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Introduction to AeroGust 
AeroGust is a state of the art engineering computer simulation project that investigates 

aircraft-gust interaction. Gust (or turbulence) loads are of critical importance to aircraft 

design as they often define the maximum stresses which aircraft encounter in flight. Currently 

the gust loads processes used within industry are based on linear methods, corrected with 

experimental data from wind tunnel experiments. This makes it difficult to rapidly assess 

adaptations of designs and places a limitation on innovations for which the linear 

assumptions may not be valid. 

The AeroGust project aims to develop a more accurate simulation-based gust loads process 

using reduced order models (ROMs) and computational fluid dynamics (CFD) that will 

decrease reliance on wind tunnel testing - cutting lead times and helping to produce superior 

products at lower cost. This enhanced simulation technology will include a more 

sophisticated representation of real world physics and allow a faster exploration of the design 

space which may lead to more environmentally friendly aircraft and novel configurations. 

To achieve this, the AeroGust participants will be producing cutting edge research with an 

industrial focus. The three main objectives are: 

 To carry out investigations using CFD so that the nonlinearities in gust interactions are 

understood; 

 To create a gust loads process that can be used with or without wind tunnel data and 

hence reduces the need for wind tunnel testing;  

 To develop updated reduced order models for gust prediction that account for 

aerodynamic and structural nonlinearities at an acceptable cost. 

Whilst the project mainly focusses on the problems associated with aeroelastic aircraft, the 

fundamental physics is common to large wind turbines which means the methodology of 

AeroGust will find direct application in wind turbine design. This is a real advantage for the 

project and means that in the future wind turbines could be placed in areas such as the Arctic 

Circle and below the tropics, where the wind shear and gusts loads are currently prohibitive 

due to structural overdesign. 
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AeroGust project work packages 

The AeroGust project work programme is divided into five work packages. 

WP1: Management, dissemination and exploitation  

The AeroGust project has been managed by the University of Bristol.  

WP2: Understanding methods to calculate the nonlinearities of gust interaction 

Current industrial loads processes rely on linearity, which may make these methods 

unsuitable for future more flexible, or innovative, aircraft designs. CFD simulations could 

bring nonlinearity to the gust loads process, but the costs would be prohibitively expensive 

for design.  To  produce computationally cheaper surrogate models  from CFD data, efficient 

CFD approaches have been explored. Further insight into nonlinearities in aircraft-gust 

interactions will be gained using detached eddy simulations. 

WP3: Reduced reliance on wind tunnel data 

The current industry-standard unsteady gust load prediction is based on the Doublet Lattice 

Method (DLM) and steady corrections from experimental wind tunnel data. To investigate 

aspects of this process and how it may be extended for highly flexible and innovative designs, 

the process will be recreated using CFD.  

WP4: Adapting the loads process for nonlinear and innovative structures 

The current loads process may need to be adapted for future aircraft that use highly flexible 

and innovative structures. However, the inclusion of nonlinearities using high order CFD will 

be too expensive and hence this work package explores lower cost reduced order models 

derived from CFD simulations (such as those in WP2) and/or experimental data. 

WP5: Data collection and comparison  

The focus of this work package is the consolidation of the data produced in work packages 2, 

3 and 4, and the evaluation of the results with respect to the aims of the project. Suitable 

test cases were identified noting the different levels of maturity of the technologies 

developed both initially and as the project evolves. These require test cases of varying 

complexity. 
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The AeroGust consortium 

AeroGust consortium members are experts in 

numerical modelling and aeroelasticity. The 

consortium consists of twelve organisations 

from seven countries and includes three 

universities, three research organisations, 

three small and medium enterprises (SMEs) 

and three larger aerospace companies.  

Universities 
University of Bristol, UK - Coordinator  

(www.bristol.ac.uk) 

The Department of Aerospace Engineering at the University has been established for over 

fifty years and is a leading provider of aerospace research and teaching. 

Dr Ann Gaitonde and Dr Dorian Jones head the Aerodynamics and Fluid Dynamics Research 

Group. Their research focuses on the development of numerical methods for the prediction 

of unsteady fluid flows. Professor Jonathan Cooper holds the Airbus Sir George White Chair 

in Aerospace Engineering and has an international reputation in aeroelasticity, structural 

dynamics and adaptive aircraft structures.  Dr Christopher Wales and Dr Robbie Cook have  

worked as Research Assistants on the grant since the start of the project. 

University of Liverpool, UK 

(www.liverpool.ac.uk) 

The University of Liverpool is a leading UK university recognised for teaching and research 

excellence, The School of Engineering has expertise in computational aerodynamics, 

aeroelasticity, flight simulation, vibration, control and fluid dynamics.  

Dr Sebastian Timme is a Senior Lecturer with an interest in multidisciplinary simulation 

focussing on computational fluid dynamics applied at edge-of-the-envelope flight regimes 

and model order reduction. Reik Thormann worked as a Researcher on the project and has 

recently moved to Airbus. Professor Ken Badcock is Professor of Computational Aero-

dynamics and Executive Pro-Vice-Chancellor for Science and Engineering at the University.  

University of Cape Town, South Africa 

(www.uct.ac.za) 

The University of Cape Town (UCT) is the top rated university in Africa. The 

Department of Mechanical Engineering is a leading provider of aerospace research and 

teaching in South Africa.  
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The AeroGust UCT Principal Investigator, Professor Arnaud Malan, is the South African Chair 

in Industrial CFD and Director of the Industrial CFD Research Group. Roy Horwitz (MSc. 

student) was responsible for rounding off the full order calculations as well as the 

aerodynamic ROM main developer. Other key members include Dr Leon Malan (Principal 

Scientific Officer), Javon Farao (Ph.D. student), Tomas Lundquist (Post Doctoral Research 

Fellow), William Tat Man Liu (MSc. student) and James Braithwaite (Junior Research 

Officer). 

Research Organisations  

DLR, Germany  

(www.dlr.de) 

The German Aerospace Centre (DLR) is the national aeronautics and space research centre 

of the Federal Republic of Germany. Its extensive research and development work in 

aeronautics, space, energy, transport, digitalisation and security is integrated into national 

and international cooperative ventures.  

Dr Stefan Görtz is an applied CFD specialist and the head of the Aerodynamic Surrogates and 

Optimization Group at DLR’s Institute of Aerodynamics and Flow Technology. He is in charge 

of the AeroGust work at DLR. Jens Nitzsche is the team leader of the Unsteady 

Aerodynamics Group at DLR’s Institute of Aeroelasticity. Other members of the team include 

Dr Matteo Ripepi, Dr Ralf Heinrich, Markus Widhalm, Philipp Bekemeyer and Diliana 

Friedewald. 

INRIA, France  

(www.inria.fr) 

Established in 1967, INRIA is the only French public research body fully dedicated to 

computational sciences.  INRIA’s missions are to produce outstanding research in the 

computing and mathematical fields of digital sciences and to ensure the impact of this 

research on the economy and society in particular.  

Professor Angelo Iollo is a professor of applied mathematics at Bordeaux University. He 

holds a PhD in Aerospace engineering from the Politecnico di Torino and NASA Langley. Dr 

Andrea Ferrero holds a PhD in Fluid Dynamics from Politecnico di Torino and worked for the 

INRIA team as post doctoral research fellow. Stefano Pezzano holds a MSc in Aerospace 

Engineering from Politecnico di Torino and specializes in aerodynamics and numerical 

methods. 
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NLR, Netherlands 
(www.nlr.nl) 
The National Aerospace Laboratory (NLR) is the central institute for aerospace 

research in the Netherlands.  

Key researchers include: Dr Harmen van der Ven, project leader and specialist on 

aeroelasticity and uncertainty quantification;   Dr Bimo Prananta specialist in unsteady 

aerodynamics and aeroelasticity; Dr Johan Kok, CFD  expert;  Dr  Michel van Rooij, 

computational aerodynamicist; Ir Jos Aalbers and Ir Huub Timmermans, both specialists on 

structural loads. 

Small and Medium Enterprises (SME) 

NUMECA, Belgium    

(www.numeca.com) 

Numeca is a SME active in the field of Computational Fluid Dynamics and multi-physics 

design, analysis, and optimization. The engineering company Numflo is also active in the 

AeroGust project as a third party. 

Key researchers are Dr Francois Debrabandere from Numflo for the development of 

unstructured Reduced Order Model, Ir Virginie Barbieux from Numflo and Dr Lionel 

Temmerman for the follow-up and analysis of the simulations, Dr Benoit Tartinville for the 

follow-up of Numeca activities in the scope of the AeroGust project and 

Professor Charles Hirsch for global supervision. 

OPTIMAD, Italy 

(www.optimad.it) 

Optimad engineering develops software for aerodynamic analysis, design and optimization. 

The company enjoys the status of being a Spin-Off of the Department of Mechanical and 

Aerospace Engineering of the Politecnico di Torino.       

Dr Haysam Telib graduated from the Technische Universitaet Muenchen in mechanical 

engineering and obtained his PhD in fluid mechanics and aero-acoustics from the Politecnico 

di Torino and Ecole Central de Lyon. He has 10 years of experience in aerodynamic 

simulations and shape optimization in the industrial context.  

Valeol, France 

(www.valorem-energie.com) 

Valeol is a subsidiary of the Valorem Group. Valorem is a vertically-integrated green energy 

operator, offering a range of renewable energy solutions.  Valeol conducts research and 

development programs in partnership with wind energy manufacturers and is involved in 

the construction, maintenance and operation of wind farms.  

 

 



9999999999 

 

 

www.aerogust.eu 

9 

Claire Taymans is in charge of AeroGust at Valeol and is preparing a PhD thesis in applied 

mathematics in partnership with INRIA. 

Larger Aerospace Companies 

Airbus Defence and Space, Germany 

(www.airbus.com) 

Airbus Defence and Space is a division of Airbus Group formed by combining the business 

activities of Cassidian, Astrium and Airbus Military. The new division is Europe’s number one 

defence and space enterprise, the second largest space business worldwide and among the 

top ten global defence enterprises.  

