation 1.40 by the modal matrix (φ T gh ) provides the equations of motion in modal coordinates (h) expressed in the frequency (equation 1.41) and time (equation 1.42) domain.

(-

ω 2 M hh + jωB hh + K hh )u h (ω) = φ T gh F g (ω) (1.41) M hh üh (t) + B hh uh (t) + K hh u h (t) = φ T gh F g (t) (1.42)
with M hh , B hh and K hh being the generalized mass, damping and stiffness matrices respectively, which are diagonal due to the orthogonality of the modes and u h as the generalized coordinates divided in rigid (u r ) and elastic (u e ) contributions which are the solutions of the equation of motion. When adapting the rigid body modes according to the body reference frame as suggested by Looye [START_REF] Looye | An Integrated Approach to Aircraft Modelling and Flight Control Law Design[END_REF], the total aircraft mass (m) and inertia tensor (J b ) can be found in the diagonal terms of the rigid partition (M rr ) of the generalized mass matrix (M hh ). The term φ T gh F g is the projection of the external forces to the different rigid and flexible modes and quantifies the effect of the external excitation on each mode. Next section focuses on different forms of the aerodynamic contribution (F g ) both in the frequency and time domain.

Unsteady Aerodynamic Model

The unsteady aerodynamic contribution in the aeroelastic equations of motion can take different forms and can be expressed both in the frequency and time domain. The form of the models is based on the results obtained from the aerodynamic formulations presented in section 1.1. The number of load cases can exceed several hundreds of thousands and efficient computation methods are required.

Different contributions can be considered when calculating the aerodynamic forces projected to the generalized coordinates (term φ T gh F g ) as shown in equation 1.43. Unsteady aerodynamic forces can be induced by the aircraft motion (F u h ), control surface deflection (F cs h ) and gust or turbulence (F gust h

). In this study, only motion and gust induced effects are considered but unsteady aerodynamic effects from control surface deflections can be easily added in a similar way. This part describes the form to express the unsteady aerodynamic contribution from both motion and gust or turbulence induced effects in the frequency and time domain.

φ T gh F g = F u h + F cs h + F gust h (1.43)

Frequency Domain

The form of the unsteady aerodynamic forces obtained from DLM or CFD simulations is described in order to solve the equations of motion in the frequency domain (equation 1.41).

Results from DLM, as stated in section 1.1.3, provide the incremental pressure coefficient distribution over the different panels through the calculation of the Aerodynamic Influence Coefficient (AIC) as shown in equation 1.22. The AIC matrix expressed in the DLM aerodynamic grid (j) relates a downwash at each panel to the increment of pressure coefficient. The downwash can account for different effects, such as the one created by a gust or induced by the aircraft motion and it can be seen as a local angle of attack variation at each panel. The aircraft motion and deformation in modal coordinates (u h ) needs to be translated into the downwash effect through the modal panel deflection [START_REF] Weigold | Linearized Unsteady CFD for Gust Loads with TAU[END_REF]. The gust downwash corresponds to the imposed harmonic wind distribution all along the aircraft. A spline matrix (G gj ) is also required in order to project the forces from the aerodynamic grid to the structural reference frame [START_REF] Quero | An Aeroelastic Reduced Order Model for Dynamic Response Prediction to Gust Encounters[END_REF]. The forces expressed in the structural frame can be projected to the different modes through the modal matrix (φ gh ), obtaining the so called Generalized Aerodynamic Force (GAF), which indicate the impact of the disturbance on each aircraft mode as a function of the frequency. The generalized (Q hh , Q hG ) and half-generalized (Q gh , Q gG ) aerodynamic forces can be expressed as shown in equations 1.44 and 1.45 for motion and gust induced effects respectively.

F u h (ω) = qφ T gh G gj Q jh u h = qφ T gh Q gh u h = qQ hh u h (1.44) F gust h (ω) = qφ T gh G gj Q jG w G = qφ T gh Q gG w G = qQ hG w G (1.45)
with Q hh and Q gh being the unsteady motion-induced in generalized and half-generalized form respectively. The generalized and half-generalized gust induced forces are also included (Q hG and Q gG ). These matrices depend on the mach number (M ) and reduced frequency (k). The gust and turbulence inputs are given by w G . Additional inputs such as control surface deflections (ailerons, spoilers, elevator or rudder) could be considered with the appropriate GAF calculation associated with the effect. Additional details on the derivation of these forces from DLM can be found in [START_REF] Quero | An Aeroelastic Reduced Order Model for Dynamic Response Prediction to Gust Encounters[END_REF].

Simulation results with CFD linearized in the frequency domain (LFD) according to the formulation detailed in section 1.1.2 can directly provide generalized aerodynamic forces due to motion (Q hh ) and gust-induced effects (Q hG ).

Generalized aerodynamic forces can be also calculated with nonlinear CFD in the time domain according to the formulation detailed in section 1.1.1. Different harmonic excitations can be imposed as input and the solution in the time domain can be expressed in the frequency domain through a Fourier transformation.

When expressing unsteady aerodynamics in the frequency domain, transfer functions of the generalized displacements can be directly calculated as shown in equation 1. [START_REF] Stickan | Computational aeroelastic investigation of a transonic limit-cycle-oscillation experiment at a transport aircraft wing model[END_REF]. From this solution other quantities such as acceleration or integrated loads can be derived [START_REF] Weigold | Linearized Unsteady CFD for Gust Loads with TAU[END_REF].

u h (ω) = -ω 2 M hh + jωB hh + K hh -qQ hh -1 qQ hG w G (ω) (1.46)

Time Domain

Unsteady aerodynamic forces calculated by CFD-LFD and DLM are expressed in the frequency domain. Time domain solutions can be obtained by different approaches. One of them consists in fitting the frequency data with rational functions. This method is called Rational Function Approximation (RFA). It allows capturing the unsteady flow in the time domain by introducing additional aerodynamic lag states [START_REF] Roger | Airplane Math Modelling Methods for Active Control Design[END_REF]. The gust propagation effect in the time domain can be captured with enough lag states [START_REF] Goggin | A general gust and maneuver load analysis method to account for the effects of active control saturation and nonlinear aerodynamics[END_REF] or by combining RFA with explicit delays all along the aircraft [START_REF] Kier | Unifying Manoeuvre and Gust Loads Analysis[END_REF][START_REF] Giesseler | Gust Load Alleviation Based on Model Predictive Control[END_REF].

The general form of the rational function approximation is given in equation 1.47. The expression is given in the Laplace domain (s = jk = j(2πf )l ref /V ∞ , with k being the reduced frequency, f the frequency, l ref the reference chord length and V ∞ the true air speed) allowing for time domain simulations. The coefficients of the approximation (F 0 , F 1 , F 2 , F i+2 ) are determined by setting the number (N d ) and the value of the delay parameters (d i ) applying least squares techniques to fit the unsteady aerodynamic forces given for different frequencies. The different coefficients (F i ) are calculated in order to minimise the criteria set in equation 1. [START_REF]TAU-Code User Guide[END_REF]. Constrained equations can be enforced to match values at specific frequency values through the coefficient G i . The time domain approximation can be validated by comparing the aerodynamic forces with the ones calculated with DLM or CFD-LFD in the frequency domain as shown in chapter 3.

Q RF A (s) = F 0 + F 1 V ∞ s + F 2 V 2 ∞ s 2 + N d i=1 F i+2 s s + V ∞ d i (1.47) J = N i=1 G i ||Q(M, k) -Q RF A (M, s)|| 2 (1.48)
Once the identification of the coefficients (F 0 , F 1 , F 2 , F i+2 ) is performed for each effect, multiplying equation 1.47 with dynamic pressure (q) and the induced effect (modal displacement u h or gust w G ), provides the unsteady aerodynamic force approximated through a rational function approximation given in the Laplace domain:

F u h (s) = q F hh0 + F hh1 V ∞ s + F hh2 V 2 ∞ s 2 + N dh i=1 F hh(i+2) s s + V ∞ d hi u h (1.49) F gust h (s) = q F hG0 + F hG1 V ∞ s + F hG2 V 2 ∞ s 2 + N dG i=1 F hG(i+2) s s + V ∞ d Gi w G (1.50)
A Laplace transformation allows expressing the motion (F u h ) and gust-induced (F gust h ) unsteady aerodynamic forces in the time domain as shown in equations 1.51 and 1.52 respectively. The second derivative of the wind input is not considered as it is not always available. The lag states associated with motion (u hi ) and gust (w Gi ) induced unsteady aerodynamic effects in the time domain are given in equations 1.53 and 1.54 respectively.

F u h (t) = q F hh0 u h + F hh1 V ∞ uh + F hh2 V ∞ 2 üh + N dh i=1 F hh(i+2) u hi (1.51) F gust h (t) = q F hG0 w G + F hG1 V ∞ ẇG + N dG i=1 F hG(i+2) w Gi (1.52) uhi = V ∞ d hi u hi + uh (1.53) ẇGi = V ∞ d Gi w Gi + ẇG (1.54)
with V ∞ being the true air speed, d hi and d Gi the value of the delay coefficients chosen for the rational function approximation according to equation 1.47. The number of delay coefficients (N d ) is specified for each case.

State-space Model

From the equations of motion given in section 1.3.1 and the unsteady aerodynamic forces given in the time domain through a rational function approximation as shown in section 1.3.2, it is possible to formulate a state space model which can be used for various aeroservoelastic applications.

The typical structure of a state space model is:

Ẋ = AX + BU Y = CX + DU (1.55)
with X being the states of the aircraft, U the model inputs and Y the model outputs.

A, B, C and D are matrices determined through the physical relations between states, inputs and outputs.

The states include the modal displacement, its derivative and lag states:

X = u h uh u hi w Gi T
The considered input are the gust or turbulence and its derivative:

U = w G ẇG T
From these states and inputs and combining equations 1.42, 1.51, 1.52, 1.53 and 1.54 the expressions to calculate the matrices A and B are:

A =                 0 I h 0 0 -M -1 h K h -M -1 h B h qM -1 h [F hh(i+2) ] i qM -1 h [F hG(i+2) ] i I h . . . 0 0 . . . V ∞ (d hi I h ) 0 I h 0 . . . . . . 0 0 0 0 V ∞ (d Gi I G ) 0 . . .                 K h = K hh -qF hh0 B h = B hh -q F hh1 V∞ M h = M hh -q F hh2 V 2 ∞ M gust 0 = qM -1 h F hG0 M gust 1 = q V∞ M -1 h F hG1 B =          0 0 M gust 0 M gust 1 0 0 I G 0 . . . I G         
with I h and I G being the identity matrix of the dimension of the number of generalized coordinates and gust or turbulence inputs respectively.

Matrices C and D are not detailed as they depend on the chosen outputs. In the present work, the aeroelastic model is not used to compute specific outputs. The interest of the model is the possibility to take into account certain model states when simulating the aircraft response due to gust and turbulence. Further details are given in chapter 2. Additional details about the model and possible applications can be found in [START_REF] Looye | An Integrated Approach to Aircraft Modelling and Flight Control Law Design[END_REF][START_REF] Puyou | Conception multi-objectifs de lois de pilotage pour un avion de transport civil[END_REF].

Chapter 2 Integrated Aircraft Model

In this chapter, the strategy and different aspects to consider when integrating the previously detailed equations of motion and aerodynamic models are included. The main objective of the approach is to capture relevant physics when simulating the aircraft response due to different atmospheric disturbances. Results of the proposed strategy when simulating the aircraft response due to different gust and turbulence effects are given in chapters 3 and 4. The modelling assumptions and equations of motion of the integrated approach are presented as well as the details on how the gust-induced and dynamic flexible effect are taken into account.

Modelling Assumptions

The integrated model is build based on a series of modelling assumptions which define its range of applicability. This part contains all the different modelling assumptions that have been adopted. Similar assumptions than the ones done in [START_REF] Kier | Unifying Manoeuvre and Gust Loads Analysis[END_REF] and [START_REF] Looye | An Integrated Approach to Aircraft Modelling and Flight Control Law Design[END_REF] have been made and are based on current passenger aircraft configurations. For unconventional designs, some of them should be revised and the strategy could be adapted. The main assumptions are:

• The Earth rotation is neglected and the geodetic reference frame is assumed to be inertial.

• Gravity defined according to this reference system is constant.

• The structure can be divided in a collection of lumped masses.

• Elastic deformations with respect to the reference shape are small allowing the application of linear elastic theory.

• The aircraft deformation can be written as a linear combination of modal shapes, which are available from a free-free modal analysis and are orthogonal.

• The quasi-static flexible effects captured in the flight dynamics response are equivalent to the statically residualized aerodynamic forces used to calculate the aeroelastic response (further details are given in section 2.4).

• The inertia tensor of the aircraft is constant, which involves that inertia forces act in the deformed reference condition assumed to be constant during the simulation.

• The inertial cross coupling between the overall aircraft motion and elastic deformation is small and can be neglected.

The last two assumptions were not considered and the inertial coupling between the rigid and flexible motions was taken into account in [START_REF] Reschke | Integrated Flight Loads Modelling and Analysis for Flexible Transport Aircraft[END_REF] for a generic current passenger aircraft configuration. The effects of considering an inertially coupled formulation on the flight mechanic states were found to be small and can be neglected. One of the most important effect of the inertial coupling is detected in components with a high concentrated mass, such as the engines.

Equations of Motion

The equations of motion of the integrated approach based on the previous modelling assumptions are given in this part. The set of equations are formulated in the time domain. It can be shown according to [START_REF] Waszak | Flight Dynamics of Aeroelastic Vehicles[END_REF] that a set of nonlinear equations of motion of a flexible aircraft in the time domain can be obtained through the combination of equations 1.23 and 1.24 to capture the flight dynamics response and 1.42 to account for flexible deformations.

