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1.

EXECUTIVE SUMMARY

The aviation industry in Europe supports many jobs and makes a substantial contribution to
the prosperity of EU; however, the market is changing rapidly with the emergence of new
competitors in response to growth in the Asia Pacific region. In order to meet this challenge,
and to meet the environmental targets of Flightpath 2050, there is a need to be able to rapidly
adapt aircraft designs e.g. to make them more environmentally friendly and improve the
customer and airline industry experience. It is likely that the manufacturer first to market with
a disruptive product is likely to secure the majority share of the market i.e. very significant
added value for the European Economic Area including a large number of high value jobs
supported both directly and in the wider supply chain.
To meet this challenge research in a number of areas is required. The AEROGUST research
project therefore decided to focus on one specific important area - to investigate and develop
improved simulation methods for gusts to allow radical aircraft design changes.
AEROGUST is a state of the art engineering computer simulation project that investigates how
gusts interact with aircraft. Gust (or turbulence) loads are of critical importance to aircraft
design as they often define the maximum stresses which aircraft encounter in flight. There
are a number of gust related issues that would impact on the challenges of Flightpath 2050,
namely:
 If market drivers lead to the adoption of more flexible materials and the
consideration of novel configurations, then the linear assumptions of the current
gust loads process will become unacceptable
 The current process relies on steady wind tunnel data created from the final
aerodynamic surface in the predicted cruise shape. This means that gust loads come
relatively late when the design options have been narrowed and 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 extension of aerospace technology to wind turbine design
The AEROGUST project aimed to address these issues by producing cutting edge research with
an industrial focus. The three main objectives were:




To develop and implement high order methods to predict and understand nonlinearities in gust/structure interaction
To develop methods to numerically reproduce the industrial gust loads process and
hence reduce reliance of wind tunnel data
To develop methods to adapt the loads process for non-linear and innovative
structures

Whilst the project mainly focussed on the problems associated with aeroelastic aircraft, the
fundamental physics is common to large wind turbines which means the methodology of
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AEROGUST finds direct application in wind turbine design. This has been 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.
Important conclusions of the Aerogust project are:
 Prescribed velocity methods allow large computational savings for high fidelity CFD
and for typical certification gusts on standard aircraft configurations the simplest
method is adequate even though the impact of the aircraft on the gust is not included
(this may not be true for more flexible or novel aircraft)
 The technology developed within Aerogust allows the certification authorities to
reconsider the specifications for gust encounters with more realistic gust profiles with
the reassurance that prescribed velocity methods are still applicable
 The current gust loads process can be recreated numerically for design purposes.
Further, the range at which it is accurate can be extended to shorter gusts by the
inclusion of small amounts of unsteady high-fidelity methods.
 The evaluation of results from uncertainty analyses with aerodynamic and structural
models, both linear and non-linear, has shown that there will be significant
computational savings within an industrial setting by utilising only linearized structural
models even when there is structural non-linearity.
 Accurate predictions with reduced order models have been demonstrated with orders
of magnitude savings in computational cost. This facilitates the introduction of higher
fidelity methods within industry for gust loads. All the ROM technologies developed
are generic and thus are applicable not only to novel configurations, but also outside
of the aerospace industry.
 Wind turbines can be successfully instrumented for in service condition providing
valuable data for future investigations. The work highlighted possible opportunities in
fatigue prediction and improved lifetime of the blades.
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2.

INTRODUCTION

European Aerospace and Defence Industries have developed a range of technologically sophisticated
products that have been exported around the world and make a substantial contribution to the
prosperity of Europe. The industry supports many jobs both directly and indirectly, many highly
skilled, and hence it essential to ensure its future success by maintaining and extending industrial
leadership [1]. Whilst the future projected growth in demand for aircraft, mainly in the Asian Pacific
market, represents an opportunity for this sector to grow, there are major challenges to be faced. The
growth of the Asia Pacific region is likely to lead to the emergence of new competitors to challenge
the current major players. To meet this challenge, and to meet the environmental targets of
Flightpath 2050 [1], there is a need to be able to rapidly adapt designs to future market drivers as an
essential part of beating the competition. This will require improvements in the speed and fidelity of
performance predictions for new designs as well as reduced reliance on costly wind tunnel testing,
which tends to make it difficult to keep design solutions open. This was the motivation for the
Aerogust project.
It was necessary to focus on a specific important area that can contribute to meeting these challenges
as the scope is wide. Thus, the project investigated and developed improved simulation methods for
gusts. This is an important area for aerospace vehicle design, with gust loads often defining the
maximum loads that these structures will experience in service. The large number of gust load cases
to be considered for each design together with the experimental data used in the current process
makes this an expensive task. If gust load calculations can be made using Computational Fluid
Dynamics (CFD) data in place of experimental data, then they can be used earlier in the design process
and reduce the need for wind tunnel testing. Further the assumptions of linearity inherent in current
industrial processes means that flexible materials and innovative configurations cannot be adequately
modelled. Whilst CFD could be used to introduce non-linearity, the computational costs would be too
high. Instead, the development of reduced order models that include non-linear effects would provide
an enabling technology for bringing in radical design changes. The development of gust alleviation
strategies is outside the scope of Aerogust, but the methodologies developed here are a precursor to
quantifying the performance improvements of such technologies.
Furthermore, gusts are also an important issue for wind turbine manufacturers with whom the
aerospace industry shares many design concerns. There are already more than 340,000 wind turbines
(each with either two or three blades) installed worldwide [2]: with the drive to reduce dependence
on fossil fuels and increase renewable energy generation this number is likely to grow substantially.
However, the distribution of these wind farms is restricted by the fact that wind shear and gusts create
the largest loads on wind turbines. Specifically, wind shear in the Arctic Circle and gusts below the
tropics has prevented development of wind farms in these areas due to conservative safety factors
over-dimensioning the structures. The relative infancy of the wind energy industry means that it would
benefit from interaction with the more mature aerospace and defence research community within EU
projects. In that way knowledge can be acquired, and solutions adopted, more quickly than would
otherwise be possible. This is essential to ensure that this industry is at the forefront of wind turbine
design, so that the benefits for the European economy and employment are fully realised.

2.1

Background - Gusts and Design

Encounters with atmospheric turbulence are a vitally important consideration in the design and
certification of many manmade structures such as aircraft and wind turbines, often defining the
maximum loads that these structures will experience in service. Analysis of atmospheric turbulence
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can be simplified because it can be considered as a set of component velocities (gusts) superimposed
on the background steady flow.
Considering the vertical gusts on an aircraft, it is straightforward to see that these produce an effect
similar to a sudden change in angle of attack. Hence the structure will experience rapid changes in lift
and moment forces, which cause rigid and flexible dynamic responses of the entire structure. For an
aircraft, these responses can cause passenger discomfort and introduce large loads on the structure
which must be accounted for during the design stage to ensure safety.
Currently industry typically uses the Doublet Lattice Method (DLM) with steady correction terms
collected from wind tunnel data. The unsteady gust is represented as a change in angle of attack via
a vertical velocity correction. This dynamically linear aerodynamic model is combined with reduced
order structural models and a simplified representation of other systems, such as the aircraft control
system, to analyse the dynamic gust response. The dynamic gust loads are calculated at design points,
representative of the complete operating envelope, with these loads feeding into the structural sizing
of the aircraft components.
The main issues related to the Aerogust project that would impact on the challenges of Flightpath
2050 [1] are:





If market drivers lead to the adoption of more flexible materials and the consideration of novel
configurations, then the linear assumptions of the current gust loads process will become
unacceptable
The current process relies on steady wind tunnel data created from the final aerodynamic
surface in the predicted cruise shape. This means that gust loads come relatively late when
the design options have been narrowed and 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 extension of aerospace technology to wind turbine design

The Aerogust project has carried out work to address these issues by investigating:




high order methods to predict and understand non-linearities in gust/structure interaction
methods to numerically reproduce the industrial gust loads process and hence reduce reliance
of wind tunnel data
methods to adapt the loads process for non-linear and innovative structures

3. NON-LINEARITIES AND GUST LOADS PREDICTION
The fluid flow about an aircraft is governed by the compressible Navier-Stokes equations. However,
Direct Numerical Simulation (DNS) that aims to resolve all the scales of a flow by solving these
equations remains out of reach for most configurations that would be considered in an industrial
environment. This is due to the very fine mesh needed to capture the smallest disturbances and the
extremely small time-steps needed to simulate the fastest occurring eddies. Provided the geometry is
not too complex, Large Eddy Simulation (LES) has become a tool of interest. In this approach only the
largest turbulent eddies are resolved as part of the simulation and the effects of the smallest eddies
are modelled. However, this still requires relatively fine meshes and small time-steps compared to
the length of a typical gust and thus simulation costs are high and as a result the literature and use of
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LES is very limited. Unsteady RANS methods have lower computational costs, but there will be less
detail in the gust interaction with the geometry compared to LES and the costs are still prohibitively
high if gusts are introduced through the boundary conditions since very fine meshes are needed
throughout the domain. However, the reduced cost and the development of prescribed velocity
methods to efficiently transport the gust through the domain on relatively coarse meshes means that
these methods can now be considered for wider use and can also be used to generate data for reduced
order models. Whilst prescribed velocity methods have the potential to offer considerable
computational savings compared to fully resolving a gust on a fine mesh as it transits the domain, they
have only been used for the idealised “1-cosine” vertical gust specified for certification thus far. In real
flows, gusts will have other velocity components and it is therefore worth investigating whether
prescribed velocity methods still work for more general gusts. As a compromise between the detail
of LES and the computational cost of URANS hybrid RANS-LES methods seem attractive, however it
should be noted that many cases presented in literature to date have been computed at low angles
of attack.
As well as looking at non-linear aerodynamics, structural non-linearity is also a feature of responses
to gusts, particularly for highly flexible and innovative structures. This means that the current
industrial loads processes reliance on linearity may make these methods unsuitable for future aircraft.
Thus, considering different approaches to modelling aeroelastic non-linear structures, both aircraft
and wind turbines, is an important aspect of understanding gust encounters

