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Abstract

The prediction of the aircraft response to gust and turbulence is of major importance for
different purposes. Gust load analysis is an essential part of aircraft design and certification.
The effect of gust and turbulence on aircraft flight dynamics is also of interest. Models able
to capture relevant effects at these conditions in early design phases are essential in order
to anticipate and assess the aircraft response and flight control laws in realistic atmospheric
disturbances before flight test.

This work proposes a modelling strategy to capture relevant physics when simulat-
ing the aircraft response to gust and turbulence for flight dynamics investigations. The
model provides accuracy at a low computational cost as well as consistency with gust loads
analysis enabling multidisciplinary design. The approach is based on the integration of a
nonlinear quasi-steady flexible flight dynamics model with an unsteady aeroelastic model
linearized around a nonlinear steady state.

The gust-induced forces have a significant impact on aircraft flight dynamics. Low
computing times are required to cover several flight conditions and aircraft parameters.
A computationally efficient multipoint aerodynamic model, which captures both unsteady
aerodynamic and gust propagation effects, is generated from linearized Computational
Fluid Dynamics (CFD) simulations in the frequency domain. The model is identified
through a rational function approximation allowing for time domain simulations. A reduced
number of additional aerodynamic states is sufficient to capture the main effects at low
frequencies for flight dynamics analysis. The impact of dynamic flexibility on the response
is also evaluated. Only the most energetic flexible modes are retained to reduce the number
of states and ensure a low computation time.

The approach is applied to simulate the vertical and lateral response of a passenger
aircraft to theoretical disturbance profiles as well as realistic atmospheric turbulence at
different flight conditions. Aerodynamic nonlinear effects, such as local stalls due to shock
motion, in transonic conditions may appear. The linearized model is able to capture the
global aircraft response at these conditions with low amplitude shock motions. Results are
compared and validated with a CFD simulation based approach, coupled with a structural
dynamics and flight mechanics solver. Measures from flight test are also used to assess
the modelling approach. The effect of uncertainties on the response is analysed, in terms
of the turbulence variation along the wingspan. Simulation results show that relevant
aerodynamic effects due to gust and turbulence are captured in the frequency range of
interest for flight dynamics investigations.

Keywords: Gust, Atmospheric Turbulence, Flight Dynamics, Handling Qualities,
Aeroelasticity, Unsteady Aerodynamics, DLM, CFD
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Résumé

La prédiction de la réponse de ’avion aux rafales et turbulence a un roéle primordial
dans différentes applications. L’analyse des charges en rafale est un élément essentiel de la
conception et certification des avions. L’effet des rafales et turbulence sur la dynamique
de vol est également important. Avoir des modéles capables de capturer des effets signi-
ficatifs dans ces conditions et pendant la phase initiale de conception permet d’anticiper
et d’évaluer la réponse de 'avion et les lois de controle face & des perturbations atmo-
sphériques réalistes avant des essais en vol.

Ce travail propose une stratégie de modélisation afin de capturer des effets physiques
pertinents lors de la simulation de la réponse de I’avion face a la rafale et la turbulence pour
des analyses de dynamique de vol. Le modéle apporte de la précision pour un faible cotit de
calcul, ainsi qu'une cohérence avec des analyses de charges en rafales permettant une con-
ception multidisciplinaire. L’approche est basée sur l'intégration d’un modéle non-linéaire
de dynamique de vol quasi-stationnaire souple et un modéle aéroélastique instationnaire
linéarisé autour d’un état stationnaire non-linéaire.

Les forces induites par les rafales ont un impact significatif sur la dynamique de vol des
avions. Des faibles temps de calcul sont nécessaires afin de couvrir plusieurs conditions
de vol et paramétres de 'avion. Un modéle aérodynamique multipoint a faible cotit de
calcul, qui capture des effets instationnaires et de propagation des rafales, est généré a
partir de calculs CFD linéarisés dans le domaine fréquentiel. Le modéle est identifié par
une fonction rationnelle permettant des simulations dans le domaine temporel. Un nombre
réduit d’états aérodynamiques supplémentaires est suffisant afin de capturer les principaux
effets a basses fréquences pour les analyses de dynamique de vol. L’impact de la flexibilité
dynamique sur la réponse est également évalué. Seuls les modes souples le plus énergétiques
sont conservés afin de réduire le nombre d’états et d’assurer un faible temps de calcul.

L’approche est appliquée afin de simuler la réponse verticale et latérale d’'un avion de
passagers face a des profils de perturbation théoriques ainsi qu’a de la turbulence atmo-
sphérique réaliste dans différentes conditions de vol. Des effets aérodynamiques nonlin-
eaires, tels que des décollements locaux dus aux mouvements des ondes de choc, peuvent
apparaitre en conditions transsoniques. Le modéle linéarisé est capable, dans ces condi-
tions, de capturer la réponse globale de I'avion avec des mouvements des ondes de choc a
faible amplitude. Les résultats sont comparés et validés avec des simulations CFD couplées
a un solveur de dynamique structurelle et de mécanique de vol. Des mesures des essais en
vol sont également utilisées afin d’évaluer ’approche de modélisation. L’effet des incerti-
tudes de la variation de turbulence en envergure de 'aile sur la réponse est analysé. Les
résultats de simulation montrent que des effets aérodynamiques significatifs sont capturés
dans la plage de fréquence d’intérét pour les investigations de dynamique de vol.

Mbots clés : Rafales, Turbulence atmosphérique, Dynamique de vol, Qualités de vol,
Aéroélasticité, Aerodynamique instationnaire, DLM, CFD
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Introduction

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 |1, 2|. 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 rel-
evant 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 [3, 4]. 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
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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.

Figure 1: Illustration of the simulation of the aircraft response due to a vertical gust

The aircraft response can be simulated with different approaches covering the needs for
specific applications. Models of different nature are traditionally used for flight dynamics
and gust loads calculations.

Flight dynamics analysis are based on nonlinear time domain simulations with a cor-
rected aerodynamic model to account for flexible deformation, assuming that the structure
is in static equilibrium [5]. Dynamic effects due to rapid changes in rigid motion, flexible
deformation or external aecrodynamics are not taken into account and perturbations have
an instantaneous effect on the aerodynamic forces. This assumption is referred to as quasi-
steady 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 turbu-
lence 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 [2].
This approach combine a structural model and a linear unsteady aerodynamics model usu-
ally 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.



Context 3

Dynamic effects due to motion and external disturbances are taken into account. Cor-
rections 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 multidis-
ciplinary 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 re-
sponse 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 litera-
ture. The traditional approach used during the last decades for gust loads analysis consist
in calculating the gust and turbulence induced unsteady aerodynamic forces through po-
tential 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 [6]. Corrections with wind tunnel and steady Computational Fluid
Dynamics (CFD) data have been used to overcome limitations of panel methods, in par-
ticular in the transonic regime [7].

Other possibilities in early design phases can be considered as studied by Kier [§].
Different simulation methods with different modelling assumptions are compared by pre-
dicting 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 Kiissner indicial functions [2]. The effect of gust propa-
gation 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.
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Some advantages of a 3D panel method in comparison to DLM are shown by Kier [9]
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 [10] 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 [11].

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. [12]. 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 non-
linearities such as shock waves as well as shock-induced local separation. The approach is
proposed and validated by Thormann and Widhalm [13] in order to predict forced-motion
unsteady aerodynamic effects and determine the flutter boundaries at high Mach numbers.
Widhalm et al. [14] 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 [15]. 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
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demonstrated by Bekemeyer et al. [16] 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 su-
perposition 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. [17]. 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. [18].

