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SUMMARY

Within the NATO STO AVT-251 Task Group, a generic Unmanned Combat Air Vehicle (UCAV) planform
was redesigned based on requirements derived from parts of the flight envelope of the defined mission.
Because of the lambda-shape planform and associated flow phenomena including shocks and vortices, the
aerodynamic design process relies heavily on high-fidelity predictions from computational fluid dynamics
(CFD). These simulations enable accurate flight dynamics predictions, allowing for the identification of any
potential performance issues early in the design process. Potentially, a complete flight dynamics model can
be derived from CFD calculations provided that the underlying reduced order model (ROM) captures the
underlying physics contained within the CFD results. This work investigates the creation of a nonlinear
ROM using indicial response functions. The response functions are obtained using a grid motion approach
that separates the effects of angle of attack and pitch rate. This approach is demonstrated using three
different CFD codes from various organizations: ENSOLV at Royal Netherlands Aerospace Centre, USM3D
at NASA Langley Research Center, and Kestrel at the United States Air Force Academy. ROM predictions
were generated for a manoeuver resembling a low-speed pull-up. The predictions are found to be sensitive to
the quality of the steady state solutions from which step response calculations were started, as well as the
convergence of the step responses themselves. Nevertheless, the indicial response method is shown to
provide aerodynamic predictions with acceptable accuracy including transient effects, and as such is a
promising method for computationally efficient flight dynamics predictions.

NOMENCLATURE
C. = lift coefficient, = Lift/(qresSrer)
Cu = normal force coefficient, = normal force/(QresSrer)
Crp = pitching moment coefficient, = My/(QrerSrerLrer)
Cref = reference chord, m
M = Mach number
q = pitch rate, rad/s
Oref = reference dynamic pressure, Pa




Lres = reference length, m

Re = Reynolds number

Sref = reference span, m

Sref = reference area, m?

t, At = time, incremental time step, s

At* = characteristic time step, At(V../Cref)
Ve, = freestream velocity, m/s

a = angle of attack, deg

y = climb angle, deg

2] = pitch angle, deg

ASG =  Aerodynamic Shaping Group

AVT = Applied Vehicle Technology

CFD = Computational Fluid Dynamics
DLR = German Aerospace Center

LaRC = NASA Langley Research Center
MRP = Moment Reference Point

NASA = National Aeronautics and Space Administration
NATO = North Atlantic Treaty Organization
NLDA = Netherlands Defence Academy

NLR = Royal Netherlands Aerospace Centre
ROM = Reduced-Order Model(ing)

RTG = Research Task Group

STO = Science and Technology Organization
UCAV = Unmanned Combat Air Vehicle

uQ = Uncertainty Quantification

USAFA = United States Air Force Academy

I. INTRODUCTION

The NATO STO AVT-251 Task Group on “MultiDisciplinary Design and Performance Assessment
of Effective, Agile NATO Air Vehicles” was created in order to apply advanced numerical tools
and collaborative approaches to the design of an Unmanned Combat Air Vehicle (UCAV) for a specific
mission [1]. The Task Group was subdivided into several subgroups addressing a specific aspect of
the design: Design Specification and Assessment Group (DSAG), Aerodynamic Shaping Group
(ASG), Engine Integration Group (EIG), Control Concept Group (CCG), and Structural Concept Group
(SCG).

The Aerodynamic Shaping Group was tasked with the application and development of advanced
numerical methods for aerodynamic design and performance analysis of an agile UCAV [2]. Several
studies were conducted by ASG members, encompassing various design approaches [3-10], as well as
investigations into control devices [11], propulsion-airframe integration effects [12], uncertainty
guantification [13], and reduced-order modeling (ROM).

Several motivations exist for the pursuit of reduced-order model (ROM) development: creation of a
flight




mechanics model suitable for agile aircraft undergoing rapid manoeuvers, expanding the validity of
the flight mechanics model to include loss of control, flight envelope prediction, and
comprehensive evaluation of design iterations. These are typically areas for which the accuracy of
high-fidelity CFD is required, but its costis too high for practical use. The purpose of a ROM is
to provide an accurate description of system behaviour with drastically reduced computational costs
compared to the full-order model. Two general categories of ROM methods can be distinguished:
parametric and nonparametric methods. Parametric methods assume a certain system modeling form
for which the coefficients of the model are to be found. A well-known conventional ROM method is the
stability-derivative method, which approximates aircraft flight dynamics using a Taylor series
expansion of the dependent vehicle-state parameters. When unsteady, nonlinear aerodynamic
problems are considered, many of the arising phenomena are analytically unresolved, resulting in
inaccurate aerodynamic predictions. On the other hand, nonparametric methods pursue mappings
between system inputs and outputs without explicit functional forms. This allows for prediction
of responses for arbitrary inputs (within the model’s boundaries) and inclusion of time-history
effects. Examples are given by Ballhaus and Goorjian [5], Tobak et al. [6], Hall et al. [7], Goman et
al. [8], and Zhou et al. [9].

Four approaches were investigated by ASG members: indicial response functions, system identification
[14], multifidelity modeling [15] and neural networks. This paper presents the results obtained using
indicial response functions. Four organizations participated in this study. The tested codes include
ENSOLYV at NLR, Kestrel at USAFA, and USM3D at NASA LaRC. The research into ROM development
at NLR is supported by NLDA. Since the methodology and its basic applicability has been demonstrated
in earlier studies [17-21], the purpose of the study within the group was to assess whether the formulation
was general enough to be used with each participant’s best practices in terms of CFD method and
computational grid, and assess whether different approaches impacted the obtained model. It therefore
resembles more of a “blind test” of ROM creation using indicial response functions.

