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Abstract: Shock motion and flow separation are aerodynamic nonlinearities, which have a sig-
nificant effect on dynamic gust loads but are not accounted for in time-linearized aerodynamic
models. Gust disturbances are not necessarily small and may cause local regions with flow sep-
aration during the gust encounter. The detached flow limits the total lift which is promising for
a passive reduction of aerodynamic loads. This potentially yields lighter load carrying struc-
tures which in turn may improve the overall aircraft performance. This work investigates the
reduction of distributed gust loads due to detached flow for an elastic, free-flying aircraft in an
open-loop simulation with discrete gust disturbances defined by CS25. The DLLR TAU-Code is
utilized to solve the URANS equations. Different turbulence models (Spalart-Allmaras, RSM
SSG/LRR-Inw) are applied, as predicting the flow separation correctly remains a problem. The
time-linearized solution serves as reference and is obtained by scaling the time-marching re-
sponses to small gust amplitudes at the same gust gradients. The nonlinear simulation results
are compared with the linear solution, to assess the potential of the load reduction. The inves-
tigated transport aircraft is the NASA Common Research model. The results show that the SA
and RSM predict similar loads for cases with attached flow. For medium to long gust gradients
large regions of the outer wing show flow separation during the gust encounter. Even though
simulations with both turbulence models predict large regions with detached flow, the dynamics
of the shock motion and the flow separation are different. The SA turbulence model predicts
drastic changes of the aerodynamic loads at the wing tip and thus excites structural oscillations
which are not seen with the RSM. A reduction of the maximum root bending moment between
—16% to —24% is found for the RSM compared to the time-linearized solution. For the SA
turbulence model, this deviation is in the range of —21% to —29%.

1 MOTIVATION

Structural components and hence the operating empty mass of an aircraft are significantly driven
by maneuver and gust loads. While most maneuver loads cases can be treated as quasi-steady
bookcases, in which a quasi-steady nonlinear aerodynamic surrogate model can be used, gust
loads are based on time-linearized aerodynamics. Thus, the aerodynamic system is treated as
time-invariant, which is a questionable assumption for cases with strong shock motion and even
flow separation.

In [1] differences between the time-linearized and nonlinear time-marching have been inves-
tigated on the CRM configuration for discrete gusts in CS-25 relevant parameter space. The
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simulations were conducted with the DLR TAU-Code and the aeroelastic degrees of freedom
were heave, pitch and first wing bending modes. With increasing gust amplitude, the maximum
root bending moment of the nonlinear simulation reduces compared to the linear solution. The
main cause for the differences was explained linear method, which cannot account for shock
motion.

Further investigation of the nonlinear aerodynamic effects at larger gust amplitudes are pro-
vided in [2]]. Here, harmonically oscillating gust fields were analyzed in a pure aerodynamic
simulation using the DLR TAU Code without any motion or deformation. The main focus was
put on the maximum global lift coefficients over the reduced frequency of the gust. It could
be shown that the flow separation contributed mainly to the reduction of the maximum lift
compared to the time-linearized solution. Furthermore, it was observed that the initial shock
system changed significantly during the gust encounter leading to larger loads in some cases,
in which flow separation were not dominant. The Spalart-Allmaras original turbulence and the
RSM SSG/LRR-In w turbulence model were used for the simulations. It was shown, that the
RSM predicted higher maximum lift coefficients for large gust gradients. Furthermore, the time
signals of the RSM look smoother compared to the SA model. Interestingly, the flow separa-
tion for the RSM was observed to remain in the rear part of the wing, while the SA turbulence
model predicts flow separation over a large portion of the outboard surface of the wing up to the
leading edge.

As outlined, past studies have shown that the assumption of time-linearized aerodynamics is
questionable at transonic speeds where strong shock motion and flow separation occur. This
paper focuses on the nonlinear effect due to flow separation on loads for a free flying, elastic
aircraft. As the time signals of the different turbulence models and the affected region with
detached flow in [2]] show qualitative differences, it is of interest to determine the influence of
those effects on the structural response and the total loads.

