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Abstract

A numerical tool for the computation of aircraft control surface aerodynamics with flexibility effects is presented. The solu-
tion is based on coupled Computational Fluid Dynamics (CFD) and Computational Structural Mechanics (CSM) simula-
tions embedded in the multidisciplinary simulation environment SimServer. In SimServer, the DLR-TAU Code is utilized to
obtain the CFD solution by solving the Reynolds-Averaged Navier—Stokes (RANS) equations. Structural displacements are
computed with a modal solver. The Chimera implementation of SimServer, suited for hybrid grids, is applied to model the
control surfaces. Numerical simulations with the flexible Chimera method are performed for the Model53 wing configura-
tion, which is a generic delta wing with a deployed slat as well as an inboard and outboard trailing edge flap. Aerodynamic
and aeroelastic simulations at high dynamic pressure g = 45 kPa and transonic speed Ma = (.8 are performed for several
angles of attack 10° < @ < 25° and flap deflection angles —30° < 6 < 30°. The effect of structural deformations on the flow
field and control surface effectiveness are analyzed and compared to computations of components treated fully rigid. At the
targeted freestream condition M = 0.8 and Re = 15.1 X 107, the flow field around the Model53 configuration is characterized
by the interaction of vortices and shock waves. The results of the lift and pitching moment coefficient for the rigid and flex-
ible configuration revealed the importance of taking the structural flexibility into account in order to obtain more accurate
results for the considered range of flap deflections. Furthermore, the computational effort of the aerodynamic and aeroelastic
simulations are evaluated. The increase in computational effort is shown to be adequate for the given increase in accuracy.
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1 Introduction

The influence of control surface deflections on the aero-
dynamic characteristics of an aircraft is of high interest in
aerospace engineering. In particular, highly loaded flaps, e.g.
for high agility aircraft [1-3], may cause large structural
deformations, thus degrading the aerodynamic efficiency
due to changes in spanwise flap gap adjustments, flap posi-
tions and wing twist. Aircraft maneuvers or trim state simu-
lations with Computational Fluid Dynamics (CFD) solvers
require the treatment of control surface deflections [4]. The
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movement of control surfaces in high-fidelity simulations is
a challenging task. Re-meshing for each deflection angle is
computationally expensive and not trivial for time-depend-
ent motions [5]. Mesh deformation methods are problematic
in combination with large deployments and do not allow
for the opening of gaps between control surfaces and the
wing. The Chimera technique, however, offers the possibil-
ity to model the deployment of control surfaces realistically,
while enabling movements during a simulation without the
necessity of re-meshing the computational grid. Thus, the
efficiency of computing a series of deflection angles or an
aerodynamic dataset for an aircraft configuration can be sig-
nificantly improved with the Chimera method. To further
increase the accuracy of such computations, structural stift-
ness needs to be considered due to their effect on control
surface efficiency and the aerodynamic characteristics of the
aircraft in general.

Over the last years, the modeling of control surface
deflections with CFD solvers has been subject to several
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projects, such as ComFlite [6], Digital-X [7], VicToria and
Mephisto [8], as well as several publications, for instance
by Vos et al. [9], Sgrensen et al. [10] and Clifton et al. [11].
Similarly, aeroelastic simulations of aircraft using coupled
iterative CFD—CSM simulations with high-fidelity CFD
methods (RANS or higher precision) and detailed struc-
tural models have been investigated by several authors such
as VobB et al. [12], Fornasier et al. [13] and Stickan et al.
[14]. However, the combination of coupled high-fidelity
CFD-CSM simulations with an accurate and efficient mod-
eling of control surfaces is still an ongoing research topic.
The focus of this work is the introduction and application of
a numerical method based on the multidisciplinary simula-
tion environment SimServer [15], which is capable of con-
ducting coupled CFD—CSM simulation with control surface
deflections. The modeling of control surfaces is performed
with a Chimera approach for hybrid structured/unstructured
grids, which ensures a robust, accurate and efficient handling
of control surface deflections for aircraft configurations up
to industrial complexity [10]. Due to the compatibility of the
Chimera implementation with hybrid grids as well as inter-
secting surfaces, it offers the possibility to handle complex
geometries as well as different types of control surfaces.
Hence, the presented solution is considered to be advanta-
geous compared to methods which are using sliding mesh
approaches as described in [5], since the Chimera technique
is more robust combined with mesh deformation, or to solu-
tions which are limited to structured grids only, as presented
in [9], where the mesh generation process can be time-con-
suming and difficult for complex geometries.

First, the numerical methods which are involved in the
aeroelastic simulations are described. Subsequently, the
Model53 wing geometry as well as the aerodynamic and
structural grid is presented. Finally, the results obtained with
the flexible Chimera method are analyzed for the Model53
at transonic speed and high dynamic pressure.