One of the overlaps when combining these two equations of motion is that the rigid motion is calculated in both cases. Equations 1.23 and 1.24 are used to solve the flight dynamics response in order to account for large nonlinear aircraft motions. The linear elastic generalized equations of motion 1.42 are used to solve the flexible motion by limiting the modal contribution to the flexible degrees of freedom (u h = u e ).

The second overlap that needs to be considered is that the quasi-steady aerodynamics model presented in section 1.2.2 and used to capture the flight dynamics response takes into account quasi-static flexibility. These effects are also included when calculating the flexible deformation according to equation 1.42. This overlap is solved through the residualized model approach and is described in section 2.4.

The predicted aircraft response using the integration of these equations of motion is expressed relative to a mean body axis reference frame, which captures the mean motion of the airframe [START_REF] Waszak | Flight Dynamics of Aeroelastic Vehicles[END_REF][START_REF] Shabana | Flexible Multibody Dynamics: Review of Past and Recent Developments[END_REF]. It is oriented and positioned according to constraints of minimum relative momentum of flexible deformation with respect to these axes, avoiding the inertial coupling between rigid and flexible motion. These constraints are nonlinear and difficult to satisfy. However, the linearized form is adopted which is also called practical mean axis constraints. The free-free vibration modes obtained through a modal analysis automatically fulfil these linearized constraints. A body reference frame positioned with its origin at the centre of gravity of the deformed aircraft and oriented according to the directions of the translational rigid body modes, satisfies the linearized mean axis constraints [START_REF] Looye | An Integrated Approach to Aircraft Modelling and Flight Control Law Design[END_REF]. This occurs due to the orthogonality of the rigid modes with respect to the flexible modes obtained from a modal analysis. This can be seen with the generalized mass (M hh ) and stiffness (K hh ) matrices from equation 1.42, in which the off-diagonal terms are zero. The rigid body modes can be expressed with respect to the body reference frame without affecting this orthogonality. The body reference frame, as the one presented in section 1.2 to express the flight dynamics equations of motion, can be seen as a mean axes reference frame describing the mean overall motion of the aircraft. Additional details about the practical mean axes constraints can be found in [START_REF] Reschke | Integrated Flight Loads Modelling and Analysis for Flexible Transport Aircraft[END_REF].

According to the last two assumptions presented in section 2.1 and the mean body axes reference frame, the coupling between rigid and flexible motion only occurs through the external forces. In particular, through the unsteady motion-induced aerodynamic forces and moments. Additional details about this coupling are given in section 2. 

m( Vb + Ω b × V b -T bE G E ) = F b + ∆F gust b + ∆F f lex b (2.1) J b Ωb + Ω b × J b Ω b = M b + ∆M gust b + ∆M f lex b (2.2) M ee üe (t) + B ee ue (t) + K ee u e (t) = φ T ge F g (t) (2.3) 
Figure 2.1 shows the integration approach to combine nonlinear flight mechanics and linear aeroelastic equations of motion. The aspects to consider when integrating a quasisteady flexible and unsteady aerodynamics model to account for gust-induced and motion induced forces are described in sections 2.3 and 2.4. Some of the unsteady aerodynamic effects due to rigid body motion are included in the quasi-steady aerodynamics model through coefficients such as Cz α as described in section 1.2.2. Aerodynamic forces and moments due to the the aircraft response and control surface deflection are calculated through the quasi-steady flexible aerodynamics model. In the present analysis, flexible deformation due to the gust or turbulence excitation is the main contribution to the motioninduced unsteady aerodynamic forces in the aeroelastic equations of motion (F u h = F u e ). The rigid body motion effect on the dynamic flexibility motion is found to be less important than the gust contribution and is not taken into account in this work. However, it could also be added as demonstrated in [START_REF] Looye | An Integrated Approach to Aircraft Modelling and Flight Control Law Design[END_REF]. If dynamic flexible effects can be neglected, the aeroelastic linear equations of motion can be omitted and the unsteady contribution only accounts for the gust induced effect (∆F gust b , ∆M gust b ). The impact of dynamic flexibility on the response is assessed in chapter 3.
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Gust-induced Effect

This section focuses on the gust induced effect and how its contribution can be taken into account in the integrated model approach. Different possibilities exist in order to express the gust excitation. In this section, a consistent gust input in the time domain is defined between the quasi-steady flexible aerodynamics and unsteady aerodynamics model used to calculate the flight dynamics and aeroelastic response respectively.

The rational function approximation presented in section 1.3.2 is considered through equations 1.52 and 1.54 to express the gust-induced unsteady aerodynamic forces in the time domain. The model can be built by identifying the RFA coefficients from DLM as well as CFD simulations in the frequency domain, as shown in chapter 3.

When the analysis is focused on the low frequency range, it is possible to approximate the effect in a single point with a reduced number of additional aerodynamic states, also referred to as lag states. This allows the identification of aerodynamic derivatives that capture the gust effect, such as Cz αG , as proposed in [START_REF] Van Staveren | Analyses of Aircraft Responses to Atmospheric Turbulence[END_REF]. These gust-induced aerodynamic derivatives can be extracted from the rational function approximation obtained through DLM or CFD simulations. Another possibility is the estimation of these coefficients from analytical expressions involving geometrical parameters and quasi-steady aerodynamic coefficients by making some assumptions. Section 2.3.1 includes the derivation and form of the model that can be either identified from aerodynamic simulations or estimated through analytical expressions.

A possible variation of the adopted approach in the present work is proposed in [START_REF] Kier | Unifying Manoeuvre and Gust Loads Analysis[END_REF]. It is assumed that the gust effect creates the same downwash as the one induced by the aircraft motion. The only difference is that the downwash associated with the gust effect is delayed along the aircraft in order to account for the gust propagation effect. This is shown in equation 2.4, with x Gj (t) = x j -V ∞ t, being x j the different coordinates of the aerodynamic grid and V ∞ the true airspeed of the aircraft assuming that the gust profile is not moving.

w

Gj (t) = w Gj (x Gj (t)) (2.4)
The gust-induced force expressed in the time domain takes then the form given in equation 2.5 and 2.6. The rational function approximation is directly applied in physical coordinates and projected from the aerodynamic (j) to the structural grid (g). This enables a clear separation between a quasi-steady and unsteady contribution. The expression only depends on the Mach number and is not tied to mass case for the motion-induced forces as the expression in generalized form. However, it requires a quasi-steady aerodynamic model with distributed coefficients all along the aircraft.

F gust g (t) = q F gj0 w Gj + F gj1 V ∞ ẇGj + N d i=1 F gj(i+2) w Gi (2.5) ẇGi = V ∞ d Gi w Gi + ẇGj (2.6)
Another possibility consists of dividing the aircraft in sections as proposed in [START_REF] Giesseler | Gust Load Alleviation Based on Model Predictive Control[END_REF]. A rational function approximation can then be calculated for each section. Different gust inputs delayed for each section are then taken into account, instead of evaluating the gust input over the aerodynamic grid. The propagation time delay is set according to the distance between sections and the aircraft speed.

The use of explicit delays might create difficulties in some simulation environments and applications. Another possibility proposed in [START_REF] Karpel | Dynamic Response of Aeroservoelastic Systems to Gust Excitation[END_REF] consists on approximating the time delays by filters. The first order approximation of a pure time delay in the Laplace domain can be expressed as: e T s ≈ 1 1+T s

Aerodynamic Derivatives

As mentioned previously, when the analysis is focused on low frequencies, there is the possibility to reduce the states of the model by keeping a low number of lag states of the rationalisation. This allows the derivation of dynamic gust-induced coefficients which can be extracted to capture the main effects. These coefficients can be identified directly from DLM and CFD simulations as shown in chapter 3 or estimated from physical relations.

The derivation of the lift and side-force unsteady aerodynamic derivatives due to vertical and lateral gusts respectively are presented in this section, according to a similar strategy proposed in [START_REF] Van Staveren | Analyses of Aircraft Responses to Atmospheric Turbulence[END_REF]. The gust-induced aerodynamic derivative holds for symmetrical onedimensional vertical or lateral gust. For the derivation, it is assumed that the position of the aerodynamic center of the wing and the center of gravity coincide.

Vertical Response

A discrete symmetrical vertical gust is considered α G = w zG V∞ . The gust disturbance reaches the nose initially before the wing and finally the Horizontal Tail Plane (HTP). When reaching the wing, the gust induces a variation of angle of attack which modifies the wing downwash (ε) that is seen by the HTP after a certain time. This propagation time is given by τ w/H = l w/H V∞ , with l w/H as the length between the wing aerodynamic center and the HTP and V ∞ as the aircraft true airspeed. The downwash effect modifies the angle of attack seen by the HTP creating an increment of aerodynamic force in addition to the gust contribution. The lag effect of the downwash on the HTP due to an angle of attack variation at the wing can be captured through the C z α coefficient.

The angle of attack variation due to the gust reaches the HTP after the same propagation time as the downwash from the wing. When the gust is measured at the aircraft nose, the propagation time (τ n/H ) takes into account the distance from the aircraft nose to the HTP (l n/H ). The gust-induced effect is not considered in the C z α coefficient and it can be captured by an additional term which is derived in this section. The gust induced coefficient includes both the lag associated with the gust propagation as well as the wing downwash induced by the gust effect. Figure 2.2 illustrates the gust effect at different parts of the aircraft as well as the downwash seen by the HTP due to the angle of attack variation at the wing caused by the gust. According to figure 2.2, the aircraft can be divided in different sections such as nose (forward fuselage section), wing and HTP. Additional aerodynamic effects due to interference between different parts are not included.
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.2: Illustration vertical gust effect and downwash on the aircraft Aerodynamic stiffness terms are considered for each part making the assumption of quasi-steady aerodynamics in each section (Cz αn , Cz αw , Cz αH ). The lift force can be expressed by considering the different contributions :

F gust z (t) = qS ref Cz αn α n (t) + qS ref Cz αw α w (t) + qH S H Cz αH α H (t) (2.7)
The lift force coefficient can be derived from the previous expression through the appropriate nondimensionalized parameters (dynamic pressure q and reference surface S ref ):

C gust z (t) = F gust z (t) qS ref (2.8) C gust z (t) = Cz αn α n (t) + Cz αw α w (t) + Cz αH V 2 H V 2 ∞ S H S ref α H (t) (2.9)
The variation of angle of attack due to the gust excitation is expressed in the frequency domain (α G (ω)). The angle of attack seen at each section can be delayed with the appropriate propagation time, taken the aircraft nose as the reference point where the gust is measured. Then, an explicit delay is not required to express the angle of attack at the aircraft nose:

α n (ω) = α G (ω)
The angle of attack seen by the wing section is the same as the one measured at the nose delayed by time it takes the gust to propagate from the nose to the wing (τ n/w ). This time is given by the distance between both sections (l n/w ) and the aircraft true airspeed (V ∞ ). The downwash effect of the front part of the fuselage to the wing is neglected. The angle of attack variation at the wing due to a vertical gust excitation can be expressed in the frequency domain as:

α w (ω) = α G (ω)e -jωτ n/w = α G (ω)e -jω l n/w

V∞

The angle of attack seen by the HTP is the same as the one seen at the nose delayed by the time it takes the excitation to reach the HTP from the nose (τ n/H ). As presented previously, the downwash variation at the wing due to the variation of angle of attack has an effect on the HTP. In this case, the propagation time is the one it takes the downwash from the wing to the HTP (τ w/H ). However, the propagation time from the nose, where the gust is measured, to the wing also needs to be added, as the downwash is created once the gust reaches the wing (τ n/H = τ n/w + τ w/H ). The propagation time from the nose to the HTP is considered for both effects and it can be defined through the distance between both parts (l n/H ). It is assumed that the effect of the downwash on the HTP is only induced by the wing which is the main contribution. The downwash angle (ε) created due to angle of attack variation at the wing (α 0 ) can be expressed as ε = ∂ε ∂α α 0 . The angle of attack variation at the HTP due to a vertical gust excitation can then be defined as:

α H (ω) = α G (ω)e -jωτ n/H -α w (ω) ∂ε ∂α e -jωτ w/H = α G (ω)e -jωτ n/H -α G (ω) ∂ε ∂α e -jω(τ n/w +τ w/H ) = α G (ω)e -jω l n/H V∞ 1 -∂ε ∂α
The increment of lift force coefficient due to the gust excitation can be expressed as:

C gust z (ω) = Cz αn α G + Cz αw e -jω l n/w V∞ α G + Cz αH V 2 H V 2 ∞ S H S ref e -jω l n/H V∞ 1 - ∂ε ∂α α G (ω) (2.10)
When dividing the increment of lift force coefficient by the gust input, the so-called Frequency Response Function (FRF) is obtained:

C gust z (ω) α G (ω) = Cz αn + Cz αw e -jω l n/w V∞ + Cz αH V 2 H V 2 ∞ S H S ref e -jω l n/H V∞ 1 - ∂ε ∂α (2.11) 
A first order Taylor polynomial approximation can be used to express the time delay:

e -jωτ A/B ≈ 1 -jωτ A/B
The aerodynamic frequency response function can then be expressed as:

C gust z (ω) α G (ω) = Cz αn + Cz αw 1 -jω l n/w V ∞ + Cz αH V 2 H V 2 ∞ S H S ref 1 -jω l n/H V ∞ 1 - ∂ε ∂α =
(2.12)

= Cz αn + Cz αw + Cz αH V 2 H V 2 ∞ S H S ref 1 - ∂ε ∂α Cz α + + -Cz αw l n/w l ref -Cz αH V 2 H V 2 ∞ S H S ref 1 - ∂ε ∂α l n/H l ref Cz αG l ref V ∞ jω
From expression 2.12, it can be concluded than the gust-induced effect on the aircraft lift response can be predicted as a first-order approximation through the quasi-steady lift coefficient due to an angle of attack variation (Cz α ) and an additional dynamic term (Cz αG ) that can be estimated from quasi-steady aerodynamic derivatives as well as geometrical parameters. This estimation is limited to low frequency gust excitations as the propagation delay has been approximated with a first-order function.