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 [19]. The harmonic balance method is employed by using a small number
of harmonics to correct the low frequency range while using the linearized frequency do-
main 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 aero-
dynamic 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 aero-
dynamics and aeroelasticity is given by Ripepi [20]. 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. [21]| 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. [22] 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 predic-
tions 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 [23|. 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 [24].
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Googin [25] proposes an aeroservoelastic method for manoeuvre and gust loads calcu-
lations in the time domain. An alternative RFA approach is applied, by adding explicit
delays to the classic form proposed by Roger [23]. 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 re-
sponse to atmospheric gust excitations are presented by Karpel et al. [26]. 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 [27]| deal with the problematic of approximating the phase shift associ-
ated 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. [28].

Quero et al. [29] proposed an alternative to the classical Roger approximation [23|
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 calcu-
lated, 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 [30, 31].
Aerodynamic generalized forces are obtained through strip theory in a closed form integral
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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 cou-
pling. 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 aerody-
namic forces. The same equations are obtained by Etkin [5] 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. [32]. The formulations and assumptions of the integrated
equations of motion from Waszak [30, 31| and Buttrill [32] are compared in [33], providing
possible simplifications as well as recommendations concerning the importance of the iner-
tial 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 [34] 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 strate-
gies between models. One of the possibilities is VarLoads presented by Hofstee et al. [35]
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 im-
plement different models from various disciplines. The nonlinear equations of motion de-
veloped by Waszak and Schmidt [31] 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. [36]. A padé approximation similar to
the RFA from Roger [23] 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. [37] deals with this problematic and proposes
a method to combine dynamic effects from the aeroelastic equations of motion with the
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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 [38], providing the possibility to use aeroelastic models with
unsteady aerodynamic lag states.

Another strategy presented by Koénig and Schuler [39] 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 op-
timization 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 [40].

The work done by Reschke and Looye [41] compares the Konig and Schuler approach [39]
and the Residualized Model method proposed by Looye [38]. 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 un-
steady aerodynamics is proposed by Kier and Looye [27]. A set of nonlinear equations of
motion as developed in [30, 31| are used. The quasi-steady aerodynamic effects are mod-
elled through VLM. Unsteady aerodynamics are considered through a RFA of results from
DLM according to Roger’s method [23| 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. [42] 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 [27] as well as for specific flight control law design strategies |28, 38|.
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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 sim-
ulate 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
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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, associ-
ated 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 num-
ber 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. Motion-
induced 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 [3]. 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.
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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.

1.1 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.

1.1.1 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
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of equations. Even if an important progress has been recently done in terms of computa-
tional 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 aver-
aged 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 |20, 43|, the governing
equations for a compressible, viscous and conductive fluid with constant properties in

conservative form are: 5
Y
a—fﬂLV'f(yf) =V -d(ys) (1.1)
Being y¢ the conservative flow variable vector which depends both on the spatial po-
sition (x) and time (¢), the inviscid fluxes f and viscous fluxes d, defined respectively

as:

yr = |pv

pv
f=|pvxv+ Pl
v(E 4+ P)

d= T
T-U+q

With p(«,t) being the density, v(x,t) the flow velocity, E the energy per unit volume,
P(a,t) the pressure, 7(x,t) the viscous stress tensor, g(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
(PDESs) 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 [44].

Increased accuracy can be achieved through alternative approaches such as the De-
tached Eddy Simulation (DES) which combines RANS equations near wall regions and
Large Eddy Simulations (LES) [45], the direct simulation of the rest of the flow.
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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 dis-
cretization is employed on deformable unstructured meshes. This code has been applied
and validated extensively in research and industry for both steady and unsteady problems
[46].

The turbulence model used in all the simulations presented in this work is the Spalart-
Allmaras model [47]. 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 [48].

For the unsteady solution, the equations are integrated in time with the second order
backward difference operator using a dual time stepping [48|. 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 [49].

The method used to impose the atmospheric disturbances is the so called Disturbance
Velocity Approach (DVA) (also known as Field Velocity Approach) [50]. 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 [49]. 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 FlowSim-
ulator is used to handle the coupling, the different sets of data and simulations [51]. Details
about the unsteady aerodynamic solution in the time domain have been previously pro-
vided. 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 [52]. 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 [53] and [54]. Appart from the 6 rigid body
modes, 90 flexible modes are retained. A similar coupling approach can be found in [55].

All the CFD simulations presented in this work are done with the same mesh. An
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unstructured mesh with 11.4 million points is used for a similar configuration as the one
presented in [12]. The surface mesh is shown in figure 1.1.

Figure 1.1: CFD surface mesh

1.1.2 Linearized Reynolds Averaged Navier Stokes (RANS) Equa-
tions

The previous detailed RANS equations can be linearized around a nonlinear steady state
condition. The formulation is presented according to Bekemeyer [56]. Applying a finite-
volume discretisation of the governing equations, for a fixed flight condition, the ordinary
differential equation (ODE) in semi-discrete form can be expressed as:

ovys B
ot

R(ys,z, ¢, wg) (1.2)

with  and & being the change in mesh coordinates and their velocities respectively, wg
being the gust disturbances which are accounted for through mesh velocities &. The term
R corresponds to the non-linear fluid residual of the unknowns of the problem and v
contains the cell volumes in a matrix.

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

Ay =yr — Yys (1.3)

Similarly, for gust disturbances Awg = wg — wgs, mesh coordinates Ax = x — x4
and velocities A& = & — 5. When assuming small disturbances, a Taylor expansion can
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be applied around the steady state:

dAyy dAv . OR OR OR, . OR
=R sy sy Lg, s —A —A _A —A T
v— - tYr (Ygs: s, s, wWa )+8yf Ys+ 5 AT+ oo :I:—l—awc we +
(1.4)
OR OR

with gTR being the fluid Jacobian matrix, 7>, 5= and 8‘1’—11 changes in the fluid resid-
ual due to mesh deformation, mesh velocities and gust disturbance, respectively. The
different derivatives are defined around the nonlinear steady state condition. The term
R(yys, s, €5, was) 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 (Awg = wge’™') and the fact that the system also
change harmonically in time, it is possible to express equation 1.4 in the frequency domain:

a—R—'k’v 7 ——a—Ra“:—a—R:%—i—”—dAV——aRw (1.5)
dyy J Yr= "oz o YAt T dwe © '
with ¢, &, & and g being the Fourier coefficients.
The reduced frequency k is defined as:
l 2m f)l
o= Plref (27 f Ylre (1.6)

Voo Vo

with w being the angular frequency, [,.; 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 (¢, ). In the present work, the
considered disturbance is the one from gust excitations according to [56]. 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 gv—iwc, which can also be
expressed as:

R . OR 0z

—Wg = ——Wg (1.7)

8'wG ox 8wG
with @ 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 wg and the mesh velocity & is:

T = —wg (1.8)

The gust-induced effect can be then written as:

OR . OR |
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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:

aR R(yfsa s, Cés, Was + 6wG> - R(yfsa Ts, 213.3, Wags — 511]G)

IR e = - (1.10)

with the gust shape vector weg which is known and the finite-difference step size 9,
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 [48|.

The gust shape vector can be expressed analytically as:

We = wa, &P @) (1.11)

with wg, being the gust amplitude and ¢ 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:

(“’;—;‘))w:(“%) i

oz, k) = (1.12)

lref

with xg being the distance between the gust and the aircraft reference point. The
harmonic gust vector is extended in all the different directions. Figure 1.2 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.

\

Figure 1.2: Vertical gust mode shape over the CFD mesh
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Lateral gusts can be also defined by modifying the direction of the mesh velocity (to-
wards y axis instead of z axis as the vertical disturbance):

. z0) K
e = weye " e (1.13)

The solution of equation 1.5 gives the aircraft aerodynamic response (gz) to a prede-
fined harmonic vertical or lateral gust excitation (wg) 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 ape-
riodic 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 in-
vestigated without requiring additional CFD simulations while staying at the considered
flight condition. Responses in the frequency domain can also be directly considered [56].

