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Abstract

The DLR Future Fighter Demonstrator (FFD) is a highly agile, two-seated aircraft with twin-engines with reheat
and a design flight speed extending into the supersonic regime up to Ma=2.0. Based on a given conceptual
design, this work focuses on the aeroelastic modeling, including structures, masses and aerodynamics. With
these models, a comprehensive loads analysis with 688 maneuver load cases, covering the whole flight
envelope, is performed. Based on the resulting section and nodal loads, the structural model is subject to a
structural optimization resulting in a preliminary, total primary structural mass of ~3.3t. To confirm the results,
the aerodynamic panel methods (VLM and ZONA51) are compared to higher fidelity results obtained from
CFD, showing a moderate agreement in terms of surface pressure distribution.
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1. Introduction and Motivation

1.1. Objectives

Within a DLR-internal project, a conceptual design of a fighter aircraft is developed. In this work, we
focus on the aeroelastic modeling and the loads analysis followed by a structural sizing. Because the
design flight envelope extends into the supersonic range, special attention needs to be put on the
aerodynamic methods. For the subsonic load cases, the vortex lattice method is used while for the
load cases with Ma > 1.0, a supersonic aerodynamic panel method (ZONA51) is employed. Both
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Figure 1 - The DLR Future Fighter Demonstrator (FFD), CPACS file
visualized in the TiGL Viewer
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Maximum speed VC = Ma 2.0 at 36,000 - 50,000 ft
VD = Ma 2.3 at 36,000 - 50,000 ft

Maximum altitude 50,000 ft

Mission radius 550 - 700 NM
Mass 30.0 — 36.0 t maximum take-off mass (MTOM)
Payload air 2 air mission: 1820 kg (internal)
optional: 8000 kg (internal + external)
Agility Load factor N, = -3.0 ... +9.0 with basic flight

design mass (BFDM)
Longitudinal Stability | Subsonic: unstable, supersonic: stable

Control surfaces All-movable horizontal tail planes (pitch and roll)
2 vertical tail planes with rudder (yaw)

Table 1 - Overview of DLR Future Fighter Demonstrator (FFD) key design parameters

aerodynamic methods are compared to higher fidelity results obtained from CFD to assessment their
validity and/or possible shortfalls.

1.2. The DLR Future Fighter Demonstrator

The DLR Future Fighter Demonstrator (FFD) is a highly agile, two-seated aircraft with twin-engines
with reheat and a targeted maximum take-off mass between 30.0 — 36.0 t. An overview of the key
parameters is given in Table 1. Within the project, the DLR Institute of System Architectures in
Aeronautics has taken the task to devise a conceptual design that fulfills the top level aircraft
requirements (TLARs) which were defined before in a project-internal specification document. A
special software and a knowledge based approach is used that relies on empirical correlations from a
multitude of disciplines. They are combined with an automated constraint and mission capability
analysis. More details on that approach are given by Mancini et al. [18]. The resulting conceptual
design is then enhanced with a more detailed aerodynamic shape [34] in a manual step by the DLR
Institute of Aerodynamics and Flow Technology. The resulting geometry of the FFD is shown in Figure
1. In parallel, an engine is designed by the DLR Institute of Propulsion Technology. To enable the
exchange of information within the project, the Common Parametric Aircraft Configuration Schema
(CPACS) [1] is used.

1.3. Literature Review

For civil configurations, a lot of knowledge on loads analysis and structural sizing exists and,
correspondingly, a significant number of publications are available. Some selected DLR publications
are by Schulze et al. [28] with a focus on an optimal load adaptive wing and by Klimmek et al. [14]
with a focus on the integration into a multidisciplinary optimization chain. Handojo [9] investigated the
influence of loads alleviation and fatigue and Sinha et al. [31] concentrated on the composite material
modeling. Unconventional configurations, such as flying wings, are studied by VoR [37], Hecken et al.
[10] investigated on cargo drones and Vol3 et al. [39,40] performed the loads analysis for a high
altitude, long endurance configuration. Most aircraft companies have developed their own methods
and tools, but literature is rarely available. Lockheed developed the L-1011 TriStar using
computational methods for loads analysis, as reported by Stauffer et al. [32,33]. Next to Lockheed,
work was also done at Boeing, e.g. by D'Vari and Baker [6] presenting an aeroelastic integrated loads
subsystem. A framework used at Airbus and DLR is VarLoads, literature can be found by Kier et al.