Dr Luca Benassi  is the Head of Structural Dynamics and Landing Gear Loads at Airbus 

Defence and Space. In the past 17 years, he has worked at NASA Dryden Flight Research 

Centre, Boeing and now Airbus. His main interests are aeroservoelasticity, gust and 

turbulence response, and buffeting and dynamic landing. Dr Michail Iatrou is a Development 

Engineer in the department of Structural Dynamics and Landing Gear Loads at Airbus 

Defence and Space and has experience in CFD methods in time and frequency domain. 

Dassault Aviation, France 

(www.dassault-aviation.com) 

Dassault Aviation is one of the major players in the global aviation industry, with a presence 

in more than 80 countries across the five continents. Dassault Aviation's primary vocation is 

the design, development, production, sale and maintenance of business and military aircraft. 

Dr Laurent Daumas has worked at Dassault Aviation for 15 years on the following topics: 

CFD-based Optimum Design (Euler and Navier Stokes applications), aeroelasticity (Linearized 

Euler and Navier Stokes equations) and aeroacoustics (linearized and unsteady approaches). 

Piaggio, Italy 

(www.piaggio.com) 

Piaggio Aero Industries is one of the world’s oldest aircraft manufacturers. Since its inception 

more than 50 aircraft models have been designed and manufactured. Today, the companies 

main businesses is aeroplane design and manufacturing, engine , aero-structures and aircraft 

maintenance.  

Massimiliano Genta is a design loads engineer with experience in gust loads analysis for 

CS23 and CS 25 category aircraft. 
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Variable fidelity methods for gust load predictions  

and uncertainty quantification  

University of Bristol: WP2, WP3, WP4 and  WP5  

Background  

Gust loads often provide the critical loading cases for designing the aircraft. The drive for 

more efficient next-generation aircraft is pushing designs towards lighter and more flexible 

structures as well as higher aspect ratios where the linearity assumptions in the industrial 

loads process may not be valid. The AeroGust project is investigating nonlinear methods for 

gust interactions, however, this approach is prohibitively expensive to use for all the loads 

calculations required. Hence the development of efficient low order models for gust 

prediction that account for aerodynamic and structural complexity at an acceptable cost is 

also investigated. 

Uncertainties are an inevitable part of any aeroelastic design process, whereby certain 

factors like material stiffness, mass, geometries, etc. are subject to unavoidable variations 

beyond the control of engineers and manufacturers. Statistical analyses may be employed 

where uncertain variables are described by probabilistic expressions rather than exact or 

deterministic values. In the AeroGust project, how uncertainties might affect the structural 

loads due to gust excitations on an aircraft is investigated. While work has been carried out 

on uncertainty quantification (UQ) of aeroelastic systems [1] [2], in particular on the gust 

loads analysis [3], little work has been done on the UQ of nonlinear aeroelastic systems. 

Aims and objectives 

Nonlinearity is a feature of gust responses particularly for highly flexible and innovative 

structures. Coupled CFD-FEM calculations are too expensive for use for all the required loads 

cases, but nonlinear simulations on gust loads give insight of how the loads process needs to 

adapt for future aircraft. To understand if modelling the effect of the aircraft on gust is 

important for certification gusts, two gust simulation approaches were investigated. The 

Field Velocity Method [4] does not include this effect, but the Split Velocity Method [5] 

includes the effect of the aircraft on the gust, through source terms missing from the FVM. 

The current loads process uses classical lower order approaches, such as the doublet lattice 

methods as surrogates for high order CFD due to the high number of simulations. Typically, 

DLM methods are corrected using static experimental data and thus history effects are only 

from the linear DLM. An alternative would be Unsteady Vortex Lattice Method (UVLM). This 

has the advantage that it can be coupled to a geometrically nonlinear structural model such 

that the aerodynamic mesh deforms with the structure. The UVLM also includes the effect of 

the wake  deforming  with the gust.  The  AeroGust  project also  investigated using CFD data 
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instead of experimental data to correct the lower order model used in the loads process. 

Using CFD data allows correction to be applied earlier in the design process and makes it 

easier to use a range unsteady data to correct the lower order methods used for the loads 

process. 

The final area considered was understanding how nonlinearities affect the mapping between 

uncertain input variables, and the probabilistic outputs of interesting quantities (IQs) such as 

structural loads and deformations. The University of Bristol contribution in particular looks at 

nonlinearity due to geometrically-exact modelling of large structural deformations, which is a 

relevant feature of HARW used in modern UAV designs and near-future commercial 

passenger aircraft. In order to explore this source of nonlinearity, an aeroelastic framework 

has been developed using an intrinsic beam formulation [6] to account for arbitrarily large 

structural deformations, coupled with unsteady strip theory aerodynamics [7] corrected for 

3D lift curve slopes. An UQ approach based on polynomial chaos expansion [8] techniques is 

employed, which allows for non-intrusive, quick statistical analysis of an aircraft based on a 

relatively small number of deterministic simulations. 

Results  

Simulations were performed using two CFD approaches, for a range of gusts required by  

certifications on the Nasa Common Research model with an aeroelastic wing. Both methods 

work by prescribing the 1-cosine velocities throughout the simulation domain, as shown on 

the symmetry plane in Figure 1. Comparing the lift on the wing predicted by the two different 

methods in Figure 2, shows that for certification gust lengths both methods agree.  

 
Figure 1: Pressure over NCRM encoun-

tering vertical 1-cosine gust shown on 

symmetry plane  

Figure 2: Comparison of lift calculated 

with FVM and SVM approaches 
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A comparison of the typical gust loads 

process, using DLM corrected [9] with 

steady CFD data in place of wind tunnel 

data, with both CFD approaches was 

performed. This was done for a free air 

simulation of an aeroelastic model of 

the NCRM. In addition, simulations 

were preformed using UVLM corrected 

[10] using steady CFD in a similar 

manner to the DLM, to investigate 

assumptions about the wake made by 

the DLM method.  The UVLM captures 

the wake roll up and impact of the gust 

on the wake, as shown in Figure 3.    

Correcting with steady data helps both methods better match the change in lift predicted by 

the CFD, as shown in Figure 4a. Although the corrected UVLM over predicts the peak change 

in lift, it does a better job in matching the post gust change in the aircraft altitude, as shown 

in Figure 4b. Using CFD data to correct  DLM allows unsteady  data, not easily obtained  from 

wind tunnel tests, to be used with the DLM predictions. Instead of a single correction from 

steady data applied to all frequencies in the DLM, different correction matrices are 

computed for each frequency from unsteady CFD data [11]. Using Linear Frequency Domain 

[12] simulations, of sinusoidal gusts with the first wing bending and torsion modes, at a range 

of frequencies DLM can be corrected with the results in Figure 5. The corrected DLM shows 

excellent agreement with the change in loads on the aeroelastic NCRM wing.  

Figure 3: Corrected UVLM simulation of a 

gust encounter  

a) Change in lift  b) Change in altitude 

Figure 4: Free air response of the NCRM encountering a discrete gust calculated with 

different simulation methods 
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Figure 5: Comparison of change in load on the NCRM wing due to a gust calculated with CFD 

and DLM corrected with unsteady data  

Uncertainty quantification 

A static analysis was carried out on the 

generic UAV wing test case, with the 

trim geometry plotted in Figure 6. The 

nonlinear code was compared with a 

linear aeroelastic solution from MSC.  

NASTRAN, showing a good agreement 

in trim deflection. Flexible variants of 

the UAV wing are created, where the 

stiffness is reduced to 50%, 25% and 

15% of the baseline stiffness (also 

plotted in Figure 6) to accentuate the 

nonlinear effects. It can be seen how 

the nonlinear and linear results begin 

to differ. In particular, the tip-

shortening effects can be seen in the 

nonlinear results. Figure 7 shows how the trim angle of attack varies as the baseline wing is 

made more flexible, comparing MSC.NASTRAN to the nonlinear method used in this work. It 

can be seen that there is good agreement for the baseline wing, but there is a completely 

opposite trend as the wing is made more flexible. In the nonlinear analysis, the effect of large 

deformations causes a component of the normal aerodynamic force to act inboard, reducing 

the lift and requiring a larger angle of attack to compensate; the linear analysis always as-

sumes normal force to act vertically.  

b) Change in pitching moment 

Figure 6: Trim shapes of the flexible variants of 
the UAV wing used in this work 

a) Change in lift 
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Error bars are in-

cluded that repre-

sent an interval 

such that approxi-

mately 99.7% of the 

outputs fall subject 

to the uncertain 

inputs. Here it can 

be seen that the 

uncertainties of the 

output are similar 

between the linear 

and the nonlinear at 

the baseline stiff-

ness, but the bars 

increase in length 

for the nonlinear system as it becomes more flexible. In contrast, the error bars remain fairly 

constant in length for all flexibilities in the linear system. 

The effect of uncertainties on the root gust loads can be seen in Figure 8, showing how the 

mean values of the gust loads PDFs vary with flexibility. From the error bars representing the 

spread of the uncertainties in Figure 8, it can be seen for root vertical shear and bending that  

 

 

 

 

Figure 8: Worst case gust loads (incremental) vs. Percent Baseline Stiffness. Error bars 
represent the bounds within which 99.7% of the outputs fall subject to variable inputs 

Figure 7: Angle of Attack vs. Percent Baseline Stiffness. Error bars rep-

resent the bounds within which approximately 99.7% of the outputs 

fall subject to variable inputs 
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the uncertainty in the nonlinear system outputs decreases compared to the linear analysis, 

showing an opposite trend to results seen in the static loads and angle of attack. The same 

phenomena can be seen for the nonlinear analysis for the root torque until the most flexible 

case considered, where the uncertainties on the nonlinear system increase rapidly compared 

to linear analyses. In Figure 9 it can be seen how air density uncertainties dominate bending 

moment uncertainties for the baseline case, but as it becomes more flexible, the standard 

deviation due to air density variations reduces. Conversely, structural property uncertainties 

have little impact on the loads uncertainties for the baseline, but they become more 

influential on the aircraft as it gets more flexible. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Comparison of the Standard Deviation vs. Percentage Baseline Stiffness  

on the nonlinear system 

Achievements and conclusions 

For the range of 1-cosine gusts defined in the CS-25 requirements, the effect of the aircraft 

on the prescribed gust field is small and the FVM gives similar results to SVM.   