2 Numerical methods

This chapter describes the applied numerical methods. The
CFD-solver, the fluid-structure coupling and the CFD-grid
deformation is introduced. Thereafter, the CSM-solver, the
Chimera implementation and the CFD—CSM coupling pro-
cess are described. All methods are implemented into the
SimServer multidisciplinary simulation environment [15].
Emphasis is put on the integration of the Chimera method
into the partitioned approach of SimServer for solving aer-
oelastic problems.
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2.1 Computational fluid dynamics solver

The DLR-TAU flow code is employed in the SimServer
environment to solve the compressible, three-dimen-
sional Reynolds-Averaged Navier Stokes (RANS) equa-
tions [16]. It uses a vertex-centered dual cell method
for hybrid, unstructured grids. Even though steady-state
cases are targeted, the aerodynamic and aeroelastic sim-
ulations are performed as URANS (Unsteady-RANS)
computations with a dual-time stepping and an implicit
Backward-Euler scheme. A time step of Ar =0.01 s is
used, which corresponds to a characteristic time step
of Ar* = (AtU,/l,) = 0.5, where U, is the freestream
velocity and [, the mean aerodynamic chord. A com-
parison of CFD simulations with different time steps
0.001 s < At < 0.05 s and a steady-state RANS simulation
revealed no difference with regard to the final results. The
time step of Az = 0.01 s is chosen, as it provided stable and
fast convergence. The inner iterations are set to i = 50 but
can be reduced to i = 25 by the solver if the convergence
criterion is achieved for the lift and pitching moment coef-
ficients, which is |G | < 0.005 and [Cyy | < 0.001 within the
last 500 iterations. After reaching the convergence crite-
rion, the specified time steps for each deflection angle are
completed but continued with the reduced inner iterations,
so that a reduction in computational effort can be achieved.
The inner iterations are reset to i = 50 after each flap rota-
tion. In addition, convergence acceleration is achieved
with the multigrid technique, for which a 3w cycle is uti-
lized, using point-implicit relaxation. For the spatial dis-
cretization, a finite-volume formulation with second-order
upwind scheme is applied. The RANS equations are closed
with the Spalart—Allmaras one-equation turbulence model
[17] in the Edward’s modified version with rotational cor-
rection [18].

2.2 Fluid-structure coupling

For the computation of weakly coupled aeroelastic simula-
tions with movable control surfaces, an important require-
ment to the fluid-structure coupling is the compatibility
with the Chimera implementation. The existing coupling
algorithms in SimServer did not fulfill this requirement,
especially as problems arose in combination with inter-
secting geometries, that can occur in combination with
Chimera. Thus, a new coupling algorithm has been devel-
oped for transferring forces and displacements between
the surface nodes of the CFD-grid and the surface nodes
of the structural finite-element (FE) model. The interpo-
lation method is based on the point-element-relationship
between the CFD- and the CSM-surface grid and has been
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validated with the BACT [19] and HIRENASD [20] test
case. The point-element relationships are computed by a
nearest neighbour search, which is based on finding the
nearest CSM element for each CFD node.

The point-element-relationships are initialized with the
CFD and CSM grid in their undeflected flap configuration
during the first coupling exchange cycle. To reduce the
computational effort for subsequent coupling cycles, the
point-element-relationships are stored in registers. For the
transfer of forces and displacements, the deflection of con-
trol surfaces is only considered for the CFD grid, while the
CSM flaps are undeflected. The forces are evaluated on the
deflected flaps of the CFD grid and then transferred to the
undeflected CSM grid by maintaining the direction of the
force vectors, see Fig. 1. Similarly, the displacements are
computed on the undeflected FE model and coupled to the
deflected CFD grid by maintaining the direction of the dis-
placement vectors.

Compatibility with the Chimera implementation of Sim-
Server is ensured by allowing the user to define the sur-
face IDs of the structural and aerodynamic grid where data
should be exchanged. Hence, the transfer of forces and dis-
placements in Chimera regions, e.g. flaps, can be performed
independently of other regions, such as the main wing or
the fuselage.

Another important aspect in the case where the rotation
of flaps are targeted in aeroelastic simulations is the adjust-
ment of the hinge line axis according to the deformations of
the wing. To take this into account, the coordinates of the
two points defining the hinge axis of each flap are displaced
by employing the same algorithm used for the transfer of
displacements from the CSM to the CFD grid.

