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Comparison of Two Navier-Stokes Methods with Benchmark
Active Control Technology Experiments

Robert E. Bartels* and David M. Schuster
NASA Langley Research Center, Hampton, Virginia 23681-2199

Two commonly used three-dimensional compressible Navier-Stokes codes are applied to select test cases from an
experimental data set on a model known as the Benchmark Active Control Technology (BACT) wing. The BACT
test provides data for the validationof aerodynamic, aeroelastic, and active aeroelastic control simulation codes. An
overview will be presented of the two Navier-Stokes aeroelastic codes currently being used in an analysisof thatdata.
A collection of results obtained by the two methods will be compared with the BACT experimental data for a wing
with a statically deflected spoiler and statically and dynamically deflected aileron. Both methods employ structured
computationalfluid dynamics flow solvers and continuoussurface modeling for the computation of complex moving
control surface geometry. Motivation for this work is the developmentof an integrated computationalaeroelasticity
and active control simulation capability for the transonic flight regime and validation of that capability using the

BACT wing data.

Nomenclature
wing chord (16 in.)
frequency of aileron oscillation, Hz
Mach number
Reynolds number, based on wing chord
angle of attack, deg
aileron mean deflection angle, deg
spoiler deflection angle, deg
span-wise coordinate, = y/ytip
aileron oscillation amplitude, deg
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Introduction

HIS paper presents computationsusing the aeroelastic Navier-

Stokes/Euler codes CFL3DAE!? and ENS3DAE,® both of
which are used extensivelyin steady and unsteady aeroelasticanaly-
sis. The firstmethod, known as ENS3DAE, was developedin the late
1980s by Lockheed-Georgia under contract to the U.S. Air Force
Research Laboratory. This program has been used to solve numer-
ous aerodynamicand aeroelasticproblems abouta wide range of ge-
ometriesincludingwings, wing/fuselage,propulsion,and integrated
airframe/propulsion configurations. The second method, known as
CFL3DAE, has been developed more recently at the NASA Langley
Research Center. Although several aeroelastic versions of CFL3D
have had limited application, the aerodynamic base version of the
code has beenused to analyzea very widerange of problems and has
become a staple for computational aerodynamicsresearch through-
out the industry.

These two codes have recently been applied to select test cases
from the Benchmark Active Control Technology (BACT)* test con-
ducted in the NASA Langley Transonic Dynamics Tunnel (TDT).
These tests were conducted for the purpose of providing data for
the validation of aerodynamic, aeroelastic, and active aeroelastic
control simulation codes. The extensive database from these exper-
iments includes steady and unsteady pressures for a wide range of
static and oscillatory spoiler and aileron deflections. It also includes
aeroelastic data acquired by mounting the wing on a flexible mount
known as a pitch-and-plunge apparatus. Unsteady pressure, flutter
onset, and transient time history data of aeroelastic motion excited
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by control surface motion were acquired during these tests. Active
flutter suppression control systems using spoiler and trailing-edge
control surfaces were also tested.

The purpose of this paper is to highlight the BACT test data as
a source for correlation with computational fluid dynamics (CFD)
methods and present an overview of several Navier-Stokes codes
currently being applied to an analysis of this data. Because there
is continuing interest in the validation of fluid dynamic codes for
viscousdominated problems, this database provides many test cases
from which to draw. The relatively simple geometry and/or aero-
dynamic complexity of many of the test cases are ideally suited
to analysis using the Navier-Stokes equations. These include tran-
sonic flows involving shock waves interacting with boundary layers,
generationof vortices, and separatedboundary layers. The complex
flows induced by large spoiler and trailing-edge control surface de-
flections also warrant use of analysis methods of the class used here.
In this paper steady and unsteady transonic flow computations for
statically deflected and harmonically oscillating control surfaces
will be presented, and computations from the two codes will be
compared with experimental pressure data.