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 [56]. 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 [57]. A Generalized Minimal Residual algorithm (GMRes) is used in order to stabilize
and accelerate the linear multigrid solver [48]. This method has the property of minimizing
the norm of the residual over a Krylov subspace [58]. 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 rea-
sonable 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 low-
amplitude 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 [13]. Additional information and extension of the technique to the
gust-induced effects can be found in [56].
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1.1.3 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 [6].
The formulation is detailed according to Quero [43].

When neglecting viscous effects and power exchanged by conduction in the previous

presented nonlinear RANS equations, the Euler equations are obtained:

)
%+v-f(yf) ~0 (1.14)

The assumption of irrotational flow (V x v) allows expressing the velocity as a gradient
of a scalar potential function (¢,) as v = 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.

)
PV (pV,) =0 (1.15)
Bt

96, Vol V2 @k (o' _

e > =1 oo =0 (1.16)

with V,, as the freestream velocity, a., being the speed of sound and  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 [20)].

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 (¢, ):

2 —_—
Vioom i 1ae o

1 {az% a(“2)+v¢v-V(%2)} _0 (1.17)

with v = ||[Vé,||.

The total potential (¢,) can be expressed as a sum of a steady and small disturbance
component (¢,=¢s+¢,). The linear aerodynamic potential equation is given in equation
1.18, assuming a constant speed of sound (a.,) and freestream Mach number (My,):

?¢p, 0*¢, 0% 2V \ 0%¢ 1\ 9%
a2 P P p o0 p [ L P _
(1= M) 022 Oy? T2 ( aZ ) Drot (aé) ot? 0 (1.18)
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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 elemen-
tary 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 ac-
celeration potential (V(z,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.

Bt + Vs 88 } |pp|e?" (1.19)

U(z,y,2,t) =
The integral equation 1.20 can be obtained through the acceleration potential, which
relates the downwash (Jw|) with the pressure (|P|) magnitude. The kernel function is given

in equation 1.21, with B2 =1 — M2 and K, = \/A\? + B%y2 + B222.

wl(e.) = = [ [ APIK (@ = 0. (=), 2) dc (1.20)

K (w0, 90, 20) = eXp( ‘Z/:xo) o [/ o (V'BQ()\ M R)) dA} (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
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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.

Figure 1.3: DLM panel discretisation of a generic aircraft

The solution of the problem in terms of pressure coefficient is shown in equation 1.22.

Acp = Q(Mao, 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 (Acp)
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 Ac, 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 [59].

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.
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1.2 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
[60]. 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 aerody-
namic 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.

1.2.1 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 [34]. The formulation is given in equations 1.23
and 1.24 according to Reschke [34] and Looye [38].

Jbe + Qb X Jbe = Mb (124)

where V', and €2, are the translational and angular velocity vectors expressed in the
body axes, m and Jp are the total mass and inertia tensor of the aircraft respectively. The
matrix Tpg refers to the transformation from the geodetic reference frame (F) to body
axis (b) and Gg is the gravitational vector in the geodetic frame. Fp and M, 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:

Lg = [zor Yor 208" (1.25)
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YE

Geodetic inertial frame

Xg

ZE

Figure 1.4: Geodetic and body reference frames

An intermediate reference frame parallel to the geodetic inertial frame with the origin
moving with the aircraft centre of gravity can be defined. The orientation of the body fixed
frame can be defined with respect to this reference frame by the so-called Euler angles as
shown in equation 1.26. Euler angles are represented in figure 1.5.

©=[p0y)" (1.26)

X2
Xp

¢ Y2
Vb

Zy z

Figure 1.5: Euler angles defining the orientation of the body frame (b) with respect to the
geodetic frame (F). Intermediate axes (1, 2) are defined for the rotation sequence.

The translational (V') and angular (€p) velocity vectors are expressed in the body

frame:
Vi = [up vy wy)" (1.27)

Qo =1[pqr]” (1.28)
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Kinematic relations are formulated to express the translational and angular velocities
from body axes to the inertial frame:

Ly =TV, (1.29)

© =D'Q, (1.30)

with Tgp, 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 1.32. Additional details
can be found in [5].

cosfcosty singsinfcosy — cospsiny cos ¢sin b cosy + sin psiny
Tg, = |cosfsiny sin¢gsinfsiny + cos ¢ costy cos ¢sinf sin — sin ¢ cos Y (1.31)

—sinf — sin ¢ cos 6 cos ¢ cos 6
1 0 —sinf
D= |0 cos¢ cosfsing (1.32)

0 —sin¢g cosfcoso

1.2.2 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 con-
ditions. This model is able to capture the main aerodynamic effects occurring for slow
aircraft manoeuvres, the typical ones of current aircraft passenger configurations, includ-
ing 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 simula-
tions 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 [38].

Cy
Fy, = q Sref Ty Cy (133)
C.
Ci
My =G Sref lref Toa | Cm | +Toc—25% X Fp (1.34)

Ch
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with ¢ being the dynamic pressure, S,.r the wing reference area, l,.s 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,, side-force C, and lift C',) and moment (rolling C},
pitching C,,, and yawing C,,) 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 rcg_s5%. The origin of the aerodynamic frame is usually positioned
at 25% of the MAC of the wing. The matrix T},, given in equation 1.35, transforms the
forces and moments expressed in the aerodynamic reference frame to the body frame. The
angles defining the orientation of the aerodynamic reference frame are the angle of attack
() and sideslip (f) and are shown in figure 1.6.

cosffcosa —sinffcosa —sina

Ty = sin 3 cos 3 0 (1.35)
cosfBsina —sinfsina  cosa
X; Xy
Xb
o
Yi X

Ya

Zp z;

Figure 1.6: Angle of attack («) and sideslip (f) 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.

The aerodynamic coefficients are given through mathematical expressions as a function
of different parameters such as the angle of attack («), sideslip (/5), Mach number (M),
body angular rates (p, ¢, ) 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 ¢). Terms such as C,, 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



1.3. Aeroelastic Response 27

coefficient (C,) are given in equation 1.36.

l?’e . lre
C. = Cho + Conar + Cgf + czqu ! +czdo‘v Ly,

(1.36)

The coefficients can be corrected to account for the effects of the quasi-static flexible
deformation of the airframe [61]. 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 [5]. 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 [5, 60].

1.3 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 [3|. 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.

1.3.1 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 [62].
Figure 1.8 shows the condensed model with the structural reference frame.
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Figure 1.8: Condensed FEM model with
Figure 1.7: Global FEM model structural reference frame

The linear aeroelastic equations of motion in the structural reference system are given
in equation 1.37 according to Looye [38]. The derivation can be found in [34].

Mg@y (1) + BgagZy(t) + Kggxg(t) = Fy(t) (1.37)

with Mg, Bgg and Ky, being the mass, damping and stiffness matrix of the degrees of
freedom of the FEM structural model, &, being the degrees of freedom of the grid points
with respect to the structural reference system, which has the dimension n,4. Structural
damping is usually neglected in aeroelastic analysis. The external forces applied to the set
of interconnected grid points is Fy, expressed as well in the structural reference frame.

A modal analysis of the aircraft configuration is performed from equation 1.37, ne-
glecting the structural damping, without an external excitation (F, = 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 (z, = &46/“"),
equation 1.37 can be expressed in the frequency domain:

(—w* Mg + Kgg)wg(w) = 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 1.38. In this study,
the eigenfrequencies and modal matrix ¢4p which collects the eigenvectors in columns have
been calculated with the software MSC.Nastran [63]. The first six eigenfrequencies have a
value close to zero and correspond to the six rigid body modes.