2.3 CFD volume grid deformation

The surface displacements are propagated to the CFD vol-
ume grid with a parallel mesh deformation method based
on an advancing front algorithm. Since the repair of badly

Fig. 1 Illustration of the transfer
of an exemplary resulting flap
force Fi,, and displacement
Dy,, between the deflected CFD
and undeflected CSM grid

CSM to CFD '

distorted elements was not available in the original code, a
local re-meshing procedure according to Ref. [21] has been
implemented in order to support larger local deformations.
The repair procedure marks regions in the grid containing
collapsed elements surrounded by valid cells only. Subse-
quently, the collapsed cells are rebuilt by employing a vol-
ume spline interpolation approach. More information on the
mesh deformation method can be found in Refs. [15, 21].

2.4 Chimera implementation

The Chimera technique is an efficient way to compute mul-
tiple body problems, such as control surface deflections, for
hybrid grids [22]. In general, it assembles two or more grids
into one computational domain through the application of
interpolation boundary conditions. To apply the Chimera
method in SimServer, one or more submeshes need to be
contained within a background mesh. In case of a wing
configuration with control surfaces, the wing mesh corre-
sponds to the background mesh, whereas each control sur-
face mesh corresponds to a submesh. Geometries belonging
to the background mesh or submesh are allowed to intersect.
A detailed explanation of the interpolation method and the
hole-cutting procedure can be found in Ref. [10].

2.5 Structural solver

The structural deformations for the static aeroelastic simula-
tions in this work are computed with a linear modal solver.
The linear approach is justifiable for the investigated config-
uration, since the overall elastic deformations remain small
with a wing tip deformation of approx. 4% relative to the
semi-span. A mass-normalized modal matrix @, which con-
tains the structural eigenmodes obtained by an eigenvalue
analysis, is used to write the physical structural displace-
ments in modal coordinates ¢ by

! CFD to CSM
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d, = q. (D)
The steady governing equation of a linear structure reads
Kd =f, 2)

where K is the stiffness matrix, d, is the structural displace-
ment vector and f is the structural force vector. Expressed
in generalized coordinates, Eq. (2) yields

Qq=a't, 3)

where Q = ®/K®, is the modal stiffness matrix. For a
mass-normalized modal matrix, the modal mass is equal to
one for each eigenmode. Each entry of the modal stiffness
matrix is defined by Q; = (27rfl.2), where f; is the structural
eigenfrequency.

2.6 CFD-CSM equilibrium

The static aeroelastic equilibrium is found by an iterative
process shown in Fig. 2, which is based on the numeri-
cal methods introduced above. The CFD-CSM loop is
repeated until the convergence criterion or the specified
number of CFD-CSM cycles is reached for the initial
flap deflection angle. If a series of flap deflections are
specified, the flap Chimera blocks are rotated accordingly
and the CFD-CSM loop continues. The loop terminates,
when the equilibrium of the final flap deflection angle
is computed. This coupling process enables the efficient

computation of the aeroelastic equilibrium for a series
a flap deflection angles, as less iterations are needed for
subsequent flap angles compared to the initial angle due
to the better initial guess of the flow field and deforma-
tions. For the aeroelastic simulations in this work, four to
five CFD—CSM exchange cycles are specified for each flap
deflection angle.

3 Model53 delta wing

The numerical analysis in this work is performed for the
Model53 test case, which is a cropped delta wing with a
leading edge sweep angle of ¢,. = 53° and a trailing-edge
sweep angle of ¢, = 3°. In its full-scale configuration, the
root chord length measures ¢, = §.4 m and the semi-span
s = 5.1 m. The wing is twisted up to —4° at the wing tip.
The leading edge slat is constantly deployed to 20° in this
work, because such a configuration is common for delta
wings at high angle of attack [23]. An inner and outer
trailing edge flap are attached to the wing, which are being
deflected from 6 = —30° to 6 = 30° in the upcoming analy-
sis. The leading edges of the inner and outer flap are both
constantly positioned at x/c, = 0.88 in chordwise direction
over the span. Each flap has a span of 0.49s = 2.5 m. The
pitching moment reference point is located at x/c, = 0.5.
An overview of the geometric dimensions of the Model53
is shown in Fig. 3.

Initial parameters|

Motion

|Resu|t |—> =

Flap rotation

>

Volume Mesh

Deformation
A

T

Surface deformation

Deformation

Coupling

C

CFD-CSM convergence?

CFD-CSM loop

Flap rotation positions

CFD Solver
DLR Tau

Surface pressure

v
Force Coupling

CSM Solver

Modal solver

Forces on structure

Fig.2 CFD-CSM coupling process in the SimServer environment
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Fig.3 Model53 dimensions, top view
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(a) Aerodynamic model and grid.

(b) Flap-wing intersection.