3.1

High fidelity LES/DES methods for gust simulations

A literature review carried out in Aerogust by Numeca found that the use of LES simulations for the
prediction of gust-airframe interaction has surprisingly been the subject of very few papers. A number
of papers related to LES simulations for atmospheric turbulence, wind turbine gust encounters, as well
as helicopter blade vortex interaction focusing on noise were identified and considered given that the
problems are similar. Hybrid RANS-LES methods were seen to offer potential computational
advantages over LES, but many cases presented in literature were being computed at low angles of
attack. Further these hybrid methods (e.g. DES) are not very well-suited to predict flows in which
transition may occur, and if any separation is taking place, it is limited to the rear-part of an aerofoil.
An answer to that question could be the use of wall-model LES such as those proposed in [3], [4], [5].
Taking note of this review, simulations were made in Aerogust using the IDDES hybrid RANS-LES model
with low artificial viscosity in order to maintain gust properties along its path [6]. These simulations
were performed by Numeca and Numflo in order to study the aerodynamic non-linearities in the
Aerogust 2D test case. This test case is the supercritical, FFAST crank, aerofoil at 𝑀 = 0.86 with three
different gust lengths. At this condition the flow exhibits shock waves on both sides of the aerofoil.
Furthermore, strong shock boundary-layer interactions are present leading to a large detached flow
around the profile trailing edge (see Figures 1 and 2) and natural unsteady pressure fluctuations with
a main natural frequency of about 90 Hz. Lift and moment coefficient histories for the three different
gust lengths are shown in Figure 3. The passage of the gust induces a significant shock motion on both
sides of the aerofoil, up to 30% of the chord, and interaction with the downstream separation zone.
It was found that for all gust cases the speed of the shock movement, induced by the gust, is a round
10m/s. Such a displacement can be explained by the Rankine-Hugoniot equation. These depend on
the pressure ratio between both sides of the shock, which changes due to the passage of the gust.
Because of their impact on the size of the detached regions behind shocks, nonlinear effects are mainly
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driven by the location of the shocks during their displacement. Therefore, the loads along the
supercritical aerofoil are more impacted by nonlinear effects for long gusts than for short ones.

Figure 1 Mid span numerical Schlieren

The results from the hybrid RANS/LES method were all calculated for aerofoil test cases and provided
a better understanding of the details of the non-linear flow behaviour in the presence of a gust.
However, because of its computing cost, it has not been possible yet to apply the methods to full
aircraft gust simulations since the computational cost is prohibitive. Greater computational efficiency
must be achieved before such simulations are viable. Thus, the final stage of this work involved
investigating how the flow solver can be made more efficient so that it can handle high fidelity future
full aircraft gust simulations. This solver is based on high-order method, and in particular on flux
reconstruction. Indeed, high order methods are particularly adapted in order to conduct high-fidelity
simulations. The potential of such high-order schemes in properly convecting free stream gusts at a
reduced computing cost have been demonstrated. By applying such a method to far field gust
transport, this will allow a drastic reduction in the far-field mesh and in the total computing time. This
is of particular interest for simulations that require a rather large integration time. Furthermore, the
method is tailored for massively parallel and modern computing architectures. This further enhances
it capabilities in rapidly producing high-fidelity simulation over complex configurations.
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Figure 2 Velocity magnitude distribution [m/s] on iso-surface of 𝜆2 = -5000

Figure 3 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

3.2
Investigation of prescribed velocity methods for the prediction of non-linear
behaviour
Unsteady RANS or unsteady Euler are the most widely reported high-fidelity CFD methods used for
gust simulations. In order to simulate a gust encounter with an aircraft using CFD, a method of
introducing the gust into the simulation is required. This can be done by prescribing the gust at the
boundary and letting it convect through the domain. However, this approach requires a fine mesh
throughout the entire domain to avoid dissipating the gust before it encounters the aircraft. This can
be overcome using a fine chimera or overset mesh, moving with the gust across a coarser mesh. This
propagates the gust from the far-field boundaries to the surface, a method called the Resolved Gust
Approach (RGA) see Figure 4. Alternatively, a number of methods have been developed that utilise a
prescribed gust velocity to allow the gust to propagate without excessive dissipation on coarser
meshes.
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Figure 4 Overset grid setup for simulation of interaction of wing‐HTP configuration with a gust of wavelength 1 grid unit
(plotted in inertial (geodesic) coordinate system)

A first study by DLR [7], compared the Resolved Gust Approach (RGA) to a prescribed velocity approach
called the Disturbance Velocity Approach (DVA), sometimes also referred to as the Field Velocity
Method (FVM). This approach works by prescribing the instantaneous gust velocity at every mesh
point in the domain. This method has the advantage that it can be applied easily within an existing
CFD code capable of mesh motion, but the disadvantage of the method is that the gust is not affected
by the body. The RGA approach has the advantage of allowing the gust to change due to interaction
with the body, but at a much higher cost compared to the DVA approach. The two approaches were
compared for a range of 2D and 3D test cases and it was found that the DVA matched the RGA
approach for cases when the gust length was greater than twice the reference chord length.

Figure 5 Comparison of lift of wing‐tail configuration versus dimensionless time predicted by DVA and RGA approach
(viscous)
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In work that extends the knowledge gained in Aerogust from gusts to other problems the two methods
were extended and compared for application to problem of a vortex impinging on a wing. Further to
demonstrate the capability of the simplified method for industrial applications, the manoeuvre of a
generic fighter configuration through the wake vortices of an aircraft in front was simulated. The
reaction of the aircraft due to the additional loads has been taken into account by coupling of CFD
with flight mechanics, see Figure 6.

Figure 6 Position of the aircraft at t=3s

An alternative to the DVA/FVM approach is the Split Velocity Method (SVM) [8]. The SVM approach
decomposes the total fluid velocity into an unknown component and a gust component. Substituting
this decomposition into the governing equations and rearranging to get the unknown velocity
components leads to a similar set of equation to the DVA/FVM approach with some additional source
terms. These source terms allow the effect of the body on the gust to be captured since the SVM just
rearranges the equations and integrates them. SVM only requires small changes to existing unsteady
CFD codes. The two methods (SVM and FVM) are compared by University of Bristol for the NASA
Common Research Model (NCRM) shown in Figure 7 for different length certification “1-cosine” gusts,
with and without a flexible wing. The results (see for example Figure 8) show that the two approaches
agree for certification length gusts, where the shortest gust length is over 2.5 times the reference
chord length [9]. This is consistent with the results of DLR which found that including the effect of the
body on the gust only becomes important for gust lengths less than twice the chord.

Figure 7 Pressure over NCRM encountering vertical 1-cosine gust shown on symmetry plane
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Figure 8 Lift and pitching moment for the NCRM with flexible wing encountering gusts at flight condition H.

The Gust Error-correction Method (GEM) is another prescribed velocity method developed in the
Aerogust project by NLR. It is derived in a different way to 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 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 NavierStokes equations are solved near the aircraft, so the complete interaction of aircraft and gust is
modelled. Excellent results have been obtained, see for example Figure 9. 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.

Figure 9 Comparison of gust resolution schemes for the NACA0012, 1-cos gust with a change of angle of attack of 2 degrees
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Prescribed velocity methods were used within a hybrid high fidelity finite difference-finite volume
scheme developed for gust simulations by University of Cape Town. This approach has been applied
to trailing vortices [10], [11] and uses a 6th order accurate finite difference (FD) method to propagate
the gust to the vicinity of the aerofoil on a relatively coarse mesh (see Figure 10), around which an
unstructured finite volume (FV) mesh computes the loads using SVM. A stable and accurate FDFV
interface was developed to enable this.

Figure 10 Mesh used for hybrid scheme

3.3

General atmospheric disturbances and prescribed velocity methods

For aircraft certification discrete “1-cosine” gusts are used, with a purely vertical component. However
the following question arises, can the CFD methods developed and implemented for these idealised
certification gusts still be used for more general real gusts? The work of University of Liverpool first
investigated modelling of an atmospheric disturbance with variation in vertical and freestream
velocities, since the freestream is known to vary with altitude. The disturbance used was a
perturbation to the freestream velocity, with a “1-cosine” profile in both the vertical and freestream
directions, for a small region upstream of the aerofoil. This disturbance was then allowed to evolve,
on a mesh fine enough to resolve the disturbance all the way to the aerofoil. Once the flow field had
evolved from the initial disturbance the changes in the velocity components was extracted and used
as the input for simulations using the DVA/FVM method. Comparisons between the fully resolved
simulations and the FVM results show good agreement when both velocity components are used.
Excluding the freestream velocity disturbance leads to large errors, especially in lift, see Figure 11.
Two different gust lengths were used, 3 and 15 times the aerofoil chord. Investigations of the gust
velocity profiles downstream of the aerofoil show little difference between the fully resolved
simulations and the DVA/FVM method. Once again showing that the body has little effect on the gust
profile for gusts sufficiently longer then the aerofoil.
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Figure 11 Comparison of prescribed velocity methods with and without freestream component with resolved gust
simulation.