Aeroelastic Modeling, Loads Analysis and Structural Design of a Fighter Aircraft

[11,12] or Scharpenberg et al. [27]. The software used in this work is the Loads Kernel, which is a
DLR in-house tool. The theoretical background is documented in [36,38].

Considering that most of the development work of military configurations is confidential, a surprisingly
large number of contributions with in-depth information on loads requirements can be found in two
comprehensive resources [20,21] published by the NATO Research and Technology Organization and
the NATO Advisory Group for Aerospace Research and Development (AGARD). For example, Petiau
[23] gives some background on the philosophy of design loads at Dassault (w.r.t. Dassault's Mirage
and Rafale). Neubauer and Giinther [22] give a general overview on the strategy for loads analyses at
Airbus Defense and Space (w.r.t. Tornado and Eurofighter). Watson [41], from British Aerospace,
gives details on the structural design criteria with a detailed discussion on dimensioning load cases
(w.r.t. Eurofighter). Luber et al. [17] discuss the impact of different dynamic loads on an aircraft design
and give details on the calculation procedures (w.r.t. Eurofighter). Molkenthin [19] explains how Airbus
tries to develop so-called standardized maneuvers, which can be derived from actual operational
maneuvers that are practiced by pilots to achieve a specific motion of the aircraft. From these
standardized maneuvers, operational flight loads can be derived as shown by Struck and Perron [35].
The literature mentioned above gives a deep insight into industrial practice and shows that the loads
analysis is an essential part in the course of the development process of a new aircraft.

2. Aeroelastic Modeling

2.1. Parametric Geometrical Modeling

For the set-up of the aeroelastic simulation models, nhamely the structural model, the mass models for
the primary structure and the fuel, the aerodynamic model, and the aero-structural coupling model,
the parametric model generator ModGen [13] is used, which is developed at the DLR Institute of
Aeroelasticity. For this work, various geometry-related features are developed and implemented into
ModGen with the aim to derive the basic outer geometry directly from the CPACS dataset, which is
set-up during the conceptual design of the DLR Future Fighter Demonstrator (FFD). Note that in
previous ModGen applications, the outer geometry was defined by internal ModGen specific
parameters and input conventions.

To deal with the outer geometry defined by CPACS for the FFD configuration, the parametric
geometrical functions (mainly B spline functions representing curves and surfaces), are set-up within
ModGen, similar to DLR’s TiGL functions [30]. This concept ensures that the outer geometry is as
close as possible to the geometry defined by the CPACS dataset. Then, ModGen's internal geometry
processing capabilities are applied for the set-up of geometry models for the primary structure parts
like spars and ribs, see Section 2.2, and to create an outer hull for CFD mesh generation, see Section
2.4. For a smooth wing-fuselage geometry, the wing and the fuselage are defined in CPACS as one
wing running from left to right and are partitioned into segments. To ensure at least C2 and in part CO
continuity between the segments, so-called guiding curves are defined for the complete wing and
fuselage geometry, which are shown in Figure 2. The use of guiding curves leads to a segment wise
definition of the outer geometry with so-called Gordon surfaces [15]. Gordon surfaces are created by
interpolating a proper curve network, where the intersection points between the curves are known.
Gordon surfaces are different from tensor product splines, that are a collection of various polynomial
surfaces which are connected with distinct continuity.

The blending surface interpolates the n x m curve network f; (u) and g; (v) for the parametric
directions v and v and the blending functions ¥, (v) and ®; (u):
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Figure 2 - Processing of the outer aircraft geometry using guiding curves (left) and set-up of the
internal geometrical layout for structural modeling (right)
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with the intersection points p; ; between n curves f and the m curves g. Rewriting eq. (2.1) leads to

s{u,v) = s (u,0) F Sg(u,u) — t {u,v) 2.2)
where sy (u, v) and s, (u, v) represent the individual spline interpolation for the curve families f and g.
The surface t (u,v) is a so-called tensor product surface using the intersection points p; ; and the
blending functions ¥; (v) and ®; (u).