The remainder of this paper is organized as follows: Section Il introduces the reduced-order
model formulation. Section Il presents the aircraft configuration. Section IV defines the test manoeuver
of interest. Section V reviews the various computational grids and flow solvers as part of the
collaborative effort. Finally, the modeling and simulation results are presented in Section VI.

II. INDICIAL RESPONSE ROM FORMULATION

An indicial response is the transient response of a system to a unit step change of a system’s input. An
example is the change in lift coefficient, C., due to a step change in angle of attack «, or pitch rate g.
Given indicial response functions describing the change in lift due to step changes in o and g, Duhamel’s
superposition integral is used to obtain the unsteady lift coefficient at time t:

CL(t) = Cuo+ 5 (J; @(D)Cpalt = D) + 2 (f3 (D) Ciq(t — Ddr) (1)

Co denotes the zero-angle of attack lift coefficient that is obtained from a steady-state
simulation. Equation (1) is limited to linear flow behavior as the indicial response functions with
respect to angle of attack and pitch rate do not depend on flow conditions. Tobak [16] extended this
model to approximate non-linear flow behavior. This is done by calculating indicial response functions at
different angles of attack and implementing them in Duhamel’s integrals. The resulting equation then
becomes:

CL(0) = Cuo + 5 (fy @@ Cra(t = 7 @)dr) + 5 ([ 4@ Cu (¢ = 7, @Y7 2)

Similarly, this formulation can be expanded further by including dependencies on Mach number, side slip
and roll and yaw rates. Here, only longitudinal motions at constant Mach number are considered. The
pitching moment Cy, , prediction is given by the following:




Crnp(®) = Crnpo + == (Jy @D Cnp ot = 1,0)d7) + =[5 4D Corp ot — T, 0)dT)  (3)

Equations 2 and 3 form the basis for calculation of the ROM predictions. The underlying physics of the
full-order model is captured by the indicial step response functions. These functions are then used to
create a ROM capable of predicting the unsteady aerodynamic force and moment coefficients of an
aircraft during flight.

The indicial response functions are obtained directly from CFD using a grid motion technique proposed
by Ghoreyshi et al. [17]. This technique not only allows for a straightforward means to calculate step
responses, but also makes possible the uncoupling of input parameters, e.g. the angle of attack and
pitch rate. For example, a positive step change in angle of attack is obtained by translating the grid
downwards and aft at a constant rate. A unit step change in pitch rate is achieved by simultaneously
moving and rotating the grid. This approach has been used successfully to calculate step responses of
several aircraft configurations [17-21]. Analytical and computational indicial responses have been used to
predict dynamic derivatives and the maximum lift coefficient following an encounter with a gust [22]. In
the remainder of this paper, the normal force coefficient Cy will be used instead of the lift coefficient.

I11. MULDICON CONFIGURATION

The MULDICON (MULLtiDIsciplinary Configuration) platform was created at the start of the task group.
It is based on the SACCON [23-26], with the same span and leading-edge sweep angle, but with the
trailing edge sweep angle reduced to 30° in order to improve efficacy of trailing edge control devices
and increase the surface area for lift production (Figure 1). The geometry under consideration here
is designated as Design 3. It is the result of a design study using an inverse design method [3]. It is the
final design release of ASG and meets the specified design requirements specified in [1,2].

IV. MULDICON TEST MANOEUVER

A test manoeuver was selected for assessing the ROM prediction against the full CFD solution. It
was created using a rudimentary flight dynamics model containing steady-state values of lift and
pitching moment of the baseline MULDICON, along with estimated control surface effects.
Resembling a pull-up manoeuver, it starts with steady horizontal flight at « = 15°, after which it rotates at
the maximum required pitch rate of q = 20 deg/s until o = 22° at the pitch angle 6 = 67.7°. It then
rotates back with g = -20 deg/s until the initial angle of attack of « = 15° is reached. The velocity is
maintained at Mach 0.20 throughout the manoeuver, with a Reynolds number Re = 27.95.10°. The
variation in angle of attack and pitch rate is shown in Figure 2, along with the flight path. The climb
angle vy varies linearly with pitch angle, from y=0° at 6=15° to y=44.7° at 6=66.7°. During the final 0.248
s, the aircraft is in a steady descent with a climb angle of y=-5.9° with 6=9.1°.
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Figure 1: Planform of the MULDICON wing.
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Figure 2: Pull-up manoeuver of the MULDICON used to assess ROM predictions.
Top: flight path, climb angle and angle of attack. Bottom: pitch angle and pitch rate.
V. CFD METHODS
A. NLR

Grid Generation

A multiblock structured grid was created on a half-span of the MULDICON Design 3 geometry with
NLR’s in-house tools for domain modeling and grid generation. A semiautomatic Cartesian grid
mapping technique was used with which a multiblock domain decomposition around a complex aircraft
configuration is created automatically by exploiting Cartesian space [27-30]. This enables a fast
and efficient




construction of three-dimensional multiblock domain topology and a high-quality structured grid. An
O-type mesh envelopes the aircraft geometry. The grid used in the computations described here
contained 12 million cells, with 112 cells distributed along the chord, 128 cells along the span, and 32
across the trailing edge and wing tip. The average y+ in the first cell was 0.75 (a=0°). An
impression of the grid can be obtained from Figure 3.

a) Rear view b) Leading-edge apex region

¢) Wing tip leading edge d) Trailing-edge centerline region

Figure 3: Details of half-span MULDICON Design 3 structured grid on wing surface
and symmetry plane used for ENSOLV computations.