2 MODELS

The NASA Common Research model (CRM) provides a geometry for a transport aircraft with
a fuselage, horizontal tail plane, a wing and an engine nacelle. It was developed by Vassberg
et al. [3] to serve as an aerodynamic reference case for simulations and wind-tunnels. The
CRM was used in multiple aerodynamic drag prediction workshops and further geometries are
derived from it. A projected wing area of S,.; = 385m? , a span of b = 58.76m and a
mean aerodynamic chord of M AC' = 7.005 m are used as geometric reference quantities. The
normalized span wise position is defined by 7 := %y One structural model for the CRM is the
FERMAT configuration provided by Klimmek [4] as an MSC.Nastran model.

This FERMAT model has been used to determine a jig-shape, which has been applied to the
aerodynamic shape in [5]]. For this work, the hybrid, unstructured mesh provided by [5] is
jointly used with the FERMAT-C8 model. The CFD mesh contains surfaces for the fuselage,
the horizontal tail plane, the wing, a pylon and a flow-through nacelle. The full mesh consists
of about 14,000,000 nodes and the surface mesh of 275,000 nodes, which is coarse but has been
shown to be satisfactory for the flow separation effects of interest [2].

The maximum take off mass of the FERMAT-CS8 configuration is 260 tons, the center of gravity
is positioned relatively to the fuselage nose at x = 31.345m and z = 0.450 m. The inertia
tensor at the center of gravity consists of I, = 1.698 x 10" kgm?, I, = 2.579 x 107 kg m?,
I, =4.144 x 10"kgm?, I, = —1.348 x 10°kgm?. For this study, the first 44 elastic modes
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are considered spanning a frequency range from f; = 1.062 Hz to f5o = 23.573 Hz. The rigid
body modes are synthetically generated for each rigid body degree of freedom.

The coupling model is generated by slicing the CFD-surface mesh at the location of the so called
loads reference axis (LRA). The normal vectors for the cuts have been chosen such that the
coupling points are aligned with the orientation of the ribs. There is a small range at the wings
kink, where the orientation is smoothly titled towards the inner ribs, which are aligned parallel
to the flow. The extracted points from the slice are down-sampled to meet a similar chord-
wise as span-wise resolution. The CFD-surface mesh, the finite element model, the extracted
coupling nodes and the loads reference axis are shown in Figure [I] Several sparse matrices
for rigid splines and integration matrices are setup based on the different spatial models. Thus,
transfer of loads between those model is achieved by a chained matrix operation. While the
transfer of loads from the CFD mesh to the coupling model is based on nearest neighbors, the
transfer of nodal displacements in the opposite direction is achieved by radial basis functions.
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Figure 1: CFD surface mesh, FEM mesh, red coupling points which are attached to the loads reference axis in
blue.

3 SIMULATION PROCESSES
3.1 The simulation environment

The CFD-based aeroelastic simulations are executed with UltraFLoads, a python based frame-
work for aeroelastic simulations which orchestrates several Plug-ins and tools in the FlowSimu-
lator [6]. The FlowSimulator is an open software platform, jointly developed by Airbus, Onera
and DLR for high fidelity simulations involving CFD [/7,8]. The utilized CFD solver is the
DLR TAU Code for solving the unsteady Reynolds-Averaged Navier—Stokes (URANS) equa-
tions with various turbulence models. It was designed for the simulation of transport aircraft in
transonic flow. The DLR TAU Code is an edge-based unstructured solver, using the dual-grid
approach and works with hybrid meshes. More details about the DLR TAU Code can be found
in [9,/10]. TAU accounts for grid velocities from rigid body motion, external gust disturbances
(field velocity method) and grid motion due to mesh deformation by backwards differencing
CFD grid point coordinates of previous time steps.
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3.2 Turbulence models

For the solution of the RANS equations, the symmetric Reynolds stress tensor with 6 unknowns
must be modeled. In this study, the Reynolds stress model (RSM) SSG/LRR-In w model is used,
which solves additional 6 transport equations for the Reynolds stresses and one equation for the
length scale w [11}/12]]. The Spalart-Allmaras negative (SA-neg) [[13]] is a simpler model, which
solves one transport equation for the turbulent eddy viscosity. For this study, the QRC extension
has been used for the SA-neg turbulence model. In the following, the turbulence models are
referred to by RSM and SA. A summary of the 6th Drag Prediction Workshop is given in
[14], where steady results of the different turbulence models and wind tunnel experiments are
compared for the CRM. From the results it can be seen, that the turbulence models and the
wind tunnel experiments predict very similar steady 0C, /O« slopes, but the C'7y do not agree.
Hence, the comparisons should be based on the same (', rather than on the same «.