In order to make the formula for s applicable for the profile curves and the guide curves of the FFD
configuration, which represent the two curve families f and g, several steps to harmonize the
parameterization of the curves have to be done. The potential different parametrization of even the
curves is basically rooted in the fact that each curve is individually defined to fit best for the target
geometry. As far as B-splines were chosen for the parametric curves and surfaces, the curves within
its family have to have the same knot set and order and for the superposition together with the
blending functions ¥, (v) and ®; (u), the surfaces sy (u,v), sy (u,v) and t(u,v) have to be
compatible (same knot set and same order of u and v parametric directions) as well, such that all
three surfaces can be superposed to s (u,v). A formal and exact harmonization would lead to a
surface definition with a massive number of parameters and high order. Therefore, in a first step, each
surface sy (u,v), s (u,v) and t (u,v) is set-up individually after harmonizing the curves. Then, in the
second step, the surfaces are re-parametrized by extracting proper numbers of curves and splining
them again to obtain 5y (u,v), 3, (u,v) and £ (u,v). Now, the number 7 and 7 of the curves per
surface and the knot set and order of the curves are defined in a coordinated way such that the
superposition yields s (u, v).

For the definition of the internal load carrying structure, like spars and ribs, a classical definition
conventions with respect for the number, position, and orientation, is applied, resulting in a internal
structural layout shown in Figure 2 on the right in blue color. Together with the upper and lower skin,
this internal geometrical layout provides the baseline for the set-up of the grids and finite element
models, which are described in the following Sections.



Aeroelastic Modeling, Loads Analysis and Structural Design of a Fighter Aircraft

Model Summary
* 4292 grid points (~25.000 DoFs)
+ 4754 shell elements

+ 4096 beam elements

“Hollow” fuselage to house the engine
and payload bays, modeled with
bar elements + skin (removed in this view)

HTP and VTP attached
to the fuselage with RBE3s

| Cockpit and intake
3 main spars = : S not modeled

4 structurally

)

Spars and Ribs, models with shell elements + stiffeners

Figure 3 - Structural modeling using finite elements

2.2. Structural Model

The first aim of the structural model is to adequately represent the overall structural dynamic
characteristics of the aircraft (e.g. wing bending and twist), which are important for aeroelastic
analyses. Second, the model shall provide a baseline for the structural sizing, which is described in
Section 4. Therefore, all primary structural elements, including the spars, ribs, upper and lower skin,
are modeled using shell elements (CQUAD4, PSHELL and MAT1) and are completed by spar caps,
stiffeners and stringers, using beam elements, to avoid local buckling and to provide a more realistic
structure. For the wing, a structural layout with three main spars and multiple ribs, orientated in flow
direction, is devised, see Figure 3. From an ideal structure point of view, the main spars would
continue up to the center line of the aircraft, providing a good load path and high second area
moments to take the wing root bending moments. However, the majority of the available space in the
fuselage region is taken up by the twin-engines and the air intakes. Most of the remaining space is
taken by the weapon and landing gear bays as well as by fuel tanks. Thus, the main spars are
discontinued and the “hollow” fuselage region is bridged by standard I-beam (alternative names:
double T- or H-beam) elements (CBAR, PBARL and MAT1) located on the top and bottom, providing
sufficient space for the engines, air intake, etc. in between. Note that the beam elements are only
representative and should be replaced by a more detailed structure in future design phases. Because
the beam's cross sections are included in the sizing, see Section 4, they provide a good estimate in
terms of required cross section and second area moment. Similar to the wing, the horizontal and the
vertical tail are modeled and attached to the rear fuselage using rigid body elements (RBE3). Not
included in the structural model are the air intakes and the cockpit. The rational behind this decision is
that although both components are large, they don't belong to the primary, load-carrying structure and
their influence on the overall structural dynamic behavior of the aircraft is neglected though their mass
and moment of inertia is considered. The resulting MSC.Nastran finite elements model is shown in
Figure 3, has a size of ~25.000 degrees of freedom (DoF) and includes 4292 grid points, 4754 shell
elements and 4096 beam elements.