Flow Solver

NLR’s in-house flow solver ENSOLV is an advanced CFD code with which three-dimensional steady or
time-dependent, incompressible or compressible flows around complex aerodynamic configurations can
be computed [31-33]. These configurations can be either fixed or moving relative to an inertial
reference frame, they can be either rigid or flexible, and they can consist of multiple bodies moving
relative to one another. In the case of flexible configurations, the required elastomechanical input data
for carrying out analysis involving fluid/structure interaction are derived from finite element models
in the form of mode shapes. ENFLOW has been applied extensively to aerodynamic, aeroelastic
and

aeroacoustic applications. The Euler/Reynolds-averaged Navier-Stokes equations are discretized
following a cell-centered finite-volume method. The numerical scheme is fourth-order accurate on
curvilinear meshes with zero dissipation and low dispersion errors. Time-accurate integration is carried
out using a dual-time stepping scheme employing the




Runge-Kutta method for the relaxation in pseudotime. Convergence acceleration is provided by a
full approximation storage (FAS) multigrid method and a line relaxation method in the boundary layer
regions. The flow solver has been optimized for the HPC facilities at NLR and applies a hybrid
MPI1/OpenMP parallelization for efficient parallelization on multicore processors. The computations were
performed using the Menter Shear Stress Transport (SST) two-equation model. The standard 1994 model
[34] is used, with an adaption from SST-2003 that uses the strain invariant rather than magnitude of
vorticity in the definition of turbulent viscosity [35].

B. NASA
Grid Generation

NASA grids were generated using Heldenmesh™, which is a software system developed by the Helden
Aerospace Corporation for the rapid generation of high quality, three-dimensional, unstructured meshes
about arbitrary complex configurations [36]. This capability was developed to streamline the application of
CFD in a demanding production environment by transforming the mesh generation process from one
currently measured in days-per-mesh to one measured in meshes-per-day. The Heldenmesh™ software
system consists of two primary tools, Heldenpatch™ and Heldenmesh ™. The former is the interface between
the underlying CAD geometry definition and the Heldenmesh™ grid generator, and includes geometry clean-
up, management, and geometric transformation capabilities. The Heldenpatch™ will typically provide around
95% of the surface patching automatically, leaving only a few minutes of handwork to complete. An input-
based spatial sourcing file will typically produce adequate spatial control of the cell size and distribution with
only a few parameters with no additional handwork needed. Heldenmesh was designed for
compatibility with the NASA developed Tetrahedral Unstructured Software System (TetrUSS) [37,38]
in general and the VGRID mesh generation process in particular [39]. An important component of
this system is the GridTool application, which is an interactive program for geometry processing. The
GridTool application is currently utilized for interactive geometry processing in the Heldenmesh™
software system. A new integrated graphic user interface is planned for future releases.

A hybrid unstructured half-span grid was generated for USM3D computations on the MULDICON Design 3
using Heldenmesh™ as depicted in Figure 4. The total number of cells is 5,565,123, which is comprised of
near-wall 3,832,128 prisms, 1,721,185 tetrahedra in the outer field, 11,810 transitional pyramidal cells, and
2,252,835 nodes. Setup for the initial grid required approximately 45-minutes by an inexperienced user.
Subsequent grids could be generated within minutes by changing one or two parameters in the spatial
input file and rerunning Heldenmesh™.

Flow Solver

The NASA computations are performed with a developmental version of USM3D, which is a parallelized
mixed-topology cell-centered, finite volume Navier-Stokes flow solver [40]. Inviscid flux quantities are
computed across each cell face using various upwind schemes. To improve the convergence and robustness
of USM3D solutions, a hierarchical adaptive nonlinear iteration method (HANIM) has been recently
implemented in the mixed-element USM3D [41]. Further enhancements to the new USM3D’s
preconditioner and discretization scheme are reported in Ref. [42]. A prescribed grid motion capability is

available that is advanced in time by a 2nd- and 3rd-order time step scheme. Turbulence models currently
available are the Spalart-Allmaras (SA) one equation model, SA with Quadratic Constitutive Relation

(SAQCR), the two-equation k-turbulence model, and the Menter Shear Stress Transport (SST) two-
equation model.

C. USAFA

Grid Generation

The computational grid at USAFA corresponds to the half-span MULDICON Design3 configuration with




half span of 769.6 cm and the moment reference point at (600 cm, 0 cm, 0 cm). This grid (shown in Figure
5) was made using Pointwise version 18. Hybrid meshes are generated on surfaces consisting mainly of
structured grid meshes connected by triangular meshes in places where structured meshes lead to highly

distorted grid cells. The main motivation for using the quadrilateral mesh is to obtain a good grid resolution
on the leading and trailing edges of the wing as shown in Figure 5.
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Figure 4: Details of half-span MULDICON Design 3 wing surface and symmetry plane grid
used for USM3D computations.

The volume mesh is fully unstructured with 50 prism layers on the UCAV surface. The growing ratio of the
prism layers is 1.25 and their growth is terminated when the transition between the prism layer and the
tetrahedral mesh is smooth. The grid has around 23.9 million nodes and 35.4 million cells. The averaged
first cell grid spacing (y+) is 0.1 at Mach 0.2.