Although high-order CFD methods will be used, simplifications
are made with respect to the modeling of turbulence and surface ge-
ometry. Surface geometry will be modeled using one continuoussur-
face to represent both the wing and control surfaces. The two codes
use finite difference (ENS3DAE) vs finite volume (CFL3DAE) dis-
cretizations,differentdynamically deformingmesh schemes includ-
ing surface and wake cut motion, and different approaches to the
time accurate computation of the Navier-Stokes equations in the
presence of a deforming mesh. The flow turbulenceis also modeled
using simplified equation sets. In the present computations the tur-
bulence models to be used are the Spalart-Allmaras model® used
in CFL3DAE and the Baldwin-Lomax model® used in ENS3DAE.
These representdiffering levels of simplification in the modeling of
turbulence and thus should be expected to impact the results in at
least some of the cases examined here.

This paper begins with a brief summary of the flow solvers to be
used and of the geometry of the wing and control surfaces to be mod-
eled. This is followed by a discussion of computational results and
comparisons with experiment. Steady results for deflected trailing-
edge control surface (aileron) and spoiler will be presented first,
followed by unsteady results induced by the harmonic oscillation of
the aileron surface.

Solution Approach
Computational aerodynamics development has progressed at a
rapid pace for nearly three decades, and these methods have become
an invaluable tool for aerodynamic analysis and design. However,
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the majority of the development has focused on steady aerody-
namic simulations, and the algorithms and codes have been opti-
mized for these types of problems. Only recently have researchers
begun to seriously apply higher-order computational methods to
three-dimensionalunsteady flows. For these problems temporal ac-
curacy is as important to the analysis as is spatial accuracy. The
damping properties of both the spatial and temporal components of
the algorithm play a large role in the ability of a given method to
accurately predict unsteady flows. This is especially true for self-
excited unsteady flows such as periodic vorticity shedding caused
by separation and shock boundary-layerinteraction. Therefore, we
will compare results from two computational aeroelasticity algo-
rithms that take significantly different approaches to the solution
of the aerodynamic equations of motion. It is not our purpose to
assess the preceding questions much less to answer them, but rather
to stimulate further research in this area by comparing results using
different algorithms on a realistic unsteady aerodynamics problem
for which experimental data is available.

ENS3DAE

ENS3DAE solves the full three-dimensional compressible
Reynolds-averaged Navier-Stokes equations using an implicit ap-
proximate factorization algorithm. Central finite differences are
used to spatially discretize the problem. A three-dimensional im-
plementation of the Beam-Warming implicit scheme is employed
for the temporal integration. Blended second- and fourth-order dis-
sipation is added to the explicit right-hand side of the equations,
and implicit second-order dissipation is added to improve the di-
agonal dominance of the matrix system. The method accepts ei-
ther single- or multiple-block curvilinear grid topologies and can
be run in a steady state or time-accurate mode by specifying local
or global time stepping, respectively. Turbulence characteristicsare
predicted using the Baldwin-Lomax algebraic turbulence model or
the Johnson-King model. For the present calculationsthe Baldwin-
Lomax model is used with transition assumed to be at the leading
edge of the wing. A multigrid option for steady flows has recently
been added to the method, and the code has been explicitly written
to take advantage of vectorization. Directives for parallel operation
on shared memory processorsare alsoincludedin the programming,
and the method is regularly run on eight or more processors.

A linear generalized mode shape structural model is closely cou-
pled with the aerodynamic method to analyze structurally flexible
vehicles. Modal motion is also used for prescribed control surface
motion. Figure 1 presents the manner in which the two codes move
the wake cut in response to trailing-edge motion. As can be seen
in this figure, ENS3DAE moves the wake cut by extending the line
through the trailing edge horizontally to the downstream point. Be-
cause dynamic aeroelastic and oscillating control surface simula-
tions require grid models that deform in time, a geometric conser-
vation law (GCL)’ has also been incorporatedin the code.

CFL3DAE

CFL3DAE solves the thin-layer three-dimensionalcompressible
Reynolds-averaged Navier-Stokes equations. The integral form of
the equations is spatially discretized with volume integrals eval-
uated at cell centers and fluxes evaluated at cell faces. Typically,
upwind differencingof the fluxes is used. Here, third-orderupwind-
biased Roe’s flux difference splitting and a minmod flux limiter
and second-order-accurae backward time differencing are used.
An implicit approximate factorization algorithm is used to solve
the equations. Physical time subiteration (t-TS) and local (Courant-
Friedrichs-Lewy) based pseudotime subiteration (z-TS) are avail-

ENS3DAE

CFL3DAE

Dynamic wake cut

7\Dy:mic wake cut

Surface motion
(shearing)

| Surface motion
(rigid bodly rotation)

Fig. 1 Surface motion and dynamic wake cut modeling.

able. Typically the 7-TS method is employed to accelerate conver-
gence at each time step. CFL3D version 5.0, on which the current
aeroelastic version of the code is based, includes many turbulence
models. The turbulence model used in the present computations is
the Spalart-Allmaras model, used here because of its performance
in the presence of separated flow and because of past excellent per-
formance in computations with large time step. The turbulence in
this model evolves naturally from the leading edge.