3.3 Equation of motion

The structural degrees of freedom wu(t) are approximated by a reduced set of structural modes
which are based on an unconstrained Finite-Element model. The generalized equation of motion
is then

Mungn + Bundn + Knngn = Ln(qn, Gn, &, 1), (D

where My, Brp, Knp, Ly and g, are generalized matrices for mass, damping, stiffness, gener-
alized loads and generalized coordinates. In this work, no structural damping is considered so
By, = 0. Further parameters like actuators or disturbances are aggregated in the vector £. The
equation of motion is solved for rigid and elastic modes, such that it solves the linearized flight
dynamic equations as well. The elastic modes, the mass matrix and stiffness matrix are extracted
from a modal analysis with MSC.Nastran using a maximum displacement normalization for the
structural modes. The flight dynamic mass matrix is then used as modal mass for the synthetic
modes. The generalized aerodynamic loads Lj(qp, ¢s,&,t) are not time-linearized so they
appear on the right-hand-side. The equations of motion are coupled through the aerodynamic
forces, which implicitly depend on the generalized motion.

3.4 Aeroelastic equilibrium

For the steady aerostructural equilibrium the structural acceleration ¢, and velocities ¢, are set
to zero, so the generalized coordinates g, for the elastic modes can be solved directly with

an = K, Li(qn, €). ()

This implicit problem is solved iteratively in a loosely coupled loop.

3.5 Trim process

Time domain gust loads computations must start from a steady state reference solution. A trim
solver is used to find the flight mechanic equilibrium Eq. [2)in an outer loop, while the aeroelastic
equilibrium is solved in an inner loop [6]]. The trim solvers reaches the steady state solution by
varying the angle of attack « and the rotation of the horizontal tail plane g7 p. The results are
the relevant steady state flow quantities, the steady deformation, o and nyrp.

3.6 Discrete gusts

Focus of this study are vertical discrete gusts (1-cos), which are parametrized by the gust gra-
dient I and the gust amplitude w, according to CS25.341(a) in [15]
1 mtU

w(t) = éwg(l — cos ( i

) t€[0,2H/Us] and w(t)=0m/s t>2H/Us. (3)
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The gust amplitude wy, is the product of the reference velocity w.; (Table [T) and the flight
profile alleviation factor F;, < 1. The table also shows, the investigated gust gradients of this
work. In this study, F} is just use as a scaling factor of the gust amplitudes.

Table 1: Gust gradients and reference amplitudes (TAS) at an altitude of 10668m.

H/m wpep /ms™

1

10 12.47
30 14.98
60 16.81
90 17.99
100 18.31

A visualization of the gust disturbance velocity w over the non-dimensional convection time
7 = tUs /M AC' is shown in Figure 2l The figure shows the gust disturbance velocity at the
intersection between the wings leading edge and the fuselage. The gust disturbance starts at the
fuselage nose at 7 = 0.
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Figure 2: Gust speeds at 10668 m (I, = 1) at the intersection of the wings leading edge and the fuselage versus
non-dimensional convection time .

3.7 Gust loads process

For the time integration, the equation of motion Eq. [I]is written as a first order differential
equation (ODE) which is then solved with a linear multi-step method. At each time step, the
gust disturbance velocities are updated in the mesh, the motion (¢, ¢) is updated and the CFD
solver is called for one time step. Then, the generalized aerodynamic loads are calculated and
the state derivative return to the ODE integrator. It should be kept in mind that no active control
is used, so the simulations are open-loop gust encounter simulations.

The responses of full aeroelastic system are time-linearized for each gust gradient using gust
amplitudes of w, = 0.1 ms~'. This approach is not used to derive a time-linearized system,
but allows to scale responses by larger gust amplitudes. The advantage is, that it works ro-
bustly for each turbulence model and including many degrees of freedom for the motion is not
cumbersome.