A similar expression can be obtained for the pitching moment coefficient (Cm). The centre of gravity effect in pitch is taken into account through the lever arm from the aerodynamic centre (x 0 ) to the centre of gravity position (x cg ): Cm = Cm 0 + (x cg -x 0 )Cz, with Cm 0 being the pitching moment coefficient calculated at the aerodynamic centre.

The dynamic gust-induced derivatives (Cz αG and Cm αG ) can be also identified from the rational function approximation (detailed in section 1.3.2) calculated from DLM or CFD unsteady simulations. The identification of the coefficient from aerodynamic simulation methods is more accurate than the analytical estimation as shown in [START_REF] Van Staveren | Analyses of Aircraft Responses to Atmospheric Turbulence[END_REF]. However, the analytical form can provide an order of magnitude of the effect in early design phases as well as validation means to compare with the aerodynamic simulation approach.

In some cases, the rational function approximation may contain lag terms as detailed in section 1.3.2. An identification approach to create a model with aerodynamic coefficients from a RFA with lag states is also possible, increasing the accuracy in the prediction at higher gust frequencies. The terms associated with the lag states can be added in a model with aerodynamic coefficients. An example is presented with a rational function approximation with one lag term (the number of additional delay states of the RFA in equation 1.52 N dG is set to 1), given by the expression in equation 2. [START_REF] Thormann | Linear-Frequency-Domain Predictions of Dynamic-Response Data for Viscous Transonic Flows[END_REF].

F gust h (s) = q F hG0 + F hG1 V ∞ s + F hG3 s s + V ∞ d Gi w G (2.13)
Ignoring the second order terms, equation 2.13 can be rearranged as follows:

F gust h (s) = qF hG0 w G + q F hG1 V∞ + F hG3 V∞d Gi 1 + s V∞d Gi ẇG (2.14) 
A first order filter can be added to the dynamic gust-induced effect and the different terms can be identified from the rational function approximation (equation 2.14):

∆C gust z = Cz α α G + Cz αG l ref V∞ 1 + τ G s αG (2.15)
This model captures the gust propagation as well as unsteady aerodynamic effects at low frequencies. When simulating the aircraft response to higher frequencies, additional lag states are required and filters of higher order can be added to the model. This model is meant to cover the low frequency range for flight dynamics investigations. At high frequencies, the aircraft react less to atmospheric disturbances but there are cases of interest in gust loads analysis for structural sizing. The model identification from linearized CFD simulation results in the frequency domain is shown in chapter 3 in order to express the gust-induced effects in the time domain.

Another possibility to increase the accuracy of the prediction by keeping a low number of additional aerodynamic states consists of adding an explicit delay. Adding explicit delays has been previously proposed to reduce the number of required states of the rational function approximation [START_REF] Goggin | A general gust and maneuver load analysis method to account for the effects of active control saturation and nonlinear aerodynamics[END_REF][START_REF] Karpel | Dynamic Response of Aeroservoelastic Systems to Gust Excitation[END_REF][START_REF] Giesseler | Gust Load Alleviation Based on Model Predictive Control[END_REF]. Instead of approximating the whole delay effect due to the gust propagation with a first order filter creating an additional state, the approach captures part of this time lag with an explicit delay. Equation 2. [START_REF] Bekemeyer | Linearised Frequency Domain Gust Analysis of Large Civil Aircraft[END_REF] shows the identified model from a rational function approximation with an explicit delay, which is defined by the distance between two aircraft parts (l A/B ) and the true airspeed (V ∞ ). In lift, an explicit delay from the nose to the wing is a valid option as the wing is the main contribution in lift. The same optimization problem as the one set in section 1.3.2 can be used to to set the most appropriate point (A -B) for each degree of freedom to minimise the number of required additional aerodynamic lag stages according to the criteria in equation 1. [START_REF]TAU-Code User Guide[END_REF].

∆C gust z = exp - l A/B V ∞ s Cz α α G + Cz αG l ref V∞ 1 + τ G s αG (2.16)

Lateral Response

The same derivation can be done in lateral for the side-force coefficient. In this case, the gust excitation can be seen as a variation of the sideslip (β G ). As the main contribution to side-force is the Vertical Tail Plane (VTP), the wing and fuselage contribution are considered in the same section. The sideslip variation at the wing creates a sidewash (σ) that reaches the VTP after the propagation time τ w/V = l w/V V∞ . This sidewash creates an aerodynamic force on the VTP in addition to the lateral gust effect. The sideslip variation at the VTP (β V = -(β -σ)) due to the lateral gust reaches the VTP from the wing after the same propagation time (τ w/V ). Figure 2.3 illustrates the lateral gust effect as well as the sidewash seen by the VTP due to the sideslip variation at the wing induced by the gust. The lateral gust-induced effect on the aircraft response can be also estimated through a quasi-steady coefficient due to variations in sideslip (Cy β ) and an additional gust dynamic term (Cy βG ). The wing and fuselage contributions could be also divided in the derivation obtaining a similar expression as the one for lift previously.
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A similar identification process as the one shown in the previous section in vertical can be applied. Lateral dynamic gust coefficients (Cy βG , Cl βG and Cn βG ) can be derived from a rational function approximation with a reduced number of delay coefficients such as the one shown in equation 2.13. Rolling and yawing moment coefficients due to lateral gust need to consider as well the centre of gravity effect as in pitch. Additional details about the centre of gravity effect are provided in chapter 3. An explicit delay can also be added to the identified model. The model identification from CFD simulation results in the frequency domain is shown in chapter 3.

Quasi-steady Correction

Gust-induced unsteady aerodynamic forces, predicted by DLM or CFD and projected to the rigid body modes, need to be consistent with the quasi-steady flexible aerodynamics model at low frequencies. As both aerodynamic models may be generated or corrected with data from different sources (aerodynamic simulations, wind tunnel or flight test), predicted responses at low frequencies may be different. Different strategies to perform this so-called quasi-steady correction are possible.

The gust or turbulence excitation at low frequencies can be seen as a constant angle of attack variation (α) all along the aircraft. This condition depends on the gust wavelength which needs to be high enough with respect to the aircraft characteristic length. Unsteady aerodynamic effects appear at fast variation of angle of attack. Both effects can be physically evaluated through the reduced frequency (k) defined in equation 1.6, which includes the influence of the aircraft speed. Aerodynamic quasi-steady responses are obtained at low reduced frequencies. For a given aircraft speed, the predicted response to a low frequency angle of attack or sideslip variation from the unsteady aerodynamic model needs to be the same as the one predicted by the quasi-steady aerodynamics model. This involves correcting the low frequency range to match the quasi-steady aerodynamic coefficients. This correction allows taking into account quasi-static flexible effects which are already included in the aerodynamic coefficients. The nonlinear dependance of these coefficients with the angle of attack, which is modified by the gust and turbulence contribution, can be also taken into account at low frequencies. A weighting factor is applied in order to ensure the consistency in a similar way as proposed in [START_REF] Goggin | A general gust and maneuver load analysis method to account for the effects of active control saturation and nonlinear aerodynamics[END_REF].

An example is shown below for the lift force coefficient. Given a low frequency angle of attack variation that could come from a gust disturbance (α = α G , with αG ≈ 0), the predicted lift force coefficient by a quasi-steady flexible aerodynamic model linearized around the steady state and the unsteady aerodynamic model in the time domain is shown in equations 2.23 and 2.24 respectively.

C QS z = F QS z qS ref = C zα α (2.23) C uns z = F uns z qS ref = V ∞ S ref F zG0 α (2.24)
A weighting function in lift is defined according to the ratio

C QS z C uns z
. This can be used to adjust the gust-induced effect coming from DLM or CFD in order to keep consistency at low frequencies with the quasi-steady flexible aerodynamics model. This correction is meant to be valid at low frequencies.

Once corrected, the increment of aerodynamic force and moment in the time domain due to a vertical (α G ) and lateral (β G ) atmospheric disturbance is expressed in equations 2.25 and 2.26, respectively. As previously detailed, there is also the possibility to add additional lag states with higher order filters or keep one lag state and add an explicit delay to the model. The identification of the model from CFD simulation results in the frequency domain according to section 1.3.2 is shown in chapter 3.

∆F gust b = qS ref    C yβ β G + C y βG l ref /V∞ 1+τ Gy s βG C zα α G + C z αG l ref /V∞ 1+τ Gz s αG    (2.25) ∆M gust b = qS ref l ref        C lβ β G + C l βG l ref /V∞ 1+τ Gl s βG C mα α G + C m αG l ref /V∞ 1+τ Gm s αG C nβ β G + C n βG l ref /V∞ 1+τ Gn s βG        (2.26)
The dependency of this model on the Mach number can be taken into account. The quasi-steady flexible aerodynamics model used in the nonlinear simulation considers Mach variations. The unsteady gust-induced aerodynamic forces are calculated at a given Mach number. The recommended approach in [START_REF] Looye | An Integrated Approach to Aircraft Modelling and Flight Control Law Design[END_REF] is to develop an interpolation between different rational function approximations at different Mach numbers to capture the Mach effect. This approach and further details on the Mach effect are given in section 3.5.

Dynamic Flexibility Effect

In some cases, when simulating the aircraft response due to gust and turbulence, dynamic flexible effects may be relevant. When using the equations of motion with a quasi-steady flexible aerodynamics model, dynamic flexible effects are not taken into account. The integrated approach described in this chapter offers the possibility to include these effects when analysing the aircraft response in such cases (∆F f lex b , ∆M f lex b ).

When taking into account the flexible contribution, the integration approach needs to deal with another overlap as presented in section 2.2. Quasi-steady flexible effects are considered both in the aerodynamic forces calculated through a quasi-steady aerodynamics model as presented in section 1.2.2 as well as through the flexible motion (u e ) solved with the aeroelastic equations of motion 2.3. The technique used to solve this overlap is called residualized model approach and is detailed in this section.

Residualized Model Approach

The overlap in terms of quasi-static deformation taken into account both in the quasisteady flexible aerodynamics model as well as through the aeroelastic modal deformation is solved by making one of the assumptions mentioned in section 2.1. The quasi-static flexible effects captured in the flight dynamics response are assumed to be equivalent to the statically residualized aerodynamic forces used to calculate the aeroelastic response. The quasi-steady flexible aerodynamics model is created from CFD simulations and can be corrected from wind tunnel as well as flight test. Therefore, it is interesting to keep the quasi-static flexible effect captured in the identified quasi-steady flexible aerodynamic model and remove the predicted effect from the aeroelastic equations of motion. Then, the quasi-static flexible contribution (u e0 ) can be computed and subtracted from the unsteady motion-induced forces of the flexible degrees of freedom. This contribution is found by residualizing the aeroelastic equations of motion (setting ue = 0, üe = 0 and isolating u e = u e0 ). This strategy known as residualized model approach is proposed in [START_REF] Winther | Reduced-Order Dynamic Aeroelastic Model Development and Integration with Nonlinear Simulation[END_REF] and extended to unsteady aerodynamic forces with lag states from a rational function approximation in [START_REF] Looye | An Integrated Approach to Aircraft Modelling and Flight Control Law Design[END_REF]. Additional details about the application of the method are provided in [START_REF] Reschke | Integrated Flight Loads Modelling and Analysis for Flexible Transport Aircraft[END_REF] and [START_REF] Reschke | Comparison of Model Integration Approaches for Flexible Aircraft Flight Dynamics Modelling[END_REF].

The derivation of the residualized unsteady aerodynamic forces is described. The first step consists of calculating the quasi-static deformation predicted by the aeroelastic equations of motion (equation 2.3) with ue = 0, üe = 0 as shown in equation 2.27. The unsteady terms due to elastic deformation in the motion-induced aerodynamic forces are also removed. The rational function approximation is used to express the unsteady aerodynamic forces in the time domain. In this case, the effect of rigid body motion on the dynamic flexible deformation is not considered. However, its effect can be included as an additional unsteady aerodynamic force due to the flight dynamic states from equations 2.1 and 2.2 as shown in [START_REF] Looye | An Integrated Approach to Aircraft Modelling and Flight Control Law Design[END_REF].

K ee u e0 = φ T ge F g (t) = q (F ee0 u e0 + F er u r + F eG w G ) (2.27)
The quasi-static flexible contribution can be isolated:

u e0 = q(K ee -qF ee0 ) -1 (F er u r + F eG w G ) (2.28)
The increment of unsteady aerodynamic forces and moments due to dynamic flexibility affecting the rigid degrees of freedom is shown in equation 2. [START_REF] Quero | A Generalized State-Space Aeroservoelastic Model Based on Tangential Interpolation[END_REF], where the additional states of the rational function approximation are solved through the N de (number of additional lag states) equations given in 2.30. These equations are decoupled for each lag state. Unsteady aerodynamic effects due to rigid body motion are included in the quasi-steady flexible aerodynamic model. An interpolation approach between different rational function approximations can be also applied in this case for different Mach numbers as proposed with the gust-induced forces. The aircraft mass is a relevant parameter in this case as it plays an important role in the flexible response (u e ).

∆F f lex b ∆M f lex b = q F re0 (u e -u e0 ) + F re1 V ∞ ue + F re2 V 2 ∞ üe + N de i=1 F re(i+2) u ei (2.29) uei = V ∞ d ei u ei + ue (2.30)

Integrated State-space Model

As seen in section 1.3.3, the aeroelastic model can be expressed as a state space model. The dynamic increment due to flexible deformation can be also calculated through an aeroelastic state-space model. There is the possibility to integrate the state-space model with the nonlinear equations of motion (equations 2.1 and 2.2) or with its linearized form. This part describes the procedure to adapt the previous presented state-space model according to the residualized model approach to remove the quasi-static flexible contribution. This allows calculating the increment due to dynamic flexibility.

