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Abstract

This paper presents a validation of high-fidelity aeroelastic simulations using experimental data measured on the new DLR
research aircraft Dassault Falcon 2000LX ISTAR in the clean cruise configuration during the HighFly flight campaign
MaGE (Maneuvers at the Border of the Envelope). The simulations are performed with DLR’s multidisciplinary process
chains FSAerOpt and UltraFLoads, which combine DLR TAU-Code as a flow solver with MSC Nastran as a structural
solver. Steady-state trimmed fluid-structure coupled simulations of five flight points are investigated. The following param-
eters and data from the simulations and the flight measurements are compared: chordwise wing section pressure distribu-
tions, trim variables, and elastic wing deformations. Three pressure distributions on the right wing were measured on the
ISTAR aircraft using pMEMS (Micro Electro Mechanical System) sensors, and elastic structural deformations of the left
wing were measured using IPCT (Image Pattern Correlation Technique). Finally, the effects of the level of CFD geometry

detail, the CFD mesh resolution, and different numerical parameters on the simulation results are discussed.

Keywords CFD validation - Virtual flight testing - Certification by analysis - Simulation-based certification

1 Introduction
1.1 Motivation and long-term vision

The central goal in current aviation research and develop-
ment is improving aircraft efficiency and reducing the envi-
ronmental impact of flying. Besides optimizing the flight
routes and overall air transport system, the main possible
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improvements are advances in aircraft aerodynamics, mate-
rials, structures, and propulsion systems. To achieve these
aircraft improvements while always ensuring flight safety, it
is important to accurately and quickly analyze aircraft char-
acteristics such as flight performance, external and internal
loads, aeroelasticity phenomena, flight control, and stability
with numerical simulation methods. They do not have to be
used only at the early stages of development, for example,
in the framework of multidisciplinary design optimization
(MDO), but also at later stages to create an aircraft digital
twin for virtual flight testing and certification by analysis
(simulation-based certification) [1-3]. In the future, highly
accurate virtual flight tests could partially replace some real
certification flight tests that are associated with high costs,
time demands, and risks. For example, the testing and cer-
tification of the Airbus A350-900 required five test aircraft,
over 14 months, and over 2600 flight hours [4]. In the near
future, virtual flight tests can support the preparation and
optimization of real flight tests and certification campaigns.
With virtual flight tests, problems or errors in aircraft design
can also be detected at an early development stage. Using
high-fidelity methods already in the conceptual and prelimi-
nary design stages can be reasonable and beneficial because
these stages define about 85% of the total aircraft life-cycle
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costs [5]. Well before the first flight, it can be verified that
the new aircraft type is safe and customer(s) requirements
such as range, fuel efficiency, noise, take-off, and landing
performance are met.

Extensive verification and validation activities must first
be carried out to confirm the sufficient accuracy and level of
fidelity of the virtual flight test simulations. This creates the
necessary confidence and acceptance for the certification
authorities and aircraft manufacturers to use these meth-
ods for certification by analysis. Virtual flight tests as part
of aircraft development digitalization should then enable
faster and more cost-effective progress of new technologies
toward climate-neutral air transport.

1.2 Transport aircraft maneuver simulations and
their validation

Virtual flight testing of transport aircraft can be challenging
and complex. Due to lightweight structures and high aspect
ratio wings, modern transport aircraft are highly flexible,
which leads to strong interactions between the flow and the
wing deformation. This means an interaction between the
aerodynamic, elastic, and inertial forces, as described by
the Collar aeroelastic triangle [6]. In addition, calculating
the steady and unsteady aerodynamic loads is challenging
because of nonlinear phenomena such as viscous effects in
boundary layers, boundary layer separations, flight control
surface deflections, shock waves in the transonic regime,
and shock wave-boundary layer interactions. The latter can
lead to the fast oscillation of the shock wave (buffet) on
the wing at higher transonic Mach numbers and angles of
attack (Fig. 1, point 5). This means that for dynamic maneu-
ver simulations of free-flying flexible aircraft in the tran-
sonic regime, a multidisciplinary approach (aerodynamics
with flight control surface modeling, structural dynamics,
and flight dynamics) and an unsteady nonlinear high-fidel-
ity solver for aerodynamic analysis (such as URANS) are
needed.
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Continuous developments in high-performance parallel
computing, including both hardware and software, have
made it possible today to investigate more detailed aircraft
geometries described by computer-aided design (CAD)
models and to use high-fidelity numerical physical models
such as computational fluid dynamics (CFD), computa-
tional structural mechanics (CSM), thermodynamic engine
models, and flight mechanics models. These models can
then be combined into one multidisciplinary process chain.
The important task before applying these methods reliably
in practice, both in research and industry, is validation, i.e.,
comparing numerical results with experimental data. Cur-
rently, it is not possible to perform proper quantification
of accuracy of elastic and highly dynamic flight maneu-
ver simulations via wind tunnel measurements. Therefore,
the uncertainty range of these multidisciplinary numerical
methods is quantified based on validation data from real
flight tests.

Validations of CFD-based numerical simulations devel-
oped at DLR for transport aircraft computations using full-
scale flight data have been carried out in recent years in the
following projects:

e The joint research project HINVA (High Lift Inflight
Validation) ran from 2010 to 2015 [7] as part of the Ger-
man LuFo aeronautical research program. This project
aimed to improve the accuracy and reliability of aerody-
namic performance predictions of transport aircraft with
deployed high-lift devices in the minimum speed and
maximum lift flight regimes (Fig. 1, point 4). Numerical
simulations based on DLR TAU-Code were compared
with flight test data measured on the DLR Airbus A320
ATRA research aircraft [8] and with measurements in
the European Transonic Wind Tunnel (ETW) in Co-
logne, Germany.

e The DLR research project VicToria (Virtual Aircraft
Technology Integration Platform) ran from 2016 to
2019. Several real and virtual flight maneuvers of the
DLR Airbus A320 research aircraft ATRA [8] were
performed to validate flight dynamic simulations. This
involved several steady, quasi-steady, and unsteady lon-
gitudinal and lateral maneuvers at different altitudes,
Mach numbers, load factors, and aircraft configurations
(flap settings) [9, 10].

o The DLR research project HighFly [11] was carried out
to obtain missing high-quality flight validation data at
the flight envelope boundaries at high transonic speeds.
The accuracy of numerical simulations in these aerody-
namically highly nonlinear areas (Fig. 1, points 3 and 5)
is limited or unknown compared to typical cruise flights.
The results presented in this paper were created within
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the framework of this project. Therefore, this project is
described in more detail in the following section.