Flow Solver

The flow solver used at USAFA is the fixed wing computational tool of CREATETM-AV program,
i.e. Kestrel [43]. This DoD-developed solver is funded by the DoD High Performance
Computing Modernization Program (HPCMP). The CREATETM focuses on addressing the
complexity of applying computationally-based engineering to improve DoD acquisition processes.
Kestrel version 8.0 is used in this work. The flow solver of the code (KkCFD) discretizes Reynolds-
averaged Navier Stokes (RANS) equations into a cell-centered finite-volume form. The code then

solves unsteady, three-dimensional, compressible RANS equations on hybrid unstructured grids [44].
The code uses the Method of Lines (MOL) to separate




temporal and spatial integration schemes from each other [45]. The spatial residual is computed via a
Godunov-type scheme [46]. Second-order spatial accuracy is obtained through a least squares reconstruction.
The numerical fluxes at each element face are computed using various exact and approximate Riemann
schemes with a default method based on HLLE++ scheme [47]. In addition, the code uses a subiterative,
point-implicit scheme method (a typical Gauss-Seidel technique) to improve the temporal accuracy.
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Figure 5: Details of half-span MULDICON Design 3 wing surface and symmetry plane grid
used for USAFA computations.

VI. RESULTS

The results for the indicial-step and the full-manoeuver solutions from the three flow solvers are described
and compared below. All solutions were computed at Re.s = 27.95 million and M., = 0.20. The indicial
responses serve as input to the ROM for computing the normal force coefficient Cy, and pitch moment
coefficient Cy,,. The calculations performed to obtain the response functions are described below.

A. Indicial Solutions
NLR /NLDA

The indicial responses due to a 1° step increase in angle of attack were computed at o=14°, 16°, 18°,
20°,




and 22°. Grid motion was used to achieve a 1° step increase in angle of attack while maintaining the pitch
rate q=0 rad/s. The response function for a step change in pitch rate was obtained at o= 0°, for a step size
of 20 deg/s (0.349 rad/s), which is the maximum required pitch rate of the MULDICON. The angle of
attack was maintained at & = 0° through appropriate grid motion. Motions are defined in a separate input
file (motion file), which contains characteristic time, position of the center of rotation, Euler angles,
velocity components and rotation rates. The indicial response computations were started from converged
time-accurate calculations at the initial angle of attack. A variable time step was employed, ranging from A
t* = At(V../Cet) = 0.005 up to t = 0.1 s, then increasing with a constant factor to At* = 0.05 in 200 time steps
(until t = 0.446 s) and remaining constant after that. The total time span covered by the calculation was 2.0
s. This way, the initial transient created by the initialization of the step function is captured accurately while
a sufficiently long interval is computed to ensure the step response has reached a steady state, without
incurring substantial computational cost. The calculated step responses to change in ado not reach a
constant level until t = 1.5 s (Figure 6). Persistent unsteadiness is present in the step responses to change in
angle of attack for Cy at o=22°, and C,,, for all angles of attack.

NASA

The indicial responses to a 1° step increase in angle of attack were computed with USM3D/SA at o= 15°,
16°,17°, 18°, 19°, 20°, 21°, and 22° at a characteristic time increment of At*=At(V../C)= 0.01 for 500 time-
steps, which corresponds to approximately 0.44 seconds. Prior to computing these responses, steady-state
time-accurate solutions were generated at the 8 angles of attack as initial starting solutions for the step
motions with At*= 0.1 for 2000 time-steps. At each angle of attack, the vehicle is plunged

instantaneously to achieve a 1° step increase in angle of attack while maintaining the pitch rate q = 0 rad/s
throughout the grid motion. The pitch-rate response is generated in a similar manner with the
instantaneous application of a q = 1 rad/s pitch-up from the o= 0° initial solution as the wing traverses
upwards and aft along a trajectory that maintains local & = 0°.

USAFA

The grid motion approach in Kestrel is used to calculate step responses of the UCAYV to a unit change in the
angle of attack (Aa = 1°) and unit change in pitch rate (dg = 0.349 rad/s). The step solutions begin at
different angles of attack. All simulations are second-order accurate in spatial and temporal directions. The
delayed detached eddy simulation (DDES) model with Spalart-Allmaras with Rotation Curvature (SARC)
is used. The number of subiterations is five in all simulations. Time step used for indicial responses is
1x107 seconds corresponding to At*=At(V../c. )= 0.01. Step responses begin from time zero following
1,500 startup iterations. Note that time remains zero during these startup iterations. Also, Kestrel predicts
unsteady flow over the Design 3 Wing for angles of attack above 10° using the SARC-DDES turbulence
model even for static simulations. Thus, it is expected that the Kestrel simulations under grid motions and at
high angles of attack cause oscillating behavior in forces and moments.

The results are summarized in Figures 6 and 7. Figure 6 shows the indicial responses of Cy and Cpp.
Responses for Cy predicted by NASA and NLR generally converge to the same average steady state
value. As pointed out above, the responses computed by USAFA contain a considerable amount of
unsteadiness. The responses for C,, vary wildly. In the NASA calculations, responses seem to be
converging towards a steady state, with pitching moment increasing with o. In the NLR calculations,
Cnp response varies per angle of attack. The responses at o=18°, 20° and 22° suggest flow separation
and breakdown of over-wing vortices as observed in [3]. USAFA response functions show highly
unsteady flow at all angles of attack.

Because experimental results aren’t available, the accuracy of the CFD results cannot be assessed
here. Figure 7 shows similar responses to change in pitch rate obtained by NLR and USAFA, with the
response by USAFA requiring a longer time for oscillations to dampen out. As noted before, the response
calculated by NASA is for a larger change in pitch rate. In both the responses to step changes in «
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and q, the initial transients can be distinguished clearly. The ability of a ROM to predict
these transients is of importance when simulating high speed manoeuvres and control surface
deflections.