4 RESULTS

All gust encounters are computed at an altitude of 10 668 m, at a transonic Mach number of
0.85. The corresponding true airspeed is U, = 252.055 ms™*.
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The results for the trim variables computed by the two different turbulence models differ slightly
as shown in Table@ For both turbulence models, flow separation does not occur. It is observed,
that both turbulence models predict almost the same steady lift distribution and pressure distri-
bution, once the trim condition of the steady horizontal flight is satisfied.

Table 2: Trim results for the C8/MTOM case at A = 10668m and Ma = 0.85

Turbulence model «/o  nyrp/o  max(dz)/m
RSM 2705 -0.816 1.941
SA 2727 -0.802 1.948

The time integration is conducted with a 3-step Adams-Moulton scheme using a time step At =
1.39ms (A7 = 0.05). The dual time stepping of the DLR TAU Code for the unsteady simulation
is set to run at minimum 250 inner iterations per time step. The inner iterations must reach an
absolute residual of 107 for C, and C'm, based on the past 50 values. Depending on the
complexity of the flow during the gust encounter, the number of inner iterations is therefore
automatically increased. Given a constant wall-clock-time of 36h on 512 CPUs, each simulation
then reaches a different physical time.

Gust encounter simulations are performed for all gust gradients shown in Table [I| with a flight
profile factor of F;, = 1. Further simulations are conducted for the gradients 60, 90, 100 with
additional factors of F, € [0.75,0.8,0.85,0.9].

Except for the short gust of H = 10 m flow separation is observed over large parts of the outer
wing for both turbulence models. The effects are quite similar for all other cases, independent
of the flight profile factor and gust gradients (/ > 30m).

Figure 3[shows the time history of the nonlinear, and time-linearized lift coefficient C', for both
turbulence models. The linearized responses predict fairly similar values, which agree well with
the nonlinear responses up to a time of 7 > 10. Both nonlinear simulations predict lower values
of C';, compared to the linearized curves and the SA-model predicts smaller values compared to
the nonlinear RSM-model. Similar trends have been already presented in [1}2].
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Figure 3: Nonlinear and linearized lift coefficient for a gust: H = 60m, F, = 1.0, w, = 16.81 ms™'.

The local lift is shown in Figure[d]for the RSM and in Figure 5| for the SA turbulence model. The
local lift value (normalized by the local chord) is defined as c,. While at the inboard sections
the local lift seems to be fairly linear, the lift history from n > 0.4 is significantly different
between the turbulence models. Due to the flow separation, the time-linearized maximum local
lift is not reached by the nonlinear simulations. The results based on the RSM show an ordered
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Figure 4: Time slices of the normalized lift distribution for the RSM and a gust defined by: H = 60m, I}, = 1.0,
wy = 16.81 ms~ L.
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Figure 5: Time slices of the normalized lift distribution for the SA turbulence model and a gust defined by: H =
60m, Fy = 1.0, wy = 16.81ms™'.

and continuously decreasing behavior of the local lift in space and time. The SA turbulence
model predicts a much more dynamic behavior of the local lift, which seems to break down
from n = 0.5 to the tip in time.

The flow separation is visualized by skin friction lines on the upper surface of the wing for
a time of 7 = 15.5 in Figure [0l The flow separation determined by the RSM covers mainly
the rear part of the wing. At the inboard section, the SA model predicts a similar pressure
distribution but vast parts of the outboard wing shows flow separation and a shock system close
to the leading edge. This difference between RSM and SA was observed for all cases with
strong flow separation. A similar pattern is shown in [2]] for the two turbulence models.

Further insights are provided in Figure [7] which shows pressure slices at different wing stations
(n € [0.20,0.40,0.61,0.81]) and snapshots of time.

Atn = 0.20, the temporal change of the pressure is very similar for both turbulence models. The
amplitudes increase during the gust encounter and the shock moves towards the trailing edge
and then returns to the initial position. Further outboard at = 0.40, the overall behavior is
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Figure 6: Visualization of the flow separation by skin friction lines for RSM (top) and SA (bottom) turbulence
models at 7 = 15.5 of a gust defined by: H = 60m, F, = 1.0, w, = 16.81ms™'.

similar, but the SA model indicates a higher rear-loading (see Figure[7). Even further outboard
at n = 0.61, the SA model shows an inverse shock motion which only shortly moves towards
the trailing edge, but then suddenly jumps to 30% of the chord. In contrast, the pressure profile
of the RSM remains on a high plateau and the shock motion remains at 60% of the chord.
Towards the wing tip at = 0.81, the SA model shows a drastic motion of the shock to the
leading edge and back. So far outboard, the shock motion of the RSM covers a vast range
from 40% to 80% of the chord. Also, the double shock system, which was discussed in can
be observed. However, here the shock system starts at a single shock and then falls back to a
two-shock system.