1.3 DLRresearch project HighFly

In the DLR research project HighFly (High-Speed Inflight
Validation), which ran from 2018 to 2023 [11], the new
DLR research aircraft Dassault Falcon 2000LX ISTAR
[12], shown in Fig. 2, was used for scientific research for
the first time. Falcon 2000LX is a French super-midsize
business jet with the following characteristics: certified up
to 19 PAX, max. range=7 400 km, MTOW=19 142 kg,
MMO=0.85/0.862 and service ceiling=47 000 ft. Its wings
are stiffer than modern transport aircraft wings, but highly
dynamic maneuvers are possible due to the aircraft agility.

In the HighFly project, new advanced measurement tech-
nologies were developed and evaluated in several ISTAR
ground and flight measurement campaigns [13, 14]. Fig-
ure 3 presents measurement instruments for the HighFly
flight campaign MaGE (Maneuvers at the Border of the
Envelope), including a high-precision unsteady wing sec-
tion pressure measurement based on MEMS (Micro Electro
Mechanical System) [15] and a wing deformation measure-
ment based on IPCT (Image Pattern Correlation Technique)
[16]. IPCT is a stereoscopic photogrammetry method that
uses evaluation algorithms developed for PIV (Particle
Image Velocimetry), such as cross-correlation and addi-
tional scaling algorithms. IPCT with a multicamera system
can measure complex 3D shapes of aircraft during a flight.

The pMEMS measurement system features a set of
PCB segments, of which 19 were instrumented with sen-
sors, and some were used as uninstrumented spacers. The
length of an instrumented segment is 40 cm, while spac-
ers exist in various lengths. Several segments form a single
pressure belt and it is assumed that the transitions between
these segments do not have a significant effect on the flow
pressure distribution results. The accuracy of the sensors is
estimated to be+ 50—100 Pa and the measurement frequency
is 100 Hz (suitable for dynamic measurement during flight
maneuvers).

The MaGE flight campaign, performed in 2023, contained
over 30 flight hours and over 500 maneuvers: trimmed level
turns, pull-up and push-down maneuvers, bank-to-bank
maneuvers with different roll speeds, level accelerations and
decelerations, maneuvers with several elevator pulses or
single aileron pulse, and steady heading side slips, covering
the complete flight range in the clean configuration (Fig. 4).

The arrangement of the ISTAR instrumentation is unique
worldwide. The pressure sensors pMEMS and the acous-
tic sensors aMEMS were used in the transonic speed range

Fig.2 DLR research aircraft Dassault Falcon 2000LX ISTAR (credit:
DLR)
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under real flight conditions for the first time at DLR. With
this high-quality flight test data, the validation of simula-
tion models for virtual flight testing and the quantification
of numerical uncertainties are carried out. Especially valu-
able here are the in-flight measured data outside the normal
operational range close to the edges of the flight envelope.
The ongoing validation shows the accuracy and applicabil-
ity limits of the current high-fidelity aeroelastic simulations
in these regions. Furthermore, it provides best-practice
approaches and shows efficiency, robustness, and proce-
dural gaps.

1.4 Content of paper

The steady-state trimmed aeroelastic simulations of the
ISTAR aircraft in the clean cruise configuration (retracted
flaps and landing gear) are computed using the multidisci-
plinary process chains FSAerOpt and UltraFLoads. In the
following section, these two process chains are briefly intro-
duced together with ISTAR numerical models and simula-
tions. More detailed descriptions of these numerical models
and simulations were published in [17]. After that, the first
comparisons of the steady-state trimmed fluid—structure
coupled (CFD-CSM coupled) simulations with the mea-
sured values of five selected MaGE flight points are shown
and discussed. The pressure distributions on three wing
sections, trim variables, and elastic wing deformations are
compared. Finally, several sensitivity studies of CFD geom-
etries and meshes and different numerical parameters are
presented.

Steady-state aeroelastic trimmed simulations (simula-
tion of a symmetrical unaccelerated trimmed horizontal
1 g flight) serve as an initial solution for flexible dynamic
maneuver simulations, which will be introduced together
with their validation in future papers.

This paper does not describe in detail the experimen-
tal sensors (pMEMS and IPCT), such as their setup and
calibration.

2 Simulation process chains, numerical
models, and analyses of ISTAR

2.1 Simulation process chain FSAerOpt

The process chain FSAerOpt was developed in the CAS
department (Center for Computer Applications in Aero-
Space) of the DLR Institute for Aerodynamics and Flow
Technology in Braunschweig, Germany. It was created
mainly for MDO (Multidisciplinary Design Optimization)
but can also be used only for MDA (Multidisciplinary
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Analysis). FSAerOpt performs steady-state trimmed CFD-
CSM coupled simulations in the FlowSimulator software
integration framework, which was jointly developed by
DLR, Airbus, and ONERA [18, 19]. FSAerOpt uses MSC
Nastran [20] as a structure solver and DLR TAU-Code [21]
as a flow solver. The engine thrust can be considered by the
force vector or CFD boundary conditions. The latter can be
coupled with a thermodynamic engine model. The aircraft
is trimmed by adjusting the angle of attack, engine thrust,
and elevator deflection or horizontal tail plane (HTP) rota-
tion. The process chain FSAerOpt can only calculate sym-
metrical steady-state flight cases, and only half the CFD
geometry is used in simulations. More information about
FSAerOpt can be found in [22, 23].

2.2 Simulation process chain UltraFLoads

The process chain UltraFLoads (Ultra Fidelity Loads) has
been developed in the Loads Analysis and Aeroelastic
Design department of the DLR Institute of Aeroelasticity in
Gottingen, Germany. It is a Python-based MDA simulation
software focusing on aeroelastic applications with high-
fidelity methods such as MSC Nastran [20] as a structure
solver and DLR TAU-Code [21] as a flow solver. It utilizes
data objects and plugins of the FlowSimulator and its Data-
Manager [18, 19]. UltraFLoads provides an outer scenario
layer to the FlowSimulator ecosystem. In addition to steady-
state elastic trim cases, dynamic maneuvers can be simu-
lated by implementing unsteady structural modal analysis
and flight dynamics calculations (rigid body motion). More
detailed information about the architecture and the capa-
bilities of UltraFLoads can be found in [24, 25], and three
applications are presented in [26, 27].

Both process chains are used in the validation activities;
however, the results presented in this paper are primarily
calculated using FSAerOpt.