USAFA
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Figure 6: Indicial responses of Cyand Cp,pto step changes of 1° angle of attack with g=0 rad/s.
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Figure 7: Indicial responses of Cy and Cp,, to step change in pitch rate while maintaining a=0°
through grid motion. NLR, USAFA: g=0.349 rad/s, NASA: g=1 rad/s.

B. Low Speed Pull-Up Manoeuver: CFD and ROM Prediction
NLR /NLDA

The CFD computation of the pull-up manoeuver was performed with ENSOLV. The motion
was prescribed in the form of a motion file containing nondimensionalized time, position of the
center of rotation, Euler angles, velocity components and rotation rates for all time steps. The time
step was At* = 0.01, requiring 6560 steps for the complete manoeuver. Thirty subiterations were used
per time step. The computation was started from a converged time-accurate solution obtained at a
static angle of attack of o= 15°. Both linear and nonlinear ROMs were created. A nonlinear ROM
was created using the response functions described above, obtained at « = 14°, 16°, 18°, 20°, and 22°
for a-step responses, and o= 0° for pitch-rate response. For the linear ROM, the a-step response at o =
14° was used together with the pitch rate response at a= 0°.

The CFD results and the ROM prediction of evolution of Cy and C,,, during the manoeuver are shown
in Figure 8. Both the linear and nonlinear ROMs give an accurate prediction of Cy and an
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acceptable prediction of Cy,. The nonlinear ROM performs slightly better. The existence of rapid
fluctuations in the form of the peaks related to step changes in pitch rate are predicted by the
ROM, even though their amplitude does not match the CFD results. This could be a result of reduced
accuracy of the ROM, or of the full CFD prediction related to the larger time step of At*=0.01
compared At*=0.005 at the initial phase of the response function calculation.

ENSOLV ENSOLV
Linear ROM Linear ROM
NonLinear ROM NonLinear ROM
110+ 015
1.00f 0.10F
i 0.05F
— 0.90f —
= I 2 0.00fF
O oo} o |
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0.60 At —— ! — ot
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Figure 8: CFD and ROM predictions for the pull-up trajectory (NLR/NLDA).
NASA

The CFD solution for the pull-up manoeuver was computed with USM3D/SA using 4t*= 0.01 for 6560-time
steps to complete the 5.8 second manoeuver. It was restarted from an initial static time-accurate solution at
o= 15° that was run for 2000-time steps with At* = 0.1. For both cases, 20 subiterations were prescribed
with a cut-off imposed when the combined residuals reach 10-orders of magnitude reduction, at which point
it moves to the next time step. For the initial static solution, this criterion was met after approximately 5
subiterations after the initial startup transients settled out. For the pull-up manoeuver, this criterion was met
on average with about 13 sub-iterations.

The NASA ROM solutions utilized all 8 angles of attack from 15° to 22° of the a-step responses for the
nonlinear ROM, and only « = 15° for the linear ROM. The rate derivatives used for the nonlinear and linear
ROM are only derived from the « = 0° pitch-rate response. The results are shown in Figure 9. Both the linear
and nonlinear ROMs give an accurate prediction of Cy, but for Cy,,, the linear ROM provides more accurate
results, which is unexpected. This could be an effect of insufficient period of time covered by the indicial
responses, i.e. a steady state hasn’t been reached, that a response of a pitch rate of 1 rad/s was calculated, or
both. The ROM predicts the existence of peaks associated with the step changes in pitch rate.

12



G [

USM3D | \ !

075
M3D
= NonLinear ROM | | :inl?inear ROM
' — = — - Linear ROM 01 ~ — — - Linear ROM
0.65 |-
1 1 1 1 1 J . 1 1 1 1 1
08y 1 2 3 4 5 e 915 1 2 3 4 5
Time, seconds Time, seconds
Figure 9: Correlation of Linear and Nonlinear ROM solutions
with CFD computed result for pull-up trajectory (NASA).
USAFA

Kestrel static predictions at Mach 0.2 and zero altitude are shown in Figure 10. Time-averaged data
are shown by solid lines. The bars in the plots show the maximum deviations from average values. Dashed
lines show the linear aerodynamic regimes. The Design 3 wing has a linear and unsteady aerodynamic
behaviour up to 8° angle of attack. Above this angle, a small vortex is formed over the upper surface and
there is flow separation near the wing tip region. This causes nonlinear and highly unsteady
aerodynamic behaviour at higher angles of attack.

The trajectory motion begins from an initial static time-accurate solution at «=15° with 1,000
startup iterations. The time step remains zero during these iterations. The motion file has Euler
angles and the position of the center of rotation at each time. The center of rotation at t=0 was set to (600,
0, 0) cm. Translation and rotations are defined to have the UCAV set at flow conditions described by
the trajectory. The turbulence model is SARC-DDES with time steps of 1.10° seconds and using
five subiterations. Kestrel prints all motion variables (positions, velocity, Euler angles, and rotation
rates) and aerodynamic coefficients at each time step.

The CFD results and the ROM prediction of evolution of Cy and Cy,, during the manoeuver are shown
in Figure 11. The nonlinear ROM is built using all calculated a-step responses. The linear ROM is created
with using the a-step response at « = 14°. The nonlinear ROM gives more accurate predictions for both
Cy and Cy,p, but the difference between CFD and ROM is larger than obtained with ENSOLV and
USM3D. This is most likely due the unsteadiness present in the calculated step response functions, which
reduce the accuracy of force and moment derivatives with respect to « and g. However, the ROM predicts
the presence of high frequency oscillations present in the CFD results.
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Figure 11: Modeling trajectory with a quasisteady and linear indicial response model.