The work was subsequently extended by modifying the 2D Aerogust test case by adding a NACA 0008
aerofoil downstream of the FFAST crank aerofoil previously studied, so that the test case represents
a wing tail configuration. The same 2D disturbance as described above was used and results obtained
for the rigid as well as for a free-flying configuration considering both translational and the rotational
degrees of freedom. For the rigid 2D aerofoil configuration good agreement was achieved between
the DVA/FVM and resolved gust approaches especially for the gust induced lift over both aerofoils.
Minor deviations are observed in the fight-dynamic response due to the gust encounter, see Figure 12
where only the prescribed velocity solution using two components is shown. However, the differences
are an order of magnitude smaller than values needed to achieve a trimmed steady state.

Figure 12 Comparison aeroelastic prescribed velocity methods with resolved gust simulation.
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3.4

Hybrid methods

Another area of research carried out within Aerogust is the ongoing development of hybrid zonal
methods, which utilise reduced order models in the far field combined with high order methods in the
vicinity of structures (see Figure 13). Such methods offer the potential to reduce the prohibitive costs
associated with CFD simulations for loads calculation, where thousands of different scenarios need to
be analysed by only solving a high order system in a small region of the flow domain. To further
develop this technology (initially developed in FFAST) further code development work has taken place
within the Aerogust project to facilitate adaptive meshes.
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:



a kinetic energy conserving scheme that can be easily integrated in most CFD solvers
a library for adaptive mesh adaption that increases the effective local resolution without
generating a prohibitive overhead in computational cost.

Figure 13 Domain decomposition for hybrid schemes

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 14). 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. In addition to 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.
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Figure 14 Impact of adaptive mesh on solutions

3.5

Aeroelastic simulations

In calculating the loads on an aircraft during a gust encounter, aeroelastic simulations are required.
Typically loads simulations of a gust encounter are performed using a linear structural model about
an undeformed reference aircraft shape for different flight levels and airspeeds. However, if the
aircraft undergoes large displacements the stiffness of the structure will change, as well as undergoing
a tip shortening effect not included in linear structural model. Thus, non-linearity is important in gust
simulations and a number of aeroelastic simulations with structural non-linearities was performed in
Aerogust.
A non-linear static analysis was performed by DLR to investigate the effect of the change of the
stiffness matrix, due to deflection, on a gust analysis using a geometrically non-linear preloaded finiteelement structural model. The load was applied incrementally so that the stiffness matrix could be
updated. The preloaded structural model with the updated stiffness was then used as the starting
condition for the gust analysis. The effect of different levels of preloading and thus tip deflection was
investigated for a generic high aspect ratio (10.9) wing. Varying the preload factor did change the
aeroelastic response once the gust had passed, but overall there was little effect on the peak root
bending moment see Figure 15. Changing the stiffness matrix due to deflection mainly changed the
first torsional eigenfrequency, which is at about 35 hertz. The highest frequencies are excited by the
shortest gust, which was ten hertz for a gust length of nine metres. So, for the aircraft structure
investigated the change in stiffness due to deflection has little effect on the peak wing root loads for
a gust encounter.
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Figure 15 Example wing root bending moment for the different scaling factors (H = 9 m)

The next study looked at the effects of structural nonlinearities on an aeroelastic system. The study
was designed to investigate the limits of traditional, linear methods of aeroelastic gust simulations as
the subject aircraft becomes more flexible and no longer operates in the linear regime. A typical gust
loads process is carried out in MSC.NASTRAN on a test case wing, and this was repeated using a
nonlinear aeroelastic code developed at the University of Bristol [12]. The test case was used as a
baseline wing, and the structural stiffness of this baseline was reduced to see what effect this had on
loads predicted, comparing results from linear and nonlinear methods, see Figure 16.
The most notable effect of non-linearity that was seen was in the torsion loads which vary
considerably, even for small deflections, due to differences in how the aerodynamic force vector is
orientated between MSC.NASTRAN and the nonlinear code; this highlights the significance
aerodynamic force orientation can have on the loads. Crucially, neither MSC.NASTRAN nor the
nonlinear code include any form of drag effects, and this is also not an effect considered in traditional
gust loads calculations. However, in a similar manner to how the lift orientation can greatly affect
torsion loads, it can be predicted that drag could also influence the loads from a 1g and gust loads
process. Therefore, proper modelling of aerodynamic forces (i.e., without assumptions of linearity,
with correct orientation of the aerodynamic forces, and sufficiently accurate drag forces) become
more critical for highly flexible aircraft than for traditional aircraft.
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Figure 16 Comparison of the trim shape deflection with decreasing flexibility factor (1.0, 0.5, 0.25 and 0.15).

University of Cape Town developed a framework to perform aeroelastic simulation on a whole aircraft
model under gust loading, by coupling a CFD and a non-linear FEM code. A full order 3D Computational
Fluid Dynamics (CFD) code was extended to include a gust disturbance through the SVM approach. To
discretise the beam, a Finite Element Method (FEM) is the de facto method. Euler-Bernoulli beam
theory, also known as classical beam theory is the most commonly used beam representation.
However, a key assumption means that it neglects shear effects and to obtain a more accurate
solution, the more general Timoshenko Beam Theory (TBT) was used. An interface was developed, for
transferring the aerodynamic forces to the structure and a 4th order splining approach was used to
recover a smooth deformed wing. The resulting coupled code was used to calculate the wing tip
deflection for Aerogust test case 3, with a rigid fuselage and a flexible wing. The wing tip deflections
in response to the gust were found to be similar to those reported in reference [9]. Example results
are shown in Figures 17 and 18.
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Figure 17 Comparison of tip displacement obtained from Elemental® for the 30ft and 350ft gusts

Figure 18 Cp distribution on the CRM at time t = 0.2

A multidisciplinary, flight dynamics analysis of a free-flying flexible aircraft with control surface
actuation based on CFD aerodynamics was performed by DLR. To this end, the DLR TAU-code was
coupled with structural dynamics and flight dynamics solvers as well as a flight controller, to enable
the time-domain simulation of a jet transport aircraft in manoeuvring flight. The time-dependent
elevator deflection was realized by a mesh deformation approach in the CFD solver, see Figure 19.
This method yields a robust and simple means for control surface deflections in unsteady manoeuvres.
Two 1-cos type gust encounter simulations (open and closed-loop) of a free-flying elastic jet transport
configuration in the transonic flight regime simulation were performed. The flight control system
successfully reduced the aircraft rigid body accelerations compared to the uncontrolled case, see
Figure 20.
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Figure 19 Deflection of a control surface in the CFD model based on a hinge line and blending areas.

Figure 20 Results of two CFD-based gust encounter simulations (open- and closed-loop) in terms of heave and pitch
reactions of the aircraft (the z-axis of the body-fixed frame points positive upwards).

4. NON-LINEAR SIMULATION OF WIND TURBINES AND IN-SERVICE DATA
COLLECTION
Wind shear and gust are both wind situations that create the largest loads on wind turbines. Indeed,
the magnitude of a gust can be sufficiently high to increase the loads up the point of fracture.
Catastrophic failures are reported in the literature for both wind turbine blades and towers (see for
example [13] and [14]). The use of high-fidelity tools for the prediction of wind turbine/gust
encounters is limited and work was carried out to develop and implement a suitable non-linear solver.
Further as no data is available in the literature to measure the effect of an actual gust on a wind
turbine, the collection of in-service data was completed as part of the Aerogust project by VALEOL
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SAS. Experimental data could be used in future to calibrate high-fidelity CFD, and reduced order
models derived from it.

4.1

Prediction of non-linear behaviour of wind turbine blades

INRIA and Valeol worked together to develop tools to study the gust effects on a wind turbine blade.
The ratio between the length and the root chord of a typical wind turbine blade is sufficiently high
(approximately 20) to permit its structural behaviour to be described by means of a beam model. The
standard beam formulation has been modified to include non-linear geometrical effects, to study large
deformations. The structural model was coupled to a finite difference CFD code and the unsteady
deformation was included using an immersed boundary approach, see Figure 21. The CFD simulations
were accelerated by means of an iterative procedure in which hybrid CFD-POD computations were
performed by means of a domain decomposition approach (see Section 2.4). The model was then used
to simulate the effects of an Extreme Coherent Gust on a wind turbine blade, fixed at the root, on
blade tip deflection.
Further work was carried out to improve the CFD solver by using a finite volume method with support
for chimera meshes. This allows a body fitted mesh to be used around the turbine blade, to better
capture the boundary layer. The body fitted mesh is then superimposed on a course background mesh.