There have been several aeroelastic versions of the code de-
veloped. The present version incorporates a new deforming mesh
scheme based on the spring analogy and incorporates the GCL into
the Navier-Stokes equations? Special attention has been paid to
treatment of the grid at wall boundaries and in the wake. In partic-
ular, the orthogonality of the grid points within the boundary layer
is maintained even at large surface deflection. Frequently, shearing
or one- or two-dimensional modal motion is used to model con-
trol surface motion, each of which introducedistortion. The present
CFL3DAE code models prescribed wing or control surface motion
as true solid body motion, eliminating this potential source of solu-
tion error. The movement of the wake cut has also been addressed.
Referring again to Fig. 1, CFL3DAE extends the wake cut from the
trailingedge by bisectingthe trailing-edgeupper and lower surfaces.
An exponential decay downstream returns the wake cut to a hori-
zontal asymptote well before one chord length has passed. Although
not used in the computations discussed in this paper, the code also
has static and dynamic aeroelastic capability. For the simulation of
unsteady responses, a closely coupled time-marching solution of
the aeroelastic equations of motion is obtained using a predictor-
corrector linear finite dimensional state-space formulation of the
uncoupled modal equations®

BACT Wing Geometry and Experimental Data

The NASA Langley BACT wingis used to performall simulations
presented in this paper. A schematic of its geometry can be found
elsewhere.” The BACT model is a rectangular wing with a NACA
0012 airfoil section. The wing has a semispan of 32 in. (81.28 cm)
plus tip of revolution and a chord of 16 in. (40.64 cm). It is fitted
with an aileron (trailing-edge) control surface thatextends from45 to
75% spanand has achord of 25% of the wing chord. The wind-tunnel
model also had upper and lower surface spoilers, which extend from
60 to 75% chord and over the same span as the aileron. The spoilers
were not constructed to conform to the airfoil shape, but rather had
flat external surfaces. This is in contrast to the surface shape used in
the computational model, which did not account for the flat spoiler
surface, using rather the theoretical airfoil shape. Experimental data
for this wing include overall wing forces and moments as well as
unsteady pressures. A row of pressure transducers were located on
the upper and lower surfaces of the wing at 60% span, which coin-
cides with the span-wise center of the aileron and spoilers. Pressures
were measured from the wing leading edge to the trailing edge at
this wing station. In addition, a second row of pressure transducers
was located at 40% span. At this location upper and lower surface
pressures were measured from 60% chord to the wing trailing edge.
The model also included a transition strip at 10% chord.

Because the BACT wing has a blunt leading-edge, 12% thick
airfoil section,a C-H grid topology is used to model this configura-
tion. This grid consists of a total of 332,469 grid points distributed
with 153 points in the wraparound or C direction, 53 points in the
span-wise or H direction, and 41 points from the wing surface to
the outer boundary. This grid was used in the computations per-
formed by both codes. An isometric view of the BACT surface grid
with the aileron deflected —5 deg is presented in Fig. 2. The grid
lines are placed in the span-wise direction to accurately define the
edges of the trailing-edge control surface. In addition, there is a
grid line precisely at 40 and 60% span so that a direct compari-
son can be made with available experimental data. The stream-wise
distribution and clustering of grid points is also tailored to model
accuratelythe aileronhinge line. The aileron deflection for the static
cases is obtained by preprocessing the airfoil sections used to de-
fine the wing surface. A rigid-body rotation of the trailing-edge
portion of the airfoil sections at the inboard and outboard edges of
the control surface is performed to define new airfoil contours at
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Fig.2 Isometric view of BACT wing surface grid with aileron deflected
(0air. =— 5 deg).