Aeroelastic Modeling, Loads Analysis and Structural Design of a Fighter Aircraft

Tank 3: 939 kg max.

Tank 1: 1030 kg max.

Tank 2: 1630 kg max. f

Tank 4: 1365 kg max.
(above weapon bay)

Figure 4 - Fuel modeling using volume elements to estimate mass
and inertia properties

2.3. Mass Model

For loads analysis it is important that the mass model is as complete as possible and that the masses
are distributed over the aircraft at their actual location, because both has a significant impact on the
section loads. The mass model includes the structural masses, system masses, fuel masses and
payload. The structural masses are derived from the skin thickness and/or the cross section of the
beam elements combined with the material density. Note that when the material thickness changes
during the sizing, this has an influence on the structural weight. The structural masses are completed
by mass estimates for the components not included in the structural model (e.g. air intakes and
cockpit). For the aircraft systems, empirical mass estimates are available from the conceptual design.
Also, a total of 9909 kg of fuel is estimated, which is distributed over four fuel tanks per side as shown
in Figure 4. The fuel is then modeled with volume elements and MSC.Nastran is used to calculate
both mass and inertia properties. Finally, a design payload of 1820 kg for an air to air missions is
taken into account, distributed over three weapon bays.

To combine the structural stiffness and mass model, an approach with one condensed mass per sub-
section is used. One sub-section is described for example by two ribs, two spars and the surrounding
skins. The individual masses are condensed at the center of each sub-section using a nearest-
neighbor approach, the inertia properties are maintained. The center grid points are connected to the
corner points of each sub-section using rigid body elements, so that the inertia forces will be
introduced into the structure smoothly without creating undesired local stress peaks.

Different combinations of fuel and payload masses are considered using four mass configurations
summarized in Table 2 and shown in Figure 5. The configurations M1 to M4 are selected in such a
way that they roughly represent the different mass cases that occur during a mission of the aircraft,
ranging from the heaviest mass case M1 at take-off to the lightest mass case M4 just before landing.
Mass case M2 corresponds to the basic flight design mass (BFDM) where the aircraft is required to
achieve its full performance.
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Mass case Fuel Payload Mass
M1 (MTOM) 100% Yes 26.2t
M2 (BFDM) 70% Yes 23.2t
M3 70% No 21.4t
M4 (OEM) 0% No 14.5t

Table 2 - Overview of mass configurations

M1: 100% fuel + payload (MTOM) . M2: 70% fuel + payload (BFDM)
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Figure 5 - Mass modeling with condensed masses and four mass cases

Note that on the aerodynamic side, there is a significant shift of the aerodynamic center (AC) between
the subsonic and the supersonic regime (compare with flat plate: subsonic AC at ~25%, supersonic
AC at ~50%). Therefore, the initial concept considered a longitudinal instability of 10% MAC in the
subsonic range to avoid a too high longitudinal stability in the supersonic range. Because this leads to
high angles of attack for the HTP, this criterion was relaxed for this work to a subsonic longitudinal
instability of ~2-3%, accepting an increased stability for the supersonic range, which was achieved by
shifting some masses within the fuselage towards the front.

2.4. Aerodynamic Model

To obtain aerodynamic pressure distributions, the vortex lattice method (VLM) [36] is used for the
subsonic regime and the ZONA51 method [4,16] for the supersonic regime. For both methods, the
lifting surfaces are discretized using a panel mesh shown in Figure 6. The mesh consists of 1112
panels and four control surfaces. The left and right horizontal tail planes (HTP) are all-movable and
are used for both pitch and roll control while the left and right vertical tail planes (VTP) have a
conventional rudder. Although the aerodynamic methods consider the lifting surfaces as flat plates, it
is possible to add a correction for airfoil camber and wing twist, which is indicated by the color in
Figure 6. Note that currently a (preliminary) symmetric airfoil is used for the wings, so the main
influence of this correction can be seen in the fuselage region.
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Figure 6 - Aerodynamic mesh for VLM & ZONAS51 incl. correction for
camber and twist (indicated by color)