2.3 Numerical models and simulations of ISTAR

Figure 5 gives basic information about the individual
numerical models and simulations of the ISTAR aircraft
used in this paper, which are not described further in the
text. Figures 6, 7, and 8 depict the CATIA CAD geometry
for CFD, the ANSA CFD mesh, and the FE (Finite Element)
NASTRAN structural model of ISTAR. Figure 9 shows the
distribution of the aircraft masses in the FE structural model
(operating empty, fuel, and cabin masses). As mentioned,
more information about the individual models and simula-
tions used in this paper can be found in [17].
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« CATIA V5 model [28] (Figure 6), clean cruise configuration

« Delivered by Dassault Aviation and corrected by optical measurements

* Wings, fuselage, HTP, VTP, engine nacelles, pylons, flap track
fairings, and pMEMs belts with additional details like cables

» No details such as antennas, sensors, lights, system inlets and outlets,
and no enhanced flight vision camera fairing on the nose upper side

« Smooth surface: no rivets, embossing, and gaps, except for the ailerons

« Engine with one inlet surface with a spinner and one outlet surface

CFD Meshes

* ANSA meshes [29], unstructured mixed-element type (Figure 7)

* No. of grid points: 5 to 120 million (half configuration),
y+_target=1 for the validation point with the highest Reynolds no.,
other validation points with lower Reynolds no. y+<1

« FSAerOpt simulations use the half configuration with a symmetry
plane, UltraFLoads simulations use the full configuration which is
created by mirroring the half mesh

CFD Simulation

* DLR TAU-Code [21] — cell-vertex finite volume solver, can solve the
steady RANS and unsteady RANS equations (dual-time stepping)

« Compressible and viscous flow in fully turbulent regime

« In most cases: SA-neg one-equation turbulence model, second-order
spatial discretization based on the scalar-dissipative central convection
scheme and Green-Gaussian gradients for the viscous flux

« Implicit backward Euler time-stepping with symmetric forward-backward
Gauss-Seidel iterations

» Powered engine with flow boundary conditions (inlet and outlet surface)

Flight Control Surface Modeling in CFD

« All primary flight control surfaces can be modeled: elevators, ailerons,
rudder, and HTP (rotation)

« Simplified control surface deflection with user-defined blending areas
(mesh morphing approach) [30]

» CFD volume mesh is deformed
with the Radial Basis Function (RBF) —5°  Aileron
mesh deformation[31] | (e

* FE software MSC NASTRAN [20], provided by DLR Inst. of Aeroelasticity
* FE NASTRAN structural model with 24863 nodes (Figure 8)

* FSAerOpt: linear static analysis SOL 101 (inertia relief -2)

« UltraFLoads: free-free modal analysis SOL 103 (up to 150 elastic modes)

Mass Distribution

« Distributed mass nodes in the structural NASTRAN model
(operating empty, fuel, and cabin masses — Figure 9)
« Mass distribution can be adjusted by mass scaling with a Python tool

Engine Model

* DLRp2 thermodynamic performance model (DLR Performance Program
[32]) of the PW308C engine delivered from the DLR Institute of
Propulsion Technology in Cologne

« For a specified Mach number, altitude, and engine thrust, this model
calculates, among other variables, the thermodynamic flow variables for

Blending length Wing

L the inlet and outlet surface of the powered engine in the TAU CFD domainJ

Fig. 5 Numerical models and simulations of ISTAR

CATIA Geometry for CFD

Fig.6 ISTAR CAD geometry for CFD

/]
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Fig.7 Example of ISTAR CFD mesh

108 coordinate systems
24863 nodes

63609 element properties
16181 materials
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Fig.8 ISTAR FE structural model

2.4 Process of steady-state CFD-CSM coupled
trimmed simulation in FSAerOpt

In the previous section, the individual numerical models and
simulations of the ISTAR aircraft are briefly introduced in
isolation. In this section, their connections in the FSAerOpt
simulation process are described.

Figure 10 schematically shows the FSAerOpt process of
the steady-state CFD-CSM coupled trimmed simulation.
The aeroelastic coupling (inner loop) starts with the aerody-
namic CFD analysis (TAU-RANS). The aerodynamic loads
are then interpolated from the CFD surface mesh to the load
application nodes of the structural mesh (RBF weighted
moving least squares method) and serve as boundary con-
ditions for the structural analysis (NASTRAN SOL 101).
The resulting elastic deformations are interpolated from
the structural coupling nodes to the CFD surface mesh and
propagated to the CFD volume mesh (RBF mesh deforma-
tion [31]). Then, the next iteration of the aeroelastic cou-
pling begins. In the case of negative mesh cells after mesh

@ Springer
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deformation, a mesh repair step can be locally applied with
the linear elasticity method. This CFD-CSM iterative pro-
cess is terminated when the user-defined criteria are met.

In the trim iterations (outer loop), the trim variables —
the angle of attack (AoA), the elevator deflection (or HTP
rotation), and the engine thrust — are changed until the
translational acceleration X and Z and the pitch rotation
acceleration Y are close to zero according to the user-defined
criteria. This flight condition then represents symmetrical
unaccelerated trimmed 1 g horizontal flight. The trim algo-
rithm uses the Newton method to find the roots of the force
and moment balances. The aerodynamic loads, gravitational

@ Springer
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Fig. 10 Process of steady-state CFD-CSM coupled trimmed simula-
tion in FSAerOpt

Thrust

force, and engine thrust are considered. The required Jaco-
bian matrix is calculated at the beginning of the trim simu-
lation using finite differences and updated during trimming
using the Broydens-Bad method. The elevator is deflected
using simplified control surface modeling with blending
areas (see the aileron deflection in Fig. 5). During trimming,
the DLRp2 engine model [32] receives the required thrust
value from the trimming algorithm. The additional input
parameters for this model are the flight altitude and the
flight Mach number, which are held constant during trim-
ming. The engine model calculates, among other variables,
the thermodynamic flow variables for the powered engine's
inlet and outlet surfaces in the TAU CFD domain.

The UltraFLoads process of steady-state CFD-CSM
coupled simulation with trimming, which is not described
here, uses methods similar to FSAerOpt, but there are some
differences. For example, a reduced order model based on
structural eigenvectors and eigenvalues (modal analysis
SOL 103) can be used instead of linear static analysis (SOL
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101). More information about the UltraFLoads processes
can be found in [17, 24, 25].