The structural displacements (x4) can be expressed as a function of the modal or
generalized coordinates (up) as shown in equation 1.39.

Lg = d)ghuh = [¢g'r qbge} |:’Uz1} (139)

Ue



1.3. Aeroelastic Response 29

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 ¢gp 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 (nj, < ny). 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 as-
suming 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 corre-
sponding to the three translations and three rotations may be of interest for aeroelastic
analysis [43]. A possible correction involves imposing unit translations and rotations around
the centre of gravity respectively according to the direction of the body reference frame
[38] presented in section 1.2.

The equation of motion 1.37 can be projected in the reduced set of generalized coor-
dinates. 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:

(—w?Mgp, + jwBgn + Kgp)un(w) = Fy(w) (1.40)

with Mygp, Bgn, and Ky, being the half-generalized mass, damping and stiffness respec-
tively. 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 (¢7,,) provides the equations of motion
in modal coordinates (h) expressed in the frequency (equation 1.41) and time (equation
1.42) domain.

(—wQMhh + jWth + Khh)'u,h(w) = ¢§th<w) (141)

Mhh’l',lh@) -+ th’l:l,h(t) —+ Khhuh(t) = gth(t) (142)

with Mpyp, B, and Ky, being the generalized mass, damping and stiffness matrices
respectively, which are diagonal due to the orthogonality of the modes and wu, as the
generalized coordinates divided in rigid (u,) and elastic (u,) 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 [38], the total aircraft mass (m) and
inertia tensor (Jp) can be found in the diagonal terms of the rigid partition (M,.,.) of the
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generalized mass matrix (Mpp). The term (;bgth 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
(Fy) both in the frequency and time domain.

1.3.2 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 pro-
jected to the generalized coordinates (term ¢§th) as shown in equation 1.43. Unsteady
aerodynamic forces can be induced by the aircraft motion (F}), control surface deflection
(F2) and gust or turbulence (FZ**"). In this study, only motion and gust induced ef-
fects 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.

OgnFy = Fy' + F® + F™ (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 coef-
ficient 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 (up,)
needs to be translated into the downwash effect through the modal panel deflection [17].
The gust downwash corresponds to the imposed harmonic wind distribution all along the
aircraft. A spline matrix (Gg;) is also required in order to project the forces from the aero-
dynamic grid to the structural reference frame [43]. The forces expressed in the structural
frame can be projected to the different modes through the modal matrix (¢gp), obtaining
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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 (Qpnn,
Qnrc) and half-generalized (Qgn, Qq¢) acrodynamic forces can be expressed as shown in
equations 1.44 and 1.45 for motion and gust induced effects respectively.

F(w) = 95, Gg;Qinun = (91, Qgnun = (Qnnun (1.44)

F"(w) = CjﬁbghngQjGwG’ = 67¢'§thch = (Qnewe (1.45)

with Qpp and Qg being the unsteady motion-induced in generalized and half-generalized
form respectively. The generalized and half-generalized gust induced forces are also in-
cluded (Qne and Qgi). These matrices depend on the mach number (M) and reduced
frequency (k). The gust and turbulence inputs are given by wg. 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 [43].

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 (Qpp) and gust-induced effects (Qrg)-

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 excita-
tions 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 1.46. From
this solution other quantities such as acceleration or integrated loads can be derived [17].

up(w) = [~w?Mpn + jwBnh + Knh — (Qnn] - 1Qncwe (W) (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 [23]. The gust propagation effect
in the time domain can be captured with enough lag states 25| or by combining RFA with
explicit delays all along the aircraft |27, 28].

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(27f)lef/Voo, With k being
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the reduced frequency, f the frequency, [,.; the reference chord length and V, the true air
speed) allowing for time domain simulations. The coefficients of the approximation (Fp, Fy,
F3, F;») are determined by setting the number (IV;) and the value of the delay parameters
(d;) applying least squares techniques to fit the unsteady aerodynamic forces given for
different frequencies. The different coefficients (F;) are calculated in order to minimise the
criteria set in equation 1.48. Constrained equations can be enforced to match values at
specific frequency values through the coefficient GG;. 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.

F F Na s
_ 1 2 2
QRFA(S) _FO+V_OOS+V_O%S +;F1+2m (147)
N
J =Y GillQ(M,k) — Qrra(M,s)|’ (1.48)
=1

Once the identification of the coefficients (Fy, Fy, Fa, F;i2) is performed for each
effect, multiplying equation 1.47 with dynamic pressure (¢) and the induced effect (modal
displacement wuy, or gust wg), provides the unsteady aerodynamic force approximated
through a rational function approximation given in the Laplace domain:

Fypa Fipo all S
F*(s)=q| F 2 § ) T p—— 1.49
k() C]( hho T Vo 5+ vz S +i:1 hh(+2)3+voodhi) Up ( )
Nac
_ Frea Frae s
F9"*(s) =g | F 2 § ) T G — 1.50
h (s)=¢ ( hGo + Vo s+ vz s+ - hG( +2)3 T VoodGi> wag ( )

A Laplace transformation allows expressing the motion (F*) and gust-induced (FZ**")
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 (wup;) and gust (wg;) induced unsteady
aerodynamic effects in the time domain are given in equations 1.53 and 1.54 respectively.

“ _ Fup . Fyps .. o
Fh (t) =q thouh + % Uup + ﬁuh + Z th(i+2)uhi (151)
e o0 i=1

Nac
us _ F )
F"(t) = q (ico’wa + {;Gl wg + Z FhG(i—f—Z)“’Gi) (1.52)
i=1

[e.9]
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Ui = Viodpitni + Up, (1.53)

wg; = Vodgiwai + Wa (1.54)

with V being the true air speed, dj; and dg; the value of the delay coefficients chosen
for the rational function approximation according to equation 1.47. The number of delay
coefficients (Ng) is specified for each case.

1.3.3 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 aeroser-
voelastic applications.

The typical structure of a state space model is:

X = 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:
T

X:[uh ’l:l,h Uhi ’lUGi]

The considered input are the gust or turbulence and its derivative:
. 1T

U = [ wg Wqa }

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:

0 I, 0 0
—Mh_lK';L —Mh_lBh Cth_l[th(H—Z)]i (jM;z_l[FhG(i+2)]i
Iy
- 0 : Voo (dnidp) 0
Iy,
0
0 0 0 Vo(dailg)
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Ky = Kpn — @Frho By, = Bpy — 72

— F;
Mh = Mhh —q Vhé:z
gust __ _ —1 gust @ —1
MO _th FhGO M]_ = iMh FhGl

Voo
_ 0 0 -
M(g)]ust Mi]ust
B 0 0
= IG
0 :
i I |

with I}, and I 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 [38, 40].



Chapter 2

Integrated Aircraft Model

In this chapter, the strategy and different aspects to consider when integrating the pre-
viously detailed equations of motion and aerodynamic models are included. The main
objective of the approach is to capture relevant physics when simulating the aircraft re-
sponse 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.

2.1 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 [27| and [38] 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 ap-
plication of linear elastic theory.

35
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e 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.

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

e 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.

e 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 [34] 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.

2.2 Equations of Motion

The equations of motion of the integrated approach based on the previous modelling as-
sumptions are given in this part. The set of equations are formulated in the time domain.
It can be shown according to [31] 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 (up = u.).

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 [31, 64]. It is oriented and positioned according to constraints of minimum
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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 [38]. 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 (Mpp) and
stiffness (Kpp) 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 [34].

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 2.4.