Using lower order methods corrected with steady CFD do a good job in capturing the peak 

change in lift due to a 1-cosine gust. However, for free air simulations the NCRMs post gust 

behaviour is sensitive to the model used with the corrected UVLM matching the trends in 

change of altitude better.  Using unsteady CFD data to correct DLM simulations produces a 

very good match with the aeroelastic CFD simulations. 
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Overall, the effects of geometrically-exact nonlinearities can be seen to have a large impact 

on the aeroelastic behaviour compared to a linear analysis, even when only considering the 

deterministic results. Inclusion of uncertainties on the results highlight how nonlinearities 

also change the sensitivity of the system to certain variables, though it is not possible to 

generalise whether uncertainties in quantities of interest will increase or decrease relative to 

those calculated from equivalent linear analyses. It was clear that even for highly flexible 

variants of the wing, linearising the system about the trim geometry seems to give a very 

good, and relatively computationally efficient, starting point to explore the problem space.  
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Fast gust simulation using linearised and 

nonlinear Fourier methods 

University of Liverpool: WP2, WP4 and 

WP5 

Background to the research 
Investigation of aircraft structural response to atmospheric disturbance is a central part of 

aircraft design and certification since a few extreme gust load cases may be critical for 

wing sizing. Modern air transport routinely operates in the transonic regime and hence 

high-fidelity simulation of the fluid flow is required. However, numerous parameters 

including flight point, mass case, gust shape and length need to be scrutinised, which rules 

out one-off compute-intensive simulation methods as not feasible from a cost and time-to-

solution point of view. Enabling the use of computational tools in such gust analyses are 

low-cost approximations which offer high-fidelity results within an affordable timeframe to 

ensure an accurate and reliable prediction of loads. Fourier-based methods in 

computational fluid dynamics have seen widespread interest in fixed-wing aircraft design 

in recent years, particularly linear harmonic frequency-domain solvers. For critical 

nonlinear interactions, a higher-order harmonic balance method might present a suitable 

alternative route. 

Aims and objectives 
The aim of the work was first to gain a better understanding of the required fidelity in 

describing an atmospheric gust disturbance and its interaction with an airframe, before 

proceeding with the development and analysis of fast simulation tools for gust analysis. 

The objectives were: 

 a discussion of resolved gust modelling compared with the widely-used field velocity 

method, and its impact on simulation of rigid-body dynamics; 

 an investigation of a linear ‘modal decomposition and projection’ reduced order model 

using data-based proper orthogonal decomposition for dominant mode identification; 

 the development of linearised frequency-domain and nonlinear harmonic balance 

solvers for simulation of fluid-only and coupled fluid-structure gust encounter. 

Results 
To investigate differences in introducing a gust disturbance into the simulation, a cost-

effective mesh merging technique was applied. A resolved gust approach, which 

propagates a gust disturbance imposed near/at the far field boundary as part of the 

numerical solution and is hence susceptible to numerical errors due to dissipation but also 
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allows the modification of the gust due to the airframe for increased fidelity, requires a 

very fine mesh (and has high cost). The field velocity gust approximation, on the other 

hand, which imposes artificial mesh velocities directly at mesh points according to the 

propagating gust, does not face the same numerical issues but also does not allow the 

same desired two-way gust-airframe interaction. The results suggest that for most 

practical gust lengths the field velocity method is sufficient. Continuing with the field 

velocity method throughout, investigation of reduced order modelling and fast frequency 

domain methods was pursued.  

A ‘modal decomposition and projection’ reduced order model using proper orthogonal 

decomposition (POD) modes and solved in the time domain was discussed [1]. Snapshots 

for gust excitation (using the above field velocity method) were computed in the 

frequency domain using an efficient linear harmonic frequency-domain solver. When the 

chosen full order method for snapshot computation already offers significant speed-up 

over conventional time-marching simulation [2] and the number of snapshots (around 40 

in our analysis) is low, POD can be used to reduce the system size further and to generate 

a time-domain reduced system. The numerical findings for different aerofoil cases during 

‘1-cos’ gust encounter are interesting [3]. While in benign subsonic and transonic flow a 

significant reduction in degrees-of-freedom and excellent accuracy were achieved as 

expected, a second transonic flow case with shock-induced boundary layer separation 

proved to be more challenging. The results suggest that a simple selection of dominant 

POD modes based on energy criteria is not sufficient for accuracy, while adding more 

modes (even without down selection) results in an unstable time-domain reduced order 

model. This can be overcome using the frequency-domain incarnation of the reduced 

order model instead, offering again excellent predictions, see Figure 1. 

Linearised frequency-domain methods (and reduced order models built upon such 

sampling data) are limited by the small amplitude assumption. However, certification 

specifications for gust encounter require gust amplitudes in the range of 5% of the 

freestream velocity and the linear assumption, in particular near edge-of-the-envelope 

conditions, might break down. Hence, nonlinear frequency-domain analysis was 

scrutinised, too, with the aim to perform efficient aeroelastic analysis [4]. First, the 

standard aerodynamic-only linearised frequency-domain method was generalised to 

include structural degrees-of-freedom subject to gust excitation. Secondly, the harmonic 

balance method was adapted for gust responses. While the harmonic balance method, 

depending on number of computed harmonics, quickly loses the cost advantage of a 

frequency-domain method (see   Figure 2),  nonlinear  responses  can be addressed as 

shown in  Figures  3 and 4 for a pitch-plunge aerofoil in a large-amplitude gust encounter 

scenario.   
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Figure 1: Comparison of full and reduced order simulations for ‘1-cos’ aerofoil gust 

response (NACA0012, Mach 0.8, angle of attack 3.0 deg, Re 10 million, non-dimensional 

gust length 10). (TD – time domain, LFD – linearised frequency domain,  

ROM – Reduced Order Model) 

 

Figure 2: Cost of different simulation approaches for ‘1-cos’ aerofoil gust simulations  

(TD – time domain, LFD – linearised frequency domain, HB(n) – harmonic balance with  

n harmonics). LFD presents the cost for computing 40 sinusoidal gusts used to reconstruct 

all required ‘1-cos’ signals (typically 20-30 different gusts per flight point). TD and HB 

describe cost per individual ‘1-cos’ gust signal 

Provided the number of required harmonics stays low, time savings over general-purpose 

time-marching simulations are ensured. 
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Figure 3: Normalised moment coefficient comparing different simulation methods for 

sinusoidal gust encounter of pitch-plunge aerofoil with non-dimensional gust length of 21 

and gust amplitude of 6% freestream velocity. (TD – time domain, LFD – linearised 

frequency domain, HB – harmonic balance with Nh harmonics) 

Figure 4: Pitch degree-of-freedom comparing different simulation methods for sinusoidal 

gust encounter of pitch-plunge aerofoil with non-dimensional gust length of 21 and gust 

amplitude of 6% freestream velocity. (TD – time domain, LFD – linearised frequency 

domain, HB – harmonic balance with Nh harmonics) 
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Achievements and conclusions 

The key achievements at the University of Liverpool are two-fold. First, a ‘modal 

decomposition and projection’ route to model order reduction of computational fluid 

dynamics applied to airframe-gust encounter simulation has been pushed beyond edge-of-

the envelope flow conditions, which can feature a rich variety of dynamic flow phenomena 

and hence nonlinear aerodynamic modelling is warranted. Secondly, extensions of 

linearised frequency-domain methods, usually discussed at the discipline level, have been 

proposed, both to deal with multidisciplinary aeroelastic behaviour when solving for the 

coupled problem directly (rather than in a two-step approach) and to account for large 

gust amplitudes by using a nonlinear harmonic balance method.  

Fast, accurate and reliable tools for the prediction of nonlinear aerodynamics are highly 

desirable in the design and certification of new and revolutionary aircraft concepts, critical 

for efficient future transonic air transport. While linearised tools have been productionised 

in the context of fixed-wing applications in the last decade or so, their inherent limitation 

of small-amplitude dynamics imposed onto a nonlinear basic reference state needs to be 

scrutinised.  

Future wing design is more likely to evolve around more lightweight and flexible 

structures, potentially resulting in large dynamic responses, and also around the ambition 

to push the boundaries of the usable flight envelope, leading to the need to address 

feature-rich unsteady aerodynamics. The route to a socio-economic impact is quite clear; 

more cost-effective air transport with a reduced environmental footprint (lower fuel burn, 

CO2, NOX and noise emissions) through using advanced computational engineering tools 

in aircraft design. 
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A novel reduced order model framework for gust 

activated aeroelastic modelling: Kriging-corrected 

potential flow 

University of Cape Town: WP1, WP2, WP4 and 

WP5  
Background to the research 

The calculation of loads due gust induced aeroelastic response is a key component in aircraft 

design and optimisation. The resulting phenomenon is typically highly nonlinear due transonic 

flow and wing rotations. The use of full-order computational fluid dynamics (CFD) is however 

prohibitively costly due the large number of load cases to model. On the other hand, the 

accuracy of model reduction technology is very sensitive to parameter choice, while the 

identification of appropriate training cases for complex-systems can be a considerable task in 

itself. In addition, where full order transient simulations are employed to calibrate or train 

ROMs, the computational cost remains a significance hindrance as these involve hundreds of 

thousands of time-steps to be solved.  

To reduce the computational cost of full-order simulation, the Split Velocity Method (SVM) [1] 

has been demonstrated to show potential in preventing numerical diffusion when modelling a 

propagating gust. Also, the flexible structure of an aircraft wing may be represented as an 

equivalent beam, further reducing the computational cost of full-order simulations. With 

regards developing the ROM, attempts to build aerodynamics models have seen a wide 

variety of approaches. Common among these approaches are those based on Proper 

Orthogonal Decomposition (POD) [2–4], Volterra theory [5, 6], eigen realisation algorithms 

(ERAs) [7, 8] and surrogates [9, 10]. None of these however address gust induced loads to 

date. Further, Kriging based surrogates Glaz et al. [11,12] have been found to produce 

comparable accuracy to POD methods while requiring less than half the number of training 

cases – substantially reducing setup cost. 