Figure 21 Vortex structures in the wake of the blade (q-criterion), mesh level 2.

4.2

Collection In-Service Wind Turbine Gust Data

Wind shear and gust are both wind situations that create the largest loads on wind turbines. Indeed,
the magnitude of a gust can be sufficiently high to increase the loads up the point of fracture.
Catastrophic failures are reported in the literature for both wind turbine blades and towers (see for
example [13] and [14]). As no data is available in the literature to measure the effect of an actual gust
on a wind turbine, this work was done as part of Aerogust by VALEOL SAS. A second interest is to use
experimental data to calibrate high-fidelity CFD.
For the purpose of measurement, an existing Jeurmont J48 wind turbine was chosen. Some
characteristics of this wind turbine are a hub height of 46 m and the rotor diameter is 48 m with blade
measuring 23.5 m long. Next the duration of these measurements (4 to 7 months) allowed obtaining
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a wealth of wind data which includes several strong wind conditions. To assist with establishing the
relation with CFD data, INRIA was consulted during the process. The experimental work conducted
involved measuring both wind speed and the resulting turbine blade deflections.

4.2.1 Wind measurements
The measurement of the wind was considered the most important aspect of the work. This is to inform
CFD calculations for which the computational domain is shown in Figure 22. The wind measurements
were therefore conducted with a wind mast which was placed at an appropriate distance from the
turbine. In order to have representative data of the wind arriving on the turbine, the terrain selected
was quite flat and relatively free from trees and obstacles. The final installation involved a 50m wind
mast and is shown in Figure 23 together with the wind turbine in the background. The wind mast
height is appropriate for the wind turbine with hub height 46m.

Figure 22 Computational Domain with d = rotor diameter + 3-5 m

All the wind speed sensors were oriented to minimize the wake effect from the mast according to the
IEC 61400-12-1 standard. According to this same standard the met mast was located at 2.5d (Figure
22) from the turbine. The wind velocity was measured at 5 different heights in order to establish the
wind profile and the acquisition interval was 1s. The wind direction was measured with 2 wind vanes
(1 wind vane is used as a backup). Finally, the mast was instrumented with a barometric pressure
sensor as well as data acquisition system.
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Figure 23 Photography of met mast and wind turbine

4.2.2 Blade data
A key goal of the wind turbine data collection was to observe the aero-elastic behaviour of wind
blades. This was done via optical fibre with Fiber Bragg Gratings (FBG) sensors. The resulting
instrumentation of the wind turbine blade is shown in Figure 24. The inquiry system consisted of 10
strain gauges and 6 pressure sensors collecting data which was streamed automatically via 3G to the
office. All tests were executed successfully, and the measured data retrieved.

Figure 24 Optical fibre technology installed to measure aeroelastic data
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5. REDUCING RELIANCE ON WIND TUNNEL DATA AND UNCERTAINTY IN THE
GUST LOADS PROCESS
In the design and certification of aircraft, it is necessary to demonstrate that the structure of the
aircraft is capable of withstanding operational loads. This is done extensively in the design stages using
computational methods. Exogenous loads acting on the aircraft may come from landing, taxiing,
manoeuvre or atmospheric turbulence (gust) cases, amongst others. In addition, there may be many
potential flight and mass cases to consider, so computational speed is a critical consideration when
approaching the problem.
The current industry-standard unsteady gust load prediction is based on the Doublet Lattice Method
(DLM) and steady corrections from experimental wind tunnel data. The implications of assumptions
made in the current loads process for highly flexible and innovative designs can only really be
investigated by developing a recreation of the loads process using CFD. Such a numerical loads process
would enable a direct comparison between the predictions of gust loads from the process and the
corresponding free air CFD results. It would also allow each component of the process to be assessed
individually and alternative approaches investigated that will extend the applicability of the current
process to highly flexible and innovative structures. Further for there to be confidence in a virtual
loads process for innovative and highly flexible structures where experience of gust loading is not
available, levels of uncertainty of the results must be quantified.

5.1

The Current Industrial Gust Loads Process

An industrial loads process for turbulence/gust loading cases starts with a suitable representation of
the aircraft structural and aerodynamic behaviour with NASTRAN being a favoured software for use
in industry. The key aspect of the process is that low solution fidelity approaches are favoured due to
the large number of computations that are required in industry.
For the structure, stick-beam models are commonly chosen for the reduction in problem size,
illustrated in Figure 25, comparing a full FEM representation to an equivalent stick model. This
simplification assumes that chord-wise deformations are insignificant as compared to span-wise
deformations. This approximation can be justified for stiff, medium-to-high aspect ratio wings.
For the aerodynamics it is seen that potential flow panel methods such as the doublet-lattice method
(DLM) are often used for the computational benefits versus more expensive CFD-based solvers. DLM
is based on the compressible acceleration potential theory for thin wing geometry. Therefore, DLM
cannot account for the wing thickness or capture recompression shocks or boundary layer separation.
To overcome the limitations of this method in the transonic regime a correction of the DLM which
introduces information from static wind tunnel data is applied (or alternatively static numerical data
of higher fidelity), thus history effects are only from the linear DLM. An example of a DLM mesh
compared to a full CFD mesh is shown in Figure 26.
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Figure 25. A stick-beam representation of an aircraft (left) vs. a full FEM representation (right).

Figure 26 A doublet-lattice mesh representation of a wing surface (left) vs. a full CFD mesh representation (right).

Despite the limitations of these structural and aerodynamics approaches due to necessary
simplifications in their formulation, their robustness, speed, and the depth of industrial experience
and knowledge of these tools means they are still popular.

5.2

Improving the Aerodynamics Models

As described above, the DLM is the state-of-the-art for aerodynamics modelling in industry. As such,
the focus of the many of the deliverables in Aerogust was on additional methods that can be used to
increase the accuracy of the aerodynamic predictions compared to the standard process with as little
impact on the underlying computational process as possible.

5.2.1 Static corrections to the DLM and UVLM
DLM is typically corrected with quasi-static, chord-wise integrated load distributions from wind tunnel
measurements. There are a wide range of correction approaches available. They commonly rely on
modifying the Aerodynamic Influence Coefficient (AIC) matrix by either multiplying or adding
correction factors or even replacing the AIC matrix entirely. Traditionally these approaches have
focused on providing corrections for flutter problems. Reviews of common correction approaches can
be found in [15] [16] [17]. University of Bristol [18] corrected the DLM using a frequency invariant
correction matrix, derived from a static CFD solution . A least-squares approach was used to calculate
a non-unique correction which minimises the changes required to the DLM to match the CFD results.
The DLM formulation assumes small out-of-plane harmonic motions of the wing, and a flat wake. So,
the method is not applicable when large deformations occur. An alternative to DLM is to use the
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Unsteady Vortex Lattice Method (UVLM) which is capable of simulating large deformations and does
not assume a flat wake: as a result, UVLM could be coupled to a geometrically non-linear structural
model such that the aerodynamic mesh deforms with the structure. UVLM does not model thickness,
transonic and viscous effects. However, it was demonstrated by the University of Bristol [18] that the
UVLM method can also be corrected in a similar way to the DLM using static data to improve its
prediction of aerodynamic nonlinearities see for example Figure 27.

Figure 27 Lift coefficient and root vertical shear time histories vs. time for different aerodynamic solutions.

Due to the necessity for the wake in the UVLM to develop over time (rather than being assumed to be
flat as in the DLM) an iterative procedure is required to apply the correction to the UVLM [18], whereas
it can be carried out in one calculation for the DLM. Despite this, the approach is largely similar. The
DLM and UVLM aerodynamic methods were implemented, both corrected and uncorrected, and the
outputs compared to the aerodynamic loads predicted using CFD via a split-velocity method (SVM) for
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the NASA Common Research Model (NCRM). The results plotted in Figure 27 for a rigid model show
how correcting the UVLM in a similar way to the DLM using static data, leads to improved predictions
of the peak change in loads for shorter gusts. Further work showed that compared to a purely
aerodynamic simulation, including the wing deformation has a greater impact on reducing the peak
load than including the rigid body heave and pitch motions. For the case investigated the free air
response of the NCRM model is sensitive to which model is used, particularly for the largest two gusts.
This is important as including both the rigid body modes and aeroelastic effects lead to the largest
difference in the post gust loads compared to the purely aerodynamic simulations

5.2.2 Linear Frequency Domain methods and corrections to the DLM
DLR studied two different aerodynamic approaches: a linear frequency domain (LFD) solver, based on
a linearisation of high-fidelity Reynolds Averaged Navier-Stokes (RANS) solutions via DLR TAU (the LFD
method) and the other uses the DLM with a correction, in a slightly different approach to that used by
the University of Bristol. For gust encounters with the NASA CRM the LFD showed a very good
agreement to the CFD while the aircraft operates in the linear regime, as illustrated in Figure 28.

Figure 28 LFD method vs. a CFD reference signal for a small gust disturbance.