All the presented simulations were computed on the
DLR-HPC clusters CARA and CARO [33, 34]. For exam-
ple, calculating one trimmed aeroelastic simulation with a
CFD mesh of 44 million points (half configuration) takes
approximately 24 h on 768 CPUs on CARA.

3 Simulation validation with MaGE flight
test data

The first comparisons of the ISTAR numerical simulation
results with the measured flight data and the official aircraft
manufacturer data in the clean cruise configuration were
presented in [17]. For example, the specific ranges for dif-
ferent altitudes and speeds between the FSAerOpt simula-
tions and the aircraft flight performance manual [35] were
compared (Fig. 11).

The presented paper shows new comparisons of the
numerical simulation results of five flight points (steady-
state aeroelastic trimmed simulations) with the flight data
measured in the MaGE flight campaign.

3.1 Simulation flight input parameters and
validation flight points

Before running each simulation, it is necessary to correctly
set its flight input parameters, such as Mach number, flight
altitude, aircraft gross weight, and center of gravity (CG)
position, based on the measurements obtained during the
flight tests. The incoming flow stream parameters are mea-
sured by the standard aircraft sensors (lower part of Fig. 12)
and are corrected by correction models [36, 37]. The inac-
curacy (uncertainty) of the measurements and the correction
models must always be considered. In the MaGE flight cam-
paign, it was not possible to use a nose boom (upper part of
Fig. 12) with more accurate measuring sensors, including
the measurement of the sideslip angle, which is otherwise
unavailable on the ISTAR aircraft. Because of the lack of
direct sideslip measurement and the estimated lower values
of this angle, all the steady-state simulations are calculated
as symmetrical (sideslip angle=0°), including the rudder
and ailerons without deflection. Symmetric simulations
are also necessary for the FSAerOpt process chain, where
only half of the configuration is simulated in CFD. The nose
boom was not allowed due to the high flight Mach num-
bers in the MaGE flight campaign. In the meantime, a new
ISTAR nose boom has been provided for future projects and
is approved for the entire aircraft flight envelope.

The values of static and total pressure and total tem-
perature from the aircraft standard sensors (lower part of

W=14970 kg
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wise §
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10
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=8— FSAerOpt Simulation (CFD-CSM + Trimming + DLRp2 Engine Model)
== Falcon 2000LX Performance Manual
True Air Speed [Knots] Ma=0.843
375 400 425 250 475 )

Fig. 11 ISTAR specific range — FSAerOpt simulation vs Falcon
2000LX performance manual (from [17])
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Fig. 12 ISTAR nose boom and standard avionic air data sensors
(credit: DLR)

L

Fig. 12) are corrected using correction models provided
by the DLR Institute of Flight Systems in Braunschweig
using the ISTAR measurement data from the HighFly PID
(Parameter Identification) flight campaign [36, 37]. The
simulation input parameters of the inflow conditions (Mach
number, static pressure, and density) can be calculated from
these corrected values. The HTP rotation is set to the value
from the flight computer in the simulations and the elevator
deflection is a searched trim variable.

Before and after each flight of the MaGE campaign, the
weight and X position of the CG of the aircraft with fuel and
crew were measured on the ground via weight scales. The
gross weight for the simulations is calculated as the preflight
weight minus the fuel used (value from the flight computer)
at a given flight time. The position X of the CG for the simu-
lations is then determined from the CG weight diagram for
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Fig. 13 In-flight measured data of FP 3 — angle of attack, pitch and
path angles

a given gross weight (assumed to be more accurate than
the CG position from the structural model). In addition, the
mass distribution in the structural model can be adjusted
in a simplified way by scaling the fuel mass nodes using
the fuel levels of the different tanks (values from the flight
computer) or by changing the mass distribution in the cabin
(Fig. 9). The change in the X position of the CG caused by
fuel displacement due to the aircraft pitch angle during a
flight can be considered and determined using the manufac-
turer's diagram.

Also important are the flight parameter values against
which the simulation results are compared, such as the angle
of attack in a trimmed horizontal flight. For illustration,
Fig. 13 shows the angle of attack and pitch angle curves
from Flight Point 3 (FP 3) and the subsequent dynamic
pull-up and push-down maneuver, whose simulation is not
presented in this paper. It can be seen that, on the left, in
the approximate trimmed 1 g level flight region (path angle
of approximately 0°), the values of the corrected angle of
attack (red curve) and pitch angle (three blue-gray curves)

Table 1 Validation flight points (FP)

r ~
FlightPoint(FP)| 1 | 2 | 3 | 4 | 5
Mach Number [-] (True) |  0.459 0.787 0.829 0.827 0.782
Pressure Altitude [ft] | 25010 24 958 25390 34 955 45138
Reynolds Number (MAC based) 14.8M 25.5M 26.3M 19.4M 11.1M
Gross Weight [kg] | 14 316 16 513 14663 | 15725 | 15614
Lift Coefficient [-] 0.516 0.202 0.165 0.274 0.496
HTP Rotation [] -2.54 -0.29 0.00 -0.79 -2.08
CG X [m] 9.840 9.869 9.831 9.837 9.834
Flight State i d tri d horizontal 1 g flight
Simulation Output Trim variables: AoA, elevator deflection, and engine thrust
\ J
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from the aircraft inertial reference system (IRS) are both
approximately 0.4°. However, it should always be consid-
ered that the corrected angle of attack measurement (red
curve) may have an error of up to+0.3° (especially at higher
sideslip angles). For comparison, in the European research
project AWIATOR, the error in the angle of attack measure-
ment on the Airbus A340-300 was also estimated to be+0.3°
(Table 4 in [38]). The IRS measurements (pitch and path
angles) are expected to be much more accurate, but no verti-
cal wind is assumed to compare the measurement values of
pitch angle (at path angle=0°) with the angle of attack.

The trim variable thrust is not compared during valida-
tion due to the lack of direct measurements.

During the MaGE flight campaign, all trimmed flight
points and dynamic maneuvers were flown manually in the
calmest possible atmosphere without the use of an autopilot.

For the validation in the presented study, five flight points
(unaccelerated trimmed 1 g horizontal flights) with three
different Mach numbers and three different altitudes are
selected. These five flight points are depicted in Fig. 4 in
the ISTAR flight envelope and the relevant information is
provided in Table 1.