The set of nonlinear equations of motion of a flexible aircraft are given in equations
2.1, 2.2 and 2.3, with AFZ**" and AMZ"** 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 AFY*® and AM;**. 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.

m(Vy + Qp X Vo — TypGg) = F, + AFS* 4 AF/*" (2.1)
T + Qp X JpQp = My, + AMZ** + AM]'” (2.2)
Meotie(t) + Beetic(t) + Keette(t) = ¢ Fy(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 quasi-
steady 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 C'z; as described in section 1.2.2. Aerodynamic forces and
moments due to the the aircraft response and control surface deflection are calculated
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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 motion-
induced unsteady aerodynamic forces in the aeroelastic equations of motion (Fp* = F2).
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 [38]. 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 (AFZ***, AMZ"*"). The impact of dynamic flexibility
on the response is assessed in chapter 3.

gust flex
Quasi-steady AF,  +AF,

L N R N gust flex N K N
Gust Quasi-steady Flexible | correction Unsteady Aerodynamics AM,™ +AM, ™ | Flight Mechanics Nonlinear
Turbulence Aerodynamics Equations of Motion
u, Fj
Ueo Aeroelastic Linear Fovet

Equations of Motion

Figure 2.1: Integration approach between nonlinear flight dynamics and linear aeroelastic
equations of motion

2.3 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 cap-
ture the gust effect, such as Cz,,, as proposed in [10]. 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 co-
efficients by making some assumptions. Section 2.3.1 includes the derivation and form of
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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 [27].
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 xg;(t) = x; — Viot, being x; the different coordinates of the
aerodynamic grid and V., the true airspeed of the aircraft assuming that the gust profile
is not moving.

wa;(t) = wgj(Tg;(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.

Ny
us ~ F j1 .
Fgg t(t) =q <ng0ng + %ij + Z ng(i+2)wGi> (2.5)
o0 =1
Wi = Vooldaiwg; + Waj (2.6)

Another possibility consists of dividing the aircraft in sections as proposed in [28]. 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 [26| consists on approximating the time
delays by filters. The first order approximation of a pure time delay in the Laplace domain

. ,Ts ~o 1
can be expressed as: e " =X 137

2.3.1 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
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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 [10]. The gust-induced aerodynamic derivative holds for symmetrical one-
dimensional 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 ag = §7%. The gust disturbance reaches
the nose initially before the wing and finally the Horlzontal Tail Plane (HTP). When
reaching the wing, the gust induces a variation of angle of attack which modifies the wing
downwash (g) that is seen by the HTP after a certain time. This propagation time is
given by 7,y = %, with [,,/i 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, coefficient.

The angle of attack variation due to the gust reaches the HTP after the same propa-
gation time as the downwash from the wing. When the gust is measured at the aircraft
nose, the propagation time (7,/5) takes into account the distance from the aircraft nose
to the HTP (I, /H). The gust-induced effect is not considered in the C, 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 vari-
ation 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.

ag (t) WzG(t)

Wze (t)

Figure 2.2: Illustration vertical gust effect and downwash on the aircraft
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Aerodynamic stiffness terms are considered for each part making the assumption of
quasi-steady aerodynamics in each section (Czun, Czaw, Czon). The lift force can be
expressed by considering the different contributions :

Fgust(t) — qsrefczanan(t) + qSTeszawozw(t) + QHSHCZaHaH(t) (27)

The lift force coefficient can be derived from the previous expression through the ap-
propriate nondimensionalized parameters (dynamic pressure ¢ and reference surface S,.y):

Fgust t
2
O (£) = Crann(t) + Crnpra(t) + Cram 1 5Hf an(t) (2.9)

The variation of angle of attack due to the gust excitation is expressed in the frequency
domain (ag(w)). The angle of attack seen at each section can be delayed with the ap-
propriate 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: a,(w) = ag(w)

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 (7,/,,). This
time is given by the distance between both sections (l,/,) and the aircraft true airspeed
(Vo). 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

n/w

the frequency domain as: o, (w) = ag(w)e /v = ag(w)e ™ Ve

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 (7,/r). 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 (7,,,r). 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 (7,,)g = Tyjw + Tw/m). 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,/). 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 (&) created
due to angle of attack variation at the wing (ap) can be expressed as € = g—ZOzO. The angle
of attack variation at the HTP due to a vertical gust excitation can then be defined as:
ap(w) = ag(w)e™mim — q,(w) e/ = qg(w)e™ ™/ — ag(w) 2 e n/wtTu/n) =

(07
ag(w)e ™V (1 - %)
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The increment of lift force coefficient due to the gust excitation can be expressed as:

V3 Su sty (O
~ | 1—— 2.1
V25 ( aa) acw) (210

l
i/ w
C9"*Nw) = Czanag + Czawe 7 Vo ag + Czap—

When dividing the increment of lift force coefficient by the gust input, the so-called
Frequency Response Function (FRF) is obtained:

9t (w) jo'ntw V2 Sy it Oe
= Voo Vo [1—— 2.11
o) = Czan + Czawe” + Czon—o V2 Srefe % (2.11)

A first order Taylor polynomial approximation can be used to express the time delay:
e ITAIE v ] — jwTa R

The aerodynamic frequency response function can then be expressed as:

C9" (w) Iy jw VH Su oy Os
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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
coeflicient due to an angle of attack variation (C'z,) and an additional dynamic term (C'zs,,)
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 (z) to the centre of gravity position (z.,): Cm = Cmo+ (2. —20)Cz,
with C'mg being the pitching moment coefficient calculated at the aerodynamic centre.

The dynamic gust-induced derivatives (C'zs,, and Cmy,,) 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
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methods is more accurate than the analytical estimation as shown in [10]. 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 Ny is set to 1), given by the expression in equation 2.13.

us — F S
F}f t(s) =q (FhGO + ";Gls + FhG3m) weg (2.13)

[e.e]

Ignoring the second order terms, equation 2.13 can be rearranged as follows:

Frhci Frhas
F"™(s) = (Facowe + (=" (2.14)
+ VoodGi

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):

CZdG l‘r/ef
— 9 2.15
1+ 7as aG ( )

ACI' = Czyaq +

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 [25, 26, 28|. 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 2.16 shows the identified model from a rational function approximation with
an explicit delay, which is defined by the distance between two aircraft parts (l4/5) and
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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 1.48.

ACI*" = ex —lAﬂs Czoaq + %d (2.16)
# P Ve ot 14+ 7as ¢ .

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 (85). 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 (o)
that reaches the VTP after the propagation time 7,y = %
aerodynamic force on the VTP in addition to the lateral gust effect. The sideslip variation
at the VTP (By = —(8 — o)) due to the lateral gust reaches the VTP from the wing after
the same propagation time (7,,1). 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.

. This sidewash creates an

)
Be(t) = %

Wy ®

Figure 2.3: Illustration lateral gust effect and sidewash on the aircraft
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The sideforce given in aerodynamic axes can be written as:
F5USt(t) - gsrefcyﬂwﬁw(t) + QVSVCyBVBV(t) (217)

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

Fgust(t)
gust(py — ¥ \")
Cyi(t) = =2 T (2.18)
VE S
C;JUSt(t) = Cyﬁwﬁw( ) + Cyﬁ\/ z BV(t) (219)

V2 Srey
The sideslip variation for the wing and fuselage section is also expressed in the frequency
domain: f,(w) = Bg(w)
An explicit delay is added to account for the gust propagation effect on the VTP. The

sidewash (o) effect due to a sideslip variation (fy) is also taken into account (o = g—gﬁo).
The sideslip variation due to the lateral gust at the VTP is expressed in the frequency

Ly
domain as: By (w) = —e ¥/ Bg(w) + g—ge_jww/‘/ﬂg(@ = <1 - 82) Ve Ba(w)

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

us V S 80' _»wlw/v
C"!(w) = Cypufa — Cygvvg 57: (1 - %) e Ve Ba(w) (2.20)

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

C9ust (w) V2 S do /v
Y vV \4 —Jw——
v 7 1—— ) 2.21
5@(0.)) Cyﬁw Cyﬁv V 2 Sref ( 0B) © ; ( )

A first order Taylor polynomial approximation is used to express the time delay (e ™7“74/8 ~
1 —jwTa,p) as for the derivation of the vertical gust-induced effect. The sideforce frequency
response function is then expressed as:

C9st(w) V2 s do l
y Vv V . w/V
—y » 1— 1-— = 2.22
= Cup — o e 5 ( 35) (1 - gl (222)
V2 S Jo
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The lateral gust-induced effect on the aircraft response can be also estimated through a
quasi-steady coefficient due to variations in sideslip (C'yz) and an additional gust dynamic
term (C’yBG). The wing and fuselage contributions could be also divided in the derivation
obtaining a similar expression as the one for lift previously.

