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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 non-
linearities 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 
ƘŀǾŜ ƻƴƭȅ ōŜŜƴ ǳǎŜŘ ŦƻǊ ǘƘŜ ƛŘŜŀƭƛǎŜŘ άм-ŎƻǎƛƴŜέ ǾŜǊǘƛŎŀƭ Ǝǳǎǘ ǎǇŜŎƛŦƛŜŘ ŦƻǊ ŎŜǊǘƛŦƛŎŀǘƛƻƴ ǘƘǳǎ ŦŀǊΦ Lƴ ǊŜŀƭ 
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 ὓ  πȢψφ 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  ‗ = -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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CƛƎǳǊŜ п hǾŜǊǎŜǘ ƎǊƛŘ ǎŜǘǳǇ ŦƻǊ ǎƛƳǳƭŀǘƛƻƴ ƻŦ ƛƴǘŜǊŀŎǘƛƻƴ ƻŦ ǿƛƴƎπI¢t 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 ƻŦ ƭƛŦǘ ƻŦ ǿƛƴƎπǘŀƛƭ ŎƻƴŦƛƎǳǊŀǘƛƻƴ ǾŜǊǎǳǎ ŘƛƳŜƴǎƛƻƴƭŜǎǎ ǘƛƳŜ ǇǊŜŘƛŎǘŜŘ ōȅ 5±! ŀƴŘ wD! ŀǇǇǊƻŀŎƘ 
(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 
/ƻƳƳƻƴ wŜǎŜŀǊŎƘ aƻŘŜƭ όb/waύ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ т ŦƻǊ ŘƛŦŦŜǊŜƴǘ ƭŜƴƎǘƘ ŎŜǊǘƛŦƛŎŀǘƛƻƴ άм-ŎƻǎƛƴŜέ ƎǳǎǘǎΣ 
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 Navier-
Stokes 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 
CƻǊ ŀƛǊŎǊŀŦǘ ŎŜǊǘƛŦƛŎŀǘƛƻƴ ŘƛǎŎǊŜǘŜ άм-ŎƻǎƛƴŜέ Ǝǳǎǘǎ ŀǊŜ ǳǎŜŘΣ ǿƛǘƘ ŀ ǇǳǊŜƭȅ ǾŜǊǘƛŎŀƭ ŎƻƳǇƻƴŜƴǘΦ IƻǿŜǾŜǊ 
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 
ǇŜǊǘǳǊōŀǘƛƻƴ ǘƻ ǘƘŜ ŦǊŜŜǎǘǊŜŀƳ ǾŜƭƻŎƛǘȅΣ ǿƛǘƘ ŀ άм-ŎƻǎƛƴŜέ ǇǊƻŦƛƭŜ ƛƴ ōƻǘƘ 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. 

 



 
 
 
 
Project: AEROGUST                                                                                 
 

 

  

 Page 
15 

 
  

Funded by the  
European Union 

 

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 finite-
element 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. 




























