3.2 Validation results — wing pressure distribution
comparison

Before comparing the chordwise static pressure distributions
between the simulations and the measurements, the right
wing surface geometry is shown in more detail in Fig. 14
— A: fine optical measurement without the pMEMS sensor
belts; B: coarse optical measurement with the pMEMS sen-
sor belts; C to E: the CAD geometry for CFD simulations
(upper and lower side) with the pMEMS sensor belts in the
wing sections DV2, DV3, and DV4; and F and G: detail
photos of the pMEMS belts. On the upper wing side, two
shorter spanwise pMEMS belts are also located behind the
spoilers (suitable for future validation of spoiler deflection
simulations). Originally, pMEMS sensors were planned to
be installed on more wing sections, including the tail sur-
faces; however, they could not be installed due to various
restrictions. Hence, DV1 is missing in this paper. Figure 15
shows the ISTAR wing with the pMEMS sensors during a
MaGE flight measurement.

In the first presented simulations, a geometry with the
pMEMS belts and the cables without a detailed retracted
slat geometry is used in CFD (Geom 3, 44 million points in
the half configuration CFD mesh).

Figure 16 displays the first comparisons of the static
chordwise pressure distributions (the wing sections DV2,
DV3, and DV4) between the FSAerOpt simulations (blue
curves) and the experimental pMEMS measurements (black
points) for five steady-state trimmed flight points (FPs 1-5).
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Fig. 15 ISTAR wing during MaGE flight measurement

From the measurements of the shorter spoiler pMEMS sen-
sors, only one measurement point on the DV2 upper wing
section is shown (see 1 in Fig. 16). The pressure distribu-
tions show local effects (local pressure peaks) at the begin-
nings and ends of all the pMEMS belts (see 2 in Fig. 16).
This is caused by the leading and trailing ramps of the
pPMEMS belts with a thickness of 2 mm (see F in Fig. 14).
This and other effects of geometric details on the pressure
distributions (such as pMEMS cables) are discussed later.
The simulation static pressure values at a subsonic Mach
number of 0.46 and flight level 250 (Fig. 16 — FP 1) agree
very well with the measured experimental values. The
largest deviations of this flight point are observed at DV4
(apparent when the diagrams are magnified), where the
largest wing elastic deformation occurs, which is iteratively
calculated in the coupled CFD-CSM simulation. Therefore,
the most significant differences between simulations and
measurements are generally expected in this outboard wing
region. The flight shape twist inaccuracy in this elastic wing
region can also indirectly affect the flow in the inboard part
through the overall angle of attack, which is determined by
the trim condition (1 g horizontal flight). When the diagrams
of FP 1 are enlarged, a positive offset (in the downward
direction) of approximately 100 Pa can be observed for
most pMEMS measurement points compared to the simu-
lation. This can be caused by the inaccurate setting of the
simulation input parameters of the free-stream flow condi-
tions or by a pMEMS measurement error (see 3 in Fig. 16).
Generally, a good correlation is observed in the transonic
case at a Mach number of 0.79 and flight level 250 (Fig. 16
— FP 2). Some deviations are visible on the DV2 suction
side. The suction peak in the front part of this section (see

@ Springer
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Fig. 16 Static pressure distributions at wing sections — simulation vs
pMEMS flight measurement (FPs 1-5)

Fig. 17 Real viscous flow around sharp edge with boundary layer sepa-
ration (schematic depiction)

4 in Fig. 16) is caused by the cable connecting the pMEMS
belt (see G in Fig. 14). The simulation indicates a lower
pressure than the measurement on the DV2 spoiler pMEMS
belt (see 5 in Fig. 16). This could be caused by the fact that
in real flow there are local boundary layer separations on
sharp edges (Fig. 17), which reduce the curvature of the
flow, i.e., weaker peaks in the pressure distribution. These
local separations may not be captured in CFD simulations
due to insufficient mesh resolution or inaccurate turbulence
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modeling. This simulation pressure overshooting can also
be observed in other locations, for example, 6 in Fig. 16.
It must also be taken into account that the geometry of the
pMEMS belts and the cables is idealized in the CFD sim-
ulations and may deviate slightly from the real geometry;
however, it is expected that these geometric deviations do
not have a large effect on the pressure distribution. Fur-
ther larger differences can be observed on the upper side of
DV3 with a zigzag shape in the measurement (see 7 and 8
in Fig. 16). This could be attributed to the small spanwise
surface waves visible on the measured wing geometry of
the ISTAR aircraft (see the upper part of Fig. 18), which are
missing in the CFD geometry (idealized smooth geometry
shape). A test CFD geometry (without the pMEMS belts) is
created, where surface waves comparable to the real geom-
etry are approximately reconstructed in the two areas close
to the DV3 wing section (the red ellipses in the middle part
of Fig. 18). In the lower part of Fig. 18, the pressure distri-
bution of the CFD simulation with reconstructed waves (red
curve) is depicted, which is more similar to the pMEMS
measurement. Missing local surface details and discontinui-
ties in the CFD geometry, such as spanwise waves, may also
cause local deviations at other locations and flight points,
for example, point 9 in Fig. 16 at DV 4 (FP 2). This devia-
tion can be attributed to the absence of the surface disconti-
nuity behind the leading edge section of the wing (see F in
Fig. 14). Similar deviations at this location of DV4 can also
be observed at other flight points.

More significant deviations are visible in the case of tran-
sonic flight at a higher Mach number of 0.83 (close to the
maximum operational Mach number) and flight level 250
(Fig. 16 — FP 3). The higher sensitivity of the flow to the
geometry shape at high transonic speed can explain this.
The largest differences are at the top of the DV2 wing sec-
tion (see 10 in Fig. 16). Similar studies, as in the follow-
ing Sect. 3.5 and 3.6, are performed for this flight point
(different geometry details, CFD meshes, and numerical
parameters) together with different reconstructions of the
wing geometry from the optical measurement into the CAD
model for the CFD simulation to investigate this deviation.
These studies are not presented here and allow only a partial
local convergence of the simulation values to the measure-
ment (see example in Fig. 19). Two additional flight points
with the same Mach number and flight altitude as FP 3 are
also analyzed, showing the same deviation (not presented
here). From these investigations, it is assumed that this more
significant deviation between the measurement and the sim-
ulation is most likely due to some inaccuracy of the wing
geometry in the CFD simulation, together with a possible
combination of other uncertainties (inaccurate parameter
settings), or due to the more complex geometry in the DV2
front part (the retracted slat, the cabel, and the pMEMS belt
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Fig. 18 Simulation pressure distribution with added spanwise surface
waves (FP 2, DV3)