A similar identification process as the one shown in the previous section in vertical
can be applied. Lateral dynamic gust coefficients (C’yBG, Clg, and CnBG) 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.

2.3.2 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 («) 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 physi-
cally 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 fre-
quency 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 [25].

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 (o = ag, with dg ~ 0),
the predicted lift force coefficient by a quasi-steady flexible aerodynamic model linearized
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around the steady state and the unsteady aerodynamic model in the time domain is shown
in equations 2.23 and 2.24 respectively.

QS FZQS
C9 =22 = (C,a (2.23)
quef
Fruns V.
Cuns = 22— 22 p g 2.24
quef Sref 0 ( )

. . . . cp . . . Qs
A weighting function in lift is defined according to the ratio %

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.

This can be used

Once corrected, the increment of aerodynamic force and moment in the time domain
due to a vertical (ag) and lateral (5g) 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.

. lref/Voo o
CysPa + Cyps15m5,s Be

AFJ"" = S, (2.25)
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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 [38] 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.

2.4 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
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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 (AF** AMJ**).

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.) 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.

2.4.1 Residualized Model Approach

The overlap in terms of quasi-static deformation taken into account both in the quasi-
steady 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.0) 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 @, = 0, i, = 0 and isolating u, =
Uepo). This strategy known as residualized model approach is proposed in [37] and extended
to unsteady aerodynamic forces with lag states from a rational function approximation in
[38]. Additional details about the application of the method are provided in [34] and [41].

The derivation of the residualized unsteady aerodynamic forces is described. The first
step consists of calculating the quasi-static deformation predicted by the aeroelastic equa-
tions of motion (equation 2.3) with @, = 0, i, = 0 as shown in equation 2.27. The un-
steady terms due to elastic deformation in the motion-induced aerodynamic forces are also
removed. The rational function approximation is used to express the unsteady aerody-
namic 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 [38].

KeeueO = ¢Zng (t) = Cj (FeeOUeO + Fe'ru'r + FerG> (227)
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The quasi-static flexible contribution can be isolated:

Ueo = CY(I(ee - q‘FeeO)_1 (Fe'r'u"r + FerG) (228)

The increment of unsteady aerodynamic forces and moments due to dynamic flexibility
affecting the rigid degrees of freedom is shown in equation 2.29, where the additional states
of the rational function approximation are solved through the Ny, (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.).

AFﬂew — Frel . Fre2 . Jae

|: A]\Zi)ﬂem :| =dq (Fr60<ue - ueO) + V_Ue + W’U,e -+ Z Fre(i+2)uei (229)
& 00 i=1

'l:l’ei == Voodeiuei + ’l:l,e (230)

2.4.2 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:

ir Arr A'r‘e ArL Ly B'r
go| = |Aer Aee Aurl| |z|+ |B.|U (2.31)
dzL O 0 ALL Iy, Bg

With @, being the rigid states (u,., 1, and lag coefficients '), x. being the flexible
states (ue, Ue and lag coefficients u’) and xy, 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:
Te = .’EéQS + Ax,
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The quasi-static contribution can be found by residualizing the state space model. In
this case, the residualization is done through the flexible states (€. = 0). According to
equation 2.31, the quasi-static flexible contribution can be found :

x9S = —A N Az, + Acpzr + BU) (2.32)

The dynamic flexible effect can then be calculated from the state space model by
replacing x, = 95 + Az, in equation 2.31 and adding the quasi-static flexible definition
of equation 2.32.

Ad, = Ace Ao + A Acrity + Al Acr®r + ALl BU (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:

Adp Ace A A AL [Az.] [AZJA.. AZ)AB, AZ'B. |77

B = + v

Iy, 0 ALL Ty, 0 BL 0 U
(2.34)

If the dynamic contribution (Ax,) 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 2.35. Additional details on the aeroelastic state space
model are provided in section 1.3.3.

AFl;flew 7F'M‘2 .
|: AMl;ﬂex :| = (M’r’r — qv—ozo AreAa:e (235)
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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.

3.1 Gust Definition

The gust excitation is assumed to be known and is the one specified for loads certification
purposes [3|. 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.
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Figure 3.1: Gust profiles in time do- Figure 3.2: Gust profiles in fre-
main quency domain
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3.2 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 (C'z,). The same can be done in pitch at low frequencies (Cm,,).

A rational function approximation according to section section 1.3.2 is applied to ex-
press 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.
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Figure 3.3: GAF in lift due to vertical gust
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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
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Figure 3.4: GAF in pitch due to vertical gust

translation (heaving speed) is taken into account.

Figure 3.5: Heave, pitch and vertical gust modes at a frequency close to zero (source:[17])
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Figure 3.6: Comparison of GAF in lift due to heave motion, pitch rotation and vertical gust
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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.
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Figure 3.7: Lift coefficient of fixed Figure 3.8: Pitching moment coeffi-
rigid A/C due to vertical gust cient of fixed rigid A/C due to ver-
(H=150ft) tical gust (H=150ft)

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.
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Figure 3.9: GAF in lift due to vertical gust
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Figure 3.10: GAF in pitch due to vertical gust

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.
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Figure 3.11: GAF in roll due to lateral gust
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Figure 3.12: GAF in yaw due to lateral gust

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.
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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 [10]. These coefficients (Cz4., CMgg,
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Cly,, and Cny ) 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 (7¢) 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.
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Figure 3.15: GAF in lift due to vertical gust
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Figure 3.16: GAF in pitch due to vertical gust

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
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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).
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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 VIP. In this case, the delay coefficient of the RFA (7¢) 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.
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Figure 3.19: GAF in roll due to lateral gust
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Figure 3.20: GAF in yaw due to lateral gust

The predicted gust-induced effect in roll and yaw from the identified model is also
validated against nonlinear CFD in the time domain for a fixed rigid aircraft as shown in
figures 3.21 and 3.22.
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Slight differences in amplitude are observed due to the approximation of the gust-
induced 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 frequen-
cies 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 pre-
viously 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 gust-
induced aerodynamic derivatives. In this case, an explicit delay is added between the
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aircraft nose sensor position and the wing leading edge, which is defined by the distance
between both parts (I4,5) and the aircraft speed (V) in equation 2.16. 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 fre-
quency 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.
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Figure 3.23: GAF in lift due to vertical gust
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Figure 3.24: GAF in pitch due to vertical gust

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
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figures 3.1 and 3.2). A good agreement in the time domain can be also observed with
respect to nonlinear CFD.
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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.
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Figure 3.27: GAF in roll due to lateral gust
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3.3 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.