VIIL SUMMARY

Within the framework of NATO STO AVT-251 Task Group on “MultiDisciplinary Design
and Performance Assessment of Effective, Agile NATO Air Vehicles,” a collaborative investigation
has been conducted on the use of indicial response functions to create ROMs of the dynamic
performance of the MULDICON configuration. Four organizations participated in this study, using a
variety of CFD codes, computational grids, and turbulence models as well as methods to build the ROM.
The tested codes include ENSOLV at NLR, Kestrel at USAFA, and USM3D at NASA LaRC. NLR and
NLDA collaborate on ROM method development.

ROMs were created using computed step response functions in angle of attack and pitch rate. Both effects
could be separated from each other using a grid motion technique. The ROMs were applied to a pull-up
trajectory at constant velocity with varying angle of attack and pitch angle, and with step changes in pitch
rate. Implementation of the indicial response method was fairly straightforward for this case. The ROM
predictions were compared to CFD results of the same manoeuver. Some variations were found between the
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CFD predictions of both the indicial step responses and the manoeuver. With the variety of methods used,
this was to be expected. Results obtained by USAFA using Kestrel contain a high level of unsteadiness,
especially the step responses to change in angle of attack and the pull-up manoeuver itself. This is a result of
the DDES modeling giving inherent unsteadiness, even at lower angles of attack. Without experimental
results to compare with, the accuracy of the CFD simulations cannot be assessed.

The goal of the study was to assess whether a ROM could be built that can predict the forces and moments
encountered during a pull-up manoeuvre with accuracy comparable to full-order CFD. Generally, the ROM
predictions compare reasonably well with the CFD results. It is noted that the pull-up manoeuvre simulated
here is a rather benign manoeuvre. On the other hand, the aerodynamic characteristics of the MULDICON
show unsteady flows at the high end of the range of angles of attack encountered during the manoeuvre. The
indicial response method provides predictions that include transient effects. The occurrence of peak loads
due to step changes are consistently predicted by the ROMs. The CFD result of the manoeuvre calculated
with Kestrel contained high-frequency unsteadiness. To an extent, this was also present in the ROM
prediction. This is encouraging, since a desired attribute of a ROM is to be able to predict unsteadiness.

The accuracy of the ROM predictions rely heavily on the quality of the steady state solutions from which
step response calculations were started, as well as the convergence of the step response
calculations themselves. The step response calculations need to cover a time span, which is=
sufficiently long for all transients to disappear. The results presented here show that these points need to
be considered carefully, and that each specific case will require a tailored approach. This might become
cumbersome, especially when creating six degree-of-freedom models. Even though the indicial
response method itself is fairly straightforward to implement, this will likely prevent its use as a
general approach to the creation of ROMS.

VIII. ACKNOWLEDGMENTS

Michel van Rooij would like to acknowledge the support from the Knowledge & Innovation branch of
the Netherlands Ministry of Defense (grant number L1809).

Neal Frink and Brett Hiller extend their appreciation to the Vehicle Safety SE209 element of
the Technologies for Airplane State Awareness project, a subproject in the NASA System Wide
Safety Program.

Mehdi Ghoreyshi would like to thank Adam Jirasek for his help in generating the grids. Mehdi Ghoreyshi
is sponsored by the US Air Force Academy under agreement numbers of FA7000-17-2-0007. The
U.S. Government is authorized to reproduce and distribute reprints for Governmental purposes
notwithstanding any copyright notation thereon. The views and conclusions contained herein are those
of the authors and should not be interpreted as necessarily representing the official policies or
endorsements, either expressed or implied, of the organizations involved with this research or the U.S.
Government. Kestrel simulations used DoD HPCMP Onyx system located at the U.S. Army Engineering
Research Development Center.

15



IX. REFERENCES

[1] Cummings, R.M., Liersch, C., Schuette, A., “Multi-Disciplinary Design and Performance
Assessment of Effective, Agile NATO Air Vehicles,” AIAA Paper 2018-2838, AIAA Aviation and
Aeronautics Forum and Exposition, Atlanta GA, June 2018.

[2] Van Rooij, M.P.C., Cummings, R.M., “Aerodynamic design of an Unmanned Combat Air Vehicle
in a collaborative framework,” AIAA Paper 2018-2840, AIAA Auviation and Aeronautics Forum and
Exposition, Atlanta GA, June 2018.

[3] Nangia, R.K., Coppin, J., Ghoreyshi, M., “UCAV Wing Design, Assessment and Comparisons,”
AIAA Paper 2018-2842, AIAA Aviation and Aeronautics Forum and Exposition, Atlanta GA, June 2018.

[4] Schuette, A., Vormweg, J., Maye, R.G, Jeans, T.L., “Aerodynamic shaping design and vertical flow
design aspects of a 53deg swept flying wing configuration,” AIAA Paper 2018-2841, AIAA Aviation and
Aeronautics Forum and Exposition, Atlanta GA, June 2018.

[5] Ballhaus, W. F., and Goorjian, P. M., “Computation of Unsteady Transonic Flows by Indicial
Methods,” ATAA Journal, Vol. 16, No. 2, 1978, pp. 117-124, doi:10.2514/3.60868

[6] Tobak, M., Chapman, G. T., and Schiff, L. B., “Mathematical Modeling of the Aerodynamic
Characteristics in Flight Dynamics,” NASA TM-85880, 1984.