Following Watson [41], linear aerodynamics are adequate for calculating design loads, as the highest
loads typically arise at high-speed conditions where the aerodynamics remain within their linear
regime. To assessment their validity and/or possible shortfalls, both aerodynamic panel methods are
compared with higher fidelity results obtained from CFD in Section 5. Considering that for loads
analyses, capturing all major physical effects adequately (but not precisely or to the last detail as an
aerodynamic specialist would prefer) is important, the authors believe that the Euler equations are a
reasonable choice when comparing computational cost and precision of the results. From Probert's
overview on the wing design of combat aircraft [26], it can be concluded that much of the
aerodynamic design work for the Tornado and the Eurofighter was performed using Euler codes. In
this work, the DLR Tau [29] code and the SU2 [7] code are used. The underlying aerodynamic mesh
is generated based on the outer geometry generated with ModGen, which in turn relies on a CPACS
files as described in Section 2.1. The HTP and VTP geometry are blended with the main aircraft using
Siemens Simcenter 3D. The meshing is performed using Centaur and results in a surface mesh with

Figure 7 - Aerodynamic mesh for CFD solution
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~206k triangles as shown in Figure 7 on the left. Because no boundary layer is required for Euler
solutions, tetrahedrons can be used directly to fill a spherical control volume. To better resolve
vortices, which are expected already at low angles of attack, the volume mesh is refined in proximity
to the aircraft using a conical frustum, visualized in Figure 7 on the right. This results in a mesh with a
total number of 4.4M volume cells. Note that the same aerodynamic mesh is used for both flow
solvers, the only difference is the conversion into the native mesh format of each CFD solver.

3. Loads Analysis

3.1. Load Case Selection

There are a large variety of steady and dynamic load cases that have an influence on the design of an
aircraft, e.g. dynamic gust encounter, buffet loads on the rear of the aircraft, gunfire loads at
attachment points, so-called hammershock loads at the air intake, bird strike, jettison, landing loads,
ground loads, etc. (compare with Luber et al. [17]). Because each type of load case requires a special
analysis and in several cases also data from experimental measurements and because most load
cases are only relevant for a specific part of the aircraft, taking everything into account is not feasible
for an early preliminary design stage. Based on their experience with civil transport aircraft, the
authors of this work assume that for the sizing of the primary aircraft structure, both maneuver and
gust loads are potential driving factors. More elaborate load analysis may be added at later stage
during the design process.

As a simplified means to estimate gust loads, the Pratt formula [24,25] allows to translate a gust
encounter into an equivalent load factor N,. For the FFD configuration, the highest Pratt load factor
obtained was N, < 3.0, which is much lower than the maximum load factor N, .x = 9.0 from the
maneuver load cases. Knowing that the Pratt formula is designed for classical transport and not for
fighter aircraft, the authors still believe that the results are at least representative and, consequently,
gust loads can be ruled out for the sizing of the primary, load-carrying structure of this aircraft. Note
that a gust encounter could still be important, for example a short gust might lead to high local
accelerations at the wing tip, which might be dimensioning for under-wing attachment points, see
Luber et al. [17].

Concerning maneuver load cases, time domain simulations with cockpit control displacements as
given e.g. in MIL-A-8861B [43] are not feasible during the preliminary design phase, because this
would involve an electronic flight control system (EFCS) which is not yet available at this stage of the
design process. Also, because no measurements or flight test data are available, operational flight
loads are neither an option. Thus, a number of representative design load cases are derived from the
aircraft requirements. This is a pragmatic approach for the preliminary design and is also used e.g. at
Dassault as stated by Petiau [23] and for the Eurofighter as explained by Watson [41]. The task of the
EFCS is then to ensure that the aircraft stays within the boundaries set by the design load cases.
Should more detailed knowledge and/or the flight test reveal the assumptions were too conservative,
the additional margin can be used by the EFCS for the benefit of better flying and handling qualities.