Aims and objectives 

A key aim of the work is to extend beyond the existing state-of-the-art with regards fast and 

accurate gust induced aeroelastic modelling capability. This was done for the express support 

of industry, and hinged on effecting substantive improvements to full order modelling 

methods followed by the development of a novel aeroelastic ROM. All new developments 

were done using the Elemental® CFD software base and so as to enable seamless ROM 

development and training from the full-order CFD models.  
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The first step was to implement into Elemental® the SVM gust model and prove its accuracy in 

the context of transonic aeroelastic calculations. This was done by developing a hybrid finite 

difference-finite volume methodology. A 6th order accurate finite difference (FD) method is 

employed via the ESSENSE code to propagate the gust to the vicinity of the aerofoil, around 

which an unstructured finite volume (FV) mesh computes the loads. A stable and accurate FD-

FV interface was developed to enable this [13, 14]. The fuselage was treated as rigid and the 

wing considered for aeroelastic calculations. The latter was represented by a beam stick 

model using Timoshenko beam theory in Elemental®’s structural module [15,16].  

The new aerodynamics ROM is a potential flow based, unsteady vortex panel method 

(UVPM). The UVPM provides a physical underpinning. In contrast to existing methods, Kriging 

is used to construct a correlation between the UVPM and transonic CFD simulations. This 

involved adding a UVPM capability into Elemental® in addition to a Kriging toolbox. 

Subsequently, the developed modelling technology was applied to predict gust induced 

responses - two training cases were employed viz. a long and short gust. These training cases 

define the limits of the interpolation. To provide a comparative baseline, an aerodynamics 

surrogate like that of the previous FP7-FFAST work was also implemented. Finally, these 

aerodynamic ROMs are coupled to the structural model to predict the response of the full 

aeroelastic system under actuation of two previously untried gusts. The developed ROM 

forms the basis of two publications [17,18]. 

Results 

The overall output of the work was advancing on the state-of-the-art in performing 

aeroelastic response and loads calculations for commercial aircraft accurately and at a 

fraction of the cost of existing methods. Key to this was that all developed modelling 

capabilities were implemented into the Elemental® Multiphysics CFD software to yield a 

seamless automated tool. Each of the developed sub-components are elaborated on in the 

sections to follow. Elemental® has been earmarked for exploitation by Univ. of Cape Town via 

the spin out company Elemental Numerics (Pty) Ltd., which will enable commercialisation 

followed by supporting industry. 

Full-order fully coupled aeroelastic simulations 

A fully coupled framework for the 3D simulation of the aeroelastic response of aircraft under 

gust loading was developed. The transonic flow regime was targeted. In the structural 

domain, the wing was represented by a beam stick model using Timoshenko beam theory in 

Elemental®’s structural module. The test case under consideration was the NASA Common 

Research Model (CRM) flying at Ma = 0.86.  

This required implementation of a computationally efficient gust model as well as the 

development of a fluid-structure interface. The latter was to transfer forces from a  deforming  
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wing skin to the wing-beam in a conservative manner, while reflecting the resulting 

displacements on the wing surface. For this purpose 4th order splines were used to ensure a 

smooth deformed wing even under large deformations (Figure 1 shows the smooth wing 

surface under excessive wing deflections). The various other sub-components of the 

aeroelastic model were rigorously validated. Following this, the developed framework was 

applied to the CRM under gust load conditions. Figure 1 depicts computed flow field contours 

prior to and during gust interaction. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Top: NASA CRM Pressure contours at Mach=0.85. Bottom (l) Vertical velocity during 

gust aerofoil interaction.  Bottom (r) smooth wing surface under excessive deflection 

Novel-nonlinear aeroelastics ROM 

Having completed the full order model, a UVPM capability was introduced into Elemental® 

together with key elements of a Kriging toolbox. These were the additional components 

required to establish  a novel aeroelastics ROM. The new ROM was trained using the full order 

model and simulating two gust lengths viz. 50ft and 300 ft. It was finally evaluated via 

application to fully coupled aeroelastic analysis on two untried cases between these 

boundaries.  

The new potential flow based approach accurately reproduced the aerodynamics loads and 

aeroelastic response of all untried cases (Figure 2 depicts the accuracy for the 250ft untried 

gust length). Once trained, it is an order of magnitude faster to run as compared to the full 

order model while outperforming the Kriging model by a significant margin in terms of 

accuracy. Industrially relevant state-of-the art capability is therefore established. 
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Figure 2: Comparison of ROM predicted and full order loads: Predicted lift (left) and (right) 

moment for 250 ft gust  

Achievements and conclusions 

State-of-the-art ROM aeroelastic capability has been developed for gust load calculation 

purposes. Using the Elemental software as basis, several breakthroughs were effected on both 

full-order and ROM fronts to achieve this. With regards the former, the first general interface 

procedure to couple high order structured and unstructured parts of a hybrid mesh in a non-

collocated, multi-block fashion was developed. This was done in a manner which guarantees 

stability while demonstrating the ability to reduce the cost of full order simulations by an 

order of magnitude. This is expected to have a dramatic impact on the use of CFD in industry. 

In addition, a platform was successfully established to enable the full-order calculation of fully 

coupled aeroelastic simulations undergoing gust induced nonlinear deflections. This platform 

then served as basis for the development of a novel aeroelastic ROM. The ROM offers an 

order of magnitude reduction in computational cost as compared to the full model, while 

allowing transonic aeroelastic modelling due gust actuation with unprecedented accuracy viz. 

the worst mean and maximum errors in aerofoil response was 1.9% and 8.0% respectively. 

The above capabilities have already contributed to an ongoing consulting project for the 

Airbus Group. A key outcome of this was significant reductions in aircraft manufacturing costs, 

bolstering the competitiveness of the European aerospace industry. Further socio-economic 

impact is due the developed technology being spun out in the UCT company Elemental 

Numerics (Pty) Ltd. 
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High-fidelity CFD-based gust loads predictions  

DLR: WP2, WP3, WP4 and WP5 

Background to the research 

During aircraft design and certification many different gust responses need to be analyzed to 

identify the sizing load cases. Each combination of gust parameters requires an unsteady 

flow computation which quickly becomes prohibitive when employing unsteady, time-

marching, high-fidelity Computational Fluid Dynamics (CFD) simulations. A range of 

alternative approaches has been proposed and are commonly used, including linear potential 

flow based predictions, corrections of the former with a few high-fidelity results, time-

linearized approaches as well as building unsteady nonlinear reduced order models (ROMs). 

A thorough investigation of the implications resulting from the use of a particular simulation 

technique with respect to accuracy as well as computational cost is missing in the literature 

so far but would enable the application engineer to select the methods which with best suits 

his or her practical needs. Linearized frequency domain methods (LFD), where applicable, in 

combination with DLM updating methods and nonlinear unsteady ROMs are anticipated to 

enable the incorporation of high-fidelity-based loads earlier into the design process  

Aims and objectives 

DLR has a variety of methods for gust response simulations at hand. Here, the aim was to 

extend existing high-fidelity methods and to implement and demonstrate new methods 

including DLM updating with time-linearized CFD data and unsteady nonlinear ROMs. 

Moreover, the objective was to compare methods based on a test case of industrial interest 

to identify and emphasize their individual strengths and weaknesses. 

The linearized frequency domain solver in the CFD code TAU [1] was extended towards gust 

response simulations which were used to predict aerodynamic and aeroelastic gust 

responses for a large passenger aircraft [2, 3]. Based on previous results for unsteady 

subsonic and steady transonic flows using a combination of proper orthogonal 

decomposition and least-squares based residual minimization techniques [4, 5], an unsteady 

nonlinear reduced order model was developed which is capable of predicting dynamically 

nonlinear manoeuvre and gust response behavior in the transonic flow regime. 

The accuracy and efficiency of different high-fidelity modelling techniques was also 

evaluated. For high-fidelity, time-marching CFD simulations different methods are available 

in the TAU code [6] to account for gusts. Whereas the field velocity approach (FVA) neglects 

the two-way interaction between gust and airframe, the resolved atmosphere approach does 

account  for  changes in  gust  shape due  to the presence of an  airframe.   
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Gust responses for both methods were compared for a large civil aircraft to further analyze 

the influence of the simplifications imposed by the FVA on gust encounters defined by 

international certification authorities. Based on the previous findings the resulting method 

should be compared to the LFD as well as unsteady ROM approach.  

 

Results 

Comparison of high-fidelity gust response simulation techniques 
Unsteady time-marching simulations have been performed to investigate the influence of the 

gust modelling. The FVA has been compared to a resolved atmosphere approach. Whereas 

the former is highly computationally efficient it neglects the influence of the airframe on the 

gust. The later includes the full coupling between gust and airframe and therefore has the 

potential for more accurate predictions. Results for a large passenger aircraft are shown in 

Figure 1 with only minor differences visible for the shortest gust. Thus, the FVA is accurate 

enough for the computation of gust induced aircraft loads within the industrial design and 

certification process.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Updating DLM with CFD simulation data 

A DLM-correction method (CREAM) based on local pressure matching for a set of quasi-

steady and unsteady CFD training inputs has been extended and employed to study the time

-linearized response towards discrete 1-cos gusts for clean-wing and full transport aircraft 

configurations [7]. Figure 2 illustrates the ability of the method to capture even the typical 

oscillatory behaviour of a RANS solution characterized by flow separation. However, the 

method is, by design, restricted to small-perturbation analysis, a limitation that can  possibly  

Figure 1: Investigation of disturbance and resolved gust approach for large civil  
transport aircraft 
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be overcome by continuous blending of linearized local models or innate nonlinear ROM 

strategies. 