The correction of the DLM comes from an in-house tool called CREAM (CorREction of Aerodynamic
Matrices), which uses unsteady high-fidelity simulations at constant frequency oscillations to
determine an appropriate correction. In this case, a Taylor series expansion of the aerodynamic
influence matrices is carried out and a correction is applied to the first expansion term (referred to as
a zeroth order correction). Comparisons of the real and imaginary parts of the aerodynamic forces for
the LFD, DLM and corrected DLM are plotted in Figure 29 and show how CREAM’s correction approach
shift the prediction at the zero-frequency mark. Time histories for small amplitude gusts also show
how the correction improves results in some cases, but for other cases the results were not so good,
implying that a quasi-steady correction may not be sufficient for aeroelastic coupled simulations. Time
histories were also compared for the regulation gust intensities to highlight the limits of the linear
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assumptions. It can be seen in these cases how the LFD predicts significantly different results to the
CFD reference signal.

Figure 29 Pitch component of AIC vs. frequency comparing uncorrected and corrected DLM to the LFD.

This work was extended by considering higher order corrections on a non-Aerogust test case. Whilst
the earlier correction was a zeroth order correction using a zero-frequency oscillation from an LFD
solution as a reference to correct the results, in subsequent work in Aerogust DLR introduced a firstorder correction to the next Taylor expansion term. This not only corrects the real and imaginary parts
of the DLM aerodynamic influence matrix, but also the slope with respect to frequency at some small
frequency. This work also considered whether to use a pitch motion or a gust excitation as the
reference signal to correct the aerodynamics. DLR demonstrated how, for the zeroth order correction,
it does not matter whether the reference signal used for the correction is due to a pitch or gust
excitation. However, for the first-order correction, there is a difference at higher reduced frequencies,
with the gust excitation providing the better correction. The magnitude and phase of the lift derivative
of corrected and uncorrected DLM are plotted in Figure 30. It can be seen how the first-order
correction gives a good prediction of the CFD aerodynamics at all frequencies considered, whereas in
Figure 29 the zeroth order correction only showed a close agreement to the CFD at low frequency.

5.2.3 Including non-linearities in the DLM
The zeroth and first-order corrections of the DLM described in Section 4.2.2 were also obtained by
DLR from reference solutions coming directly from a nonlinear CFD simulation, rather than the linear
solutions obtained from the LFD. Results were obtained for short and long gust excitations, where it
could be seen for long gusts that the zeroth and first-order solutions were both able to match the CFD
well and greatly improve the accuracy of the DLM prediction, see Figure 31. For shorter gusts however,
the first-order correction showed a better agreement to the CFD results.
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Figure 30 Magnitude and phase of lift derivatives vs. frequency.

Figure 31 Time history of the lift response for the short (left) and long (right) gusts

5.3

Improving the Aeroelastic Models to Include Flight Shapes

The geometry of a deflected aerodynamic surface wing will influence the forces that are exerted on
the structure, and vice versa. It is therefore important to include the initial aircraft trim shape in the
analysis when considering any kind of aeroelastic approach to capture the correct aircraft behaviour
– this is particularly important on highly flexible aircraft exhibiting geometric nonlinearities. NLR
implemented a method to include large, geometrically exact deformations into a standard industry
gust loads process. The impact of geometric nonlinearities on the aerodynamic loads was highlighted,
including how the correct application of normal aerodynamic force as a follower force is necessary
once deflections become significant. To obtain a solution which includes arbitrarily large
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deformations, a method was developed which uses a standard nonlinear structural solver in
MSC.NASTRAN (SOL106) in conjunction with an iterative scheme to update the aerodynamic panels
appropriately to ensure that they are rotated correctly, as illustrated in Figure 32.

Figure 32 Linear vs. Geometrically-exact Nonlinear Aeroelastic Models

Flexible variants of the generic UAV wing test case geometry selected in Aerogust were generated to
increase the deformations and accentuate the nonlinearities. For the baseline wing (without a
payload) the deformations predicted by the standard MSC.NASTRAN solver are very small, and match
well with the proposed iterative nonlinear approach either with or without follower forces, as do the
trim angles. Once the aircraft is made more flexible however, a significant difference can be seen
between the three methods, as seen in Figure 33. In particular, the trim angle increases when
considering geometric nonlinearities because a component of the aerodynamic normal force begins
to act in-board, whereas it always points vertically in the linear analyses.

Figure 33. A comparison of linear and geometrically nonlinear models on a highly flexible wing.

5.4

Uncertainty Quantification Methods for Nonlinear Aeroelastic Systems

In aerospace design, the impact of uncertainties on the loads process is important to understand,
particularly early in the design procedure when certain variables or parameters are not finalised, or
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subject to change. Knowledge of this uncertainty is a powerful tool to increase robustness of a gust
loads process with respect to unknown or uncertain inputs to the equations of motion. An efficient
uncertainty quantification (UQ) process will enable both robust and reliable designs to be selected.
Uncertainty quantification has been investigated in Aerogust by NLR, Numeca and University of
Bristol. Consideration has been given to the complications and features that arise due to the inclusion
of nonlinearities in the aeroelastic modelling approaches.

5.4.1 Impact of uncertainties on worst case “1-cosine” gust loads
NLR implemented an approach to carry out uncertainty quantification on the correlated loads
envelopes of an aircraft, subject to 1-cosine gust disturbances. In this work, uncertainties in the pylon
and wing stiffnesses on the NCRM were considered, using a normal distribution with 10% variance.
Polynomial chaos expansion (PCE) methods were used to extract meaningful statistical data from
relatively few deterministic simulations (as compared to, say, a Monte Carlo simulation). The loads
are obtained from the linear gust loads analysis in MSC.NASTRAN. The results showed that the
uncertainty bounds of the root torque versus root shear correlated loads envelopes were very small,
and only marginally larger than the mean envelope. One such envelope for root loads subject to wing
structural uncertainties is shown in Figure 34. This indicates that the loads are relatively insensitive to
changes in stiffness properties.

Figure 34 A correlated load envelope of vertical shear (Fz) vs. torque (Mx), showing a nominal envelope with 99% error
bounds.

Numeca defined an alternative approach to that presented by NLR to obtain uncertainty bounds for
an aeroelastic system. The aeroelastic solver used an aerodynamics reduced order model (ROM)
derived from a RANS-solver using a nonlinear harmonic method, while the structural representation
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is a linear ROM using modal coordinates. For the UQ analysis, a non-intrusive probabilistic collocation
method was used. Considering the generic UAV wing geometry with uncertain Young’s modulus, shear
modulus and structural damping ratio, the response of the wing to the longest test case gust length
was simulated. An example time history is plotted, showing how uncertainty bounds can be
determined in the output loads, before a correlated load envelope with error bounds is also
illustrated. The results are compared to other simulations in Cook et al [19].

5.4.2 Impact of uncertainties on the gust loads process
The impact of uncertainties on the gust loads process was considered in Aerogust by Numeca; in
particular the effect of geometric nonlinearities was explored. A nonlinear beam model based on
Hodges intrinsic beam formulation was used to capture the geometric exactness of large structural
deformations. This structural model was then coupled with a strip theory aerodynamics method to
complete the aeroelastic formulation. The generic UAV wing test case geometry selected in Aerogust
was used in this work, but it was seen from comparisons in the trim geometry to MSC.NASTRAN that
the baseline aircraft operated in the linear regime. Therefore, flexible variants were generated to
accentuate the geometric nonlinearities. Uncertainties were considered in the form of Young’s
modulus, shear modulus and air density, as three independent uncertainties on the aircraft, and each
described as normal distributions with 3σ bounds at plus or minus 10% of the mean value. PCE
methods are used, in a similar approach to NLR. Despite this, a large number of simulations were still
required. In this work, 11 different gust lengths were simulated, each rotated around the flight
direction by one of 12 gust orientations, resulting in 132 simulations to be run to capture all
combinations of gust excitation parameter. It was necessary to rotate the gust, creating a round-theclock (RTC) gust, as the large wing deformations caused worst case gusts to be due to a non-vertical
gust.
The generic UAV wing was trimmed in MSC.NASTRAN’s linear trim solver, and the nonlinear
aeroelastic formulation using the PCE approach to analyse uncertainties was implemented. From the
deterministic simulations it was seen how the trim angle was predicted well by both the linear and
nonlinear approaches for the baseline wing. However, as the wing was made more flexible, there was
a completely opposite trend seen, whereby the linear analysis predicted a decrease in the trim angle
as the wing was made more flexible, while the nonlinear analysis predicted an increase. From the
statistical analysis it was seen that the uncertainty bounds for trim angle remained fairly constant for
the linear analysis even for a very flexible wing variant. Meanwhile, the uncertainties predicted by the
nonlinear analysis increases. Similar trends for the uncertainties were also seen in the trim loads.
Once trimmed, the aircraft underwent the gust loads process with uncertainty quantification analysis.
From the deterministic results it was shown how the linear simulations over predicts vertical shear,
bending moments and torque for all flexibilities (apart from the torque predictions on the most flexible
case) as compared to the full nonlinear analysis. For the probabilistic results, and contrary to the
results seen in the static analyses, it was seen that the uncertainties in gust loads decrease as the
aircraft gets more flexible in the nonlinear analysis, whereas the uncertainty bounds remained largely
constant for the linear analysis. It was also seen how the worst-case gust angle changed from a near
vertical gust for the baseline to nearly 40 degrees from vertical in some cases for the most flexible
case. These worst-case gust angles, as indicated by the nonlinear simulations, were predictable by the
linear analysis, providing the linearisation was carried out about a nonlinear trim geometry.
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5.4.3 Effect of aeroelastic fidelity on uncertainty
The uncertainty work contributions were consolidated in an AIAA paper [19], where the different
fidelities of solver were compared. It was seen (and shown here in Figure 35) that the effect of
structural nonlinearities on both deterministic and probabilistic results was able to be captured
reasonably well using linear approaches, providing that the linearisation was carried out about the
trim geometry. However, it can also be seen in Figure 36 that the fidelity of aerodynamic model
seemed to have a significant effect of the uncertainty bounds of the aerodynamics loads. While the
potential flow approaches showed low uncertainty in aerodynamics loads subject to structural
uncertainties, the RANS-based ROM used exhibited a much larger uncertainty bound. This could be
due to the known underlying differences in the UQ procedures between the methods but could also
suggest quite strongly that the effect is due to differences in the sensitivity of aerodynamics loads due
to the higher fidelity solution.