The flight envelope of military aircraft shown in Figure 8 and defined in MIL-A-8860B [42] and MIL-A-
8861B [43] follows a similar approach compared to the flight envelope of civil aircraft defined for
example in CS-25 [8]. In this work, the military flight speeds V are indicated with a subscript and the
civil flight speeds with a capital character. For example, the level flight maximum speed Vu
corresponds to the design cruising speed VC, the limit speed V. corresponds to the design dive speed
VD and the minimum speed V. at which the design limit load factor can be attained corresponds to
the design maneuvering speed VA. The left side of the flight envelope is completed by the stall
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Figure 8 - Proposed design speeds and flight envelope

speeds Vs and VS, which exists in both military and civil specifications. Note that the military
specification asks for a reduction of Vs and V. by a factor K =1.0...1.25 for flight speed below
Ma=1.0 to account for buffet loads, which are given in Figure 8 by the dashed gray lines. On the
aerodynamic side, this would require higher lift coefficients than physically achievable, which is
mathematically possible with linear panel methods but can't be achieved using more physical
methods such as CFD. Thus, for this work, the authors decided against using the reduction factor K.

The maneuver load cases include pull-up and push-down maneuvers with a load factor
N, = —3.0...9.0. Both pull-up and push-down maneuvers are combined with maximum elevator
commands in opposite direction, which reflects a sudden change of mind by the pilot. Steady roll
maneuvers with constant roll rates p as well as accelerated roll maneuvers with p in opposite direction
are considered for horizontal level flight and in combination with the pull-up and push-down
maneuvers. Depending on the flight speed and angle of attack, the roll rate p ranges from 25°/s for
low speed and high angle of attack to 220°/s for higher speed and low angles of attack. In a similar
way but with a larger spread, the roll acceleration p changes from p = 20°/s%...550°/s%. A summary
of all parameters is given in Table 3. The maneuver load cases are considered for all flight speeds
and at seven different altitudes (every dot in Figure 8 indicates an operational point) because as
Neubauer and Gunther [22] point out, it is important to consider not only the corner points of the flight
envelope but also also operational points within the envelope. The reason is that the interaction of
aerodynamics, the flexible structure and control surface deflections is difficult to predict analytically.
Also, all four mass configurations M1 to M4 are considered, but not in combination with all maneuver
cases becasue for example the maximum load factor NV, ,.x only has to be reached for M2 (BFDM)
but not for M1 (MTOM). As most operational points are above Ma = 1.0, this results in a total number
of 175 subsonic and 513 supersonic maneuver load cases.

Maneuver load parameters |Value / range

Load factor IV, N,=-3.0...9.0

Roll rate p p=420°/s---£220°/s
Roll acceleration p p=20°/s%...550°/s>
Elevator deflection 7 Nmin,max = +15°

Table 3 - Overview on maneuver load parameters

10



Aeroelastic Modeling, Loads Analysis and Structural Design of a Fighter Aircraft

le5
8- Subsonic o]
»  Supersonic JAA
14 ¢
6/ ® Merged /.’m? !
‘ i
)
_ 44 ]
E i
Z, a
= 2 > %
=
O =)
—2 1
-4 I : ; . I I I
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
le6
LK% Mx [Nm] e
Figure 9 - Bending and torsion moments M, and M,, at the right wing
root

The resulting loads are evaluated in terms of section loads at so-called monitoring stations. Figure 9
shows an example of a two-dimensional envelope of the bending moment M, and the torsional
moment M, for a monitoring station located at the right wing root. Every dot corresponds to one
maneuver load case and the subsonic load cases are plotted in blue while the supersonic cases are
plotted in green color. One can clearly see that the maximum bending moment M, is similar, because
maneuvers with high N, are included for both sub- and supersonic cases. However, the envelope of
the supersonic load cases is rotated compared to the subsonic load cases and the torsional moments
M, are much lower for the supersonic cases. This can be explained by the large range of travel of the
aerodynamic center, with a location further rearwards for supersonic speeds compared to subsonic
speeds. Finally, the convex hull, plotted in black, yields the highest load cases. Some black dots can
also be seen within the envelope, which can be explained by the fact that the corresponding load
case was identified by a different monitoring station. These load cases are considered as
dimensioning load cases for the structural sizing. For this reduced set of load cases, both section and
nodal loads are available and can be used for either a manual sizing by the structural department or,
in the context of this work, for a structural optimization.