The aeroelastic state space model can be split in the rigid and flexible contribution:

  ẋr ẋe ẋL   =   A rr A re A rL A er A ee A eL 0 0 A LL     x r x e x L   +   B r B e B g   U (2.31)
With x r being the rigid states (u r , ur and lag coefficients u i r ), x e being the flexible states (u e , ue and lag coefficients u i e ) and x L the delays due to the wind input or control surface deflections if considered.

The global flexible states are expressed as a quasi-static and dynamic contributions:

x e = x QS e + ∆x e
The quasi-static contribution can be found by residualizing the state space model. In this case, the residualization is done through the flexible states ( ẋe = 0). According to equation 2.31, the quasi-static flexible contribution can be found :

x QS e = -A -1 ee (A er x r + A eL x L + B e U ) (2.32) 
The dynamic flexible effect can then be calculated from the state space model by replacing x e = x QS e + ∆x e in equation 2.31 and adding the quasi-static flexible definition of equation 2.32.

∆ ẋe = A ee ∆x e + A -1 ee A er ẋr + A -1 ee A eL ẋL + A -1 ee B e U (2.33)
When replacing the last expression concerning the lag states of equation 2.31 in equation 2.33, the new state space model to be solved is expressed as:

∆ ẋE ẋL = A ee A -1 ee A eL A LL 0 A LL ∆x e x L + A -1 ee A er A -1 ee A eL B L A -1 ee B e 0 B L 0   ẋr U U   (2.34)
If the dynamic contribution (∆x e ) can be calculated by solving the aeroelastic state space model of equation 2.34, the increment of aerodynamic force and moment due to the dynamic flexible effect can be integrated with the nonlinear equations of motion through the expression given in equation 2. [START_REF] Hofstee | A Variable, Fully Flexible Dynamic Response Tool for Special Investigations (VarLoads)[END_REF]. Additional details on the aeroelastic state space model are provided in section 1.3.3.

∆F f lex b ∆M f lex b = M rr - q F rr2 V 2 ∞ A re ∆ ẋe (2.35)
Chapter 3

Theoretical Gust

This chapter presents the results of the previously detailed approach applied to simulate the aircraft response to different vertical and lateral theoretical gust. The aircraft configuration is the same for all the sections and it is associated with a generic current passenger aircraft.

Gust Definition

The gust excitation is assumed to be known and is the one specified for loads certification purposes [START_REF]Certification Specifications for Large Aeroplanes (CS-25)[END_REF]. Different gust profiles are used as input exciting different frequency ranges both in vertical and lateral. Figures 3.1 and 3.2 show the considered gust profiles in time and frequency domain. The parameter H defines half of the gust wavelength in feet. The gust amplitude is given by certification requirements. The analysis is based on the hypothesis that the gust profile is constant along the wingspan. This assumption is evaluated in chapter 4. 

Fixed Rigid Aircraft

In this section, the gust-induced effect is predicted by DLM and linearized CFD in the frequency domain. Results from CFD are used to built a model with different forms as detailed in sections 1.3.2 and 2.3 to capture the gust-induced effect in the time domain.

Results are compared with nonlinear CFD in the time domain for a fixed rigid aircraft.

Once the gust-induced effect is generated and validated, it is used in the next sections to predict the response of a free flying aircraft with different modelling assumptions.

Vertical Response

Gust-induced forces are computed with DLM and linearized CFD around a nonlinear steady state condition in the frequency range of interest of the gust excitation. The considered flight condition is M=0.5 and altitude of 0ft. In this case, corrected DLM and CFD-LFD predict similar aerodynamic responses at low frequencies as shown in figures 3.3 and 3.4 for the GAF in lift and pitch due to a vertical gust. DLM has been corrected with a quasi-steady aerodynamic database at low frequencies. Results from CFD-LFD have not been adjusted. Slight differences between both approaches can be explained by its different modelling assumptions. Geometrical parameters such as thickness are directly taken into account with CFD-LFD without corrections required. At low frequencies, the gust effect can be seen as a constant angle of attack seen by the whole aircraft at the same time and the value of the GAF in lift at low frequencies can be associated with the lift force quasi-steady coefficient (Cz α ). The same can be done in pitch at low frequencies (Cm α ).

A rational function approximation according to section section 1.3.2 is applied to express the unsteady aerodynamic forces from CFD-LFD in the time domain. The Roger approximation is applied with 10 delay coefficients. The GAF is plotted in the frequency domain to validate the rationalisation as shown in figures 3.3 and 3.4. At low frequencies, the CFD-LFD solution due to the gust excitation can be validated against unsteady motion-induced forces. As shown in figure 3.5, a rigid body rotation, a heaving velocity and a vertical gust excitation create the same angle of attack variation all along the aircraft at low frequencies. The aerodynamic response is therefore expected to be the same at low frequencies as shown in figure 3.6. The difference in phase of 90 • of the GAF in lift due to heaving motion is due to the fact that the derivative of the vertical translation (heaving speed) is taken into account. The predicted increment of lift and pitching moment due to a vertical gust with CFD-LFD in the time domain show a very good agreement with nonlinear CFD at the considered flight conditions (M=0.5 and h=0ft) as shown in figures 3.7 and 3.8. There is another possibility to validate the results from CFD-LFD. The GAF can also be calculated from nonlinear unsteady CFD simulations in the time domain. Instead of solving the linearized problem, harmonic gust inputs at specific frequencies are applied and solved in the time domain. Different solutions in the time domain are obtained for each gust frequency, which provide a GAF value at these frequencies. This approach can also be useful to assess possible aerodynamic nonlinearities. The GAF calculation in lift and pitch at low frequencies is compared with the one calculated from nonlinear harmonic CFD simulations in the time domain in figures 3.9 and 3.10 showing a good agreement. 

Lateral Response

The same gust profile as the one detailed in figures 3.1 and 3.2 is applied to simulate lateral gust encounters. Instead of an angle of attack variation, the lateral gust modifies the sideslip seen by the aircraft. DLM requires specific corrections to simulate lateral gusts due to the geometry simplification of panels. A more accurate aircraft shape can be used with CFD-LFD to simulate the lateral response. The steady state including the static deformation is accounted in the linearized unsteady simulation and geometric parameters such as the dihedral angle effect which plays an important role in lateral can be directly considered.

Once the DLM is corrected to account for geometric effects, both approaches predict similar aerodynamic responses as shown in figure 3.11 and 3.12 for the GAF projected in roll and yaw due to a lateral gust (M=0.5 and h=0ft). A rational function approximation with 10 delay coefficients is also applied to express the GAF from CFD-LFD in the time domain and validated in the frequency domain for the range considered in this case. The approximated forces are also compared with nonlinear CFD in the time domain. Lateral gust-induced forces expressed through the rational function approximation are able to capture the delay between the nose and the VTP for the frequency range of interest. In this case, the approximation is based on the gust sensor positioned at the fuselage front part and is meant to cover the low frequency range. 

Reduction Aerodynamic States

At low frequencies, the number of required states of the rational function approximation can be reduced. Different options are possible to capture the gust-induced effects with a reduced number of aerodynamic states.

Dynamic gust-induced coefficients can be extracted to capture the main effects at low frequencies as detailed in section 2.3 and proposed in [START_REF] Van Staveren | Analyses of Aircraft Responses to Atmospheric Turbulence[END_REF]. These coefficients (Cz αG , Cm αG , Cl βG and Cn βG ) are identified in this section from linearized CFD simulations through a rational function approximation with one lag state. An example of increment of lift due to the gust effect is given in equation 2.15.

A different lag state can be associated with each degree of freedom. In lift, the time lag is associated with the delay between the nose and the wing, as the wing is the main contribution in lift. Figure 3.15 shows the identification of the model from CFD-LFD simulations as expressed in equation 2.15 according to the RFA with one lag state. In pitch, the delay is associated with a distance between the nose and a point between the wing and HTP, as both surfaces contribute to the response in pitch. The delay coefficient set for the RFA (τ G ) is higher than for lift. The model in pitch identified through the form of equation 2.15 is plotted in the frequency domain in figure 3.16 against the simulation results from CFD-LFD used to generate the model. The predicted gust-induced effect can be validated as well by comparing the predicted response with nonlinear CFD in the time domain for a fixed rigid aircraft as shown in figures 3.17 and 3.18 for lift and pitch. The model is used to predict the response due to a low frequency gust profile (H=300ft from figures 3.1 and 3.2). In roll, the time lag is associated as in lift with the delay between the nose and the wing, as the wing is also the main contribution in roll. The same delay coefficient as in lift is set to identify the model in roll. Figure 3.19 shows the model generated from CFD-LFD simulations in the frequency domain to validate the identification. In yaw, the main contribution is the VTP and the lag state captures the time it takes the gust disturbance from the nose to the VTP. In this case, the delay coefficient of the RFA (τ G ) is higher than for the other axes, as the time lag is associated with a longer distance. The model in yaw identified with the form of equation 2.15 is also plotted in the frequency domain against CFD-LFD simulations in figure 3.20. Slight differences in amplitude are observed due to the approximation of the gustinduced time lag with a single aerodynamic state. However, this model is able to capture the right phase of the response to both vertical and lateral gusts exciting relevant frequencies for flight dynamics investigations. If higher accuracy is required or effects at higher frequencies need to be captured, additional delay coefficients can be added as shown previously in this section.

Another possibility to increase the accuracy of the prediction by keeping a low number of additional aerodynamic states consists of adding an explicit delay as shown in section 2.3. As detailed in equation 2.16, an explicit delay is added to the form of the rational function approximation with one aerodynamic lag state and used to identify the gustinduced aerodynamic derivatives. In this case, an explicit delay is added between the aircraft nose sensor position and the wing leading edge, which is defined by the distance between both parts (l A/B ) and the aircraft speed (V ∞ ) in equation 2. [START_REF] Bekemeyer | Linearised Frequency Domain Gust Analysis of Large Civil Aircraft[END_REF]. The same delay is applied for all the axes but an optimization would be possible to set the most appropriate point for each degree of freedom as detailed in section 2.3.

The model with an explicit delay from the aircraft nose to the wing identified through a RFA with one lag state is shown in figures 3.23 and 3.24 for lift and pitch in the frequency domain. A good agreement with linearized CFD simulations can be observed in the frequency range of interest to validate the identification. The frequency is also limited to 1 Hz to cover a typical range for flight dynamics investigations. The only difference with respect to the previous calculated GAF in figures 3.15 and 3.16 can be seen in the phase. The explicit delay creates a phase shift which can be better captured with a RFA with one additional lag state. The same approach is applied in lateral by adding the explicit delay from the nose sensor to the wing leading edge to the model previously identified with an additional aerodynamic state. The model identified from linearized CFD simulations is shown in figures 3.27 and 3.28 for roll and yaw. The low delay required in roll is justified by the fact that the wing is the main contribution in roll and the explicit delay already captures the whole propagation lag from the nose to the wing. The delay in yaw is associated with the distance from the wing to the VTP which can be better captured with an additional aerodynamic state. The model in the frequency domain also shows a good agreement with the simulations from linearized CFD. The predicted response in roll and yaw due to a lateral gust from the identified model is also validated against nonlinear CFD in the time domain as shown in figures 3.29 and 3.30. 

Free Flying Quasi-steady Flexible Aircraft

Once the gust-induced effect is validated through the different forms presented previously, the model is integrated with the flight dynamics equations of motion to analyse the aircraft response to different gust profiles and conditions both in vertical and lateral. Quasi-steady flexible aerodynamics are used to compute aerodynamic forces due to aircraft motion. Dynamic flexible effects are not considered in this section. ). The same model with the gust contribution limited to an angle of attack effect at low frequencies is also shown to illustrate the importance of the gust-induced effect. The predominant physics captured is the gust propagation effect along the aircraft. Figure 3.31 shows the gust propagation effect through the delay between the aircraft nose and the wing, which is the main contribution in lift. The gust propagation effect plays an important role in pitch as the disturbance has an impact on the different parts of the aircraft at different times. The aircraft response in pitch shown in 3.32 through the increment of pitching moment coefficient shows the initial pitch up due to gust effect in the forward part of the fuselage and then the stabilizing pitch down once the gust affects the wing and reaches the HTP, reducing the increase of angle of attack due to the gust. This response depends on the position centre of gravity. The previous model based approach is compared with high fidelity simulations (CFD-CSM-FM). Figures 3.33 and 3.34 show a good agreement in the predicted response between both approaches for the frequency range excited in this case (figure 3.2 for the gust with H=300ft). The high fidelity approach includes 90 flexible modes. At this frequency range and for the aircraft configuration studied, quasi-static flexible effects are sufficient. As the VTP provides the main effect in yaw, the delay between the nose and VTP need to be captured for accurate responses. The front fuselage part also contributes to yaw with the initial peak that can be seen in figure 3.36. This effect also depends on the position of the centre of gravity. The model-based approach is also compared with high fidelity simulations. The response in figures 3.37 and 3.38 show a good agreement between both approaches. At this frequency range and for this aircraft, the assumption of quasi-static flexibility is also sufficient. 