—see G in Fig. 14), which can cause an inaccurate CFD
calculation of the flow with local boundary layer separa-
tions (e.g., turbulence modeling inaccuracy). Possible addi-
tional inaccuracies of the pMEMS measurements are also
considered, for example, local detaching of the belt cover
tape edge. Furthermore, on the suction side of DV3 at the
measured pressure, there is a small compression before the
shock wave compared to the simulation (see 11 in Fig. 16),
which could be caused by a surface wave on the real geom-
etry. The measured static pressure behind the shock wave is
also lower than in the simulation (weaker shock wave). At
this location, a spanwise wave is also missing in the CFD
geometry (see 12 and 8 in Fig. 16). However, the simulation
position of the shock wave correlates with the measurement.
Another larger deviation can be observed on the pressure

4 R
Simulation: reconstructed slat geom.
+ higher Ma by 0.004
FP 3
= Ma=0.83
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g baseline measur. DV2
]
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Fig. 19 Simulation pressure distribution with reconstructed slat geom-
etry and higher Mach number by 0.004 (FP 3, DV2)

side of DV4. In the front part of this section, a boundary
layer separation behind the shock wave occurs in the simu-
lation (see 13 in Fig. 16 and 2 in Fig. 21). The simulation
shock position agrees, however, with the measurement (see
14 in Fig. 16). The deviation behind the shock wave can
be caused, for example, by an inaccurate CFD calculation
(e.g., turbulence modeling), or CFD geometry. Furthermore,
a missing wing outboard slat geometry in the retracted posi-
tion can influence the flow in this area (see 1 in Fig. 21). It is
worth noting that on the lower side of DV4, unsteady oscil-
lations of the static pressure are evident in the measured
pressure data in a time-lapse animation, which can represent
a separation of the boundary layer (see 15 in Fig. 16).

For the flight point with a Mach number 0.83 and flight
level 350 (Fig. 16 — FP 4), significant differences between
the simulation and the measurement can again be observed
on the upper side of DV2 (see 16 in Fig. 16). In contrast,
the sections DV3 and DV4 show good correspondence. On
the upper side of DV3, local deviations caused by missing
surface waves can be observed again (see 17 in Fig. 16).

The simulation static pressure values of the flight point
with a Mach number of 0.78 and flight level 450 (Fig. 16

— PF 3-Ma=0.83 FL 250 | | (BVE} pv4
. | = FP5-Ma=078FL450 -
., 1 i
X v . '
V| 4 br

Fig. 20 Pressure coefficient distributions (FPs 3 and 5)
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—FP5) agree very well with the measured experimental val-
ues compared to FPs 3 and 4, including the upper side of
DV2 (see 18 in Fig. 16) and the spoiler pMEMS at DV2
(see 19 in Fig. 16). Despite the lower Mach number than
at FPs 3 and 4, a strong shock wave can be observed at FP
5 due to the higher angle of attack of the aircraft (higher
flight altitude). The largest deviations of this flight point are
at DV4 on the upper side (see 20 in Fig. 16). This can be
attributed to the absence of the surface discontinuity behind
the leading edge section of the wing in the CFD geometry
mentioned earlier.

In addition to the different sensitivities of the flow to
the geometry shape due to the different Mach numbers of
FPs 1-5, different flight points also have different Reynolds
numbers. Flight points with lower Reynolds numbers have
larger boundary layer thicknesses and lower intensities of
turbulent energy in the boundary layers. Turbulent bound-
ary layers, in these cases, more effectively dampen the
effects of small surface discontinuities, imperfections, and
details on the external flow. Similarly, local surface details
have a greater effect on the external flow in the front part of
the wing where the boundary layer thickness is small (i.e.,
greater sensitivity).

Comparing the pressure distributions in Fig. 16 between
FPs 3, 4, and 5, it is possible to observe different magni-
tudes of the local pressure peaks in the simulations at the
beginnings and ends of the pMEMS belts, including the
spoiler pMEMS belt on the DV2 upper side. This is mainly
because Fig. 16 shows the static pressure distributions, i.e.,
the reaction of the static pressure on the same surface dis-
continuities is stronger at higher inflow dynamic pressure.
For comparison, Fig. 20 shows the dimensionless pressure
coefficient distributions! for FPs 3 and 5. Here, at point 1
(the spoiler pMEMS belt), smaller simulation pressure coef-
ficient peaks are observed for FP 5 with a lower Reynolds
number compared to FP 3, including better correspondence
with the measurement.

Although the pMEMS belts are made of non-elastic
material, their design allows them to exhibit flexibility in
the primary direction, which is their length. Therefore, the
installed pMEMS belts can follow the wing surface and
should not suppress the local aerodynamic effects of small
curvature changes of the wing in the belt's primary direc-
tion, as observed, for example, at points 7 and 8 in Fig. 16.

To summarize the pressure distribution comparisons in
Fig. 16, despite specific differences, an acceptable corre-
spondence between the simulations and the measurements
can be observed in this initial simulation validation using
the pMEMS measurements, which were performed for the

! Difference between the local static pressure and the incoming flow
static pressure relative to the incoming flow dynamic pressure.
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first time at transonic speeds under real flight conditions at
DLR.

Figure 21 shows the CFD wing flow topologies with
surface pressure distributions for the five validation flight
points presented.

3.3 Validation results - trim variable comparison

Figure 22 compares two trim variables (angle of attack and
elevator deflection) between the simulations and the flight
data. When comparing the angle of attack for all five flight
points, a good correspondence is observed, except for FP
1, which has the most significant deviation of 0.29° (on the
edge of the measurement accuracy range). For this flight
point, the pitch angle value measured by the aircraft IRS
system (at a path angle of 0° and with no vertical wind
assumption) is closer to the simulation than the angle of
attack measurement.

When comparing the elevator deflection, the largest devi-
ations are at FP 3 (=0.21°) and FP 4 (=0.22°), where the
simulations have higher negative values. These deviations
are not considered significant. The other three flight points
show perfect correspondence. The elevator deflection devi-
ation can be caused by inaccurate CFD or CSM calculations
(including inaccurate fuselage bending), inaccurate CG X
position, elevator deflection with blending areas (resulting
in relative imprecision of the simulation deflection value),
or an inaccurate elevator deflection measurement value (cal-
ibrated on the ground).