Fig.4 Aerodynamic model and grid of the Model53 wing consisting
of 7 million nodes

3.1 Aerodynamic model

Figure 4a shows the CFD model and CFD grid of the
Model53. The inner and outer flap are treated as independent
Chimera blocks which intersect with the main wing, Fig. 4b.
A hybrid-unstructured grid generated with CENTAUR is
used for the RANS computations, where prismatic cells are
employed in boundary layer regions and unstructured cells
in the remaining domain. A boundary layer mesh resolu-
tion with y* < 1is employed. A stretching factor of 1.27
is applied to a total of 35 prism layers. The computational
grid is refined around the wing edges and in vortex domi-
nated regions, see Fig. 4a. Compared to the wing edges,
intersecting regions between the flaps and the main wing
are further refined, to keep the Chimera interpolation error

small, Fig. 4b. Following a grid convergence study, the cho-
sen grid for the numerical simulations has approximately 7
million nodes. The difference in lift and pitching moment
coefficient values was less than 2% in comparison to two
finer grids with 15 and 32 million nodes. A sufficiently large
hemispherical farfield boundary with a diameter of 100 ref-
erence chord lengths is chosen.

3.2 Finite element model

The FE model of the Model53, Fig. 5a, consists of 7928 grid
points, 17,147 triangle elements and 24 bar elements. For
the modeling of the ribs, spars, stiffening elements (shown
in turquoise in Fig. 5a) and skin, shell elements are used.
Stiffening elements are explicitly modeled and are employed
to keep buckling fields sufficiently small as well as to reduce
local eigenmodes. The inner and outer flap are structurally
modeled with skin, ribs and spars and are attached to the
wing with a hinge concept introduced in Ref. [24], which is
shown in Fig. 5b for the Model53. Each attachment consists
of two triangle elements, four bar elements and a double
node connecting the bar and triangle elements of the wing
and flap side with a rigid body element. The inner and outer
flap are each connected to the main wing with three attach-
ments, of which one attachment can transfer translational
and rotational degrees of freedom and two attachments only
translational degrees of freedom. Each triangle element of
the flap attachments is either connected to a spar of the main
wing or the flap. The stiffness of the attachment can be con-
trolled with the bar’s material properties. This hinge concept

‘)@'Vv
(a) Model53.

=Y

double node
with RBE

(b) Hinge concept.

Fig.5 Structural model and hinge concept of the Model53 wing con-
figuration
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Fig.6 First four eigenmodes of
the Model53 wing configuration

(¢) 3rd mode f3 = 34.3 Hz.

enables a realistic behavior and physically meaningful analy-
sis of control surface loads [8].

For the coupling, the 25 lowest mode shapes are used
for the modal basis, since higher modes are dominated by
buckling effects. The first four modes are shown in Fig. 6.
The first bending mode occurs at f; = 16.9 Hz and the first
torsional mode is split in two frequencies f, = 33.4 Hz and
f3 = 34.3 Hz, where the lower frequency contains a larger
contribution of the inner flap movement and the higher fre-
quency a larger contribution of the outer flap movement
around their hinge axis. The second bending is observable at
the fourth natural frequency f, = 51.7 Hz. Clearly, the indi-
vidual movements of the inner and outer flap with respect
to the main wing are contained in the set of 25 modes. This
is important for a meaningful analysis of the influence of
flexibility effects from the control surfaces. The wing is
clamped at the root and inertial forces are not considered.
For all structural components, aluminum has been chosen
as material. A mesh independence study for the structural
grid has been performed and revealed deviations smaller
than 1% compared to the finer grid (18,499 nodes, 38,823
triangle elements) in terms of the natural frequencies and
corresponding eigenvectors.

4 Computational results

4.1 Flow field description

Before investigating the influence of flexibility on the
aerodynamic characteristics of the Model53, the flow

field is computed assuming the wing to be fully rigid. To
verify the robustness of the presented flexible Chimera

@ Springer
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(d) 4th mode f4 = 51.7 Hz.

method, high dynamic pressures and angles of attack are
targeted where larger deformations are expected. Thus,
the computations are performed for freestream values of
Ma = 0.8, a =[10°,15°,20°,25°] at sea level, which leads
to a dynamic pressure and Reynolds number of g = 45 kPa,
Re = 15.1 x 107 with the root chord as reference length.