Vertical Response

Effect of CG Position

Once the gust-induced effect is included in the flight dynamics equations of motion, the aircraft response can be simulated at different centre of gravity conditions in order to evaluate the stability in gust encounters. Then, once the maximum gust amplitude reaches the wing and the HTP later on, the aircraft tends to pitch down stabilizing the aircraft by reducing the increase of angle of attack due to the gust as shown previously in figures 3.32 and 3.34. Figure 3.40 shows that the aircraft reacts less to the initial disturbance in the case with the forward centre of gravity position. The lever arm between the local lift forces created in the forward part of the aircraft is reduced compared to the case with the rearward centre of gravity. The stabilizing pitch down occurs earlier with the forward centre of gravity as the lever arm between the aerodynamic centre and the centre of gravity is higher than in the case with rearward centre of gravity. Figure 3.41 is included to illustrate this effect. The aircraft is more stable with the forward centre of gravity position. The response in lift shows a slightly reduced maximum lift with the centre of gravity in the forward position due to the reduced maximum angle of attack variation induced by the response in pitch. The open loop response of the aircraft, once the gust is gone, shows the short period mode. As demonstrated in [START_REF] Etkin | Dynamics of Flight: Stability and Control[END_REF], the damping of this mode is directly linked with the coefficient Cm α and is reduced once the centre of gravity is moved in the forward position. This can be seen both in the increment of lift force and pitching moment coefficient in figures 3.39 and 3.40. The response in pitch can be controlled through the elevator. Another mode excited which is not visible in the figure is the phugoid (exchange of energy between speed and altitude at a constant angle of attack). Its period is high enough to be controlled with the pilot or flight control laws. The centre of gravity effect is also analysed for lateral gusts. Figures 3.42 and 3.43 show the response due to the same lateral gust used in the previous section for different centre of gravity positions. As in pitch, the effect of the lateral gust at the forward part of the fuselage creates a local increment of sideslip increasing the yawing moment coefficient. The lever arm of the local lateral forces at the front fuselage to the centre of gravity is lower in the case with the forward centre of gravity position. Once the gust reaches the VTP, the side force created stabilises the aircraft reducing the initial increase of sideslip. The lever arm of the VTP is higher in the case of forward centre of gravity, increasing the stability with respect to the sideslip disturbance, restoring the direction of flight. The roll stability in gust encounters can be analysed through the roll damping instead of the centre of gravity position. Once the aircraft encounters lateral disturbances, one side of the wing increases locally the angle of attack modifying the rolling moment due to asymmetrical lift distribution. When the aircraft reacts to this effect, the up-going wing reduces the initial increase of incidence while the one going downwards increases the local angle of attack. The induced rolling moment due to the aircraft manoeuvre brings back the wing to the initial state. Figure 3.45 illustrates this effect. The aerodynamic coefficient which captures the roll damping is the Cl p . The wing dihedral plays an important role in the roll damping. The increment of incidence is higher if the wing has a dihedral, which increases the roll damping. 3.48 and the effect can be seen in the response. The initial increase in roll is less attenuated by the wing moving downwards as the increase of local angle of attack is less important compared to the aircraft response with higher wing dihedral. The impact in yaw is low and the differences observed can be explained by the coupling that appears between roll and yaw after the gust disturbance. 

Free Flying Flexible Aircraft

In some cases, the correction of quasi-static flexibility is not enough to capture the response of the aircraft due to gust. Dynamic flexible effects can be added as detailed in the previous section. The previous assessed gust induced forces as well as residualized motioninduced forces of the elastic degrees of freedom are integrated in a flight mechanics model. 2) with and without dynamic flexible effects. The good agreement between both responses shows that the hypothesis of quasi-static flexibility is sufficient to capture the same response as the approach which takes into account dynamic flexible effects. The impact of dynamic flexibility for this aircraft and this frequency range is low and it could be neglected. For the gust profile which covers a higher frequency range (H=150ft in figures 3.1 and 3.2), additional modes are excited and higher differences are observed if the dynamic contribution of the low frequency modes is neglected. This shows the impact of dynamic flexibility on aircraft flight dynamics. Part of the gust energy is absorbed by the structure, which excitation is visible through low amplitude oscillations. An example of the low frequency modes excited is included in figure 3.57. Wing bending mode impacts the lift force coefficient by absorbing part of the gust energy through its deformation. The fuselage bending mode modifies the angle of attack at the HTP which has an effect in pitch. In this case, the contribution of the gust to the flexible motion is considered, neglecting the impact of the rigid motion on the dynamic flexible response. Its effect could be also included as detailed in [START_REF] Looye | An Integrated Approach to Aircraft Modelling and Flight Control Law Design[END_REF].

Different number of low frequency modes have been tested and as shown in figures 3.55 and 3.56, keeping 3 symmetric flexible modes (the ones shown in figure 3.57) allows capturing a response very close to the one obtained by the same model with 90 flexible modes. This offers the possibility to reduce the model computation cost which is interesting for flight dynamics needs of real-time simulation.

The predicted response of the model with dynamic flexible effects has been compared with high fidelity simulations taking into account 90 flexible modes in both cases in order to validate the approach. The predicted responses show a very good agreement between the model-based and the high fidelity simulation approach at the considered flight condition (M=0.5, h=0ft) as shown in figures 3.58 and 3.59. Further investigations at different flight conditions are shown at the end of this section. 

Lateral Response

The impact of dynamic flexibility is also addressed in lateral. For the low frequency gust profile (H=300ft in figures 3.1 and 3.2), it is observed in figures 3.60 and 3.61 that very similar predicted responses are obtained both in roll and yaw with and without dynamic flexible effects. In this case, dynamic flexible effects could be neglected to reduce the number of states and computation cost of the model. The response for the gust profile which covers a higher frequency range (H=150ft in figures 3.1 and 3.2) shows higher differences between both approaches. The predicted response retaining different number of low frequency modes is compared with the same model with 90 flexible modes. In this case, 3 antisymmetric flexible modes are sufficient to capture the dynamic flexible effect as shown in figures 3.62 and 3.63. The response in roll and yaw is attenuated due to the energy absorbed by the flexible modes.

Typical modes excited at low frequencies which have an impact on yawing and rolling moment coefficients are included in figure 3.64. Antisymmetric modes have an impact on the rolling moment by changing the lift force distribution on both sides of the wing. The antisymmetric bending of the fuselage modifies the sideslip of the VTP creating variations in the yawing moment coefficient in addition to the ones induced by the lateral gust profile. Attenuated responses and low amplitude oscillations are observed due to the excitation of these modes for the considered lateral gust. In this case, the impact of the rigid motion on the dynamic flexible response is also neglected.

The predicted responses included in figures 3.65 and 3.66 also show a very good agreement between the model-based and the high fidelity simulation approach at the considered flight condition. 

Gust Frequency Analysis

Once the gust-induced and dynamic flexible effects are integrated in the flight dynamics equations of motion, the aircraft response can be evaluated for different frequencies. The aircraft response to gust is strongly dependent on the frequency range excited. In this part, the gust frequency effect on the overall aircraft response is analysed.

As shown in the previous section, dynamic flexible effects can be neglected at low frequencies and the hypothesis of quasi-static flexible aerodynamics is enough to capture the main effects. The gust profiles shown in the time and frequency domain in figures 3.67 and 3.68 are used to simulate the response of a quasi-steady flexible aircraft. These gust profiles are applied in vertical as angle of attack variations and in lateral as sideslip effect along the aircraft. The predicted response in vertical is shown in figures 3.69 and 3.70. Both gust profiles have the same amplitude as shown in figure 3.67. However, it can be observed that the increment of lift force coefficient and pitching moment is lower for the gust profile exciting the lower frequencies. At frequencies closer to the flight dynamics modes, the aircraft has enough time to react to the gust by attenuating part of the gust energy [START_REF] Bourissou | Performances d'un avion souple : application aux gnoptères Hales[END_REF]. This energy absorbed in the aircraft response alleviate the gust loads transmitted to the structure. Even if the aircraft response is more important at low frequencies, the level of loads seen by the structure which is linked with the vertical load factor is attenuated as seen in figure 3.71 by the reduction of the first peak. This illustrates the different load alleviation and flight dynamics objectives and the compromise required to achieve them. The aircraft motion is interesting for load alleviation to attenuate part of the energy transmitted by the gust. However, if the aircraft is controlled in a way to avoid motion due to gust, higher loads are to be expected. At higher gust frequencies, the aircraft has less time to react to the gust excitation and higher aerodynamic loads due to the gust effect are transmitted to the structure. This does not involve that higher loads appear at higher frequencies. As seen in the previous section, at higher frequencies, the excitation of the flexible modes also absorbs part of the energy reducing the level of loads. Furthermore, certification regulations establish lower gust amplitudes at higher frequencies based on experience. The same conclusion can be observed in lateral. The initial peak of the lateral load factor due to the gust effect shown in figure 3.73 is lower for the response due to the gust profile exciting lower frequencies. At the same time, the aircraft response is more important as seen through the roll angle in figure 3.74. In this case, the excited mode which is able to follow the gust excitation and reduce the lateral loads due to the gust is the dutch roll, which affects both roll and yaw as shown in figures 3.75 and 3.76 through the oscillations in roll and yaw rate. This oscillations occur due to the yaw stability which tends to bring back the aircraft to zero sideslip for a given variation. This motion is periodic and also affects roll due to the strong coupling between both axes. For a given harmonic yaw motion, the local velocity and incidence in both sides of the wing changes creating roll motion. These oscillations can be controlled and reduced through a yaw damper consisting of rudder deflections according to measures in yaw rate. When exciting higher frequencies, dynamic flexible effects become important as some flexible modes are excited. However, the main effect on the overall aircraft response can be captured by keeping a low number of flexible modes. In this part, the frequency range excited in the previous section is increased as shown in figures 3.77 and 3.78. The predicted response in vertical and lateral is shown in figures 3.79, 3.80, 3.81 and 3.82. Even if additional flexible modes are excited, its effect on the overall aircraft response is low. Keeping the flexible modes shown in figure 3.57 for vertical and 3.64 for lateral is enough to capture a response very close to the same model with 90 flexible modes. As the frequency increases, the flexible modes are less energetic and more concentrated on local parts affecting only specific components. As the aircraft is less sensitive to atmospheric disturbances at high frequencies, the range studied in this case seems sufficient to conclude that for the aircraft configuration considered, keeping these 6 flexible modes (3 symmetric in vertical and 3 antisymmetric in lateral) is enough to capture the aircraft response due to gust and turbulence for different kind of flight dynamics investigations. This needs to be evaluated for each aircraft configuration studied. 

Transonic Conditions

All the previous results are shown at the same flight condition, at low Mach and altitude (M=0.5, h=0ft). This section extends the analysis of the aircraft response to theoretical gusts to different conditions. In particular, closer to cruise at higher Mach numbers in which transonic effects such as shock motion during the gust encounter can affect the overall predicted aerodynamic response. The results in this section show some differences with respect to the previous analysis done at lower Mach numbers.

Vertical Response

The same process as the one detailed previously is followed in order to generate the model in the different flight condition. In this case, the flight point studied is M=0.836 and altitude 27000ft. Figure 3.83 and 3.84 shows the GAF in lift and pitch. A rational function approximation is also applied to express the unsteady aerodynamic forces from CFD-LFD in the time domain, with 10 delay coefficients. The differences between DLM and CFD-LFD depend on the DLM correction. In this case, DLM has been corrected to match the values of CFD-LFD at low frequencies. Higher accuracy is expected with CFD-LFD which takes into account the steady condition including steady shocks and low amplitude shock motion around the nonlinear steady state. The increment of pitch and lift due to a theoretical gust predicted by the model is also compared with nonlinear CFD in the time domain for a fixed rigid aircraft. The gust profile considered is the one exciting the low frequency range (H=300ft in figures 3.1 and 3.2). The amplitude used for the nonlinear simulation in the time domain has been reduced by a factor of 10 3 and the results obtained have been scaled to avoid any aerodynamic nonlinear effect. Figures 3.85 and 3.86 show a very good agreement in the predictions of increment of lift and pitch. Aerodynamic nonlinear effects are not expected when exciting the aircraft at these conditions with low amplitude atmospheric disturbances and CFD-LFD is able to capture a response very close to nonlinear CFD in the time domain. 

Aerodynamic Nonlinear Assessment

At high Mach conditions, aerodynamic nonlinear effects may appear at low angle of attack variations. The same gust profile as the one used to predict the response in figures 3.85 and 3.86 at the nominal amplitude is applied at the same flight conditions (M=0.836, h=27000ft). The same increment of pressure coefficient (∆Cp) distribution at the wing station of figure 3.87 is shown in figure 3.90. The nonlinear behaviour in the gust effect can be observed. It is mainly governed by the shock motion along the chord. This effect cannot be predicted by CFD-LFD as previously published [START_REF] Kaiser | Quantification of nonlinear effects in gust load prediction[END_REF]. In this case, the impact on the predicted loads is not quantified.

The effect of the nonlinearity on the overall aircraft response is evaluated. Even if the shock motion is not captured by CFD-LFD, the model is able to predict an overall aircraft response close to nonlinear CFD as shown in figures 3.91 and 3.92 for lift and pitch. Small differences can be observed in the predicted increment of pitching moment coefficient. In this case, the shock motion and strong adverse gradient of pressure, weakens the flow at the wing outer region without reaching separation as shown in figure 3.93 through the streamlines in the affected region. This behaviour cannot be predicted by the model, but the differences in the response are small and could be neglected.