Upper
surface
grid:

Isomettic view
of upper surfacg
with spoiler:

Fig. 3 Surface and flowfield grids for upper surface spoiler deflected
(sp. =— 15 deg).

these wing stations. The airfoils just inboard and just outboard of
the aileron are left unchanged. The flowfield grid is then generated
about this modified geometry using the same techniques as for the
case where the aileron is not deflected. This method is simple and
very efficient to implement. However, the resultis a model that does
not have gaps between the control-surfacespan-wise edges and the
main wing. Although not a significant problem for analyses involv-
ing small control-surface deflections, for which these gaps will be
small, the error caused by this model can become significant when
large control-surface deflections are simulated.

The continuous surface approach is also used for the spoiler,
modeled here as a ramp of finite span and backward-facing step.
The upper surface spoiler and associated grid lines at a —15-deg
deflectionare shown in Fig. 3. Clearly, this approach does not model
the effect of the cavity beneath the spoiler, nor the gap between the
spoiler and flap leading edge. It does offer, however, a rapid, easily
implemented approach to three-dimensionalspoilermodeling in the
context of a structured mesh scheme. Aside from these limitations
in the surface modeling, the spoiler deflection is modeled with the
correct rigid-body rotation about the hinge line, and clustering at
each of the four spoiler edges is used to resolve the surface slope
discontinuities.Over the backward step three surface grid points are
spaced more or less evenly.

For cases where the aileron s oscillated,a mode shape describing
the aileron deflection is input directly into the ENS3DAE program.
The undeflected grid is used as the basis for the aerodynamic so-
lution. The grid is deformed in time by superimposing the aileron
deflection mode shape on the baseline grid and using ENS3DAE’s
built-in grid motion capability to deflect the grid. This method ef-
fectively shears the grid in the vicinity of the aileron, and control-
surface gaps are not simulated. The mode shape is also defined as
a deflection only in the vertical direction so that the chord of the
control surface is stretched as the aileron is deflected. For small de-
flections this stretching is negligible.In the CFL3DAE programthe
harmonic aileron oscillation is accomplished by solid surface rota-
tion. The near-surfacefluid mesh also moves with the aileron, bothin
translation and rotation, exponentially decaying to a mesh obtained
by a modified spring analogy. The advantage of this approach is
that the original orientation of near-surfacefluid grids is maintained
through the entire range of motion. This approach results in a for-

ward and aft motion of the surface grids and fluid mesh near the
leading edge of the aileron, requiring that the mesh near the aileron
leadingedgebe tested for grid line crossingateach time step. Surface
grids are relocated as needed to maintain surface grid smoothness.

Results
BACT Wing Static Analyses

Static and dynamic rigid calculations were performed on the
BACT wing with ENS3DAE and CFL3DAE providing viscous
full and thin-layer Reynolds-averaged Navier-Stokes simulations.
These calculations were compared with experimental data acquired
in heavy gas in NASA Langley Research Center’s TDT. The nom-
inal flight conditions for these calculations are Mach 0.77 and a
Reynolds number of 3.96 million based on the wing chord, which
coincide with the test data acquired in the TDT.

Static calculations were performed with fixed aileron and spoiler
deflections. Both ENS3DAE and CFL3DAE used gridshavingiden-
tical dimensions and nearly identical grid spacing for the static
aileron cases. Figure 4 shows the pressure distribution for the
ENS3DAE and CFL3DAE Navier-Stokes calculationsat M =0.77,
a =0.0 deg, and 6;, =5.0 deg. At these conditions the wing gen-
erates lift as a result of the aileron deflection. The comparison be-
tween ENS3DAE and CFL3DAE is good at these conditions, which
represent a relatively small control-surface deflection. The overall
characterof the pressure distributionis the same for the two theoret-
ical methods with relatively minor differences confined to the area
between 20 and 60% chord. ENS3DAE also seems to round off the
peak in the pressure distributionin the vicinity of the aileron hinge
line. This is likely caused by the differencein the spatial formulation
of the two codes. Upwind schemes, as used by CFL3DAE, have a
demonstrated ability to capture sharper pressure discontinuities for
shock waves than schemes based on central differences. It appears
that this feature can further carry over to surface discontinuitieslike
hinge lines. The theoretical and experimental pressures agree well
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Fig.4 Steady BACT pressures, d,;. =5.0 deg, and Re, =3.96 X 10°.
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Fig.5 Steady BACT pressures, d,;. =10.0 deg, and Re, = 3.96 X 10°.

on the aft portion of the wing and on the entire lower surface. How-
ever, the upper surface pressures,on the forward portion of the wing
and just ahead of the aileron hinge line, do not agree well with the
experimental data. The theory predictsa consistentlylower pressure
on these areas of the wing.