With the local pressure, the normal vectors and the segment length, the local aerodynamic
section forces and moments cm,, are integrated at the loads reference axis. The coefficients
are normalized by the local chord and the gust amplitude. The time histories for the local
aerodynamic lift and moment are shown for the same gust and the same stations in Figure

First of all, the dotted lines show responses to the gust with a small amplitude of w, =
0.1 ms~!. This response shows to be in good agreement between both turbulence models, for
both the lift and the moment, which is consistent with the global lift in Figure [3] This was
observed for all gust gradients, only slight changes in the local moment coefficients appeared.
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Figure 7: Pressure coefficients at various spanwise locations and different time steps based on the SA turbulence
model (left) and RSM (right) for a gust (H{ = 60m, Fy, = 1.0, wy = 16.81 ms~ ).

For this configuration, starting from a trimmed solution and fully attached flow it is expected
that linearized aerodynamics based on both turbulence models should be similar.

The nonlinear and the linear curves at the inner sections (1 € [0.2, 0.4]) show also good agree-
ment. The moment is slightly changed, due to the shock motion towards the trailing edge at
n = 0.20. The pressure increase behind the shock at n = 0.40 leads to a significant reduction
of the moment. However, the flow separation at the outboard sections (1 € [0.61,0.81]) causes
a strong reduction in local lift and the plots reveal larger differences between the turbulence
models. The local lift shows a more triangular shape for the RSM. In contrast to the smooth
curves of the RSM , the SA turbulence model results in a more fluctuating time history with a
higher frequency content. This pattern is observed for all gust gradients > 30 m.

The local forces at the wingtip excite a broad range of structural modes for the SA turbulence
model, which can be seen for the integrated shear forces of the inertial loads at the wing root in
Figure 0] The figure shows on the left the aerodynamic shear force and on the right the inertial
shear force. The dashed lines indicate simulations with a reduced set of generalized coordinates
(modes 3,5,7) to highlight the excitation of the higher modes. For those results, only three de-
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Figure 8: Time history of normalized increments for the local lift (left) and local moment (right) due to a gust
(H = 60m) for different turbulence models at various spanwise locations (rows).

grees of freedom are considered for pitch, heave and the first bending mode (f; = 1.062 Hz).
The aerodynamic loads (left) seem to be very similar for the simulations with different degrees
of freedom up to 7 < 25. The curves for the aerodynamic loads of the SA turbulence model
look very similar to those of the RSM , as if the only difference is caused by an earlier start of
the flow separation process. Thus, looking only at the integral aerodynamic loads could lead

%100

1.8 1

/N

0.1

I 1.4+

(n

1.2 1

aero
z

Q

1.0 1

== RSM: 3,5,7
== SA:3,5,7
= RSM
- SA

30 40 50

(n=0.12) /N

inertia

z

Q

x108

Figure 9: Time history of the aerodynamic (left) and inertial shear (right) at the wing root due to a gust (H = 60 m,
F,=1.,w,; = 16.81 ms~!) for different turbulence models and different structural degrees of freedom.
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to the assumption that the turbulence models predict similar aerodynamic loads. However, the
spatial distribution and temporal behavior are significantly different and cause different struc-
tural responses. The inertial loads (right) show an earlier deviation from 7 > 15 and a similar
frequency content for the dashed lines and the solid black line for the RSM. The fast changing
aerodynamic behavior of the SA turbulence model excites higher structural frequencies (solid
blue line). So when using only three degrees of freedoms (low frequencies) for the motion,
the global aerodynamic responses and the structural responses appear to be similar for the tur-
bulence models. However, the dynamic behavior of the distributed aerodynamic forces are
significantly different.