3.4 Validation results — comparison of structural
wing deformation

Figures 23 and 24 show the first comparisons of the flight
wing elastic deformation between the IPCT measurement
(Fig. 25) and the simulation (FSAerOpt — mirrored CFD
result) for FPs 1 and 3. The estimated measurement uncer-
tainty of the wing deformation defined by the IPCT setup
(various sources, such as camera movement) increases
with increasing distance from the cameras from 0.5 mm
at 1=28% (Y position in the percentage of the half-span)
to 6 mm at n=85% for FP 1 and from 1 mm at n=28%
to 13 mm at n=85% for FP 3. More information about the
IPCT measurement technique can be found in [16].

In Figs. 23 and 24, the vertical deformation component
(upper part of the figures) and flight shape geometries on the
different upper wing sections (lower part of the figures) can
be visually compared. For both cases, the simulations under-
estimate the elastic deformation (bending and twisting). A
higher correlation between the measurement and the simula-
tion is observed for FP 1, with a maximum visible deviation
in the most outboard wing section of approximately 10 mm
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Fig. 22 Trim variables — simulation vs flight measurement (FPs 1-5)

in the Z direction. The maximum visible deviation of FP 3
is in the most outboard wing section, approximately 25 mm
in the Z direction (the inaccuracy of the measurement must
be considered). For comparison, the elastic deformation of
FPs 1 and 3 at the winglet is approximately 350-500 mm in
the Z direction.

In Figs. 23 and 24, with the same axial scale, higher
elastic bending and twisting are visible in FP 3 compared
with FP 1. This is partially due to the fact that, at FP 3 with
a higher Mach number, aerodynamic loads are centered
more aft of the aeroelastic axis, leading to higher torsion
moments.

3.5 Influence of CFD geometry details and CFD
mesh resolution on results (FP 2)

Figure 26 shows the four different wing geometries used
in the simulations. They differ only in the level of detail
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Fig. 23 Wing elastic deformation — simulation vs IPCT flight measure-
ment (FP 1)

— Geom 1: the clean wing, Geom 2: the wing with the
PMEMS belts, Geom 3: the wing with the pMEMS belts
and the cables, Geom 4: the wing with the pMEMS belts,
the cables, and the inboard slat part in the retracted position
(the outboard slat part is not modeled).

Figure 27 displays a study of the effects of various CFD
wing geometries (with similar CFD mesh resolutions) on
the trim variables and simulation pressure distributions of
FP 2. Only local effects on the pressure distributions can be
observed and these geometric modifications do not lead to
significant changes in the trim variables. This lower sensi-
tivity enables the calculation of only the half configuration
with the pMEMS belts and a symmetry plane instead of the
entire asymmetric aircraft configuration with the pMEMS
belts on the right wing and the left wing without these sen-
sors. The effect of the pMEMS belts on the upper side of the
wing can be seen at points A in the second row of Fig. 27.
Furthermore, the cable effects are visible at points B in the
third row. The effect of the more detailed geometry of the
inboard slat part (retracted position with a 1.8 mm slat-wing
step) is negligible (fourth row). In the diagram with Geom
4, four suction peaks are visible on the upper side of DV2 in
the simulation — 1: a supersonic peak on the slat, 2: the slat-
wing step, 3: the pMEMS belt, and 4: the cable. The details
of the CFD simulation in this region are shown in Fig. 28.
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Fig. 24 Wing elastic deformation — simulation vs IPCT flight measure-
ment (FP 3)

Figure 29 shows the effect of the CFD mesh resolution
on the trim variables and the wing pressure distributions
of FP 2. Seven different CFD meshes (Geom 4, from 7.5
million points to 80 million points in the half configura-
tion) are generated and computed. The mesh refinement
change is performed via global scaling of the surface and
volume mesh sources in the ANSA mesh generator. The
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Fig. 25 IPCT marker foil on left wing of ISTAR
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Fig. 26 CFD wing geometries with different levels of detail

prism layer parameters (targeted y+ =1 and normal growth
factor=1.18) are held constant. A convergence study was
first performed for the isolated rigid CFD simulation (with
no coupling to CSM), where convergence was observed
in lift, drag, and pitch coefficient during mesh refinement
(not shown here). The mesh convergence study for the
trimmed CFD-CSM simulation is presented in Fig. 29. Con-
vergence can be observed during the mesh refinement for
the trim variable engine thrust. For the angle of attack and
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Fig. 27 Influence of CFD geometry details on results (FP 2)

the elevator deflection, convergence can only be partially
observed. This is likely because the CFD-CSM coupling of
the presented cases is not exactly the same, as it depends,
among other things, on the number of points in the CFD
surface mesh. From the diagrams in Fig. 29, it is evident
that the mesh resolution has only a small effect on the trim
variables and pressure distributions. However, it can be seen
that the simulation elevator deflection of the finest mesh is
closer to the flight data than the coarsest mesh.

3.6 Parameter variation study (FP 2)

This section presents a numerical parameter variation study
for FP 2. Its purpose is to determine the sensitivity of the
trim variables and the wing pressure distributions to the
individual parameters and to compare them (also with Figs.
27 and 29). Figure 30 shows, besides the simulation refer-
ence case and the flight data, the following variations:
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sensitivity to the thrust variation and the turbulence model.
The latter has a more significant effect on the aircraft drag, Fig. 30 Parameter variation study (FP 2)
as well as the trim variable thrust (not shown here). The
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difference between the FSAerOpt (reference case) and
UltraFLoads (UFL) simulation is apparent. The main dif-
ferences between these two simulations are described in
Fig. 30, bottom left. Note that the direct linear structural
solver SOL101 with inertia relief is applied for FSAerOpt,
whereas a reduced set of structural eigenvectors is used for
the modal approach in UltraFLoads. A similar deviation
between FSAerOpt and UltraFLoads in trimming variables
was also observed in [17] (Fig. 17, Diagram 1).

Furthermore, the higher sensitivity in Fig. 30 can be
observed in the following cases: the aerodynamic load scal-
ing in the CSM model, the CSM model without fuel and
cabin masses, and the variation in the simulation flight input
parameters: Mach number, altitude, gross weight, and posi-
tion X of the CG (the latter has a larger influence on the
elevator deflection). To accurately compare the sensitivities
of these simulation flight input parameters with each other,
it is necessary to know the ranges of absolute measurement
errors, which are currently unknown for all parameters.

For a proper uncertainty study, it would be necessary to
calculate various combinations of all the parameters. How-
ever, it is not the purpose of this paper to provide a compre-
hensive uncertainty quantification of numerical simulations
and experimental measurements.’