Figure 7 depicts the flow field around the Model53 wing
exemplarily for two angles of attack @ = [10°,20°] and no
flap deflection 6 = 0°. For an angle of attack a = 10°, the
x-vorticity slice contours and the surface pressure distri-
bution indicate the formation of a weak leading-edge vor-
tex, which separates near the apex. Supersonic flow can be
observed in the vicinity of the apex. Additional to the apex
vortex, a wing tip vortex forms at the leading-edge outboard
of the slat. At the transition from the slat to the main wing,
a thin low-pressure region, extending from approximately
40-80% of the wing-span is present in the surface pressure
distribution. Here, supersonic speeds are reached locally.
This region of supersonic flow is terminated by a shock
wave, which causes the boundary layer to separate from the
wing’s surface downstream of the shock. The separated flow
downstream of the shock is indicated by higher vorticity
values, Fig. 7a. At this angle of attack, supersonic flow is
limited to the aforementioned regions near the slat-wing
transition and the apex.

At @ = 20°, the complexity of the flow field around the
Model53 wing increases. Compared to & = 10°, a stronger
apex vortex located further inboard is observable from the
more pronounced suction footprint in the pressure distri-
bution as well as higher vorticity values in the slice con-
tours, Fig. 7b. In addition, large regions of supersonic flow
are present above the upper wing surface in comparison to
a = 10°, Fig. 7c. The highest Mach number is reached in
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Fig.7 Surface pressure distribution C, including x-vorticity magni- »

tude w, and Mach number contours Ma for the Model53 at Ma = 0.8,
Re = 15.1 x 107, @ = 10°,20° and § = 0°

the apex vortex core with Ma,,,, = 2. Further downstream,
a weaker suction footprint and lower vorticity values are
present, which can be related to the bursting of the apex
vortex at x/c, ~ 0.2. The breakdown of the apex vortex is
influenced by complex shock/vortex interactions and occurs
downstream of an initial shock, visible in the pressure distri-
bution, Fig. 7c. Downstream of the apex vortex breakdown,
the vortical flow is subsonic and additional shocks occur
inboard of the vortex, which are clearly visible through the
pressure distribution on the symmetry plane, Fig. 7c.

A second vortex separates at the deployed slat. Due to the
smaller local angle of attack resulting from the slat deploy-
ment, the slat vortex has a different, rather wake-type, topol-
ogy compared to the apex vortex. The breakdown position
of the slat vortex is located in the rear half of the wing and
is indicated by low vorticity magnitudes as well as reverse
axial flow u/U, < 0, Fig. 7b. Similar to the apex vortex,
the formation and breakdown of the slat vortex is signifi-
cantly influenced by shock/vortex interactions. Additionally,
an interaction between both vortices is observable from the
vorticity contours in Fig. 7b.

4.2 Influence of flexibility

General trends Figure 8 shows the lift coefficient C; and
the lift coefficient deviation AC; = G gexivle — Ci rigia
over several flap deflection angles. Accordingly, in
Fig. 9 the pitching moment coefficient Cy;, and deviation
ACyty = Cyiy fiexible — Cmyyrigia 18 depicted. The results of
the rigid configuration have been obtained by CFD simula-
tions, whereas the results for the flexible wing have been
performed with the aeroelastic Chimera method described
in Sect. 2. For the rigid and flexible results, the general trend
is that the lift coefficient C; increases with increasing flap
deflection angles for all angles of attack, except at @ = 15°
from 6 = 20° to 6 = 30° and at & = 25° from 6 = —30° to
6 = —20°, Fig. 8a. The gain in lift coefficient gets smaller
for each Aa = 5° increase in angle of attack, which means
that C; has a sub-linear behaviour with respect to a for
the given configuration and flow conditions. The pitching
moment coefficient Cy;, decreases from 6 = —30°to 6 = 30°
for all angles of attack, except for &« = 25° from 6 = —30° to
6 = —20°, Fig. 9a, b. Starting from the baseline of 6 = 0°,
the highest lift and pitching moment coefficient increments,
or highest aerodynamic control surface efficiency, can be
achieved within —10° < § < 10° for all angles of attack. Both
curves flatten towards the minimum and maximum deflec-
tion angle.

apex vortex

C,: -15 -1 05 0 05

E 1

ol /U: 1 505 100

uu, =0

slat vortex

apex vortex

C,: -2 -05 1

(b) o =20°, 5 = 0°.

apex vortex
breakdown

C, 2 -1.4-08-0204 1

Mach: 1.11.3151.71.9

(c) a =20°, 6 =0°.
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Fig.8 Lift coefficient C; and deviation AC| over flap deflection angle
6 for Ma = 0.8, Re = 15.1 x 107 and & = [10°, 15°,20°,25°]