[7] Hall, K. C., Thomas, J. P., and Dowell, E. H., “Reduced-order Modelling of Unsteady Small-
Disturbance Using a Frequency-Domain Proper Orthogonal Decomposition Technique,” AIAA Paper 1999-
655, Jan. 1999.

[8] Goman, M. G., and Khrabov, A. N.,“State-Space Representation of Aerodynamic Characteristics of
An Aircraft at High Angles of Attack,” AIAA Paper 92-4651, Aug. 1992.

[9] Zhou, Q., Da Ronch, A., Li, Y., and Chen, G., “Reduced order unsteady aerodynamic model of a
rigid aerofoil in gust encounters”, Aerospace Science and Technology, Vil. 63, p. 203-213, Jan. 2017. DOI:
10.1016/j.ast.2016.12.029.

[10] Karakog, A., Kaya, H., “A Multi-objective Multi-disciplinary Optimization Methodology for NATO
AVT 251 UCAV — MULDICON”, AIAA Paper 2018-3001, AIAA Aviation and Aeronautics Forum and
Exposition, Atlanta GA, June 2018.

[11] Loechert, P., Liersch, C., Schuette, A., “Control Device Studies for Yaw Control without Vertical
Tail Plane on a 53° Swept Flying Wing Configuration,” AIAA Paper 2018-3329, AIAA Aviation and
Aeronautics Forum and Exposition, Atlanta GA, June 2018.

[12] Jirasek, A., Aref, P., Ghoreyshi, M., Cummings, R.M., Satchell, M., “Computational Design of S-
Duct Intakes for the NATO AVT-251 Multi-Disciplinary Configuration,” AIAA Paper 2018-3164, AIAA
Aviation and Aeronautics Forum and Exposition, Atlanta GA, June 2018.

[13] Da Ronch, A., Drofelnik, J., van Rooij, M.P.C., Kok, J.C., Panzeri, M., d’Ippolito, R, “On
Uncertainty Quantification of the Flow Predictions around the NATO STO AVT-251 Unmanned Aerial
Vehicle,” AIAA Paper 2018-2997, AIAA Aviation and Aeronautics Forum and Exposition, Atlanta GA,
June 2018.

[14]  Allen, J., Ghoreyshi, M., Jirasek, A., Satchell, M., “Aerodynamic Loads Identification and Modeling
of UCAV Configurations with Control Surfaces Using Prescribed CFD Maneuvers,” AIAA Paper 2018-

16



2999, AIAA Aviation and Aeronautics Forum and Exposition, Atlanta GA, June 2018.

[15] Kaya, H., Tiftik¢i, H., Kutluay, U., Sakarya, E., “A Multi-fidelity Aerodynamic Modelling
Approach for NATO AVT 251 UCAV — MULDICON,” AIAA Paper 2018-3000, AIAA Aviation and
Aeronautics Forum and Exposition, Atlanta GA, June 2018.

[16] Tobak, M., Schiff, L.B., “On the formulation of the aerodynamic characteristics in aircraft
dynamics,” NASA TR R-456, 1976.

[17] Ghoryeshi, M., Jirasek, A., and Cummings, R.M., “Computational Investigation into the Use of
Response Functions for Aerodynamic Loads Modeling,” AIAA Journal, Vol. 50, No. 6, 2012, pp. 1314—
1327.

[18] Ghoryeshi, M., Post, M. L., and Cummings, R. M., “CFD Calculation of Aerodynamic Indicial
Functions for a Generic Fighter Configuration,” ITEA journal of Test and Evaluation, VVol. 33, No. 6, 2012,
pp. 348-364.

[19]  Ghoreyshi, M. and Cummings, R.M., “Unsteady Aerodynamics Modeling for Aircraft Maneuvers: a
New Approach Using Time-Dependent Surrogate Modeling,” Journal of Aerospace Science and
Technology, Vol. 39, 2014, pp. 222 — 242.

[20]  Ghoreyshi, M., Cummings, R.M., Da Ronch, A., and Badcock, K.J., “Transonic Aerodynamic Load
Modeling of X-31 Aircraft Pitching Motions,” AIAA Journal, Vol. 51, No. 10, 2013, pp. 2447-2464.

[21]  Ghoreyshi, M., Frink, N.T., Van Rooij, M., Lofthouse, A.J., Cummings, R.M., Sudheer, N.,
“Collaborative Evaluation of CFD-t0-ROM Dynamic Modeling,” AIAA Paper 2016-1077.

[22] Da Ronch, A., Kharlamov, D., Ventura, A., Righi, M., Franciolini, M., Berci, M., “Extension of
Analytical Indicial Aerodynamics to Generic Trapezoidal Wings in Subsonic Flow,” ATAA SciTech Forum,
9 - 13 January 2017, Grapevine, Texas.

[23] Cummings, R.M., Schuette A., “Integrated Computational/Experimental Approach to Unmanned
Combat Air Vehicle Stability and Control Estimation,” Journal of Aircraft, VVol. 49, No. 6 (2012), pp. 1542-
1557. doi: 10.2514/1.C031430

[24]  Cummings, R.M.,Schuette A. et al., “Assessment of Stability and Control Prediction Methods for
NATO Air and Sea Vehicles,” NATO RTO/AVT, Final Report of the AVT-161 Task Group, RTO-TR-
AVT-161 AC/323(AVT-161)TP/440, Sept. 2012.