Figure 5 presents the pressure distribution for viscous solutions
using the two codes at the same condition as in Fig. 4, but with
O, = 10.0 deg. Comparing the two theoretical methods, this case
producessimilarbehavioras the precedingcase. The computedsolu-
tions agree well over the wing lower surface. However, the pressures
are displaced from the experimental data over the entire upper sur-
face of the wing. Both solutions are much different than experiment
from just ahead of the spoiler hinge line to the trailing edge. The
experimental data indicate a flow separationon the upper surface of
the aileron beginning at 80% chord that is not predicted by either of
the computations.

Figure 3 shows the surface and flowfield grid for a spoiler de-
flected at &, =—15.0 deg. To resolve the additional surface slope
discontinuities of the spoiler geometry compared to those of the
trailing-edge control-surface cases, a finer grid with dimensions
201 X73 X73 was used. Additional grids in the directions span-
wise, streamwise, and normal to the surface were added to capture
somewhat better the reversed flow region and shear layer behind the
spoiler trailing edge. Because of the added geometric complexity
of the deflected spoiler, the Navier-Stokes equations in this com-
putation included the thin-layer viscous terms in all three coor-
dinate directions. A converged steady-state solution obtained with
CFL3DAE at M =0.77 and o = 0.0 degis representedin Fig. 6. The
computed results show remarkably good agreement with the exper-
iment, especially so when compared with the moderate comparison
of the computationsin Fig. 5 with the data. Although the results are
not shown here, computations with a mesh having the same overall
number of grids as was used in the aileron computationsstill showed
very good agreement with the statically deflected spoiler data.
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Fig.6 Steady BACT pressures, dsp. =— 15.0 deg, and Re, =3.96 X 10°.

BACT Wing Unsteady Analysis

Unsteady simulations have been performed by harmonically os-
cillating the BACT aileron at a specified frequency and amplitude.
The two codes used identically dimensioned grids for the dynamic
case, however, with somewhat different clustering at the hinge line.
The solution with CFL3DAE was made with more clustering of
grids in the stream-wise direction at the hinge line, which will ac-
count for some of the differences in the dynamic results to follow.
Furthermore, differences in the grid motion algorithms employed
by the codes during the dynamic motion of the aileron caused the
grids to differ as the dynamic solution progressed. Using a steady
solution about the baseline condition without aileron deflection, the
unsteady computations were performed by impulsively starting the
aileron oscillation. The solution is allowed to progress until a total
of at least three cycles of aileron oscillation are completed. For
the simulations presented in this paper, the aileron is oscillated
sinusoidally with an amplitude of 2 deg at a frequency of 5 Hz,
which corresponds to a reduced frequency of 0.056 based on wing
semichord.

The unsteady pressures at the 40 and 60% span station are ana-
lyzed by taking the fast Fourier transform of the pressures during
the final cycle of aileron motion. The real and imaginary compo-
nents are then scaled by the amplitude of the aileron deflection. In
the next figures the real component of the unsteady pressure rep-
resents the pressure perturbation that is in-phase with the aileron
motion, whereas the imaginary component represents the pressure
perturbation whose phase lags the aileron motion by 90 deg.