The wing’s flexibility has a varying influence on the lift
and pitching moment coefficient characteristics over the flap
deflection angles dependent on the angle of attack. In gen-
eral, the trend is that the lift coefficient decreases for 6 > 0°
and increases for 6 < 0° compared to the rigid configura-
tion, whereas the pitching moment increases for 6 > 0° and
decreases for 6 < 0°, Figs. 8 and 9. Furthermore, the offset
in lift and pitching moment coefficient decreases with higher
angle of attack for upward deflections 6 < 0°. For downward
deflections and no deflection § > 0°, the offsets increase for
a = 25° compared to @ = 10°, however, in between no clear
trend can be identified. To understand, which changes in
the flow field lead to the differences in the lift and pitching
moment coefficient characteristics between the rigid and
flexible case, the surface pressure distribution is analyzed
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8[°]
(c) Pitching moment coefficient deviation ACp;y =
CMy,fley;ible - CMy,'rig'L'd for a = [1007 15°,20°, 25O]~

Fig.9 Pitching moment coefficient Cy, and deviation ACy
over flap deflection angle 6§ for Ma = 0.8, Re =15.1x107 and
a = [10°,15°,20°,25°]

for both. Figure 10 depicts the rigid wing on the left and the
flexible wing in a mirrored view on the right for selected
angles of attack and flap deflection angles. The z-displace-
ment component of the same selection of angles of attack
and flap deflection angles is shown in Fig. 11.

Angle of attack @ = 10°: Ata = 10° and a flap deflection
of 6 = 0°, the flexible wing provides a lower lift coefficient
value compared to the rigid wing, Fig. 8. This results from
the reduced local angle of attack due to increased wing twist
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of the flexible wing. The absolute offset in lift coefficient and
pitching moment coefficient increases for upward deflected
flaps 6 < 0° as well as for downward deflected flaps 6 > 0°
compared to the non-deflected configuration 6 = 0°, see
Fig. 8.

For upward flap deflections, the main driver for the offset
in force and moment coefficient of the flexible wing can be
attributed to a differing effective flap deflection angle. Due
to the wing’s flexibility, the effective flap deflection angle
at the wing tip is 6.4 = —27.8° for a rigid upward deflection
of 6 = —30°. The reduced effective flap deflection, results
in lower pressure levels on the suction side, which indicate
higher lift, of the flexible wing compared to the rigid one,
Fig. 10a. From the displacement contours, it is apparent that
the wing is deformed downwards, Fig. 11a, as the overall
configuration generates negative lift due to the high down-
force from the flaps, Fig. 8a. The maximum displacement
for 6 = =30°is d, % —0.05 m at the outer flap’s wing tip.

For a downward deflection of 6 = 30°, the most apparent
difference in pressure distribution is the increased suction
footprint of the wing-tip vortex present on the flexible con-
figuration, which is a result of the deformed wing geometry
that enables the flow to maintain supersonic speeds further
aft, Fig. 10b. The effective flexible flap deflection angle is
Oer = 25.8° for a rigid downward deflection of 6 = 30°. In
contrast to the upward flap deflection 6 = —30°, a larger con-
tribution of wing twist can be seen for 6 = 30°, Fig. 11b. A
reduction in local angle of attack due to wing twist as well as
lower effective flap deflection angles contribute to lower lift
and higher pitching moment coefficient values for downward
deflected flaps. Even though the largest displacements and
biggest difference in effective deflection angle Aé occurs
at 6 = 30°, the highest offset ACy, and AC)y,, is reached at
0 = 20°, because the flow around the main wing is more sen-
sitive to effective flap deflection angle changes at 6 = 20°. A
similar course for the absolute pitching moment deviations
over the flap deflection angles can be seen in Fig. 9c.

Angle of attack @ = 15° With a higher angle of attack
a = 15°, the offset in lift and pitching moment coefficient
between the rigid and flexible configuration rises at the zero
flap deflection angle 6 = 0° compared to @ = 10°, Figs. 8 and
9. This is caused by a higher wind loading which leads to
larger displacements and hence to a greater reduction in lift
and increase in pitching moment coefficient.

Compared to the other angles of attack, an interesting
tendency can be seen at @ = 15° for downward deflections,
where the deviation in lift and pitching moment coefficient
changes its sign at « = 15° from negative AC} and posi-
tive ACy;, at 6 = 20°, to positive AC; and negative ACy,
at 6 = 30°, Figs. 8b and 9c. From the surface pressure dis-
tribution in Fig. 10c, d, it is evident that the decrease of lift
for the rigid wing is caused by an upstream movement of
the breakdown position of the slat vortex from 6 = 20° to

6 = 30°. Concerning the influence of flexibility, a further
downstream breakdown position of the slat vortex can be
seen for 6 = 20° and 6 = 30°, even though the displacement
contours for both flap deflection angles do not differ signifi-
cantly, Fig. 11c, d.