Unsteady nonlinear Reduced Order  Modelling 
An unsteady ROM based on residual minimization in conjunction with proper orthogonal 

decomposition has been developed and used to analyze the gust response behavior of 2D 

airfoils and the NASA common research model (CRM). The response to a gust with length of 

213 meter and amplitude as defined by international certification authorities has been 

investigated at cruise conditions for the CRM.  

 
   a) Lift and pitching moment coefficient           b) Surface pressure differences at maximum lift  
 

Figure 3: Comparison of gust response behaviour for FOM, LFD and unsteady  

nonlinear ROM results 

ROM results are compared to a time-marching reference solution using the FVA and LFD 

results. The  lift  coefficient,  pitching  moment  coefficient and differences in surface pressure  

Figure 2: Clean-wing example of a lift response towards small-perturbation 1-cos 

encounter gust in time and frequency at transonic, heavily separated flow conditions [7]  
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distribution at the time step corresponding to the maximum lift coefficient are shown in 

Figure 3. Throughout, the unsteady ROM accurately predicts the full-order model (FOM) 

behaviour whereas the linearized approach deviates once flow separation occurs. Significant 

discrepancies between approaches are observed in the surface pressure distribution. 

Concerning computational cost, the LFD method is at least one order of magnitude faster 

than the unsteady ROM making it a feasible alternative in a time-critical environment. 
 

Achievements and conclusions 

The resolved atmosphere approach and the linearized frequency domain method for gust 

have been implemented in the flow solver TAU. The unsteady ROM  method is part of DLR’s 

Surrogate Modelling for AeRo data Toolbox in python (SMARTy) and can be used in 

conjunction with the TAU code as part of the FlowSimulator framework. The DLM updating 

method CREAM has shown the potential to bridge the gap between current industrial DLM 

practice and the exorbitant cost that would be associated with end-to-end CFD-CSM usage. 

The knowledge of how to perform gust response analysis at various levels of fidelity has been 

significantly increased. This can be exploited to selectively enhance the current industrial gust 

loads process at various stages of aircraft design and for certification purposes by introducing 

more advanced alternatives to the legacy methods still in use today. Moreover, work done as 

part of the AeroGust project has cumulated in a number of presentations at workshops and 

conferences and in several publications. 
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Investigation of predicted nonlinear behaviour of 
wind turbine blades gust using incompressible flow 
model and Octree grids 

INRIA and Valeol : WP2  

Background to the research 

The simulation of the effects of a gust on a wind turbine is fundamental in determining the 

maximum possible load it encounters during its life cycle. Indeed, the gust magnitude can be 

sufficiently high to increase the loads up to the point of fracture. Catastrophic failures are 

reported in the literature for wind turbine blades and towers (see for example [1] and [2]). 

Since the Reynolds number of the involved bodies is quite large and the flow field is fully 

turbulent, a large range of turbulent structures can be seen. In order to achieve a good 

representation of the flow at a reasonable computational cost, a turbulence model is 

required. Recently, several promising simulations of the flow field around wind turbines have 

been carried out using Large Eddy Simulations (see for example [3] and [4]). This is the path 

which will be followed in the future work devoted to the simulation of a full wind turbine. 

The unsteady deformation of the blades during the gust transient requires appropriate tools 

to account for the nonlinear coupling between the fluid and the structure. The first source of 

nonlinearity is the strong dependency of the aerodynamic forces on the blade shape. A full 

coupled CFD-structural dynamics analysis is required in order to evaluate the unsteady load 

according to the current deformed shape of the blades.  

Few existing numerical tools are able to compute these analyses. Moreover, a key parameter 

is the time needed by engineers to define an appropriate grid discretization. This is a major 

issue explaining why INRIA and Valeol chose to develop an immersed boundary code based 

on octree discretization where define a mesh is straightforward. 

Aims and objectives 

The aim is to implement a numerical tool that allows fast meshing of the computational 

domain thanks to an immersed boundary method and an octree discretization. Immersed 

boundary method means that the flow equations are solved in the fluid and solid domains.  
 

Meshing  

Quadtree (in 2D) and octree (3D) discretizations are considered in order to locally refine the 

mesh in the regions characterised by the most interesting turbulent structures. The open 

source library named bitpit [5] developed by Optimad has been used to deal with the parallel 

quadtree/octree discretization. An example of octree grid can be seen  in Figure 1. 
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New discretization schemes 

have been implemented in this 

framework. As the Reynolds 

number on the full-scale wind 

turbine is high (order of 106), a 

turbulence model is considered 

and wall functions implement-

ation allow to model the 

boundary layer around 

obstacles. Then, to analyse 

deformations of a blade, a 

coupling with the structural 

model of a wind blade is 

performed. Also, an adaptive 

mesh refinement process is 

implemented to adapt 

automatically the mesh 

resolution to the flow field of interest. The previously described techniques are developed in 

the framework of a distributed memory parallel code which has been developed with the 

target of massively parallelised simulations. 
 

Results 
As new methods have been developed for an octree grid, validation has been done with data 

from literature with 2D and 3D test-cases. 

Adaptive mesh refinement (AMR) 

An adaptive mesh refinement process has been implemented. So, with user-defined criteria, 

the grid is automatically refined or coarsened. In Figure 2 can be seen the streamwise 

velocity of the flow around a NACA0012 airfoil at Re 1000. The criterion of grid adaptation is 

based on velocity gradients normalized by the mean velocity. This process allows to have an 

interesting compromise between computational time and accuracy. 

Comparison between octree and Cartesian code  

A test case at higher Reynolds number has been simulated with both the Cartesian and the 

octree code in order to validate the turbulence model with wall functions implemented. 

Cylinder at Reynolds 140 000 has been chosen. Both grids allow to have around 100 cells on 

the diameter of the cylinder. Interest of octree grids can be seen as the octree case has 76 

million of cells whereas the Cartesian case has 800 million of cells on a 4.5 smaller domain. 

Indeed, the octree grid allows to have several level jumps in the grid. The results show that 

drag coefficients from developed codes are validated by literature data, see Table 1. 

Figure 1: Example of octree grid  
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Figure 2: Adaptive mesh refinement process on wake of a NACA0012 aerofoil at Re 1000  

 

 

Table 1: Comparison of averaged drag coefficient 

 

Figure 3 shows however that a strong numerical dissipation occurs for octree code. The small 

structures of the cylinder’s wake are not captured in this case. Indeed, level jumps of grid 

exist in the wake, which shouldn’t be done to accurately simulate the whole wake. The AMR 

process, should allow further improvement of the wake simulation. 

A coupling with structural model 

A structural model based on finite element beam model has been implemented in the CFD 

code. A partitioned approach has been used. The two solvers act as two separated black 

boxes that communicate each other just the necessary information as can be seen in  

Figure 4. 

Case Drag coefficient 

LES + wall function Cartesian 1.084 

LES + wall function Octree 1.182 

LES, Kim [5] 1.21 

Exp., Cantwell et al. [6] 1.237 
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Figure 3: Streamwise velocity; Cartesian (top) vs Octree (bottom)  

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Solver communication structure  
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It is important to notice that the mass distribution, axial and bending stiffnesses of the model 

are those of a real wind blade. A collaboration has been done with an engineering office 

specialized in study and analysis of composite structures. That allowed us to obtain from a 

full structural model of the APX48 wind blade a simplified beam model. 

Wind blade in a rotating frame of reference 

A rotating frame of reference has been implemented for both the fluid and the structure 

models in order to simulate a rotating blade as a first step before having simulation of the 

whole wind turbine which would imply more computational effort. So, inertial terms have 

been included in the fluid model and Coriolis and centrifugal effects have been implemented 

into the finite element model of the structure.  

Simulation of a rotating blade in working condition exactly corresponding to the operating 

wind turbine have been performed with fluid-structure interactions. On Figure 5 we can see 

the transversal deformations of the blade surface and on Figure 6 is shown the vorticity 

around the wind blade. These are first results and we now validated that the tool developed 

can simulate longer simulations. 

Figure 5: Transversal deformations of blade surface (Y axis at top and Z axis at bottom) 

 

Achievements and conclusion 

The coupling of octree meshes with wall functions shows promising results. Octree grids 

allows moreover the use of adaptive meshes refined in the most interesting regions of the 

flow field. This enables to get an interesting compromise between computational time and 

accuracy. 
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 A fully coupled fluid structure interaction is 

considered. The deformed blade’s shape predicted 

by the structural model is directly introduced in the 

CFD solver in order to compute the unsteady 

aerodynamic forces. First results have been 

obtained that will now be compared with 

experimental results. 

This high-fidelity tool will allow to better 

understand the behaviour of wind blades when 

submitted to gusts or submitted to disturbed 

incoming wind (from another wind turbine wake for 

example). The lifetime of blades and production 

performance are indeed of high interest for a green 

energy producer as Valorem (parent company of 

Valeol). 
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Gust load encounters for flexible aircraft  

NLR: WP2, WP3 and WP5  

Background to the research 
The research at NLR is motivated by the need to understand the effect of more flexible 

aircraft on its structural loads. Gust loads are the defining loads for various parts of the 

aircraft, so the research focuses on gust encounters. NLR has significant expertise in the field 

of aeroelasticity, applying high-fidelity models when needed for accuracy and applying low-

fidelity models when needed for efficiency. It is essential to know the range of applicability of 

the low-fidelity models. Assessing the low fidelity models against the high fidelity models is 

the main motivation underlying NLR’s research efforts in this field. The main component of 

the high-fidelity models is the in-house developed high-order, multi-block structured flow 

solver ENSOLV. The flow solver has aeroelastic capabilities for both static (trim) and dynamic 

simulations. For both types of simulations, structural data is usually obtained from Nastran 

structural models, using for instance the mode shapes for the dynamic simulations. For 

relative stiff configurations, linear aeroelastic models are valid due to small trim deflections. 

However, for more flexible aircraft, nonlinearities become important (both aerodynamic and 

structural) which increases the complexity of aeroelastic design. 