As the curve of the lift force coefficient as a function of steady angle of attack shows in figure 3.94, the nonlinear behaviour appears at relatively small angles of attack when compared to flight conditions at lower Mach numbers. However, in this case, there is no separation as the increment of angle of attack due to the gust is of 3.6 • and the steady angle of attack is of 0.25 • . When increasing the amplitude of the excitation, nonlinear effects become more important. The previous gust amplitude has been slightly increased to evaluate the effect of the nonlinearity on the overall aircraft response. Figures 3.96 and 3.97 show the predicted increment of lift force and pitching moment coefficient in these conditions. Differences between the model generated from CFD-LFD simulations and nonlinear CFD are higher than in previous cases for both in lift and pitch. In this case, the increment of angle of attack due to the gust is of 5 • reaching the nonlinear region as shown in figure 3.94. In particular, a local separation appears at the outer wing region as a consequence of the strong shock and adverse gradient of pressure created by the increase of angle of attack due to the gust. This effect is shown in figure 3.95 through the streamlines in the separated region. The frequency of the excitation also influences the nonlinear response. At low frequencies, the response is close to the one predicted by nonlinear quasi-steady nonlinearities as shown in figure 3.94. At higher frequencies, the aerodynamic flow takes some time to establish increasing the unsteady lags in the response. In these cases, local separation or stall occurs at higher angles of attack than the ones predicted by the quasi-steady theory. This effect can be observed in figures 3.98 and 3.99. The same gust amplitude as the one creating an increment of angle of attack of 5 • is applied with a reduced wavelength in order to excite higher frequencies (H=150ft in figures 3.1 and 3.2). In this case, local separation does not appear for the same angle of attack variation as the previous one. As shown in figures 3.98 and 3.99, the model from CFD-LFD and nonlinear CFD have a good agreement in the predicted lift force and pitching moment coefficient. This shows that the aerodynamic nonlinear response depends both on the gust amplitude and frequency. The effect of nonlinearities is stronger for a fixed rigid aircraft than for a free flexible aircraft. The same cases are simulated for a free flexible aircraft in order to evaluate the effect of the damping of the aircraft reaction through the rigid and flexible motion. Figures 3.100 and 3.101 show the increment of predicted lift force coefficient and pitching moment coefficient due to the gust profile which creates an increase of angle of attack of 3.6 • and the same excitation with the amplitude divided by a factor of 10 3 and then scaled to avoid aerodynamic nonlinear effects. The good agreement between both responses confirm the possibility to capture the gust-induced effects in the overall aircraft response with a model from linearized CFD in cases where shock motion appears without separation. .103 show the pressure coefficient increment from the steady condition at the same wing station of the free flying flexible aircraft with a gust amplitude creating an angle of attack variation of 3.6 • and the same excitation divided by a factor of 10 3 and then scaled. The response is attenuated and the maximum values are reduced when compared to the same case for a fixed rigid aircraft in figure 3.90. The shock motion and adverse gradient of pressure is less severe and the flow weakening shown in figure 3.95 is less important in this case.

The previous case in which local separation in the outer wing region appears has been also simulated for a free flying flexible aircraft. The aircraft rigid and flexible motion due to the gust excitation attenuate the increment of angle of attack due to the gust and there is no separation in this case. Figures 3.104 and 3.105 show the increment of lift force and pitching moment coefficient due to the gust creating an angle of attack variation of 5 • and the same excitation divided by a factor of 10 3 and then scaled to avoid any nonlinear aerodynamic effect. The good agreement shows that aerodynamic nonlinearities do not appear during the gust encounter. Weak local separation appears due to the flexible motion at the outer wing section once the gust has gone as shown by the small differences in the pitching moment coefficient. This shows that in nonlinear cases, the effect of the gust and the aircraft motion cannot be superimposed and both need to be taken into account simultaneously.

In conclusion, the model built from CFD-LFD results is expected to capture the gustinduced effects in cases where shock motion does not appear creating local stalls. As long as the shock motion is not important enough, LFD and nonlinear CFD are expected to predict similar responses at high Mach numbers for different gust disturbances. 

Mach Effect

In Mach cases in-between the analysed values, the GAF has been also calculated in order to parametrise the model. At higher Mach numbers and keeping the altitude constant, the speed increases and the gust propagation effect becomes less important. This can be seen in figure 3.106. In order to show the Mach effect without the influence of changes in speed, the GAF is plotted against reduced frequency (with an alternative definition in this case: k = πl ref V∞ f , with l ref being the mean aerodynamic chord, V ∞ the true airspeed and f the physical frequency). As shown in figure 3.107, the aerodynamic lags due to unsteady aerodynamic effects increase at high Mach. The Mach effect in pitch can also be taken into account as shown in figure 3.108. It can be observed that the main differences between the plots come from the Mach effect on the quasi-steady gradients at low frequencies. The previous presented model can be adapted with different data files for different Mach numbers as shown in figures 3.106, 3.107 and 3.108 in the Mach validity range of the model by taking into account the effects previously mentioned. The possibility to increase the accuracy of a model based approach at higher Mach conditions close to nonlinear conditions is a recommended point for future work. The goal of this section was to evaluate possible model limitations at different flight conditions. Further convergence studies and evaluation of different turbulence models would be required for accurate prediction of nonlinear effects with CFD. Wind tunnel tests could also be useful for a further study.

Chapter 4 Atmospheric Turbulence

In this chapter, the same approach is applied to simulate the response of the previous generic aircraft configuration to different atmospheric turbulence. The analysis is initially focused on theoretical spectrum before testing the model with turbulence reconstructed from flight test measures. This study is not focused on reconstruction techniques to estimate the turbulence input. Uncertainties are expected in the measured turbulence as well as the predicted response from this input. The effect of possible turbulence variations along the wingspan is discussed at the end.

In this section, the aircraft response is analysed in terms of accelerations and angular motions and speeds instead of aerodynamic force and moment coefficients. This takes into account the mass and inertia effects on the aircraft response, appart from the aerodynamic contribution. Inertial outputs such as accelerations and angular speeds can be directly extracted from flight test measures.

Theoretical Turbulence

Appart from the theoretical discrete gust profile presented in the previous section, there are other possibilities to characterise atmospheric disturbances. Another input is proposed in certification requirements [START_REF]Certification Specifications for Large Aeroplanes (CS-25)[END_REF] in order to account for continuous and irregular turbulence effects. The atmospheric disturbance in this part is idealized as a stationary Gaussian random process [START_REF] Hoblit | Gust Loads on Aircraft: Concepts and Applications[END_REF]. The term stationary means that the profile is considered to be infinite with constant statistical properties. Gaussian profile refers to the fact that when sampling the excitation defined in the time domain, the resulting probability distribution is Gaussian, or also referred to as normal distribution. The turbulence profile is also random because it does not follow any pattern and it can only be defined by its statistical characteristics. Additional details are provided in [START_REF] Hoblit | Gust Loads on Aircraft: Concepts and Applications[END_REF].
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In this part, the previous presented modelling strategy is applied to predict the aircraft response to theoretical turbulence and different possible assumptions are evaluated. In this case, it is assumed that aerodynamic nonlinearities are not expected. The flight condition studied is the one at low Mach and altitude (M=0.5, h=0ft) and the turbulence amplitude is low in order to remain at the linear region. The assumption of unidimensional turbulence profile is done. However, the effect of possible vertical variations along the wingspan is evaluated at the end of this chapter.

Von Karman Turbulence Spectrum

A commonly used theoretical turbulence spectrum is the Von Karman. The mathematical expression of the power spectral density (PSD) of the Von Karman velocity profile is given in equation 4.1, with σ t being the root-mean-square turbulence velocity in m/s (gust intensity), L the characteristic scale wavelength of the turbulence and ω the frequency in rad/s. The power spectral density provides the information of the frequency content of the turbulence input [START_REF] Hoblit | Gust Loads on Aircraft: Concepts and Applications[END_REF].

Φ k (ω) = σ 2 t L V ∞ 1 + 8 3 1.339 2 ( L V∞ ) 2 ω 2 (1 + 1.339 2 ( L V∞ ) 2 ω 2 ) 11 6 (4.1) 
The considered input in the frequency and time domain is given in figures 4.1 and 4.2. The turbulence scale wavelength (L) is set to 2500ft according to norm MIL-F-8785C [START_REF]MIL-F-8785C -Military Specification Flying Qualities of Piloted Airplanes[END_REF]. The norm also gives the turbulence intensities (σ t ) as a function of altitude and probability of exceedance. In this case, σ t is set to 3 m/s corresponding to moderate turbulence (with a probability of exceedance of 10 -3 ) at low altitudes. It can be observed that the turbulence energy decreases as the frequency increases. This kind of behaviour has been verified with respect to measured data in flight [START_REF] Hoblit | Gust Loads on Aircraft: Concepts and Applications[END_REF]. 

Vertical Response

The disturbance given by the Von Karman spectrum is applied as vertical turbulence input in the simulation. The model is evaluated in this section in order to predict the vertical response in these conditions. In this case, the aircraft is in open loop, which means that flight control laws do not react to control the response. The aircraft motion is only affected by the turbulence effect and natural aircraft response. Flight dynamic and flexible modes can be identified in the frequency domain by analysing the aircraft response in open loop. In this case, the effect of dynamic flexibility is also analysed.

The identification process to capture gust-induced effects proposed in [START_REF] Van Staveren | Analyses of Aircraft Responses to Atmospheric Turbulence[END_REF] uses the frequency response functions due to turbulence around the peaks of the flight dynamics modes. The disadvantage of this approach is that the identified model becomes dependent on the turbulence scale length and aircraft mass properties. As it is also pointed out in [START_REF] Van Staveren | Analyses of Aircraft Responses to Atmospheric Turbulence[END_REF], this can be overcome by identifying the model directly from the aerodynamic frequency responses as shown in chapter 3.

The predicted response is shown both in time and frequency domain. The solution in the time domain is obtained by imposing as input the turbulence profile expressed in the time domain as shown in figure 4.2. Different possibilities exist to calculate the power spectral density of the response. In this case, it is estimated from the solution in the time domain with 100s of simulation. The method of averaged periodograms is used. The response in the time domain is divided in different parts with a specific overlap between sections and a window is applied. Further details on the approach to estimate the power spectral density from samples in the time domain can be found in [START_REF] Welch | The use of fast Fourier transform for the estimation of power spectra: A method based on time averaging over short, modified periodograms[END_REF].

Another possibility typically used for loads analysis consist of calculating the power spectral density of the response from the frequency response function and the turbulence spectrum with the expression given in equation 4.2, with | H y (ω) | 2 being the modulus squared value of the aircraft frequency response in turbulence and Φ k (ω) the turbulence PSD as defined in the case of the Von Karman spectrum with the expression given in equation 4.1.

Φ y (ω) = H y (ω)H y (ω)Φ k (ω) =| H y (ω) | 2 Φ k (ω) (4.
2)

The loads level in turbulence can be estimated by calculating the root-mean-square value of the response (σ y ), which is the area under the power spectral density of the response, given in equation 4.3.

σ y = Φ y (ω)dω (4.3)
The predicted response in pitch rate is shown in figures 4.3 and 4.4 in both the time and frequency domain through the power spectral density of the response. The same model with the gust-induced effect limited to an angle of attack effect at low frequencies is also shown. As shown previously in figure 3.32, taking into account the gust-induced effect in pitch allows capturing the gust propagation effect along the aircraft which plays an important role in pitch. This is translated in the aircraft response due to turbulence by capturing higher frequencies as shown both in the time and frequency domain. The shape of the power spectral density is consistent with the one of the turbulence excitation as shown in figure 4.1. The peak shown in the response corresponds to the short period mode of the aircraft which is excited by the turbulence spectrum covering mainly the low frequency range.

The propagation effect can be also seen in the predicted vertical load factor in figure 4.5 through the delay between the nose and the wing, as previously shown in figure 3.31. 

Lateral Response

The Von Karman spectrum is also applied as a lateral disturbance. The predicted response in lateral due to the turbulence induced effect can be seen for roll and yaw rate in figures 4.6, 4.7 and 4.8. Similarly to pitch, the turbulence effect in yaw allows taking into account higher frequencies in the response as seen both in the time and frequency domain. The predominant physics captured is the propagation effect which takes into account the delay between the nose and the VTP. The peak seen at low frequencies on the power spectral density corresponds to the dutch roll mode. The effect in roll is similar as in pitch as shown previously in figure 3 The frequency of the turbulence is increased in order to excite frequencies close to the low frequency flexible modes. The turbulence scale length (L) is reduced in order to excite a higher frequency range. The considered profile is not meant to represent any turbulence spectrum close to realistic ones. Figures 4.9 and 4.10 show the previous turbulence spectrum and the one with a lower scale length exciting higher frequencies. The turbulence intensity (σ t ) is kept constant in both cases (3 m/s). Von Karman PSD The predicted response in pitch in the time domain is shown in figures 4.11. Even when exciting higher frequencies, the response due to turbulence is still dominated by the low frequency flight dynamics, in particular the short period mode for the vertical response. The time step of the simulation in the time domain is of 0.01s, which is sufficient for flight dynamics analysis. This time step filters part of the response and lower time steps would be required to study effects at high frequencies.

The response in vertical load factor in the time domain is shown in 4.12. The excitation of low frequency flexible modes has an impact on the level of loads in turbulence calculated through the root-mean-square value of the PSD response (σ y ) with equation 4.3. Even if the impact of dynamic flexibility is higher in this case, the effect in the predicted response in the time domain for flight dynamics investigations can be neglected. The vertical load factor at the centre of gravity is directly correlated with the gust or turbulence input. When comparing the predicted response in figure 4.12 and the excited profile in 4.10, it can be seen that the aircraft filters part of the turbulence frequencies through its flight dynamics response. The response in lateral due to the same turbulence profile has been calculated and is shown in figures 4.13 and 4.14 for roll and yaw in the time domain. Some high frequency oscillations at low amplitudes are observed in roll. However, the impact of dynamic flexibility on the global aircraft response is low and it could also be neglected as the response is mainly governed by the flight dynamics response. It is concluded that for flight dynamics investigations in continuous turbulence for typical profiles and the studied configuration, dynamic flexible effects can be neglected. 