The bending moment M, torsion moment M, and shear forces (), are integrated cut loads in
the coordinate system of the loads reference axis. Also the times at which the maximum values
occur are different between the aerodynamic solutions (nonlinear vs. linear, RSM vs. SA). It
should be kept in mind, that all extreme values of different load components are not correlated
in time as well. For example, the maximum aerodynamic root bending moment occurs at a
different time step as the torsional moment. The integrated loads consist of the steady and the
dynamic increment as well as the aerodynamic loads and the inertial loads.
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Figure 10: Spanwise distribution of the maximum integrated shear force for the different gust gradients (F, = 1.0)
and turbulence models: RSM (top) and SA (bottom).

The spanwise distributions of the shear forces show a significant reduction of loads for the larger
gust gradients compared to the time-linearized solution in Figure[I0] Towards the wing root, the
small to medium reach the value of the time-linearized maximum. The spanwise distribution
of the maximum integrated bending moment is shown in Figure The linearized solution
predicts a much higher bending moment over the entire span for gust gradients 7 > 30m. A
significant reduction of the torsion moment over the entire span can be seen for the nonlinear
solution compared to the linearized maximum in Figure [I2]

The error between the nonlinear and the linearized solution is normalized by the linearized value
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Figure 11: Spanwise distribution of the maximum integrated bending moment for the different gust gradients

(Fy = 1.0) and turbulence models: RSM (top) and SA (bottom).
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Figure 12: Spanwise distribution of the maximum integrated torsion moment for the different gust gradients (F; =

1.0) and turbulence models: RSM (top) and SA (bottom).
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The errors are shown in Figure [I3] for the total loads in the left column and the aerodynamic
loads in the right column. The colors are used to indicate the flight profile alleviation factor £,
which scales the reference gust amplitude. In general, the deviations from the linear solution
are very large considering that the quantities are cut loads at the wing root. The reduction of the
aerodynamic shear force ()7 with increasing gust gradient and gust amplitude agrees with the
findings in [2]. Similar to the results of [1]] a large reduction of the root bending moment M,
can be observed.
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Figure 13: Normalized error vs. gust gradient for maximum integrated loads (shear, bending, torque) for total
loads (left) and aerodynamic loads (right).

The small deviation for the short to medium gust gradients for the shear force are small as it is
shown for the wing’s root. The outboard sections show larger deviations, meaning lower values
for the nonlinear results compared to the linear values. This can be seen in Figure [I0] For
the RSM , the maximum bending moment M, reduces by —16 % to —24 % at the largest gust
gradient, depending which flight profile factor F} is applied.

The torque M, also deviates significantly, which is to be expected if large parts of the outer wing
section are affected by the flow separation. The results of the SA turbulence models shows even
larger deviations compared to the RSM . The errors of the aerodynamic loads are provided on
the right column of the figure. It shows that the SA turbulence model consistently predicts lower
aerodynamic loads compared to the RSM .
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5 CONCLUSION

Open-loop aeroelastic gust encounter simulations of the CRM have been conducted for a broad
range of gusts at transonic speed of Mach = 0.85 at an altitude of 10668 m. The negative
Spalart-Allmaras and the RSM SSG/LLR-In w turbulence models have been used.

The time-linearized responses between the two turbulence models are very similar. Therefore,
it is expected that a time linearization of any of the turbulence models is a good option, as long
as the steady flow does not show larger areas of separated flow.

In this work, the SA turbulence model predicts a fast motion of the shock and a strongly chang-
ing region of detached flow. Consequently, higher structural frequencies are excited. A re-
duction of the root bending moment by —21% to —29% compared to the linearized solution is
found for the largest gust gradients. In general, the fluctuating time histories of the model for
the local lift make the SA turbulence model for cases with strong flow separation questionable.

The simulations with the RSM show large regions of flow separation as well, but those are
confined in the rear part of the wing. The time histories are smoother and only lower frequent
structural responses are excited. A reduction of the root bending moment by —16% to —24%
compared to the linearized solution is found for the largest gust gradients.

A generalization of the findings is difficult, as the results depend for example on the geom-
etry, the flight point, the steady solution, the turbulence model, the mass configurations and
flight control. Therefore, more mass configurations, flight points and different aircraft will be
investigated in the future with and without flight control.
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