Note that the section load based approach described above has limitations, especially for compact
military configurations, because the load paths are not always clear and monitoring stations are
difficult to place, especially in the fuselage region. Alternative concept are investigated for example by
Bramsiepe et al. [3].

4. Structural Optimization

In this Section, the structural sizing is formulated as a structural optimization problem. The design
variables of the FFD are the material thicknesses of the shell elements of the skin, spars and ribs and
the cross section of the fuselage beam elements. Note that other parameters, such as stringer size or
spacing, remain fixed. The parameters are changed per design field, where one design field is for

11
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example the area between two ribs and two spars. The FFD comprises 304 design fields, resulting in
304 design variables x. The objective f(x) is to minimize the structural mass while the constraints g
are satisfied. As constraint, the maximum allowable stress for a 2024 aluminum (3.1354, T3) with
Oallow = £270.0 MPa is evaluated. Side constraints are the minimum allowable skin thickness
tmin = 1.0 mm and the minimum allowable width of the beam profile w,,;» = 100.0 mm to avoid
unrealistic designs. Note that the remaining dimensions of the beam profile are linked and scaled
linearly, so that in essence the whole cross section of the beam element is changed. In the previous
Section, the loads are calculated as limit loads while the structure is sized with ultimate loads, which
equals 1.5 times the limit loads. The physical background is that plastic deformation may occur on a
local level beyond limit load but failure of the primary, load carrying structure should not occur up to
ultimate load. Some authors, like Watson [41], argue that with a limit load protection included in the
EFCS, this factor could be relaxed (e.g. to 1.4) because exceeding limit load is less likely compared
with an aircraft where the pilot is responsible for not exceeding the limit loads. In this work, the factor
of 1.5 is considered in the allowable stresses.

The loads analysis and the structural optimization form an iterative process, because a change in
structural mass influences the loads and vice versa. In this case, mass convergence is achieved
quickly after only three loops, as shown in Figure 10, with a final total mass of ~3.3 t. Note that the
results are strongly influenced by the selected minimum skin thickness, which is influenced strongly
by practical considerations such as impact damage from debris during take-off and landing, so these
results mark the lower end of the physical and technical possible.

The resulting material thickness is shown in Figure 11. In many design fields, the minimum allowable
skin thickness t,,;, = 1.0 mm is sufficient, which is indicted by the yellow color. Looking at the lower
and upper skin of the wing, a load path where the material thickness is increased is clearly visible
between the front and rear spar, indicated by the orange and red colors. This load path is also
reflected by the material thickness of the spars, where the middle spar reaches a maximum thickness
of about 16.0 mm at the wing root. In a similar way, the material thickness of the HTP is increased
between the two spars and the load path is continued into the rear fuselage. Summing up, the
optimization results look plausible from an engineering perspective.
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Figure 11 - Resulting material thickness of the shell elements

5. Comparison of Panel Aerodynamics with CFD

The aerodynamic modeling is a great field of uncertainty for two reasons: a) in the subsonic regime, a
vortex-dominated flow is expected and b) there is less experience with supersonic panel methods and
only few publications are available. To assess the method’s validity and/or possible shortfalls, both
aerodynamic panel methods (VLM and ZONA51) are compared with higher fidelity results obtained
from CFD.

5.1. Subsonic: Tau RANS vs. Tau Euler vs. SU2 Euler

In a first step, three different CFD solutions are compared. The Tau Euler and the SU2 Euler solutions
are prepared using the mesh described in Section 2.4 while the Tau RANS solutions [34] are provided
by the DLR Institute of Aerodynamics and Flow Technology, for which the authors are very thankful.
Figure 12 shows a visualization of the vortices using the Q-criterion [2,5] with iso-surfaces at Q=50 for
a representative low-speed operational point at Ma = 0.4 and « = 15.0°. Two primary vortices can be
identified in all three solutions, one starting at the strake and one starting at the leading edge of the
main wing. In general, the vortices appear to be slightly stronger in the two Euler solutions compared
to the RANS solutions, which is as expected due to the missing viscous dissipation. The surface
pressure distributions ¢, shown in Figure 13 are very similar in all three solutions, too. The “footprints”
of the vortices are visible as suction peaks in green to blue colors.