[25]  Schuette, A., Hummel, D., Hitzel, S.M., “Flow Physics Analyses of a Generic Unmanned Combat
Aerial Vehicle Configuration,” Journal of Aircraft, Vol. 49, No. 6 (2012), pp. 1638-1651. doi:
10.2514/1.C031386.

[26]  Frink, N.T., Tormalm, M., Schmidt, S., “Three Unstructured Computational Fluid Dynamics Studies
on Generic Unmanned Combat Aerial Vehicle,” Journal of Aircraft, 2012, Vol.49: 1619-1637,
10.2514/1.C031383

[27]  Spekreijse, S.P., Nijhuis, G.H., “User Guide of Endomo Version 2.60, A Graphical Interactive
Domain Decomposer For Multi-Block Domain Decomposition of Arbitrary Flow Domains,” NLR-CR-
98436, 1999.

[28]  Spekreijse, S.P., Nijhuis, G.H., “User Guide of Engrid, Version 4.20, A Graphical Interactive Grid

17



Generator For Arbitrary Multi-Block Domains,” NLR-CR-98436, 1998.

[29]  Spekreijse, S.P., Boerstoel, J.W., “An algorithm to check the topological validity of multi-block
domain decompositions,” 6th International Conference on Numerical Grid Generation in Computational
Field Simulations, University of Greenwich, London, England, 6th-9th July 1998, NLR-TP-1998-198.

[30]  Spekreijse, S.P., Kok, J.C, “Semi-automatic domain decomposition based on potential theory,” 7th
International Conference on Numerical Grid Generation in Computational Field Simulations, Whistler,
Canada, 25-28 September 2000, NLR-TP-2000-366.

[31] Kok, J.C., Prananta, B.B., “User guide of ENSOLV version 7.60. A flow solver for aerodynamic,
aeroelastic, and aeroacoustic applications using 3D multi-block structured grids,” NLR, July 2016.

[32] Kok, J.C., “A high-order low-dispersion symmetry-preserving finite-volume method for
compressible flow on curvilinear grids,” Journal of Computational Physics, 228, 6811-6832, 2009.

[33] Kok, J.C., “A symmetry and dispersion-relation preserving high-order scheme for aeroacoustics and
aerodynamics,” proceedings of ECCOMAS CFD 2006, Egmond aan Zee, The Netherlands, 5-8 September
2006, NLR-TP-2006-525.

[34] Menter, F.R. “Two-Equation Eddy-Viscosity Turbulence Models for Engineering Applications,”
AlAA Journal, 32 (8): 1598-1605, August 1994,

[35] Menter, F.R., Kuntz, M., and Langtry, R., “Ten Years of Industrial Experience with the SST
Turbulence Model,” Turbulence, Heat and Mass Transfer 4, ed: K. Hanjalic, Y. Nagano, and M. Tummers,
Begell House, Inc., 2003, pp. 625 - 632.

[36] Heldenmesh User Manual, Version 1.1, November 2016.

[37]  Frink, N. T., Pirzadeh, S. Z., Parikh, P. C., Pandya, M. J., Bhat, M. K., “The NASA tetrahedral
unstructured software system (TetrUSS),” The Aeronautical Journal , Vol. 104, No. 1040, 2000, pp. 491-
499.

[38] Pandya, M.J., Frink, N.T., Abdol-Hamid, K. S., Samareh, J. A., Parlette, E. B., Taft, J. R,
“Enhancements to TetrUSS for NASA Constellation Program,” Journal of Spacecraft and Rockets , Vol. 49,
No. 4, 2012, pp. 617-631.

[39]  Pirzadeh, S.Z., “Advanced Unstructured Grid Generation for Complex Aerodynamic Applications”,
AlAA Journal, Vol. 48, No. 5, 2010, pp. 904-915.

[40] Pandya, M.J., Frink, N.T., Ding, E., Parlette, E. B., “Toward Verification of USM3D Extensions for
Mixed Element Grids,” AIAA Paper 2013-2541.

[41] Pandya, M.J., Diskin, B., Thomas, J.L., Frink, N.T., “Improved Convergence and Robustness of
USM3D Solutions on Mixed-Element Grids,” AIAA Journal, Vol. 54, No. 9, 2016, pp. 2589-2610.

[42] Pandya, M.J., Diskin, B., Thomas, J.L., Frink, N.T., “Assessment of USM3D Hierarchical Adaptive
Nonlinear Method Preconditioners for Three-Dimensional Cases,” AIAA Journal, VVol.55, No. 10, 2017, pp.
3409-3424.

[43] Morton, S.A., McDaniel, D.R., “A Fixed-Wing Aircraft Simulation Tool for Improving DoD

18



Acquisition Efficiency,” Computing in Science & Engineering, 2016, Vol. 18, pp. 25-31.

[44] Morton, S.A., McDaniel, D.R., Sears, D.R., Tillman, B., Tuckey, T.R., “Kestrel: A Fixed Wing
Virtual Aircraft Product of the CREATE Program,” AIAA Paper 2009-0338, January 20009.

[45] McDaniel, D., Nichols, R., Eymann, T., Starr, R.,, Morton, S., “Accuracy and Performance
Improvements to Kestrel’s Near-Body Flow Solver,” AIAA Paper 2016-1051, January 2016.

[46] Godunov, S.K. “A Difference Scheme for Numerical Computation of Discontinuous Solution of
Hydrodynamic Equations,” Sbornik Mathematics 1959, Vol. 47, pp. 271-306.

[47] Tramel, R., Nichols, R., Buning, P., “Addition of Improved Shock-Capturing Schemes to
OVERFLOW?2.1,” AIAA Paper 2009-3988, June 2009.

19