The mean pressure during the aileron oscillationis also extracted
from the theoretical and experimental data. Figure 7 compares
the computed and experimental mean pressures for the oscillating
aileron case. Here, the comparison between the two theories and
the experimental data is excellent. The aileron motion for this case
is symmetrical, and the wing is at 0 deg angle of attack, and so
the mean pressure should be identical for the upper and lower sur-
faces for this symmetrical airfoil section. Both theories predict an
identically symmetrical mean pressure distribution during the
aileron oscillation.
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Fig. 7 Mean BACT pressures, 0;. =2.0 deg, f=5 Hz, and Re, =
3.96 X 106,

Figure 8 compares the in-phase and out-of-phase perturbation
pressures at the 40% span, whereas Fig. 9 presents this same com-
parisonat 60% span. The vertical scale of the imaginary component
is significantly expanded from that of the real component. Both of
these figures show that at this low reduced frequency the pressure
coefficient response to the aileron deflection is primarily in-phase
with the aileron motion because the real components of the pres-
sures are noticeably larger in amplitude than the imaginary compo-
nents. The comparison of both the real and imaginary components
of pressure with the experimental data are very good at the 40%
span station. The in-phase components of the two computed so-
lutions also compare favorably here. However, there is a notable
difference in the computed out-of-phase components near the wing
leading edge. This could become significant for flows where the
in-phase and out-of-phase pressure components are of comparable
magnitude.

The comparison is also good for the real pressure at 60% span
from 60% chord aft. The jump in the experimental real component
of the pressure in Fig. 9 is caused by the spoiler hinge line at 60%
chord. This is not modeled in the present computations. The aileron
extends from 75% chord aft, and the agreement between theory and
experiment on this portion of the wing is excellent. In a notable
similarity between the two computed solutions, it is significant that
both show the crossover of the imaginary part at the same location,
which is far aft of the point at which the experiment shows the
Crossover.

Finally, Table 1 compares the performance of the two codes for
the unsteady case just discussed. This comparison represents the
smallest number of time steps per cycle that could be taken by the
two methods without adversely affecting solution accuracy. These
data graphically reveal the difference in performance of the t-TS
(ENS3DAE) and the 7-TS (CFL3DAE) methods of subiteration
and the two approachesto flux differencing. CFL3DAE is capableof
simulatingthis flow conditionafull five times fasterthan ENS3DAE.
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Fig. 8 Unsteady BACT pressures, 0,;. =2.0 deg, f=5 Hz, n=0.40,
and Re, =3.96 X 10°.
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Fig.9 Unsteady BACT pressures, 6,;. =2.0deg, f =5Hz,n=0.60,and
Re; =3.96 X 105,
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Table 1 Code performance comparison

CRAY C-90
Time steps No. of Method of  time/cycle,
Method percycle  subiterations subiteration min.
ENS3DAE 3300 1 t-TS 175
CFL3DAE 128 5 7-TS 35
Conclusions

Two computational aeroelasticity programs based on Navier—
Stokes aerodynamics have been used to compute steady and un-
steady flows about the BACT wing. The two methodologies,known
as ENS3DAE and CFL3DAE, use significantly differentapproaches
to the solution of the aerodynamic equations of motion as well as
the implementation of their respective dynamic grid motion mod-
ules. Nevertheless, the two codes compare favorably when applied
to the BACT wing with static and oscillating aileron deflections. At
a static aileron angle of 5 deg, the two methods are in very good
agreement with the experiment. At 10 deg aileron angle the two
methods are significantly different from experiment. This is likely
because neither computation predicts the separation on the upper
surface of the aileron, at 10 deg deflection, exhibited in the exper-
imental data. This separation very likely impacts the flow on the
entire upper surface of the wing. It is speculated that the large-scale
separation seen in the experimental data may be from a variety of
geometry-related causes. It may be in part caused by influence of
aileron side edge venting, spoiler surface discontinuities discussed
earlierin thisreport,and possibly some pressureleakagebetweenthe
aileron and spoiler hinge lines through the spoiler cavity. Modeling
of this geometric complexity may be required to capture adequately
the flow at large deflection. This conjecture is substantiated by the
fact that the separated flow aft of the deflected spoiler is modeled
well, indicating that the flow and turbulence model used in the de-
flected spoiler computationis adequate for that case and indeed for

all of the cases considered here. The unsteady results have revealed
several similarities and differences between the two codes and ex-
periment. In general, the two codes agree well, with differences
mainly between them and experiment. This may again be caused by
the insufficiency of the geometric model used in the computations.
Finally, a comparison of the performance of the two methods has
been shown, revealing the differencein performance of the t-TS and
the 7-T'S methods of subiterationand the two approachesto flux dif-
ferencing. For the present cases the 7-TS method has resulted in a
significant increase in performance.
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