Aims and objectives 

The main aim of the research at NLR is to investigate the effect of incorporating nonlinearity 

in either the aerodynamic or structural models. In more detail, the objectives are: 

 develop an accurate CFD methodology for gust encounters on standard RANS meshes; 

 improve the low-fidelity DLM modelling for large structural deformations; 

 investigate the propagation of structural uncertainties to gust loads, especially for more 

flexible aircraft; 

 demonstrate and evaluate the new methodologies on relevant test cases. 

Results 

CFD simulations of gust encounters 

Full CFD simulations of gust encounters will automatically contain all the important 

aerodynamic nonlinearities. However, modelling the propagation of the gust from the 

farfield to the nearfield of the aircraft is a challenge, as generally the mesh resolution in the 

farfield is too coarse to support the gust. Methods which resolve the gust on standard 

meshes are the Field Velocity Method (FVM) and the Split Velocity Method (SVM). FVM 

models the effect of the gust on the aircraft, but not vice versa. SVM splits the velocity in the 

gust velocity and the remaining velocities and solves for the remaining velocity.  
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In SVM, most of the gust velocity derivatives in the flow equations are computed analytically. 

SVM does model the effect of aircraft on the gust. 

In the AeroGust project, NLR has developed the Gust Error-correction Method (GEM). GEM is 

based on a different philosophy than FVM and SVM, but results in remarkably similar 

equations. The formulation gives another explanation of the success of FVM and SVM. GEM 

adds a source term to the flow equations, equal to the discretization error of the gust 

velocity. By adding this source term, the gust is exactly resolved, independent of the mesh. 

The source term disappears near the aircraft where the mesh is fine enough to support the 

gust. Therefore the original Navier-Stokes equations are solved near the aircraft, so the 

complete interaction of aircraft and gust is modelled. The source terms of SVM include some 

of these error-correction effects, but not all of them (in particular, the error-correction term 

for the divergence of the gust velocity is missing). Finally, GEM is easy to implement in any 

solver as it only requires adding source terms to the right-hand side of the flow equations, 

leaving all other equations unchanged. 

 

 a) Mach number 0.3      b) Mach number 0.82  

Figure 1: Comparison of gust resolution schemes for the NACA0012, 1-cos gust with  

a change of angle of attack of 2 degrees 

Figure 1 compares the three methods for a subsonic and a transonic case. For the subsonic 

case all three methods behave practically the same, with FVM showing a slightly lower peak 

value of the lift. For the transonic test case, FVM fails to capture the interaction of the gust 

with the airfoil and therefore its result strongly deviates from the other two methods. 
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Figure 2 shows the computational mesh and flow field in the symmetry plane of the NASA 

CRM simulation at two time instants. The gust in the farfield is visible as the red region with 

high vertical velocity. The figure shows the gusts at two different time instants, clearly 

showing that the gust is propagated without loss of strength. Note that at this location the 

gust is three cells wide. It would be impossible to represent the gust on such a coarse mesh 

with a conventional CFD method, but GEM nicely represents the gust. 

 a) Flow field at a given time instant   b) flow field at a later time instant  

Figure 2: Demonstration of the resolved gust propagation for a realistic test case, the CRM  

Incorporating nonlinear effects in low fidelity methods 

The industrial process for loads computations for gust encounters is based on linear 

structures and linear aerodynamics, the latter based on the doublet-lattice method (DLM) 

using flat panels to represent the wing. The tool of choice usually is Nastran. Whereas 

Nastran has geometrically nonlinear models which maintain the length of the deformed wing, 

the aerodynamic panels will not follow the shape of the wing. For stiff aircraft configurations, 

the change in wing shape is relatively small, meaning the change in lift can be neglected. For 

more flexible aircraft, resulting in large wing deflection, the change in lift from jig shape to 

flight shape can be significant. 

NLR has developed an iterative method in which the aerodynamic panels do follow the shape 

of the deformed wing, which will result in a change of lift, and hence a change in the 

deformation of the wing. The method is represented schematically in Figure 3a, where the 

red dots are structural nodes and the black lines the aerodynamic panels. The orange arrows 

are the aerodynamic forces on the panels, which are applied on the Nastran model as 

follower forces. 



40404040404040404040 

 

 

www.aerogust.eu 

40 

Figure 3b shows the wing deformation for the high-aspect ratio wing of a generic UAV (one 

of AeroGust’s test cases) with significantly reduced stiffness, representative of a more 

flexible wing. For the linear model (light blue line), the wing tip deflection is 4 meters (on a 

span of 12 meters). For the new nonlinear model, without follower forces, (dark blue line), 

the wing tip deflection is 5 meters. For the full nonlinear model with follower forces, the 

wing tip deflection is 6 meters. Clearly, the nonlinear model of the wing deformation shows 

significantly different results from the linear model. 

a) Iterative procedure     b) Wing displacement for the different models 

 Figure 3: Incorporating nonlinear effects in low fidelity methods 

Uncertainty quantification of gust loads for more flexible aircraft 

Current certification rules pose a challenge to the design of more flexible aircraft, as the 

safety factors limit the degree of flexibility (hence the amount of weight reduction) of the 

new aircraft design. Uncertainty quantification (UQ) can be used to get a first insight in the 

variation of the loads due to variations in the aircraft’s structure. 

NLR has applied UQ to 2D correlated loads, where the so-called potato plots show the loads 

boundaries of two load types, typically torsion and bending moment. Results are shown in 

Figure 4, for the UAV with the nominal bending and torsional stiffness and with reduced 

stiffnesses. The plots show both the nominal (deterministic) loads, the average loads from 

the UQ analysis, and the loads which are maximally attained in 99% of the cases. As there is 

little to no knowledge on the uncertainty in structural parameters, a Gaussian (normal) 

distribution with 10% variance is assumed for the stiffnesses. The results indicate that the 

variance in the 2D correlated loads is larger for more flexible aircraft. 
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a) Generic UAV with standard structural      b) Generic UAV with reduced structural  
  stiffness          stiffness  
 

Figure 4: Uncertainty quantification of the 2D correlated gust loads 

 

Achievements and conclusions 

Within the AeroGust project, NLR has gained significant insight in the importance and 

relevance of nonlinear models for loads analysis of more flexible aircraft. The methods 

described above will be used to assess new lightweight aircraft designs, which will be more 

flexible than traditional aircraft. Even more important is the knowledge gained by being a 

partner in a large consortium: knowing when a high-fidelity model should be used and when 

a low-fidelity model may be used. This knowledge allows tailored solutions for NLR’s 

customers. 

On a more technical level, the Gust Error-correction Method, which resolves the gust 

propagation on RANS meshes, is a major technical achievement. Moreover, despite its name, 

a similar methodology can be used for any flow phenomenon for which the analytical 

solution is known. An important other example is vortex encounter. 
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From high fidelity to aeroelastic reduced order 

modelling of gust effects  

Numeca: WP2, WP3 and WP4 

Background to the research 

Producing a better design at a reduced cost is one of the major challenges that both 

aerospace and power and propulsion industries face. Engineers need efficient and accurate 

design tools that encompass most of the important physical phenomena. In turbomachinery 

design, an efficient way to take into account unsteady effects – that could either be produced 

by rotor/stator or fluid/structure interactions – relies on the use of Fourier decomposition 

techniques. Such a method, known as Nonlinear Harmonic [1], is now used in industry for 

daily design processes. Knowing the importance of fluid/structure interactions to ensure 

structural integrity in aerospace industry, this method has been first successfully applied to 

external aerodynamics in the scope of the FFAST project [2]. It has further been improved in 

order to include unsteady fluid loads into the structural deformation [3]. 

Furthermore, design tools should also evolve based on findings coming either from 

experiments or high-fidelity simulations. However, a challenge that is faced in the process of 

simulating the gust-aerofoil interaction is the capability of the CFD solver to accurately 

propagate the gust within a rather large computational domain. Complex processes either 

based on moving Chimera meshes or mesh adaptation techniques or high order schemes 

have to be set-up in order to cope with this issue, limiting the understanding of the impact of 

nonlinear effects onto the aerofoil loads at transonic regime during the passage of the gust.  

In contrast to current design methods based on a deterministic approach, the future of the 

design in aerospace needs to take into account all the uncertainties either produced by the 

variations in external flow conditions or by the manufacturing uncertainties that could have 

an impact on the material structural properties. Numeca has developed a methodology for 

uncertainties quantifications based on a probabilistic, non-intrusive, collocation method that 

has already been successfully applied to the robust design in turbomachinery [4, 5]. 

Aims and objectives 

According to those observations, the objectives of Numeca are of three types. The first 

objective is to investigate the nonlinear flow behaviour around a supercritical aerofoil at 

transonic regime subjected to different gust scenarios. To achieve this goal a series of high-

fidelity full order simulations should be conducted and deeply analysed using Improved 

Delayed   Detached   Eddy   Simulation   (IDDES).  The  selected  gust  scenarios  are  based  on               
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Federal Aviation Regulations rules and three gust gradient distances in the range 30 to 350 

feet have been selected. The second objective is to develop an efficient and accurate tool for 

aeroelastic design. This tool will be based on the already described Nonlinear Harmonic 

method coupled to a modal approach of the structure. In order to be able to deal with 

complex external aerodynamic configurations such as the NASA-CRM, this approach will be 

extended to unstructured meshes. The last objective is to further improve this design tool by 

taking into account structural uncertainties. Therefore, a probabilistic, non-intrusive, 

collocation method in combination with a sparse grid quadrature will be used into a coupled 

aeroelastic design tool. This tool is based on the structural Reduced Order Model using a 

modal approach (Oofelie) and an aerodynamic Reduced Order Model using the Nonlinear 

Harmonic method (Fine). 

Results 

High fidelity gust simulations 

A series of long-term high fidelity (IDDES) gust simulations over a supercritical airfoil at 

transonic regime have been conducted. It allows to accurately describe the detached region 

that is present behind the shock and therefore the nonlinear effects associated to detached 

flow as illustrated on Figure 1. The gust passage has an increasing impact on the 

aerodynamic loads with increasing gust length (Figure 2). 