Realistic Atmospheric Turbulence

In this section, the aircraft response due to realistic atmospheric turbulence measured in flight is predicted. The same approach to integrate gust-induced effects in a flight dynamics model is used to simulate the aircraft response to realistic turbulence. Simulation results are compared with flight test measures to assess the introduced gust-induced effects. The model is applied to capture the turbulence contribution at low amplitudes and low Mach, in conditions where aerodynamic nonlinear effects are not expected to be important. The different approaches previously presented to express the gust-induced forces in the time domain through a rational function approximation have been tested with similar results.

The measure of turbulence velocity relative to the aircraft can be obtained by different methods. One of them consists of removing the effect of the aircraft motion to the measure from an angle of attack vane to separate the aircraft contribution due to its manoeuvre and the turbulence effect from the angle of attack variation. At frequencies higher to the frequency range of the flight dynamics modes, the aircraft motions are small and can be removed accurately. However, the separation of the effects at lower frequencies is more difficult and the amount of uncertainty in the turbulence measure is higher [START_REF] Hoblit | Gust Loads on Aircraft: Concepts and Applications[END_REF].

The turbulence profile is estimated in three different directions (aft, vertical and lateral) in geodetic reference frame. The profiles are measured in a specific point of the aircraft and the hypothesis that the profiles are constant along the wingspan is made. The predicted response is affected by the uncertainties related to this assumption. Figures 4.15 and 4.16 show an example of measured turbulence profile in the vertical direction in the time and frequency domain. It can be observed the similarities in terms of the frequency range excited with the von Karman turbulence spectrum in figures 4.1 and 4.2. The frequency range of interest in this case is between 0-1Hz. The impact of dynamic flexibility as observed in the previous section is low in this frequency range and it is neglected for this particular case. 

Lateral Response

The lateral aircraft response to realistic turbulence is also simulated as shown in figure 4.20. The input is the same as the one considered previously for the vertical response. However, the relevant component in this case is the lateral turbulence measure.

Similarly to pitch, the predominant physics captured is the gust propagation effect between the nose and the aircraft VTP. As occurs with the HTP in pitch, the VTP provides the main effect in yaw. The delay between the nose and VTP need to be captured for accurate responses. The power spectral density in yaw (PSD) also shows a good agreement in the frequency range of interest (Figure 4.21).

The uncertainties related to the measure of turbulence have a stronger impact on lateral than vertical, mainly due to the important effect of the turbulence variation along the wingspan on roll. The response in roll due to realistic turbulence is analysed in the next section with the impact of turbulence variations along the wingspan. 

Effect of Turbulence Variation Along the Wingspan

The gust and turbulence profiles in previous sections are considered to vary only along the flight path, being the so called one-dimensional profiles. However, as turbulence is considered to be isotropic, the lateral or vertical variation along the wingspan is supposed to be consistent with the variation along the flight path. Different possibilities are available to take into account multidimensional turbulence profiles through the aircraft models [START_REF] Van Staveren | Analyses of Aircraft Responses to Atmospheric Turbulence[END_REF][START_REF] Van Gastel | Aircraft responses to atmospheric turbulence. A comparative study[END_REF][START_REF] Teufel | Integrated flight mechanic and aeroelastic modelling and control of a flexible aircraft considering multidimensional gust input[END_REF]. The complexity comes when trying to extract the multidimensional wind profile from flight measures to be used as input for the model. Uncertainties with respect to the measure of turbulence variation along the wingspan have a strong impact in the predicted response in roll as previously published [START_REF] Ringnes | Analysis of aerodynamic coefficients using gradient data: Spanwise turbulence effects on airplane response[END_REF][START_REF] Kumar | Spanwise Turbulence Effects on Airplane Response[END_REF]. The spanwise variation of the vertical turbulence contributes to the aircraft rolling moment although the predominant contribution is the lateral gust component [START_REF] Hoblit | Gust Loads on Aircraft: Concepts and Applications[END_REF].

The parameter λ/b is proposed by Hoblit [START_REF] Hoblit | Gust Loads on Aircraft: Concepts and Applications[END_REF] to evaluate the importance of spanwise effects when using one-dimensional profiles, where λ is the gust wavelength (λ = 2π/Ω = V ∞ /f ) and b is the aircraft wingspan. At low speeds, spanwise effects become more relevant. The effect of spanwise variation can be neglected in cases where λ/b >> 1. The strong impact of turbulence spanwise variations in loads for high aspect ratio wing configurations is detailed in [START_REF] Carre | Realistic Turbulence Effects in Low Altitude Dynamics of Very Flexible Aircraft[END_REF].

A similar case of realistic atmospheric turbulence as the one presented in the previous section is considered in order to evaluate the uncertainties with respect to turbulence variation along the wingspan. This measure is not always available when analysing the aircraft response in flight. In this section, the effect of this variation is quantified. This shows the impact of the uncertainties when neglecting certain components in the measure of turbulence.

In this study, the angle of attack measure in a single point is used to estimate the turbulence disturbance in three different directions. Other measures in flight are available, such as the measure of vertical load factor at each wingtip. This measure is correlated with the roll rate and its variation can be explained by control surface deflection or external turbulence variations along the wingspan.

By making the assumption that the variation along the wingspan remains in the low frequency range, it is possible to define a gust angular speed defined as ∂w G ∂y = P wind and represented in figure 4 The variation of this angular speed is correlated with the difference between the vertical load factor measured at both wingtips assuming that aileron or spoiler control surface are not deflected. An estimation from vertical load factor measures at the wingtip is made and the profile for a specific case is shown in figure 4.23. Control surface deflections are not shown in this analysis but its deflection need to be taken into account. In this case, the effect of turbulence variations along the wingspan and control surface deflections impacting the response in roll (ailerons and spoilers) are mixed but zones with low control surface activity are selected. Possibilities to remove the control surface contribution could be further studied. The magnitude of the gust angular speed is scaled with respect to the amplitude ratio between the measured symmetric vertical turbulence and the vertical load factor ( wz G Nz with N z = 1 2 ρV∞Czα mg

). The order of magnitude of the vertical turbulence variation at the wingtip is found to be consistent with the amplitude of the turbulence measured in a single point.

The gust angular speed is compared with the measured response in roll through the cross power spectral density, which is estimated in the same way as the power spectral density previously. Instead of comparing the measure with itself, two different measures are used to estimate the cross power spectral density which indicates the level of correlation between both signals as a function of frequency [START_REF] Welch | The use of fast Fourier transform for the estimation of power spectra: A method based on time averaging over short, modified periodograms[END_REF]. The cross power spectral density between both measures is shown in figure 4.24. A strong correlation at a frequency close to 0.5 Hz can be observed, indicating that a possible variation of turbulence along the wingspan at this frequency would explain the measured response in roll. The turbulence angular speed along the wingspan is also compared with the turbulence measured in a single point through the cross power spectral density. The coherence between both signals is also calculated through the expression C 2 xz = |φ 2 xz | φxφz (with φ xz being the cross power spectral density between the measures x and z, φ x and φ z the power spectral density of x and z, respectively). This measure indicates the degree at which two signals (x, z) are linearly related. If a perfect linear relation exists, a value of coherence close to one is expected for all frequencies. If both signals are linearly independent or incoherent, the coherence measure would be close to zero [START_REF] Johnston | Accelerated Development and Flight Evaluation of Active Controls Concepts for Subsonic Transport Aircraft: Load Alleviation/Extended Span Development and Flight Tests[END_REF].

The cross power spectral density and coherence between the gust angular speed in roll and the vertical turbulence measured in a single point are shown in figures 4.25 and 4.26, respectively. It can be observed a coherence at different frequencies between both signals, including a component at 0.5Hz. The same analysis replacing the vertical for the lateral turbulence measure is shown in figures 4.27 and 4.28. In this case, the correlation and coherence between both signals at a frequency close to 0.5Hz can be clearly seen. This enforces the idea that a turbulence variation at this frequency would be physically feasible due to the isotropic nature of atmospheric turbulence. The same variation observed along the flight path could exist in other directions. This analysis does not intend to set a standard process to estimate the turbulence variations along the wingspan. It just shows the impact of the uncertainty associated with the variations of turbulence on the aircraft response, in particular in roll. Measurement means such as LIDAR could bring more insight in this uncertainty and different modelling possibilities could be assessed as the ones proposed in [START_REF] Van Staveren | Analyses of Aircraft Responses to Atmospheric Turbulence[END_REF][START_REF] Van Gastel | Aircraft responses to atmospheric turbulence. A comparative study[END_REF]. Further insight in the reduction of uncertainties of the turbulence input for more accurate aircraft response predictions in roll is also recommended for future work.

Conclusions and perspectives

In this work, different possibilities to capture the aircraft response due to gust and turbulence for flight dynamics analysis are proposed, providing more accuracy in the prediction minimising the increase of computational cost. Relevant physics due to gust-induced or dynamic flexible effects are captured and included in the modelling approach. Consistency between flight dynamics investigations and gust loads calculations is possible enabling means to perform multidisciplinary analysis.

The integration between different aerodynamic models (quasi-steady and unsteady) provides a feasible solution to to predict the gust and turbulence response for various vertical and lateral atmospheric disturbances. This allows for more accurate predictions in early design phases in order to evaluate and anticipate the aircraft response and flight control laws in different atmospheric conditions before flight test. This could enable flight test and lead time reductions. Different strategies to capture the gust-induced effect are provided. Corrected DLM or CFD-LFD can be used to generate the gust-induced unsteady aerodynamic data for flight dynamics investigations in reasonable computational times. An accurate shape can be simulated in CFD and thickness and other geometrical parameters such as dihedral or wing torsion can be directly considered without corrections. Simulation results from DLM require corrections to account for geometry simplifications and other neglected physics such as viscosity. Both simulation approaches provide the gust-induced effect in the frequency domain assuming low amplitude disturbances which involves reduced computational times when comparing with nonlinear CFD simulations in the time domain. The gust-induced unsteady aerodynamic forces in the frequency domain are expressed in the time domain through a rational function approximation. Different strategies to reduce the number of states of the expression are possible such as adding an explicit delay and reducing the number of states associated with delay coefficients of the rationalisation. The approach can be adapted to additional unsteady aerodynamic modelling strategies, such as the generation of gust dynamic coefficients enabling real-time simulations. An analytical expression is also provided allowing the estimation of the effect in early design phases. Nonlinear CFD in the time domain has been used to validate the modelling approach and quantify possible limitations in the aerodynamic nonlinear region. In particular, when flying at 109 high Mach numbers in transonic conditions, where shock motions may appear due to gust and turbulence induced effects creating local stalls that are not captured by the proposed model.

The gust propagation effect is particularly important when simulating the aircraft response in such cases. Accurate predictions at different centre of gravity positions require an appropriate gust-induced effect including the propagation. Linearized multipoint unsteady aerodynamic models, such as the one obtained from DLM or CFD-LFD, can provide propagation along with unsteady aerodynamic effects due to the gust excitation. The phase of the response with respect to the gust input is important when using flight control laws to attenuate the aircraft response. If inaccurate responses are predicted through the models, attenuation strategies may produce the opposite effect in flight amplifying the response. Small aerodynamic nonlinear effects such as local stalls have an impact on the amplitude of the response but the phase is not impacted with respect to the input, as observed. Reducing the uncertainties with respect to the amplitude of the response is more important in orde to calculate the gust loads for structural sizing. Nonlinear effects become then more relevant.

Motion-induced forces from the flexible degrees of freedom have been added to assess the impact of dynamic flexibility in the response due to vertical and lateral gust. The residualized model approach has been implemented to deal with the overlap of quasisteady flexibility between the aeroelastic and flight dynamics models. Attenuation and low amplitude oscillations have been observed both in vertical and lateral responses by keeping a few low frequency flexible modes, reducing the overall states of the system requiring less computational time. The dynamic flexible effects have been analysed for a typical current passenger aircraft configuration. These effects and the coupling between flight dynamics and aeroelasticity become more important for more flexible configurations such as high aspect ratio wings. The residualization of the aeroelastic model assumes a certain frequency separation between rigid and flexible modes. This is satisfied for current passenger aircraft configurations but this aspect should be taken into account for more flexible designs.

The approach has also been applied to simulate the response of a generic aircraft in both theoretical and realistic atmospheric turbulent conditions. In most cases, the low frequency is more relevant than the high frequency response and dynamic flexibility can be neglected. The main physics captured is the propagation effect along the aircraft. Besides additional uncertainties such as the measured wind, comparisons of simulation results with flight test data show a good agreement in the frequency range of interest for flight dynamics investigations.

The turbulence profile is assumed to be constant along the wingspan. This has an important effect in the predicted response in roll as the variation of turbulence along the wingspan is not measured. The impact of this uncertainty in roll has been evaluated. The estimation of this component through a gust angular speed (p wind ) suggests that a more accurate measure of this input would lead to more accurate predictions in the roll response.

In conclusion, this work offers the possibility to capture relevant aerodynamic effects due to gust and turbulence for different kind of flight dynamics investigations.

Perspectives

Further investigation on the topic can be focused on two main points:

• The investigation at transonic conditions show some limitations of the model to capture nonlinear unsteady effects, such as local stalls. Additional work could be focused on the possibility to capture these effects through a model based approach, as studied in [START_REF] Thormann | Application of Harmonic Balance Method for Non-linear Gust Responses[END_REF][START_REF] Quero | A Nonlinear Frequency Domain Aerodynamic Model for Continuous Turbulence Encounter based on Functional Series Expansion[END_REF][START_REF] Bekemeyer | Nonlinear Unsteady Reduced-Order Modeling for Gust-Load Predictions[END_REF]. Study of uncertainties with respect to the CFD mesh as well as turbulence modelling would be also required for accurate CFD predictions at these conditions. Experimental results from wind tunnel test can be also useful for this purpose.