Figure 35 Root torque vs. bending moment correlated loads envelope for different aeroelastic models (A – linear structure
and strip theory (undeformed), B – linear structure and strip theory (about a nonlinear trim), C – full nonlinear structure
with strip theory, D – linear structure and DLM aerodynamics (about a nonlinear trim)).

Page
34

Funded by the
European Union
Project: AEROGUST

Figure 36 Total aerodynamic bending moment (roll) vs. Total aerodynamic pitch for different aeroelastic models (A – linear
structure and strip theory (undeformed), D – linear structure and DLM aerodynamics (about a nonlinear trim), E – linear
structure and RANS-based ROM)).

6. METHODS TO ADAPT THE GUST LOADS PROCESS FOR NON-LINEAR AND
INNOVATIVE STRUCTURES
Encounters with atmospheric turbulence are a vitally important consideration in the design and
certification of many manmade structures such as aircraft and wind turbines, often defining the
maximum loads that these structures will experience in service. The large number of gust load cases
to be considered for each design together with the experimental data used in the current processes
makes this an expensive task. Further the assumptions of linearity inherent in current industrial
processes means that flexible materials and innovative configurations cannot be adequately
modelled. The use of full order CFD for this would be prohibitively costly if employed in isolation for
these cases. These important considerations are the reasons for the development of the Aerogust
project.
To address the issues identified new non-linear reduced order models (ROMs), which are derived from
CFD simulations (such as those described in Section2) and/or experimental data, have developed and
implemented in Aerogust. Although derived from high fidelity CFD, ROM approximation can lead to
errors which can be reduced by updating or calibrating the ROM. The aerodynamic data that is most
effective for obtaining reduced order models is not yet known and furthermore it is not known
whether different data is needed for different ROM methodologies.
Any reduced order model of the aerodynamics will need to be coupled to the elastic model of the
aircraft to obtain the gust loads. Hence additionally developed robust and accurate coupling methods
have been investigated. ROMs can also be created of a coupled aeroelastic system (rather than of the
aerodynamics and structure separately) and this has also been explored to see if there are any
advantages.
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A wide range of novel ROM methodologies were developed and evaluated in Aerogust. The partners
involved in this aspect of the project are University of Cape Town, University of Bristol, INRIA, NLR,
DLR, NUMECA, Optimad Engineering S.R.L. and the University of Liverpool. The work conducted and
the results are summarised.

6.1
Reduced Order Models for Gusts via Unsteady Residual Minimisation and
Linearised Frequency Domain Models
Reduced order modelling is considered a promising approach to decrease computational cost, while
accounting for dynamic non-linearities. A common dimensionality reduction technique is proper
orthogonal decomposition (POD) which constitutes a small eigenvalue problem and is built from
snapshots of the full-order system (experimentally measured or numerically simulated via CFD). So
far, unsteady non-linear, physics-based reduced order models (ROMs) have not been applied to
industrial aircraft conﬁgurations. If a residual minimization strategy is followed, reduced order models
of non-linear dynamical systems suﬀer from the curse of dimensionality since complexity scales with
the number of degrees of freedom of the full-order model (FOM). Thus, additional hyper reduction
techniques are required to keep computational cost at an affordable level.
Work has been conducted to address the above by DLR in Aerogust [20]. DLR developed an unsteady
non-linear ROM for gust response analysis based on least squares residual minimization in conjunction
with POD and a hyper reduction technique. The aim of the novel non-linear unsteady ROM for gust
loads predictions was to obtain a low-dimensional dynamical system which accurately represent the
high ﬁdelity full-order model. The idea was to formulate the discretized unsteady ROM equations as
a steady-state problem for each time step, in a similar fashion to the way dual-time stepping is used
in solve unsteady CFD problems. The approach relies on a least-squares minimization of the unsteady
residual evaluated using a physics-based approximated ﬂow solution. Such an approximation is
obtained by a linear combination of modes arising from a Proper Orthogonal Decomposition (POD) of
an ensemble of full-order ﬂow solutions, which yields an optimal basis to represent reduced order
solutions of the governing equations.
Details are given on the theoretical model formulation as well as on the diﬀerent steps of the model
generation and their impact on the achieved prediction accuracy. Results are presented for an aerofoil
at transonic ﬂow conditions and the NASA CRM model at cruise ﬂight (Figure 37). To emphasize the
beneﬁt of accounting for dynamically non-linear behaviour in terms of accuracy, the unsteady nonlinear ROM predictions are compared to FOM reference solutions and results obtained from the LFD
method (assumes dynamic linearity). The responses of global coeﬃcients, instantaneous surface
pressure distributions and sectional forces and moments to various 1-cos gusts are evaluated.
Eﬃciency gains are compared to full-order solutions by quantifying computational cost.
Throughout, the unsteady ROM was found to oﬀer highly accurate predictions for various
combinations of gust length and amplitude. Instantaneous lift coefficients via the proposed least
squares method as well as standard LFD scheme are compared to full order CFD in Figure 4 on the
NASA CRM. The LFD method deviates upstream and downstream of the shock location and around
the outboard-wing suction area. Even though signiﬁcant diﬀerences are observed for local pressure
distributions using the LFD method, the integrated lift coeﬃcient oﬀers a good and conservative
prediction. Also, for the new ROM the largest diﬀerences occur around the shock location. All other
regions show diﬀerences below 3% compared to the full order model (FOM) reference. Thus, the
proposed non-linear model reduction oﬀers signiﬁcantly better predictions of surface pressure
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distributions compared to the LFD method once ﬁnite gust amplitudes are analysed. While computing
the POD basis requires an addition 14% to the FOM calculation, subsequent transient calculations may
be conducted with orders of magnitude speed ups in computational time. This is therefore deemed a
significant contribution to the project.

Figure 37 Least Squares ROM: Error in instantaneous surface pressure coefficient compared to the FOM reference
solution for (left) the linearized frequency domain method and (right) the proposed least squares residual minimization
method.

6.2

Discontinous Galerkin (DG) Supported Updated Aerodynamic ROMs

Wind turbines are subjected to wide variations of the working conditions which are determined by
the evolution of the wind on the site. This means that the blade sections have to work with very
different values of Reynolds number and angle of attack. For this reason it is important to develop
numerical tools which allow the simulation of a wide range of flow scenarios in a fast and efficient
manner.
To address this INRIA developed a POD-DG method to enable significant reduction in the
computational cost in the simulation of steady turbulent flows by means of the RANS equations . The
approach was used in the framework of high-order Discontinuous Galerkin finite element methods
which are characterised by a large number of degrees of freedom in each element. The steady solution
was obtained by a time marching approach based on an implicit time integration scheme. Most of the
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cost of the simulation was related to the solution of the linear system required at each time step of
the implicit integration scheme.
The LPOD-DG method requires the introduction of local POD bases in each element. The algorithm
introduces a constraint on the DG solution which is forced to belong to the local POD basis which is
significantly smaller than the original general DG basis. In this way, the size of linear system which has
to be solved for performing the implicit time integration is significantly smaller. The price to pay for
this reduction is an increase in the memory requirements related to the fact that a different basis must
be used for each conservative variable while in the standard DG the same basis functions are used for
all the governing equations. The accuracy of the method was investigated on the prediction of the
turbulent flow around a wind turbine aerofoil in a wide range of working conditions (including prestall and post-stall). The proposed ROM was found to be particularly accurate while allowing
impressive cost reductions of a factor 3.7.

6.3

Aeroelastic Fourier Decomposition ROM for Gusts

NUMECA developed a Fourier decomposition ROM for gusts in its unstructured chain FINE™/Open
code during the Aerogust project. This ROM is based on the Non-Linear Harmonic (NLH) method
already existing for turbomachinery applications. For Aerogust, this approach was extended to
external flow in the presence of gusts. The flexibility of the structure was also considered thanks to a
modal approach and a summary of the main aspects related to the development of this innovative
multi-physics ROM is given here.
By definition a gust is a single event which is not periodic. However, the non-linear Harmonic
method relies on the periodicity of flow perturbations. Therefore, in order to proceed to Fourier
decomposition, the gust signal must be made periodic by a repetition in time. Once the gust is made
periodic, a Fourier transform can be performed. It gives the definition of the gust in the frequency
domain. Since the gust is a continuous signal in the time domain, definition in the frequency domain
is infinite. Hence a truncation must be applied in order to retain a finite number of frequencies.
Therefore, the choice of the number of harmonics to be retained for the calculation is tightly
linked to the gust repetition period. Consequently, the frequency range covered by the harmonic
computation is maybe more suitable as numerical parameter to be investigated than the number of
harmonics itself.
According to the investigations performed by NUMECA, the following guidelines are finally
prescribed for the above:



The ratio between the fundamental period and the gust period (time window ratio): 10 (at
least, the fundamental wavelength has to be 20 to 25 times the chord length);
The number of harmonics: 16 (in case a time window ratio of 10 is used).