Figure 1: Instantaneous Mach number distribution and iso-surface of 2 = -5000 
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Figure 2: Time evolution of lift (left panel) and momentum (right panel) coefficients for 
the gust simulations (flat dashed line for time-mean un-perturbed simulation). Gusts 

impact the airfoil leading edge at t = 0 s 

 

Aeroelastic ROM 

The aeroelastic Reduced Order Model has been extended to unstructured meshes. Since it 

assumes a periodic gust, best practices have been set-up in terms of time windowing and 

number of harmonics to ensure that this assumption does not impact the gust loads. This 

model has been applied to three common configurations: the FFAST crank airfoil, the generic  

UAV wing (Figure 3), and the NASA-CRM (Figure 4). 

 

 

 

 

 

 

 

 

  Figure 3: Un-deformed generic UAV wing geometry (lower wing in  
  grey), free-stream loaded geometry (intermediate wing) and  

 geometry at maximum gust load (upper geometry) 
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Figure 4: NASA CRM geometry with free-stream loads (upper panel) and at maximum gust 
load (lower panel). Displacements have been enlarged by a factor 10 

Uncertainties quantification for a generic UAV wing  

The uncertainty quantification method has been introduced in the aeroelastic Reduced Order 

Model and have been used for the generic UAV configuration. Based on a literature review, 

uncertain variables have been identified. They are the Young Modulus the Shear Modulus 

and the structural damping ratio. The former two follow a Gaussian distribution, whereas the 

last one follows a non-symmetric beta distribution. In order to anticipate the sensitivity of 

the response of the aeroelastic model to those uncertain variables, first deterministic simula-

tions have been performed by varying the structural damping from 1 to 10 %  (Figure 5). 

Achievements and conclusions 
A series of investigations have been conducted within the AeroGust project. High fidelity 

simulations allow a better understanding of the mechanism that drives  shock motion during 

the passage of the gust and its impact on loads. An aeroelastic Reduced Order Model that is 

able to handle external aerodynamic configurations (including unstructured grids) has been 

developed and extended in order to deal with structural or aerodynamic uncertainties. 

The global aim of this work is to progressively develop an advanced aeroelastic design tool, 

more reliable, more efficient, and based on a non-deterministic approach. It is believed that 

such a tool will be able to produce more reliable designs for aerospace industry and there-

fore increase the competitiveness of the European aerospace industry.    
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Figure 5: Time evolution of lift (left panel) and bending momentum (right panel) coefficients 
for the gust aeroelastic simulations. Red, green, and blue lines correspond to 1%, 5% and 

10% damping ratio, respectively 
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High fidelity CFD and hybrid reduced order 

modelling techniques for gusts  

Optimad and INRIA: WP2 and WP4 

Background to the research 

Approaches to calculate aircraft responses to atmospheric gusts differ in the level of 

approximation employed, which impacts significantly on the computational cost. Many 

methodologies are thus not viable on an everyday basis in industry. During the FP7 FFAST 

project, Optimad developed a hybrid technology that aims to reduce the cost of High-Fidelity 

solutions by recycling available data in an offline/online computational setting. The aim is to 

exploit in an optimal way high-fidelity simulations to bring them into in the design process. 

This approach was developed for unsteady aerodynamics in aeronautical applications, it is 

now employed by the automotive and naval industries for aerodynamic shape optimization.  
 

Aims and objectives 

The aim is to develop a simulation framework, that is composed of i) a well-balanced CFD 

solver in terms of accuracy and cost, and ii) Reduced Order Models that allow recycling of 

past simulations to reduce the overall cost while guaranteeing the desired level of accuracy. 

One major difficulty in simulating an impinging gust is the correct propagation of the gust 

signal throughout the computational domain. Canonical CFD solvers suffer from excessive 

numerical dissipation that would compromise the effective gust amplitude that impacts the 

airplane. On the other hand, integration of high-order schemes that have been successfully 

developed mainly in academia over the last decade require a significant re-factoring of the 

codes that are used in industry today. Optimad addressed this difficulty by developing: 

1. a kinetic energy conserving scheme that can be easily integrated in most CFD solvers 

2. a library for adaptive mesh adaption that increases the effective local resolution without 

generating a prohibitive overhead in computational cost. 

These features have been embedded in Immer|Flow, a CFD solver based on the Immersed 

Boundaries paradigm. 

The cost of these CFD simulations is still prohibitive for loads calculation, where thousands of 

different scenarios need to be analysed. To overcome this, the hybrid CFD-POD technology 

developed in FFAST has been enhanced to facilitate adaptive meshes. The capability of 

generating quickly the desired result via a ROM is potentially very attractive to the end-user, 

but in the real-world setting, this advantage is overshadowed by the unknown error bounds 

produced by the ROM. A further goal of the research carried out within AeroGust is to 

provide the end-user with either an a-priori or an a-posteriori error indicator. 
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Results  
Nonlinear gust prediction 

The CFD code Immer|Flow has been enhanced with time-accurate error-driven mesh 

adaptation capability. The resolution is adapted dynamically to relevant flow-features, like 

shocks or strong expansion 

waves, reducing significantly 

the time-to-result since the 

entire mesh generation 

process is embedded in the 

solution. The mesh follows 

automatically the impinging 

gust-signal, which is of 

particular interest for small 

gusts (see Figure 1). In 

parallel, a kinetic energy 

conservation scheme has 

been implemented in collaboration with the research team of Prof. Pirozzoli of Università di 

Roma 1. This scheme reduces significantly the numerical dissipation of the solver and allows 

for a cost-effective propagation of the gust from the far-field to and away from the aircraft. 

The effectiveness of this scheme 

can be  appreciated on an inviscid 

Taylor-Green problem. Since the 

problem is inviscid, time can be 

reversed and the initial 

configuration should be retrieved 

(see Figure 2). These technologies 

are elemental bricks in order to 

deploy High-Fidelity simulations 

to a broader audience, with 

respect to the aeronautical 

industry. Besides of providing HiFi 

simulations at a competitive cost, the main impact is due to an automation of the entire 

simulation workflow, including the mesh generation and adaption.  

Hybrid Reduced Order Models with certified error bounds 

Generally speaking, semi-empirical ROMs suffer predicting nonlinear phenomena. A common 

solution to this problem is to sample intensively the parameter-space to record all possible 

nonlinear effects and use a sequence of linearized approaches. This compromises the overall 

effectiveness of the ROM since offline costs will be become too expensive.  

 

Figure 1: Adaptive mesh and snapshot  

Figure 2: Taylor-Green 
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In FFAST Optimad developed 

a hybrid technology where 

the canonical CFD solver is 

employed in the zones of the 

flow field where nonlinear 

effects take place (e.g. in the 

vicinity of shocks) and POD 

based Reduced Order Model 

where the solution does non 

exhibit strong nonlinear 

effects (see Figure 3). 

 

Within AeroGust this approach has been developed further with INRIA, in order to 

decompose automatically the computational domain into the two distinct regions. This 

decomposition is driven by an error indicator based on a leave-one-out strategy, that allows 

the end-user to trade-off accuracy vs computational speed see Figure 4. Furthermore, the 

tool has been enhanced to deal with dynamically adapted meshes in order to combine the 

computational savings from the solver with the hybrid ROM tool.  Example comparisons of 

hybrid scheme and high fidelity results are shown in Figure 5. These developments have been 

released in a dedicated module within the open source library bitpit. This type of approach is 

of particular interest of industrial actors that use simulation on an everyday basis. Rather 

than generating the same (or similar) information at each run, they can recycle available data 

to reduce computational cost and time. This allows them explore in-depth the design space 

and converge towards more competitive products. 

 

 

Figure 3: Domain decomposition for hybrid simulations  

Figure 4: Example of error map obtained with the leave-one-out procedure 
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Achievements and conclusions 
Within AeroGust an integrated framework for the generation and re-usage  of  high-fidelity  

aerodynamic  data was developed, with a particular focus on the  computational cost. In fact 

the company embraces the idea of shifting the industry standard towards more accurate 

models and compensating 

the increased cost by 

Reduced Order Models that 

allow an efficient 

exploitation of the gener-

ated data. 

 

A multi-fidelity approach for 

incompressible flows has 

been developed and tested 

on an airfoil-gust interaction 

problem in collaboration 

with INRIA, leading to a 

significant reduction of the 

size of the High-Fidelity 

domain and, consequently, 

lower simulation costs. At 

the same time, the model 

proved to be a reliable tool, 

capable of achieving results 

that are comparable with those of full order simulations. This binomial, composed of HiFi 

simulation and Reduced Order Models, could be an attractive alternative for many industries 

and for many applications, ranging from shape optimization for automotive and naval 

industries or biomedical engineering problems, to real-time queries necessary for active flow 

control.  
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Figure 5: High Fidelity vs Hybrid 
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In-service wind turbine data  

Valeol: WP4 and WP5 

Background to the research 

Very little experimental data of wind turbines is accessible, this includes the geometry, 

structural model and measurements on blade (pressure, strain). Further, none of the 

available data correlate these measurements with upstream gusts coming on to the turbines, 

to the best of our knowledge. The initial plan (before the beginning of AeroGust) was to 

obtain experimental data from wind tunnel measurements but the costs were prohibitive. As 

Valeol, which is part of the Valorem Group, owns and operates wind farms and has many 

contacts with French wind farm owners, the idea of obtaining experimental data from an in-

service wind turbine was deemed more viable. 

Aims and objectives 

Interests in the collection of in-service wind turbine data is firstly to have real data and use it 

to better understand the effects of wind and more precisely of gusts, on wind blades. A 

second interest is to use these experimental data to calibrate our numerical schemes in the 

high-fidelity CFD code. And finally, wind turbine aeroelastic ROMs (Reduced Order Models) 

will be created from a combination of high fidelity CFD and data collected from an in-service 

turbine. A future application of this work could be a further analysis for reflexion on lifetime 

extension of wind blades. 

Results 

Specifications for measurement and installation 

Specifications for this study were to obtain measurements on a wind blade where we have 

geometrical and structural data. Wind measurements are also needed in order to represent 

the wind as it arrives at the wind turbine. This wind data will be used as an incoming 

boundary condition for the CFD simulations as can be seen on Figure 1. 