Angle of attack @ = 20° In accordance with the decreas-
ing offset in lift coefficient between the rigid and flexible
configuration from @ = 10° to a = 20° for upward flap
deflection angles 6 < 0°, Figs. 8 and 9, the pressure distribu-
tion contours differ only marginally for @ = 20°, Fig. 10e, f.
The reason is that for 6 < 0° and increasing angles of attack,
the downward force or efficiency of the flaps decreases, since
the flap’s upper sides encounter wake type flow conditions
with decreased pressure levels. Less down-force acting on
the flaps leads to a smaller difference between the effec-
tive flexible and rigid deflection angle and hence a smaller
offset in lift and pitching moment coefficient. The effective
angle of attack is 6.4 = —29° for a rigid upward deflection
of 6 = —30°. From the displacement contours, Fig. 11e, it
is apparent that the contour lines are more aligned with the
x-axis, which relates to a small amount of twist. Concern-
ing downward flap deflections in case of a = 20°, the dif-
ference between effective and rigid flap deflection angle is
Oer = 26.7° for 6 = 30°. Additionally, wing twist is more pre-
sent for 6 > 0° which combined with smaller effective flap
deflection angles explains the reduction in lift and increase
in pitching moment coefficient values shown in Figs. 8a and
9a. The maximum deformation for 6 = 30° decreased from
d ax ®02mata =10°to d, . = 0.18 m at a = 20° due
to the mentioned lower flap loading.

Angle of attack @ = 25° For « = 25°and § = 0°, a mod-
est upstream movement of the apex vortex breakdown posi-
tion in case of the flexible configuration is evident from the
pressure distribution contours in Fig. 10g. In contrast, a
significant difference with regard to the apex vortex burst-
ing location is apparent for 6 = 30° in Fig. 10h. On the one
hand, the breakdown position moves further downstream
and increases lift near the apex of the flexible wing. On the
other hand, higher pressure levels can be seen inboard of the
wing resulting from a stronger shock wave as well as higher
pressure levels outboard of the wing due to wing twist. In
combination with reduced effective flap deflections, lift is
reduced significantly for « = 25° and 6 > 0° compared to
the rigid configuration. The effective flap deflection angle
IS 0. = 26.4° for a rigid downward deflection of 6 = 30°.
Even though the overall deformations are similar to @ = 20°,
compare Fig. 11f, g, the influence of flexibility on the force
and pitching moment coefficient is considerably different.

Summary The differences in lift and pitching moment
coefficient over the range of flap deflection angles, shown
in Figs. 8 and 9, can be attributed to a change of the effec-
tive flap deflection angle for upward flap deflections 6§ < 0°
as well as to an additional increasing contribution of wing
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«Fig. 10 Surface pressure coefficient distribution C; on the upper side
of the Model53 for the rigid and flexible configuration at Ma = 0.8,
Re = 15.1 x 107, a = [10°, 15°,20°,25°] and selected flap deflection
angles 6

twist for flap deflection angles 6 > 0°. The increase in lift
and reduction in pitching moment coefficient values for
0 < 0° decreases with higher angles of attack, as the flaps
generate less down-force which leads to a smaller devia-
tion of the rigid and flexible flap deflection angle. The
maximum offset for upward deflections occurs at @ = 10°
and 6 = 30° with ACy, = +0.047 and ACy;y, = —0.014 com-
pared to the rigid configuration. Starting from a = 10°, the
reduction in lift coefficient for flap deflections 6 > 0° ini-
tially decreases until @ = 20°, as the overall deformation
gets smaller which results in less lift generated by the flaps.
However, at @ = 25°, the largest offset in lift and pitching
moment coefficient is visible, even though the deforma-
tions are similar to « = 20°. For downward deflections,
the maximum offset relative to absolute values of the rigid
wing occurs at @ = 25° and 6 = 20° with AC; = —0.07 and
ACyy = +0.02. Concerning the pitching moment coefficient
offsets for downward flap deflections, it is difficult to provide
a short summary of the trend, as the offsets are distributed
non-uniformly over the angles of attack. Consequently, the
non-linear influence of flexibility on the vortical flow field
of the Model53 configuration highlights the necessity of
high-fidelity CFD—-CSM simulations to capture relevant flow
phenomena correctly.

4.3 Computational effort

The completion of the aerodynamic simulation took 1500
CPU hours on Intel Xeon processors with a core frequency
of 3.1 GHz. For the aeroelastic simulation, 2250 CPU hours
have been used, which is 1.5 times more compared to the
rigid case. Concerning the aeroelastic case, 92% of the com-
putational time has been used for CFD solver iterations, 3%
for the volume grid deformation, 3% for the fluid-structure
coupling and the remaining 2% for pre-processing and the
creation of log files. The increase in computational time for
the aeroelastic simulation is considered acceptable given the
improvement in the accuracy of the results.