The new ROM developed was then applied to the three most challenging Aerogust test-cases viz.
FFAST Crank aerofoil (for rigid configuration) and generic UAV wing and CRM aircraft are for both rigid
and aeroelastic cases. For the latter cases, the predicted maximum aerolastic wing deflection is shown
in Figure 38 with the proposed new method succeeding in modelling the problems.
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Figure 38 Aeroelastic Fourier ROM: Maximum predicted tip displacements due a 350ft gust for generic UAV (top) and CRM
(bottom)

6.4

A Kriging Based Corrected Potential Flow ROM for Gust Load Calculations

Non-linear aeroelasticity is a ﬁeld of increasing interest as the volume of transonic commercial ﬂights
continues to grow. Aviation regulations require that a substantial set of design load cases be
investigated and thus the need for an eﬃcient non-linear aeroelastic modelling solution is pressing.
The ultimate goal of Aerogust is on establishing state-of-the-art aeroelastic reduced order models
(ROMs). This is to significantly improve on the computational cost of traditional computational ﬂuid
dynamics (CFD) models for gust loads calculation.
To address the above UCT developed an innovative new Kriging based corrected Potential Flow ROM
for aeroelastic gust load calculations [21]. The proposed methodology involves the coupling of an
aerodynamics ROM to a structural model which represents the wing structure. The aerodynamics
ROM uses sectional potential ﬂow solutions, computed with an unsteady vortex panel method
(UVPM), at multiple stations along the wing to estimate the load distribution. Kriging is then used to
correct the estimates by establishing a relationship between the force coeﬃcients of the UVPM
sections and the forces applied to structure – as calculated by CFD. The coupled aeroelastic CFD
simulations were facilitated by a ﬂuid structure interface which handles force transfer and surface
reconstruction.
The methodology was assessed by application to predict the aerodynamic loads of the FFAST Crank
aerofoil under transonic ﬂow conditions at Mach 0.86. To this end, gusts of half-length 70ft and 350ft
were used as the training boundaries of the ROM. The novel ROM was then applied to modelling the
untried case of a 250ft gust and comparing the results to full order CFD. As shown in Figure 39 the
results showed strong agreement with the corresponding CFD-based calculations, having worst mean
and maximum deviations of 1.85% and 8.05% respectively. In terms of computational eﬃciency,
individual ROM runs were 39 times faster than the corresponding CFD calculations. Accounting for
setup costs, the ROM reduced the computational cost of calculating the conducting subsequent
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calculation of untrained gusts by up to an order of magnitude while ensuring exceptional accuracy
(within 10% of full order CFD).

Figure 39 Kriging based potential flow ROM: Displacement comparisons of CFD and ROM predictions for untrained H = 250
ft gust. Pitch shown left and plunge right.

6.5

Unsteady corrected DLM and ERA ROMs for Aeroelastic Loads Calculation

Current trends in the commercial aircraft sector, along with environmental targets of Flightpath 2050,
are pushing towards lighter structures and higher aspect ratios in order to produce more eﬃcient
next-generation aircraft. The result of exploring these new designs is likely to be more ﬂexible aircraft
that undergo larger deﬂections. Encounters with atmospheric turbulence are a vitally important
consideration in the design and certiﬁcation of aircraft, often deﬁning the maximum loads that these
structures will experience in service. The numerous gust cases that are required as part of the gust
loads loop mean that cheap lower order methods are typically used. The existing gust loads process
relies on linear assumptions which may no longer be valid as aircraft become more ﬂexible.
To enable the routine loads calculation of future more flexible aircraft designs, the University of Bristol
developed two contenders of significant interest viz. an unsteady corrected doublet lattice method
(DLM) and an Eigensystem Realisation Algorithm (ERA) based ROM (linear and non-linear). The former
was corrected via the Aerodynamic Inﬂuence Coeﬃcient (AIC) matrix while the linear ROM
constructed using the ERA method employs a sharp- edged gust response calculated using CFD. The
sharp-edged gust was solved using a prescribed velocity approach, see Figure 40. From Figure 41, it is
clear that significant improvements in accuracy are achieved as compared to existing ROMs. This is
viewed as a marked achievement.
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Figure 40 NASA CRM structural model and predicted aeroelastic wing deflection

Figure 41 Aeroelastic DLM corrected (top) for CRM and ERA ROM (bottom) for aerodynamics: ROM model comparison to
full order CFD.
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6.6

Enhanced Harmonic Balance ROM for Aeroelastic Load Calculations

Practical gust loads analysis involves computationally expensive parameter studies. In particular, the
gust amplitude varies with gust length as deﬁned by regulatory bodies. Linearized frequency-domain
methods have demonstrated signiﬁcant speed-up while providing a fair accuracy for shorter, loweramplitude gusts. Longer, higher-amplitude gusts however, often dominant for aircraft sizing, might
result in over-predicted loads.
The above was successfully addressed by University of Liverpool, see for example Figure 42. The
linearized frequency-domain prediction quality is enhanced by substituting non-linear results at low
frequencies. The low-frequency results are calculated with the harmonic balance method which was
extended for gust-response simulations. The proposed new ROM method is demonstrated for
sinusoidal gust responses of a pitch-plunge aerofoil. A significant improvement in accuracy is
demonstrated as compared to the existing methods.

Figure 42 Comparison of moment response for Lg=21

6.7

Hybrid Zonal ROMs

It is observed that during a gust encounter strong non-linear effects are confined to a small region
where the gust is close to the aircraft. These non-linear effects decay rapidly and hence far from this
region a linear model may be adopted, see Figure 43. This is the rationale for the adoption of a hybrid
zonal approach, see Figure 44. The gust-aircraft interaction is delegated to the canonical CFD solver,
but the gust propagation from the far-field to the aircraft and away from the aircraft is modelled by a
semi-empirical model.
The semi-empirical linear model is based on a solution database obtained by full non-linear
simulations where the gust propagation is computed by a non-dissipative CFD solver. A POD expansion
is adopted in order to describe the original database in low-dimensional orthogonal base, i.e. the POD
modes. The semi-empirical model and the full-order non-linear model are coupled by a modified
Schwarz algorithm, which was developed during the FFAST project, in order to assure continuity of the
solution across the model interface. While conceptually easy, a crucial difficulty of this methodology
is the definition of the interface between the non-linear and the linear region. This choice significantly
affects the performance of the hybrid method and a rational approach needs to be developed. By
choosing a small non-linear region, overall computational speed-up is increased, while the errors due
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to incorrect modelling of non-linear affects may be significant. Vice versa, increasing the non-linear
region, speed-up may be modest, while very accurate results are obtained. The work in Aerogust has
been to develop an a-priori criteria that guides the user in the definition of zones in order to rigorously
control the error and the speed-up of the method and has been demonstrated to give O(20) speed up
on the FFAST aerofoil test case, see for example Figures 45 and 46. This aerodynamic method has also
been coupled to structural models.

Figure 43 Linear and non-linear regions in the space-time domain

Figure 44 Hybrid zonal POD scheme
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Figure 45 Comparison of full-order and hybrid method for out-of--database gust encounter

Figure 46 Comparison of lift and heave history of full order and hybrid method for out-of-database gust encounter

Page
44

Funded by the
European Union
Project: AEROGUST

7. SUMMARY OF ACHIEVEMENTS AND IMPACT
7.1

Non-linearities and Gust Loads Prediction

Gust transit over an aircraft is computationally expensive where the gust simply enters the
computational domain through the outer boundary since a very fine mesh is needed to avoid
numerical dissipation of the gust. The project found that all the prescribed velocity approaches
considered (FVM, SVM and GEM) offer significant computational savings by allowing the gust transit
to be simulated on a much coarser mesh without numerical dissipation of the gust. FVM only models
the impact of the gust on the aircraft, whereas SVM and GEM also includes the impact of the aircraft
on the gust; however the project found that for certification length vertical gusts and standard aircraft
FVM matches the results from SVM and GEM. Hence this simple FVM method that makes use of any
standard moving grid code is adequate for such cases. Further studies have shown that prescribed
velocity methods can work for other input gust profiles that include additional non-vertical flow
variations so are ready for any future more representative gust definitions (the “1-cosine” vertical
certification gust is an artificial construct) and also for aircraft wake interaction problems.
Where gust lengths are shorter it has been found that FVM no longer matches the SVM and GEM
results. In these cases non-linearities become more significant and the term neglected in FVM are
then important. The correct modelling of the aerodynamics will be more critical for highly flexible
aircraft than for traditional aircraft, when the structure is non-linear.
The IDDES detailed study showed that shock motion depends on the change in pressure ratio across
the shock due to the gust and the speed of the shock motion can be predicted using the RankineHugoniot equations. The shock motion also effects the size of the detached region behind the shock
and therefore the loads.