 

 

 

 

 

Figure 1: Computational domain and experiment  
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Valorem (parent company of Valeol) usually uses meteorological masts to perform wind 

assessment studies for wind farm development as prescribed in the IEC 61400-12-1 standard 

[1]. As the wind during a gust is characterized by high variations in wind velocities in a few 

seconds as explained in the IEC standard [1], the acquisition frequency of wind data should 

be small enough. A sampling of 1 s has been defined. In order to enable estimation of the 

vertical wind profile (strong gradients can exist in the vicinity of the ground), anemometers 

at 5 different heights have been installed as shown in Figure 2. 

Figure 2: Anemometers and wind vanes on the meteorological mast  

A global requirement was to minimize the impact of measurement tools on the blade as the 

wind turbine should be working well during and after the experimental phase. In order to 

have experimental data showing the aeroelastic behaviour of a wind blade, the 

measurement of blade deformations will allow us to check the structural beam model of the 

blade and to observe its structural behaviour. To observe the aerodynamic load on the wind 

blade, the measurement of pressure of air on the blade will be of significant interest. The 

technological solution of choice uses optical fibre with Fiber Bragg Gratings (FBG) sensors. 

They measure the wavelength change induced by deformation or other data. The fibres have 

been stuck along the blade surface and connected to an inquiry system located in the hub of 

the wind turbine. The same sampling of 1s is carried out. 
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Figure 3: Schematic view of instrumentation with optical fibres  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Work on elevating platform during installation of sensors  

 
Experimental results 
After approximately a year of measurement, a huge amount of experimental data has been 

collected. Considering the wind speed data, 26 939 646 measurements exist for each 5 

anemometers. For the blade data, 11 806 822 measurements are available for each 16 

sensors (10 deformation data and 6 pressure data). The first step in the analysis of this data 

was filtering. Indeed, the wind speed measurement should be representative of the wind 

arriving on the turbine so the wind direction should be lined up with the met mast and the 

wind turbine. 

Work has then been done on wind data to identify gust events. A moving average  wind 

speed over a 10s period was computed. Indeed, according to IEC standard [1], theoretical 

gusts have a gaussian shape on a period of around 10s. 
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Then, on each period, computation of the variation of wind speed is carried out (velocity 

maximum – velocity minimum). By choosing a minimum variation of around 5 between 

minimum and maximum wind speeds on 10s periods, 40 gust events have been highlighted. 

These identified gust events allowed better characterized high wind variations in the field. 

We indeed noticed that two kinds of gust events appeared: either we experienced a high 

increase of the wind speed during several seconds, followed by a high decrease right after or 

we saw a high increase that stays longer. Both can be seen on Figure 5. 

Figure 5: Two different gust events on a duration of 30s 

A comparison has been carried out between a case of weak wind and a gust. Whereas the 

experimental data of deformation show regular amplitude and frequency of the oscillations if 

we have small wind speed, the signal during a gust is completely irregular. A variation of the 

frequency can be seen around the gust. Sensors located at pressure and suction side also 

show variation of the amplitude of oscillations. 

Achievements and conclusion 
Due to the irregular signals, the effects of gust on the blade are difficult to analyse with 

Valeol’s usual tools. The high-fidelity simulations from CFD will help to better understand the 

structural behaviour of the blade and so to better analyse the influence of gusts. 

A significant gain of experience has been achieved by Valeol and its parent’s company 

Valorem. An important amount of data has been treated and it wasn’t usual since for wind 

assessment studies, the experimental data are usually recorded every 10 minutes whereas 

sampling of 1s have been performed for the AeroGust project. Moreover, measurement on a 

wind turbine is not  easy and this has been achieved over a period of more than 1 year. The 

technology used could be used again especially in the context of offshore wind turbines. 

Indeed, maintenance is very complicated there and measurement tools are automatically 

used to monitor operating data. 

References 
[1] International Standard, International Electrotechnical Commission 61400-12, 2005.  
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Dassault industrial perspective  

Dassault Aviation: WP2  

Industrial goals 

The loads due to a large number of imposed manoeuvres and aerodynamic conditions are 

computed in order to design and justify any civil aircraft. The sizing loads for the wing 

structure are typically gust loads which are the focus of this study. The accuracy of gust load 

computations has a direct impact on the margin strategy and thus on the mass of the 

structure. The main industrial goal is to improve the prediction of aircraft response to gust. 

Following this objective, an enhanced modelling that better accounts for nonlinear 

aerodynamic phenomena will lead to a better understanding of the aircraft aeroelastic 

response. Furthermore, smart systems such as gust load alleviation could benefit from these 

improvements and be more efficient. Methods and strategies developed should remain 

compatible with industrial constraints. For instance, discrete gust load cases have to be 

computed over more than 10,000 conditions (combinations of many gust lengths, several 

directions and flight points, mass cases, flight control system configurations) in a dedicated 

timespan of one-two fortnights, meaning that one computation cannot exceed a few 

minutes. Another constraint for the any  new method is to be eligible for a full aircraft model. 

State of the art 

The current methodology for gust load computation implies the aeroelastic model built from 

unsteady modal CFD computations and general finite element models of the aircraft. The gust 

itself is modelled thanks to some steady CFD computations for each Mach number. Its shape 

is defined by regulatory authorities as 1-cosine curve as shown on the picture. All 

aerodynamic effects are linearized which is a conservative hypothesis. Aircraft response is 

then computed in the time-domain due to the nonlinearities of the flight command system. 

At Dassault Aviation these computations are carried out using in-house aeroelastic tools 

allowing an efficient coupling of several CFD approaches (linearized frequency-domain, 

nonlinear time-domain and Detached Eddy Simulation Navier-Stokes) of the flow solver 

AETHER with every component of the structural solver ELFINI. This powerful capability is used 

routinely for on-going aircraft programs such as FALCON business jets. The Dassault Aviation 

Navier-Stokes AETHER code solves the 2D, axisymmetric, and 3D compressible Navier-Stokes 

equations. It uses a finite element approach, based on a symmetric form of the equations 

written in terms of entropy variables.  

Steps towards industrial goals 

The first step to achieve industrial goals is to model the gust input more accurately. To 

achieve  that,  two  factors  should  be  considered:  the aerodynamic  nonlinearities  and  the  
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dynamic propagation of the gust throughout the aircraft. A second way of improvement is to 

also consider aerodynamic nonlinearities coming from the aircraft pitch motion due to the 

gust excitation. The final step would be to use a fully-coupled CFD-CSM simulation to take 

into account all nonlinearities that can be predicted by the Navier-Stokes code. However, due 

to its huge simulation time, today this strategy does not fulfil industrial constraints. It can be 

used as a reference case to evaluate the accuracy of simplified methods. 

AeroGust methods 

AeroGust allowed a significant enhancement of gust computations by addressing some of the 

industrial goals. The main work consisted in improving the gust input. To do so, the FVM 

approach (Field Velocity Method) has been implemented in AETHER. This ALE formulation 

with a static mesh and a grid velocity prescribed by the gust allows performing nonlinear time

-domain gust propagations. This time-domain field is used as an input for the classical aero-

elastic model. 

Results from the computations with the AeroGust method shows a reduction in the wing 

loads compared to the state of the art ones. This stems from the nonlinearities which are 

accurately rendered by the AeroGust method and from the precise dynamic propagation of 

the gust along the aircraft. 

In order to keep a reasonable amount of FVM computations, a way to rebuild the various 

gust input shapes from a limited set of sines has been evaluated. This reconstruction is based 

on a linearity hypothesis which implies a loss of accuracy regarding the nonlinear behaviour. 

Next steps 

At this stage, a reference experimental database for gust load computations validation would 

be required to further ascertain the benefits of the AeroGust method. Such experiment is 

now planned to be performed in the CleanSky-2 framework. 

The methodology developed in AeroGust is still limited by 

the computational time required to compute each 1-cosine 

gust for each flight point considered for the aircraft design. 

A strategy could be to use the AeroGust methods only for 

the most severe cases. 

The coupling of the AeroGust method with rigid aircraft 

model would lead to a better consideration of aerodynamic 

nonlinearities effects. A comparison of the results of this 

method with a fully-coupled CFD-CSM simulation would 

provide an estimation of the error arising from a more 

simple approach. 

 

Falcon test case -  

Pressure distribution 
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Impact 

The AeroGust project will have an impact on industry, research and education and will have 

economic, technological and social benefits. 

An array of applications will exploit the methods and tools developed by the AeroGust 

project for use within the aerospace and wind turbine industry. For instance, 

industrial applications of the main ROM algorithms that have been developed 

by the University of Bristol are generic, being applicable to any CFD code 

after minor input/output modifications. Technologies can be directly 

transferred into DLR’s CFD-code TAU and its software for reduced 

order modelling (SMARTy), which are both in use in academia and 

industry. Additionally, Numeca intend to integrate the numerical 

methods developed in AeroGust into their commercial FineTM/

Open CFD suite that is made available worldwide to industries 

and researchers. Optimad will be integrating part of their 

results within the open-source library BITPIT and new ROM 

and mesh deformation capabilities will be integrated in the 

upcoming release of the PASO optimisation platform. 

Another development is the potential technology transfer 

to ventricular assist devices based on the hierarchical 

meshes that INRIA has developed within AeroGust as a 

result of their collaboration with the SME CorWave. In 

keeping with meeting industry needs, the University of Cape 

Town intends to implement the CFD software developed in 

AeroGust into a new spin-out called Elemental Numerics (Pty) 

Ltd which aims to offer engineering and software support to 

industry globally. 

From a research view point the technologies developed in the 

AeroGust project will provide the foundations for future research. The 

project’s findings will be implemented in future research projects aiming 

to achieve the goal of developing fast arbitrary unsteady aerodynamic loads 

calculations.  

The results from AeroGust will be included in teaching programmes and lectures for 

undergraduate, MSc and PhD students. The project partners also include SMEs which employ 

students in their final years; the results from AeroGust therefore may also be used for 

educational purposes within these companies. 
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