Vertical Response

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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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.
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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.
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Lateral Response

Figures 3.35 and 3.36 show the predicted response in roll and yaw due to a lateral gust
creating a sideslip variation, instead of an increment of angle of attack. The impact of gust
propagation in lateral can be seen. The propagation effect in roll is similar as in lift. The
main contribution in roll is also the wing and the delay between the nose and the wing
creates a similar effect in roll as the one shown in figure 3.31. 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.
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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. Figures 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.
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.
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The open loop response of the aircraft, once the gust is gone, shows the short period
mode. As demonstrated in [5], the damping of this mode is directly linked with the
coefficient C'm,, 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
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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.
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Figure 3.41: Illustration of the effect at different centre of gravity positions in vertical

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.
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Figure 3.44 illustrates the effect of different centre of gravity position in yaw. The
response in roll due to lateral gusts is not affected by centre of gravity variation along the
longitudinal axis. The position of the centre of gravity along the vertical axis has a direct
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effect in the amplitude of the response in roll due to the contribution of the increment
of side force due to the lateral gust. After the gust effect, the open loop response shows
the beginning of the dutch roll mode, which affects both roll and yaw due to its strong
coupling.
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Figure 3.44: Illustration of the effect at different centre of gravity positions in lateral

Roll Damping

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,. 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.

R / Roll damping
) 1 ‘. ‘x /
atera '\ R i 2__ _Q
gust effect\ - (. -
J 1Aa10cal

Figure 3.45: Illustration of the roll damping



70 Chapter 3. Theoretical Gust

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 figure 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.
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Figure 3.48: Illustration of the dihedral effect with and without static deformation

Effect of Quasi-static Flexibility

Different options are possible in order to account for the quasi-static flexibility effect in
the aerodynamic response. In the present study, the strategy proposed in [61] has been
applied to correct the quasi-steady rigid aerodynamic data. The effect of the quasi-static
flexibility in the aircraft response due to low frequency gusts is shown in figures 3.49, 3.50,
3.51 and 3.52 for vertical and lateral. A general reduction of the quasi-steady aerodynamic
gradients can be seen due to the effect of quasi-static deformation of the airframe. The
response in the increment of lift force and rolling moment coefficients show the effect of
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the wing deformation. The local angle of attack variation seen by the HTP also plays a
role in pitch as well as the different sideslip at the VTP in yaw. The beneficial dihedral

effect in roll is also shown in figure 3.51.
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Figure 3.49: Lift coefficient of free
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Figure 3.50: Pitching moment coef-
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steady A/C due to vertical gust
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Figure 3.52: Yawing moment coeffi-
cient of free flying rigid and quasi-
steady A/C due to lateral gust
(H=300ft)

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 motion-
induced forces of the elastic degrees of freedom are integrated in a flight mechanics model.



72 Chapter 3. Theoretical Gust

Different number of flexible modes can be retained. Quasi-steady flexible effects are already
accounted for in the quasi-steady aerodynamics model. This allows considering less flexible
modes reducing the overall number of states of the system. In this case, only the most
energetic modes which are the ones at low frequencies are retained to capture the impact
of dynamic flexibility on flight dynamics.

Vertical Response

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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Figure 3.53: Lift coefficient of free Figure 3.54: Pitching moment coeffi-
flexible A/C due to vertical gust cient of free flexible A/C due to verti-
(H=300ft) cal gust (H=300ft)

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 [38].
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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.
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Figure 3.57: Low frequency modes which impact lift force and pitching moment coefficients
(Wing and fuselage bending and symmetric engine modes with amplification factor)
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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.
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Figure 3.60: Rolling moment coeffi-
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Figure 3.61: Yawing moment coeffi-
cient of free flexible A /C due to lateral
gust (H=300ft)

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
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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 agree-
ment between the model-based and the high fidelity simulation approach at the considered
flight condition.
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Figure 3.62: Rolling moment coeffi- Figure 3.63: Yawing moment coeffi-
cient of free flexible A /C due to lateral cient of free flexible A /C due to lateral
gust (H=150ft) gust (H=150ft)

Figure 3.64: Low frequency modes which impact rolling and yawing moment coefficients (Wing
and fuselage antisymmetric bending and engine antisymmetric modes with amplification factor)
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Gust Frequency Analysis
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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.
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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 [65]. This energy
absorbed in the aircraft response alleviate the gust loads transmitted to the structure.
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Figure 3.70: Pitching moment coef-
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vertical gust profiles due to different vertical gust profiles

Inertial effects are added to illustrate the difference. The vertical load factor and the
pitch angle are shown in figures 3.71 and 3.72. The response in vertical load factor show the
same behaviour as the increment of lift force coefficient, as both are directly related. The
response in pitch show how the aircraft is able to follow in pitch the gust profile absorbing
part of the gust energy.

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.
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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.
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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.
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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.

H=100 ft
——H=1501t] |

Gust speed (m/s)
Scaled gust speed

1 1.5 2

Time (s) Frequency (Hz)
Figure 3.77: Gust profiles in time Figure 3.78: Gust profiles in fre-
domain quency domain

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
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to gust and turbulence for different kind of flight dynamics investigations. This needs to

be evaluated for each aircraft configuration studied.
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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.
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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.
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Figure 3.84: GAF in pitch due to vertical gust

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
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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® 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.
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The increment of pressure coefficient distribution (ACYD) is calculated at the wing sta-
tion of figure 3.87 through nonlinear CFD at different time steps. Results are shown in
figure 3.88. The steady pressure coefficient is removed and the increment with respect to
the initial conditions is shown. Even if the steady condition includes a shock, the gust
effect can be considered as linear as observed by the ACp distributions at the different
time steps.
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Figure 3.87: Wing station at which the increment of pressure coefficient (ACYD) is calculated



3.5. Transonic Conditions 83

A similar linear distribution is obtained in the previous flight condition (M=0.5, h=0ft)
with the nominal gust amplitude as shown in figure 3.89. It can be observed that the gust
effect is linearly scaled taking into account the steady condition which differs in both cases,
even if the gust excitation is the same.
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due to a low amplitude gust profile (scaled)
with respect to the steady condition at differ-
ent time steps for a fixed rigid A /C (M=0.836,

with respect to the steady condition at differ-
ent time steps for a fixed rigid A/C (M=0.5,
h=0ft)

h=—27000ft)

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 (ACp) 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 [49]. 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.
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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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Figure 3.91: Lift coefficient of fixed Figure 3.92: Pitching moment coef-
rigid A/C due to vertical gust ficient of fixed rigid A/C due to ver-
(H=300ft) tical gust (H=3001t)

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°.
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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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Figure 3.94: Lift force coefficient as a function of the steady angle of attack (M=0.836, h=27000ft)
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When increasing the amplitude of the excitation, nonlinear effects become more im-
portant. 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.

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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The frequency of the excitation also influences the nonlinear response. At low frequen-
cies, 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.
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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? 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.
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Figure 3.100: Lift coefficient of free
flexible A/C due to vertical gust
(H=300ft)
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Figure 3.101: Pitching moment co-
efficient of free flexible A/C due to
vertical gust (H=300ft)

Figures 3.102 and 3.103 show the pressure coefficient increment from the steady con-
dition 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® 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® 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
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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 gust-
induced 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.
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Figure 3.102: Increment of Cp distribu-
tion with respect to the steady condition at
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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.
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Figure 3.106: GAF in lift due to vertical gust for different Mach

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 = % fs
with /,.; 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.
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Figure 3.107: GAF in lift due to vertical gust for different Mach



3.5. Transonic Conditions 91

20 T T T 0 T
—e—M=0.4 —o—M=0.4

—e—M=0.6 -50 - —e—M=0.6
M=0.7 M=0.7
15 —e—M=0.8 -100 —e—M=0.8
™ %150t
< 9]
S] L -200 -
199] %)
2 <
T -250
-300 1
-350
0 | | | _400 | | |
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Reduced frequency Reduced frequency

Figure 3.108: GAF in pitch due to vertical gust for different Mach

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 es-
timate 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.