It is also necessary to consider that the elevator is
deflected in the simulations with the blending areas (see the
aileron deflection in Fig. 5). Varying the blending length
changes the deflection effectiveness. Some simulation stud-
ies should be conducted to investigate the effect of flight
control surface deflections with and without the mesh mor-
phing approach (with and without blending) on determining
the optimal blending length, which is especially important
for dynamic maneuver simulations with high flight con-
trol surface deflection values. The accuracy of the eleva-
tor deflection value from the flight measurement is also
unknown.

Figure 31 shows the effect of changing the simulation
free-stream Mach number on the static pressure distribution
as an example of all the different parameter variations.

It is necessary to consider that in other flight cases with
higher Mach numbers, higher angles of attack, higher load
factors, and boundary layer separations, variations in differ-
ent CFD meshes, geometry details, and numerical param-
eters may exhibit higher sensitivity to pressure distributions
and trim variables than in this chapter.

2 The process of characterizing all major sources of uncertainty in
numerical models and analysis, and experimental measurement (iden-
tification, characterization, propagation, aggregation, and analysis).

FP 2 Ma=0.79 FL 250
& Geom 4

Ap=2500 Pa

== Ma +0.01
== Base

== Ma-0.01
o pMEMS

—-- Static Pressure [Pa]

Fig.31 Variation of simulation flight Mach number — wing static pres-
sure distributions (FP 2)

4 Conclusion and outlook

This paper presents the first validation of steady-state
trimmed aeroelastic simulations using experimental data
measured on the DLR aircraft Falcon 2000LX ISTAR in the
clean cruise configuration during the HighFly flight cam-
paign MaGE. Five flight points (FPs 1-5) with three dif-
ferent Mach numbers and three different flight altitudes are
selected for the validation.

Some missing wing details in the CFD geometry, com-
pared to the measured ISTAR geometry, such as spanwise
surface waves, result in small local deviations between the
measurements and the simulations in the static pressure dis-
tributions. At a subsonic Mach number of 0.46 and flight
level 250 (FP 1), a perfect agreement is observed between
the pMEMS pressure measurement and the simulation. The
flight point with a Mach number of 0.79 and flight level 250
(FP 2) shows good correspondence. The largest deviations
appear in the flight cases at a higher Mach number of 0.83
and flight levels 250 and 350 (FPs 3 and 4). The higher flow
sensitivity to the geometry shape at high transonic speed
can explain this. It is assumed that the depicted signifi-
cant pressure deviations between the measurement and the
simulation (upper side of the DV2 wing section) are most
likely due to inaccuracies in the wing geometry of the CFD
simulation, together with a possible combination of other
uncertainties (e.g., inaccurate CFD calculation or parameter
settings). In contrast, at a Mach number of 0.78 and flight
level 450 (FP 5), where a strong shock wave is present due
to the higher angle of attack, the simulation pressure dis-
tributions agree very well with the pMEMS measurement.
The presented pressure distribution deviations (mainly DV2
upper side at FPs 3 and 4) will be investigated in future vali-
dation activities.

In the next section, the trim variables (angle of attack
and elevator deflection) from the simulations are compared
with the flight measurements. The differences in the angles
of attack for all five flight points lie within the accuracy
range of the measurement. The deviations in the elevator
deflection correspond reasonably well. In the comparison of
elastic wing deformation for two flight points (FPs 1 and
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3), the simulations slightly underestimate elastic bending
and twisting compared with the flight IPCT measurement.
Furthermore, the influence of the CFD geometry details and
the mesh resolution on the simulation results is investigated
for FP 2. Only local effects on the pressure distributions can
be observed and these variations of the CFD geometry and
mesh do not lead to significant changes in the trim variables.
Finally, a numerical parameter variation study for FP 2 is
shown. Its purpose is to determine the sensitivity of the trim
variables and the wing pressure distributions to the individ-
ual parameters and to compare them.

In future validation activities with flight data from the
MaGE flight campaign, other steady-state trimmed flight
points could be investigated. The next step is to simulate
dynamic maneuvers such as pull-up and push-down or bank-
to-bank maneuvers, which will be shown together with their
validation in future papers. Additionally, transonic buffet
onset could be simulated for different flight cases and com-
pared with the aircraft flight manual or with flight data from
the MaGE flight campaign, where a light buffet occurred
during some maneuvers.

In future DLR projects on validating virtual flight tests
and certification by analysis, the aircraft Falcon 2000LX
ISTAR should be used again. The nose boom equipped with
more accurate measuring sensors, and additional pMEMS
sensors located on both sides of the aircraft, including the
tail surfaces, could be used for flight measurements. The
measured wing geometry should be more accurately recon-
structed into the CAD model used for CFD, which could
include more wing details, such as small spanwise surface
waves. In the HighFly project, ground vibration tests (GVTs)
and flight vibration tests (FVTs) were performed with the
ISTAR aircraft. Their results validated the currently used FE
model. A new updated FE structural model of ISTAR could
be used in future projects, which could make aeroelastic
simulations more accurate.

DLR is continuously working on various projects to
improve and refine experimental flight measurement meth-
ods, such as pMEMS or IPCT, as well as the calibration of
aircraft avionic air data sensors.

On the side of numerical methods and multidisciplinary
simulation process chains, developers continue to work on
implementing new features and improving the efficiency
of the simulation process. In future projects, the follow-
ing features could be implemented in simulations of virtual
flight tests: automatic mesh adaptation, laminar-turbulent
transition models, nonlinear structural calculations, and
more advanced flight control surface deflections, such
as the sliding interface approach. It is planned to replace
the DLR TAU-Code with the next-generation CFD solver
CODA [39], which is jointly developed by DLR, Airbus,
and ONERA.

@ Springer

The validation of high-fidelity aeroelastic simulations
with flight test data is challenging and complex. This is due
to several mutually coupled simulation disciplines, different
numerical models, and a large number of individual numeri-
cal parameters. Additionally, it is also complex because of
flight measurements under real atmospheric conditions with
real aircraft with all geometric details, such as gaps, rough-
nesses, waviness, sensors, and antennas,’ in this validation
project as well with the pMEMS belts and cables; and also
because of inaccuracies and uncertainties in the measuring
sensors. All these uncertainties and errors appear simulta-
neously in numerical simulations and flight measurements.
Thus, it is difficult to classify different error and inaccuracy
sources separately. Therefore, it is necessary to continue
further validation activities for different aircraft configura-
tions and flight cases, using both flight measurement data
and wind tunnel measurement data, to confirm the sufficient
accuracy and level of fidelity of the virtual flight test simula-
tions, especially outside the normal operational range, close
to the edges of the flight envelope.
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