13



Aeroelastic Modeling, Loads Analysis and Structural Design of a Fighter Aircraft

Tau RANS | Tau Euler A SU2 Euler 4

~ Primary

- vortices
»

Tau RANS

A
'j~kl

Y/ -

Figure 13 - Surface pressure distribution ¢, at Ma = 0.4 and a = 15.0°

5.2. Subsonic: CFD vs. VLM

In a next step, the CFD solutions are compared to the vortex lattice method (VLM). The VLM [36] is
based on a matrix of aerodynamic influence coefficients, the so-called AIC, which only depends on
the Mach number Ma, and the geometry of the aircraft. The AIC matrix then relates an induced
downwash w; on each aerodynamic panel to a pressure coefficient

Achl® = AIC(Ma) - w; . (5.1)

This means that the VLM scales purely linear with for example the angle of attack. In addition,

because the VLM assumes a flat plate, the pressure coefficient Acﬁlc yields the pressure difference

between upper and lower side. Thus, a comparison with CFD is not straight forward and requires to
split the volumetric body of the CFD solution in an upper and lower side (remove the VTP), then to
project onto xy-plane and to interpolate the values at the panel centers. Finally, a pressure difference

between upper and lower side is calculated with

CFD, interp CFD, interp CFD, interp
Acp — “p,lower =1 Cp,upper . (52)

Figure 14 shows the pressure coefficient distribution Ac, for the low-speed operational point at
Ma=0.4 and a =15.0°. For the CFD solution, the vortices are clearly visible in the pressure
coefficient distribution. However, the VLM solution only shows a suction peak along the leading edge
but the vortices are not captured. This is as expected due to the linear approach of the VLM, but leads

to a significantly different aerodynamic loading in both span and chord direction.
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Figure 14 - Pressure coefficient distributions Ac, at Ma = 0.4 and o = 15.0°
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Figure 15 - Pressure coefficient distributions Acy, at Ma = 1.4 and o = 5.0°

5.3. Supersonic: CFD vs. ZONA51

Figure 15 shows the pressure coefficient distribution Acy, for a representative high-speed operational
point at Ma = 1.4 and o = 5.0°. In the supersonic regime, the angle of the compression wave front is
given by p = sin~ ' (1/Ma) with p = 45.6° for Ma=1.4. The compression shocks result in a jump of the
surface pressure distribution. Like in the subsonic regime, vortices are also present in the supersonic
regime, making a direct comparison of the pressure distributions between CFD and ZONAS5L1 difficult.
Still, compression shocks can be identified in both solutions and at the same locations as indicated by
the dashed lines.

5.4. Influence on Maneuver Loads

From the loads analysis perspective, the Euler equations are a reasonable choice for the FFD
configuration with respect to computational cost, precision and geometric model requirements.
Compared to RANS equations, the Euler results are very similar as shown in Section 5.1 (as well as
for all other operational points not included in this paper). The comparison of CFD with the
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aerodynamic panel methods shows only a moderate agreement in the sub- and supersonic regime.
Still, because section loads are very integral quantities, the overall influence on the preliminary sizing
might be less pronounced. This question is subject of future work.

6. Summary and Outlook

Loads and aeroelastic models, comprising structures, masses and aerodynamics, were developed for
a future fighter demonstrator (FFD). A comprehensive loads analysis covering the whole flight
envelope was performed, with a focus on maneuver loads. Based on an estimate using the Pratt
formula, gust loads are expected to have a minor influence only. The resulting loads were then used
for a structural optimization, leading to a final total structural mass of ~3.3 t. A comparison of the panel
aerodynamics with higher fidelity results obtained from CFD showed a moderate agreement for the
overall pressure distribution. The next step is the repetition of the loads analysis and the sizing with
CFD maneuver loads. In addition, as the aeroelastic models are now available, further aeroelastic
analyses can be performed, for example with respect to control surface effectiveness or flutter.
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