4.1 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 [3| in order to account for continuous and irregular turbulence
effects. The atmospheric disturbance in this part is idealized as a stationary Gaussian
random process [4]. 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 [4].

93
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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 o, being the root-mean-square turbulence velocity in m/s (gust
intensity), L the characteristic scale wavelength of the turbulence and w the frequency in
rad/s. The power spectral density provides the information of the frequency content of the
turbulence input [4].

L 1+451.339%(5)%W
Vio (1+ 1.339%(+2)2w?) &

Pp(w) = 07 (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 [66].
The norm also gives the turbulence intensities (0;) as a function of altitude and probability
of exceedance. In this case, oy is set to 3 m/s corresponding to moderate turbulence (with a
probability of exceedance of 1073) 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 [4].
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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 [10] 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 [10],
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 [67].

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,(w) |* being the modulus
squared value of the aircraft frequency response in turbulence and ®x(w) the turbulence
PSD as defined in the case of the Von Karman spectrum with the expression given in
equation 4.1.

Oy (w) = Hy(w)Hy(w)Pr(w) =| Hy(w) [* p(w) (4.2)
The loads level in turbulence can be estimated by calculating the root-mean-square

value of the response (0,), which is the area under the power spectral density of the
response, given in equation 4.3.

o, = / B, (w)ds (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
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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.
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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 3.35. 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 figure 4.8.
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Dynamic Flexibility Effect

As shown previously, dynamic flexibility can have an impact on flight dynamics. For the
previous turbulence profile given in figures 4.1 and 4.2, the effect of dynamic flexibility can
be neglected. It can be observed that the frequency range excited given by the PSD of
figure 4.1 is similar to the low frequency gust profile (H=300ft) given in figures 3.1 and
3.2. Quasi-static flexibility effects are sufficient to capture the response for the aircraft
configuration studied and the frequency range excited, as shown in figures 3.53 and 3.54.

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 spec-
trum and the one with a lower scale length exciting higher frequencies. The turbulence
intensity (o) is kept constant in both cases (3 m/s).
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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 (o,) 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
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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.
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Figure 4.12: Vertical load factor
due to Von Karman turbulence spec-
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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 flexi-
bility 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.
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4.2 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 [4].

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.
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Vertical Response

The simulations results in the time domain are compared with flight test measures in
figures 4.17 and 4.19. Results from the same model limited to low frequencies without gust
propagation and unsteady aerodynamic effects are also shown. The predominant physics
captured is the gust propagation effect along the aircraft, which plays an important role
in pitch as previously shown. The turbulence profile has an effect on the different parts of
the aircraft at different times. The predicted response in vertical load factor at the centre
of gravity (figure 4.19) also shows the propagation effect through the delay between the
nose and the wing. The wing is the main contributor to lift and therefore to the vertical
load factor.

The power spectral density in pitch (PSD) is included as well showing a good agreement
between the model prediction and the flight test data in the frequency range of interest for
flight dynamics investigations (Figure 4.18).

- - -Flight Test - - -Flight Test
—-—Quasi-steady Flexible Aircraft —-—Quasi-steady Flexible Aircraft
—Quasi-steady Flexible Aircraft + Gust-induced Effects —Quasi-steady Flexible Aircraft + Gust-induced Effects

Pitch rate
PSD Pitch rate

Time Frequency [0-1 Hz]

Figure 4.17: Pitch rate due to turbu- Figure 4.18: PSD pitch rate due to
lence turbulence

- - -Flight Test
—-—Quasi-steady Flexible Aircraft
— Quasi-steady Flexible Aircraft + Gust-induced Effects

Vertical load factor at CG

Time

Figure 4.19: Vertical load factor at
CG due to turbulence



102 Chapter 4. Atmospheric Turbulence

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 VI'P. 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.

- - -Flight Test - - -Flight Test
—-=Quasi-steady Flexible Aircraft —-—Quasi-steady Flexible Aircraft
—Quasi-steady Flexible Aircraft + Gust-induced Effects — Quasi-steady Flexible Aircraft + Gust-induced Effects

Yaw rate
PSD Yaw rate

Time Frequency [0-1 Hz]

Figure 4.20: Yaw rate due to turbu- Figure 4.21: PSD yaw rate due to tur-
lence bulence

4.3 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 [10, 11,
42|. 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 [68, 69]. The spanwise variation of the vertical turbulence
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contributes to the aircraft rolling moment although the predominant contribution is the
lateral gust component [4].

The parameter A/b is proposed by Hoblit [4] to evaluate the importance of spanwise
effects when using one-dimensional profiles, where \ is the gust wavelength (A = 27/Q =
Vs/f) and b is the aircraft wingspan. At low speeds, spanwise effects become more rel-
evant. The effect of spanwise variation can be neglected in cases where A\/b >> 1. The
strong impact of turbulence spanwise variations in loads for high aspect ratio wing config-
urations is detailed in [70].

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 aé”—yc" = P,inq and

represented in figure 4.22. If this input is known, its effect in roll can be calculated as

Cl = C’lpwmdemd% with the gust derivative being equal to aircraft stability derivative

in roll due to roll rate (Clyying = Cl,) as proposed in [10].

Figure 4.22: Tllustration of gust angular speed induced by variations along the wingspan

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
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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

1
load factor (‘5% with N, = %). 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 [67]. 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.

— Pwind
3
5
Time 0 0.‘2 0.‘4 0.‘6 0.‘8 1
Frequency (Hz)
Figure 4.23: Gust angular speed in Figure 4.24: Cross-power spectral
roll and difference of vertical load density estimate between Pwind
factor between both wingtips and measured roll rate

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
e
. = 6u0s :
power spectral density between the measures x and z, ¢, and ¢, the power spectral density

of x and z, respectively). This measure indicates the degree at which two signals (z, 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 [71].

both signals is also calculated through the expression C?2, (with ¢, being the cross

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,
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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.
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Figure 4.25: Cross-power spectral Figure 4.26: Magnitude-squared
density estimate between Pwind coherence estimate between Pwind
and vertical turbulence measure and vertical turbulence measure

o
=)

o
o

I
~

o
w

o
o

4

CPSD (Wy, Pwind)
Magnitude-Squared Coherence

o

0 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
Frequency (Hz) Frequency (Hz)

o

Figure 4.27: Cross-power spectral Figure 4.28: Magnitude-squared
density estimate between Pwind coherence estimate between Pwind
and lateral turbulence measure and lateral turbulence measure

Figures 4.29 and 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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response is also shown in figures 4.33 and 4.34. A low impact of this uncertainty in vertical

can be observed.

- = =Flight Test
— Gust-induced Effects
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Figure 4.29: Roll rate due to turbu-

lence
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Yaw rate

Figure 4.31: Yaw rate due to turbu-

lence
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Vertical load factor at CG
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Figure 4.33: Vertical load factor at

Time
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Figure 4.30: PSD roll rate due to
turbulence
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Figure 4.32: PSD yaw rate due to
turbulence
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Figure 4.34: Pitch rate due to tur-
bulence
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This analysis does not intend to set a standard process to estimate the turbulence vari-
ations 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 possi-
bilities could be assessed as the ones proposed in [10, 11|. 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 turbu-
lence 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 num-
ber of states associated with delay coefficients of the rationalisation. The approach can
be adapted to additional unsteady aerodynamic modelling strategies, such as the genera-
tion 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
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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 re-
sponse 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 prop-
agation 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. Reduc-
ing 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 quasi-
steady 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
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estimation of this component through a gust angular speed (pying) 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:

e 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 [19, 21, 22|. 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.

e The reduction in the uncertainties of the measured turbulence input could lead to
more accurate simulations. In this study, the turbulence measurements are recon-
structed from angle of attack probes in a single point. The use of additional measure-
ment 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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