Figure 12 depicts the convergence history of the lift and
pitching moment coefficient for the aerodynamic and aeroe-
lastic simulation. In addition, the flap deflection angles for
the corresponding iteration range is shown.

The iteration at which the rotation of the flap deflection
angle is performed, is also clearly visible by identifying
strong changes in the course of the lift or pitching moment
coefficient. Compared to the initial flap deflection angle, a
decrease in the amount of iterations can be seen for subse-
quent deflection angles. This highlights the advantage of

using the Chimera technique to reduce computational time
for the simulation of several flap deflections.

5 Conclusion

In this work, the developed numerical method for perform-
ing aeroelastic simulations including deformable control
surfaces modeled through the Chimera technique was intro-
duced and described. This method is based on the SimServer
multi-disciplinary simulation environment. A fluid-structure
coupling was developed which is suited to work in combina-
tion with the Chimera technique and the deflection of control
surfaces. Furthermore, the aeroelastic simulation process has
been adapted to include the rotation of flaps.

Aerodynamic and aeroelastic computations involving the
Model53 delta wing configuration were performed at tran-
sonic speed and high dynamic pressure. The wing features a
deployed slat and an inboard and outboard trailing edge flap.
The flaps were deflected from 6 = —30° to 6 = 30° using a
Chimera mesh in the aerodynamic model. In the structural
model, the flaps are attached to the main wing with a hinge
concept that ensures a realistic modeling of the control sur-
faces. The complex flow field around the Model53 configu-
ration at M = 0.8 and Re = 15.1 x 107 is characterized by
the interaction of vortices and shock waves.

Aerodynamic computations under-predicted lift and
over-predicted pitching moment values for upward flap
deflections compared to aeroelastic computations. For each
angle of attack, the offset between the rigid and flexible
wing increased with higher upward flap deflections. With
increasing angle of attack, the differences between the
aerodynamic and aeroelastic results diminished as a result
of decreasing flap down-force. The highest difference for
upward flap deflections was observed at « = 10°, 6 = —30°
with AG;, = +0.047 and ACy;, = —0.014 compared to the
rigid wing (Cy yieiq = —0.07 and Cyyy igiq = 0.204). The dif-
ferences in lift and pitching moment are mainly driven by
a change in the effective flap deflection angle, which for
upward deflected flaps reaches the highest difference of
As =+22%ata = 10° 6 = =30°

For downward flap deflections, lift was generally over-
predicted and pitching moment under-predicted by the
aerodynamic simulations. The deviation in lift and pitching
moment coefficient generally increased with higher down-
ward deflection angles, but decreased again after a certain
deflection angle. Dependent on the angle of attack, the maxi-
mum offset in lift and pitching moment coefficient occurred
at differing flap deflection angles, but within the range of
10° < 6 < 20°. Starting from @ = 10° the offset in lift coeffi-
cient values between the rigid and flexible configuration ini-
tially decreased until @ = 20°, but increased considerably at
a = 25° even though the overall deformations and effective
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Fig. 11 Displacement in z-direction d, of the Model53 for Ma = 0.8, Re = 15.1 X 107, @ = [10°,15°,20°,25°] and selected flap deflection angles

6. The rigid wing is shown in translucent grey

flap deflection angle are similar for @« = 20° and @ = 25°. For
the pitching moment coefficient deviations such a clear trend
could not be observed for downward flap deflections. This
underlines the necessity of utilizing high-fidelity CFD-CSM
simulations to capture the non-linear influence of flexibility
on the vortical flow field. For downward flap deflections, the
largest difference for lift has been observed at @ = 25° and
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6 =20° with AC;, = —0.07 and ACy;y = 0.02 compared to
the rigid wing values (Cy ji0iq = 1.23and Cyyy 0 = —0.125).
These deviations result from increased wing twist and a
change in flap deflection angle of A§ = —3.2°. Compared to
upward flap deflections, where the the deviations in lift and
pitching moment could be mainly attributed to the change
in effective flap deflection angle, wing twist plays a major
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Fig. 12 Convergence history of the lift and pitching moment coef-
ficient for the aerodynamic and aeroelastic simulation at Ma = 0.8,
a =20°

role additional to the change in effective deflection angle for
downward flap deflections.

The analysis of the lift and pitching moment character-
istics of the rigid and flexible configuration revealed the
importance of taking the structural flexibility into account

to obtain more accurate results for the considered range of
flap deflections. Compared to the aerodynamic simulations,
the computational time increased by a factor of 1.5 for the
aeroelastic simulations. Thus, in case of high dynamic pres-
sure, coupled CFD-CSM simulations are recommended for
delta wings instead of CFD simulations to gain more accu-
rate results.
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