• The reduction in the uncertainties of the measured turbulence input could lead to more accurate simulations. In this study, the turbulence measurements are reconstructed from angle of attack probes in a single point. The use of additional measurement techniques such as LIDAR in order to reduce the uncertainties of the turbulence input could be an option to estimate the variations of turbulence along the wingspan. The uncertainty reduction of the input could also allow evaluating the possibility to identify the gust and turbulence induced effects from flight test in order to adjust the model.
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 1 Figure 1: Illustration of the simulation of the aircraft response due to a vertical gust
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 11 Figure 1.1: CFD surface mesh
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 1 [START_REF] Wright | Introduction to Aircraft Aeroelasticity and Loads[END_REF] shows an example of the definition of a high frequency vertical gust mode excitation over the CFD mesh of a generic aircraft configuration. All the points over the computational domain are affected by the harmonic gust excitation.
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 12 Figure 1.2: Vertical gust mode shape over the CFD mesh
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 13 Figure 1.3: DLM panel discretisation of a generic aircraft
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 14 Figure 1.4: Geodetic and body reference frames
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 15 Figure 1.5: Euler angles defining the orientation of the body frame (b) with respect to the geodetic frame (E). Intermediate axes (1, 2) are defined for the rotation sequence.
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 16 Figure 1.6: Angle of attack (α) and sideslip (β) defining the orientation of the aerodynamic reference system (a) with respect to the body frame (b). Intermediate axes (i) are defined for the rotation sequence.
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 1718 Figure 1.7: Global FEM model
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 4 The set of nonlinear equations of motion of a flexible aircraft are given in equations 2.1, 2.2 and 2.3, with ∆F gust b and ∆M gust b being the force and moment contribution of gust induced effect on flight dynamics expressed in the time domain and in the body axes reference frame. The dynamic flexible effect on flight dynamics expressed in body axes is also included with the terms ∆F f lex b and ∆M f lex b . Details on how these dynamic effects due to gust or turbulence and structural deformation are calculated are given in sections 2.3 and 2.4.
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 21 Figure 2.1: Integration approach between nonlinear flight dynamics and linear aeroelastic equations of motion
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 23 Figure 2.3: Illustration lateral gust effect and sidewash on the aircraft
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 3132 Figure 3.1: Gust profiles in time domain
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 3334 Figure 3.3: GAF in lift due to vertical gust
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 3536 Figure 3.5: Heave, pitch and vertical gust modes at a frequency close to zero (source:[17])
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 3738 Figure 3.7: Lift coefficient of fixed rigid A/C due to vertical gust (H=150ft)
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 39310 Figure 3.9: GAF in lift due to vertical gust
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 311312 Figure 3.11: GAF in roll due to lateral gust
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 313314 Figure 3.13: Rolling moment coefficient of fixed rigid A/C due to lateral gust (H=150ft)
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 315316 Figure 3.15: GAF in lift due to vertical gust
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 317318 Figure 3.17: Lift coefficient of fixed rigid A/C due to vertical gust (H=300ft)
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 319320321322 Figure 3.19: GAF in roll due to lateral gust
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 323324 Figure 3.23: GAF in lift due to vertical gust
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 3325326 Figures 3.25 and 3.26 show the predicted response in the time domain of the previous identified model with an explicit delay for the low frequency gust profile (H=300ft from

Figure 3 . 27 :Figure 3 . 28 :Figure 3 . 29 :Figure 3 . 30 :

 327328329330 Figure 3.27: GAF in roll due to lateral gust

Figure 3 .

 3 Figure 3.31 and 3.32 show the aircraft response in lift and pitch due to a vertical low frequency gust profile (H=300ft presented in figures 3.1 and 3.2). The same model with the gust contribution limited to an angle of attack effect at low frequencies is also shown to illustrate the importance of the gust-induced effect. The predominant physics captured is
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 331332 Figure 3.31: Lift coefficient of quasisteady flexible A/C due to vertical gust (H=300ft)
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 333 Figure 3.33: Lift coefficient of quasisteady flexible A/C due to vertical gust (H=300ft)
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 3343 Figure 3.34: Pitching moment coefficient of quasi-steady flexible A/C due to vertical gust (H=300ft)
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 335336 Figure 3.35: Rolling moment coefficient of quasi-steady flexible A/C due to lateral gust (H=300ft)
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 337 Figure 3.37: Rolling moment coefficient of quasi-steady flexible A/C due to lateral gust (H=300ft)
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 338 Figure 3.38: Yawing moment coefficient of quasi-steady flexible A/C due to lateral gust (H=300ft)

Figures 3 .

 3 39 and 3.40 show the aircraft response in lift and pitch due to the low frequency gust profile (H=300ft) for different centre of gravity positions. The responses are calculated in open loop (flight control laws are not taken into account). The initial effect of the gust disturbance on the aircraft response is the initial pitch up due to the increased angle of attack at the forward part of the fuselage.
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 339340 Figure 3.39: Lift coefficient of quasisteady flexible A/C due to vertical gust (H=300ft) for different CG
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 341 Figure 3.41: Illustration of the effect at different centre of gravity positions in vertical
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 3423433344 Figure 3.42: Rolling moment coefficient of quasi-steady flexible A/C due to vertical gust (H=300ft) for different CG
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 345 Figure 3.45: Illustration of the roll damping

Figure 3 .

 3 Figure 3.46 and 3.47 shows the different response in roll and yaw due to a lateral gust with and without static deformation. The dihedral angle is decreased without static deformation as shown in figure3.48 and the effect can be seen in the response. The initial increase in roll is less attenuated by the wing moving downwards as the increase of local angle of attack is less important compared to the aircraft response with higher wing dihedral. The impact in yaw is low and the differences observed can be explained by the coupling that appears between roll and yaw after the gust disturbance.
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 346347348349350351352 Figure 3.46: Rolling moment coefficient of free flying rigid A/C due to vertical gust (H=300ft) for different wing dihedral

Figures 3 .

 3 Figures 3.53 and 3.54 show the aircraft response in lift and pitch for the vertical low frequency gust profile considered (H=300ft in figures 3.1 and 3.2) with and without dynamic flexible effects. The good agreement between both responses shows that the hypothesis of quasi-static flexibility is sufficient to capture the same response as the approach which takes into account dynamic flexible effects. The impact of dynamic flexibility for this aircraft and this frequency range is low and it could be neglected.
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 353354 Figure 3.53: Lift coefficient of free flexible A/C due to vertical gust (H=300ft)
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 355 Figure 3.55: Lift coefficient of free flexible A/C due to vertical gust (H=150ft)
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 356357358359 Figure 3.56: Pitching moment coefficient of free flexible A/C due to vertical gust (H=150ft)
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 360 Figure 3.60: Rolling moment coefficient of free flexible A/C due to lateral gust (H=300ft)
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 361 Figure 3.61: Yawing moment coefficient of free flexible A/C due to lateral gust (H=300ft)
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 362 Figure 3.62: Rolling moment coefficient of free flexible A/C due to lateral gust (H=150ft)
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 363364365366 Figure 3.63: Yawing moment coefficient of free flexible A/C due to lateral gust (H=150ft)
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 368 Figure 3.67: Gust profiles in time domain
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 369 Figure 3.69: Lift coefficient of quasisteady flexible A/C due to different vertical gust profiles

Figure 3 . 70 :

 370 Figure 3.70: Pitching moment coefficient of quasi-steady flexible A/C due to different vertical gust profiles
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 3713 Figure 3.71: Vertical load factor of quasi-steady flexible A/C due to different vertical gust profiles
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 33 Figure 3.73: Lateral load factor of quasi-steady flexible A/C due to different lateral gust profiles
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 33 Figure 3.75: Roll rate of quasisteady flexible A/C due to different vertical gust profile
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 3 Figure 3.77: Gust profiles in time domain
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 33 Figure 3.79: Lift coefficient of free flexible A/C due to vertical gust (H=100ft)
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 33 Figure 3.83: GAF in lift due to vertical gust
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 33 Figure 3.85: Lift coefficient of fixed rigid A/C due to vertical gust (H=300ft)

Figure 3 .Figure 3 . 88 :Figure 3 . 89 :

 3388389 Figure 3.87: Wing station at which the increment of pressure coefficient (∆Cp) is calculated
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 39033 Figure 3.90: Increment of Cp distribution with respect to the steady condition at different time steps for a fixed rigid A/C (M=0.836, h=27000ft)
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 33 Figure 3.93: Pressure distribution when the maximum amplitude of the gust disturbance reaches the wing and zoom to the outer wing region where flow weakens
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 333 Figure 3.95: Pressure distribution when the maximum amplitude of the gust disturbance reaches the wing and zoom to the outer wing region where local stall appears
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 33 Figure 3.98: Lift coefficient of fixed rigid A/C due to vertical gust (H=150ft)
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 333 Figure 3.100: Lift coefficient of free flexible A/C due to vertical gust (H=300ft)
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 310333 Figure 3.103: Increment of Cp distribution due to a low amplitude gust profile (scaled) with respect to the steady condition at different time steps for a free flexible A/C (M=0.836, h=27000ft)
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 3 Figure 3.106: GAF in lift due to vertical gust for different Mach
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 4 Figure 4.1: PSD Von Karman turbulence spectrum
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 42 Figure 4.2: Continuous wind turbulence in the time domain given by the Von Karman spectrum
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 43 Figure 4.3:Pitch rate due to Von Karman turbulence spectrum (L=2500ft, σ t =3)
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 44 Figure 4.4: PSD pitch rate due to Von Karman turbulence spectrum (L=2500ft, σ t =3)
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 45 Figure 4.5: Vertical load factor due to Von Karman turbulence spectrum (L=2500ft, σ t =3)
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 48 Figure 4.8: Roll rate due to Von Karman turbulence spectrum (L=2500ft, σ t =3)
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 49410 Figure 4.9: PSD Von Karman turbulence spectrum
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 411 Figure 4.11: Pitch rate due to Von Karman turbulence spectrum (L=50ft, σ t =3)
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 412 Figure 4.12: Vertical load factor due to Von Karman turbulence spectrum (L=50ft, σ t =3)
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 413 Figure 4.13: Roll rate due to Von Karman turbulence spectrum (L=50ft, σ t =3)

Figure 4 . 14 :

 414 Figure 4.14: Yaw rate due to Von Karman turbulence spectrum (L=50ft, σ t =3)
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 4 Figure 4.15: PSD vertical measured turbulence spectrum
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 416 Figure 4.16: Vertical measured turbulence in the time domain
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 417 Figure 4.17: Pitch rate due to turbulence
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 4 Figure 4.18: PSD pitch rate due to turbulence
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 419 Figure 4.19: Vertical load factor at CG due to turbulence
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 420 Figure 4.20: Yaw rate due to turbulence
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 4 Figure 4.21: PSD yaw rate due to turbulence
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 22 If this input is known, its effect in roll can be calculated as Cl = Cl pwind P wind l ref V∞ with the gust derivative being equal to aircraft stability derivative in roll due to roll rate (Cl pwind = Cl p ) as proposed in [10].
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 422 Figure 4.22: Illustration of gust angular speed induced by variations along the wingspan
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 423 Figure 4.23: Gust angular speed in roll and difference of vertical load factor between both wingtips

Figure 4 .

 4 Figure 4.24: Cross-power spectral density estimate between Pwind and measured roll rate
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 4 Figure 4.25: Cross-power spectral density estimate between Pwind and vertical turbulence measure
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 4 Figure 4.26: Magnitude-squared coherence estimate between Pwind and vertical turbulence measure
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 4 Figure 4.27: Cross-power spectral density estimate between Pwind and lateral turbulence measure
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 428 Figure 4.28: Magnitude-squared coherence estimate between Pwind and lateral turbulence measure

Figures 4. 29

 29 Figures 4.29and 4.30 show the response in roll rate due to realistic turbulence with and without taking into account the angular gust speed in roll. The predicted response with the gust angular speed along the wingspan is closer to flight test measures both in the time and frequency domain. The response in yaw for the same time slice is also shown to illustrate the effect due to the coupling between both aircraft motions. The vertical
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 429 Figure 4.29: Roll rate due to turbulence
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 4 Figure 4.30: PSD roll rate due to turbulence
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 431 Figure 4.31: Yaw rate due to turbulence
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 4 Figure 4.32: PSD yaw rate due to turbulence
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 433 Figure 4.33: Vertical load factor at CG due to turbulence
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 434 Figure 4.34: Pitch rate due to turbulence
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  Figure 3.108: GAF in pitch due to vertical gust for different Mach
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			Figure 3.107: GAF in lift due to vertical gust for different Mach

  .[START_REF] Hofstee | A Variable, Fully Flexible Dynamic Response Tool for Special Investigations (VarLoads)[END_REF]. The wing is the main contribution in roll and the delay between the nose and the wing is captured when taking into account the turbulence effect as shown in figure4.8.
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Part I Theory

The sideforce given in aerodynamic axes can be written as:

(2.17)

The sideforce coefficient can be also defined from nondimensionalized coefficients as:

The sideslip variation for the wing and fuselage section is also expressed in the frequency domain:

An explicit delay is added to account for the gust propagation effect on the VTP. The sidewash (σ) effect due to a sideslip variation (β 0 ) is also taken into account (σ = ∂σ ∂β β 0 ). The sideslip variation due to the lateral gust at the VTP is expressed in the frequency domain as:

The sideforce coefficient is then formulated in the frequency domain as:

The Frequency Response Function (FRF) can be also defined in lateral dividing by the variation of sideslip due to the lateral gust:

A first order Taylor polynomial approximation is used to express the time delay (e -jωτ A/B ≈ 1-jωτ A/B ) as for the derivation of the vertical gust-induced effect. The sideforce frequency response function is then expressed as:

Part II Results