7.2

Non-linear Simulation of Wind Turbine and In-service Data Collection

Wind turbines can be successfully instrumented for in service condition providing valuable data for
future investigations. For example, the frequency of longitudinal deformations approximately doubled
during gust encounters. Highlighting possible opportunities in fatigue prediction and improved
lifetime of the blades. Furthermore, the data provides a unique opportunity to calibrate numerical
models or develop model-augmented in-service data processes.
Robust and user-friendly numerical models are vital for high fidelity simulation to be taken up by the
wind turbine industry. Therefore, a new parallel numerical model for NS equations on octree grids has
been developed. Further developments have allowed the demonstration of accurate coupled fluidstructure interaction solutions. These numerical schemes will allow better understanding of the blades
when subjected to incoming wind conditions, hence leading to Improved performance and blade
lifetime.

7.3
Reducing Reliance on Wind Tunnel Data and Uncertainty in the Gust Loads
Process
The work carried out in Aerogust provided an understanding of how the gust loads process is currently
carried out in industry, identified limitations, and proposed improved methods that can address
industrial constraints by providing better solutions which are still realistic in terms of computational
effort. A numerical investigation and recreation of the current industrial loads process provided a
framework against which any changes to the process could be compared.

Page
45

Funded by the
European Union
Project: AEROGUST

A number of approaches to improving the aerodynamic modelling by correcting the doublet-lattice
and vortex lattice methods (DLM and UVLM) with higher fidelity solutions have been presented. The
current industrial standard of static corrections can improve the peak loads for both DLM and UVLM.
LFD gives an excellent match to CFD and forms an efficient basis to generate corrections to the DLM.
Using this approach gust simulations showed that a zeroth order correction to the DLM allowed for
accurate predictions of longer gusts. However short gusts became less accurate because the zeroth
order correction only improved the low frequency behaviour. Applying a zeroth and first-order
correction to the DLM improved the match at higher frequencies, thus improving the accuracy. A
second approach corrected a subset of the influence coefficient matrices for the DLM. It was found
that even a simple interpolation of these matrices in frequency gave good solutions. This meant that
very few LFD solutions were required to improve the prediction.
Methods to carry out uncertainty quantification (UQ) on industrially relevant aeroelastic systems have
been demonstrated. An efficient polynomial chaos expansion (PCE) approach on a standard
MSC.NASTRAN solver was applied to the NASA CRM with uncertain stiffness properties. The uncertain
structural properties appeared to have little effect on loads uncertainties. A second approach used a
probabilistic colocation UQ on much higher fidelity aerodynamics to analyse the generic UAV wing
subject to similar structural uncertainties. The resulting uncertainty bounds were much higher than
those seen previously, suggesting that the higher fidelity aerodynamics is somehow more sensitive to
structural uncertainties than potential flow solvers. This implies that higher fidelity solvers may need
to be included earlier in the analysis to obtain accurate uncertainty information. Finally, the
application of uncertainty quantification to the gust loads process for a UAV wing featuring geometric
nonlinearities was presented. It was shown how these structural nonlinearities not only affected the
deterministic results, but also the uncertainty bounds for static trim and gust loads. However,
providing that the system was linearised about the appropriate trim condition, the linear
approximation could give a good indication of these uncertainty bounds.

7.4
Methods to Adapt the Gust Loads Process for Non-linear and Innovative
Structures
The loads due to gusts are important since they can form some of the critical loads cases. The
development of new ROMs suitable for gusts constitutes a key required development to support the
design of future flexible aerodynamic structures, since for such structures the currently used linear
methods may not be able to predict the responses. Work in Aerogust constituted a formidable effort,
making an unprecedented contribution to attempting to bring increased accuracy without the high
computational costs of full order time domain CFD. Development of new schemes comprised the full
spectrum of ROM methods, with the achieved accuracy and computational speeds that set a new
state-of-the-art.
The Frequency domain methods developed have been shown to work well for certification gusts on
industrially relevant test cases. Using the harmonic balance approach gives improved prediction of
gust responses compared to linear LFD approach with small number of harmonics. Also, the proposed
unsteady nonlinear ROM offers significantly better surface pressure distributions compared to LFD
results.
The Reduced order models have demonstrated orders of magnitude reduction in computational costs
for gusts while maintaining very high levels of accuracy. Furthermore, model updating has been shown
to have a wide span of applicability
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8. IMPACT
The Aerogust project will contribute to the FlightPath 2050 goal of maintaining and extending
European industrial leadership by developing efficient capabilities for gust simulation that move
beyond the current state of the art. These methods can be used earlier in the design of an aircraft
and can also allow the investigation of the gust response of more flexible or innovative aircraft that
may be needed to protect the environment and energy supply. These new developments are likely to
be needed but are untested and non-linearities are likely to lead to a degradation of accuracy
compared to the current gust loads process on conventional aircraft. The impact the project will have
on current and future design processes is amplified by the consideration of industrially relevant test
cases.
The project has shown that industry can have confidence in all prescribed velocity methods including
FVM for certification length gusts on standard aircraft configurations. For more complex
configurations SVM and GEM may be required. Further if certification requirements are updated to
include other velocity profiles, prescribed velocity methods can be utilised.
The numerical gust loads process that has been developed could be used earlier in the design cycle of
an aircraft to inform the process. The development of an updated UVLM is an enabling technology for
developing concepts involving non-linear structures, with little increase in computational cost of the
aerodynamics compared to the current process. This includes both more flexible structures and
innovative designs.
An uncertainty methodology for industrial use has been developed and demonstrated on a few
relevant quantities. Impact within industry will be limited until the uncertainties in real aircraft can
be quantified. However, this work suggests that there will be significant computational savings within
an industrial setting by utilising only linearized structural models even when there is structural nonlinearity.
Accurate predictions with reduced order models have demonstrated with orders of magnitude savings
in computational cost. This will facilitate the introduction of higher fidelity methods within industry
for gust loads. All the ROM technologies developed are generic and independent of the underlying
codes and configurations. Thus, these techniques are applicable not only to novel configurations, but
also outside of the aerospace industry altogether. Interest has been shown in the Aerogust project
results from the automotive and medical fields.
A high fidelity CFD code suitable for simulating flows over wind turbines has been developed in a
collaboration between academia and industry. This represents a step change in the capability
available within the industry and will allow fully coupled fluid-structure interactions to be simulated.
This will generate better understanding of the response of the blades when subjected to incoming
wind conditions. A unique set of in-service data has been collected that has provided an insight into
typical wind exposure for deployed wind turbines and represents an important resource for calibrating
experimental models.

8.1

Education and Training

The Aerogust project has facilitated the education and training of the next generation of researchers
and engineers who will be vital to meeting the challenging targets set out in FlightPath 2050. This is
in line with the goal of prioritising education.
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8.2

Valeol recruited a PhD student to work on their thesis with INRIA/Université de Bordeaux
during the Aerogust project. The student has successfully defended her thesis and is now
a Valeol/Valorem engineer. This will ensure that maximum benefit from the knowledge
gained within the project will be available within the wind energy SME.
University of Cape Town have had 4 PhD students involved in the Aerogust project of which
2 have just successfully graduated and the remainder are in the final stages. One of the
PhD students was recently shortlisted for a Loads Engineer position at Airbus (Filton).
Further 3 Masters students have been involved; all have now graduated and one won the
Departmental prize for the best Masters Dissertation.
A post doc at INRIA who worked for two years on Aerogust obtained a tenure-track
assistant professorship at the Department of Aerospace Engineering of the Politecnico di
Torino. Another researcher at Inria is now a PhD candidate in aeronautical propulsion
simulation at INRIA Sophia Antipolis.
At the University of Bristol, one early stage post Masters researcher was employed on the
project before moving to work on a project funded by Aerospace Technology Institute.
Two other researchers were able to continue their research training and have now moved
to other research contracts at the University.

Dissemination

The project brought together world-class experts in specific technologies from across Europe and
South Africa. The combination of universities, research organisations, SMEs and industry partners
ensures that the created knowledge is both exploited by industry and disseminated to the wider
community for education purposes. The ultimate aim of the dissemination of the project outcomes is
to make certain that the number of tangible and intangible results become available for the economic,
technological and social benefit of industry and society. The results of the project have therefore
been presented via a number of channels.






The Aerogust public website (www.aerogust.eu)
22 conferences including AIAA Special Session
14 workshops including 2 Aerogust workshops
34 publications including 22 refereed conference papers and 6 submitted journal papers
Project video – a short video documentary outlining the aims and expected benefits of
the project to the aircraft and wind turbine industries was made and is available on the
project website and YouTube where it has had 1420 views. It has also been shown at 3
events and will also be used at future events.

Dissemination about the project will be continued by all partners, both within their organisations and
externally including through further journal papers that are in preparation.

9. FUTURE CHALLENGES
The Aerogust project has made significant progress in the development of efficient methods for gusts
that can be utilised for future aircraft that are likely to be more flexible and of innovative design to
meet the FlightPath 2050 targets. The project has identified a number of obvious challenges that still
need to be addressed if Europe is to maintain and extend its industrial leadership and protect the
environment. The project partners intend to address these challenges in future research projects.
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