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Navier–Stokes Computations of Limit-Cycle
Oscillations for a B-1-Like Con� guration
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A nonlinearaeroelastic analysismethod that solves for the Navier–Stokes equations is put to test in an attempt to
capture a limit-cycle oscillation (LCO) phenomenon that is characterized by a coupling of aerodynamic forces due
to vortical � ow with the elastic response of a wing structure. Time-accurate solutions are computed for unsteady,
transonic (M 1 = 0.975), and viscous (Rec = 5:9 3 106 ) � ows over a B-1-like wing-body con� guration at angles of
attack of 7.38,7.88,8.00,8.13,8.25,and 8.38 deg. All � ow� eld solutionsare obtained with the CFL3D Euler/Navier–

Stokes solver that was extensively modi� ed for strongly coupled nonlinear aeroelastic analyses. Phase diagrams
and aerodynamic damping estimates are used to identify LCO. The predicted aerodynamic damping appears to
capture the trends of the experimental data. There is a good correlation between experimental oil� ow images and
computed instantaneous streamline patterns. The computed amplitude of the wing structural response is much
smaller than indicated by � ight and wind-tunnel tests. The choice of the computational time step size is identi� ed
as a major factor in modeling the development of LCO.

Introduction

T HE modeling of the interaction between aerodynamic and
structural phenomena has become commonplace for � ight

regimes where aerodynamicsand structurescan both be modeled as
linear systems. As long as this basic assumption applies, static and
dynamicaeroelasticeffectscan be accuratelyand inexpensivelypre-
dicted using software packages that combine a linear � nite element
formulation1 for modeling the structuraldynamics with linear aero-
dynamics theory such as a doublet-lattice method.2 This approach
fails as structures and/or aerodynamics become nonlinear. Exam-
ples of such instancesare transonic � utter, control surface buzz, and
limit-cycle oscillations (LCO).

Over the years, several attempts have been made to produce
a nonlinear aeroelastic analysis capability by coupling advanced
Euler/Navier–Stokes solvers with computational structures meth-
ods. Recently,an academia/government/industryconsortium,called
Aerodynamics–Structures–Control Interaction, has set out to eval-
uate several of these nonlinear aeroelastic analysis methods in the
following � ve categories: 1) static aeroelasticity, 2) transonic � ut-
ter, 3) LCO with shocks, 4) LCO with separation/vortices, and
5) buzz. As part of this evaluation effort, this paper highlights
some experienceswith applicationsof an aeroelastic version of the
Euler/Navier–Stokes CFL3D3¡5 code to simulationsof the B-1 LCO
phenomenon.

This LCO problem was chosen as a test case because there is
an extensive experimental database available6 and because it still
awaits a successful simulation using nonlinear aeroelastic analysis.
Several years ago,Guruswamy7 usedhis state-of-the-artENSAERO
method to tackle this computationalchallenge.For static aeroelastic
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cases,Guruswamy’s computed� ow� eld resultscorrelatedwell with
experimental data, yet his dynamic aeroelastic analysis fell short of
capturing the LCO phenomenon. Two conjectures were offered to
explain this shortfall: insuf� cient geometric � delity in gridding the
outer wing portion and the lack of suitable turbulence models to
model unsteady vortical � ow. The present study made an effort to
model the outer wing section accurately, that is, the swing wing.
There is still no way of addressing the second conjecture. The ex-
perience has been that the algebraic Baldwin–Lomax model with
the so-called Degani–Schiff modi� cations still is the standard for
modeling steady vortical � ows. It might be insuf� cient for model-
ing unsteadyvortical � ow, yet its more modern and computationally
more expensivecompetitors show at best similar, yet mostly poorer,
performance in modeling steady vortical � ow. That makes for no
good case to expect superiorperformance for accurately computing
unsteady vortical � ow.

Along with the various releases of the CFL3D code, several
aeroelastic versions of CFL3D have been developed.8¡11 The
aeroelastic version of the CFL3D method used in this study has
been developed under the NASA/Industry High-Speed Research
(HSR) program, where it was heavily used for generating non-
linear loads, simulating � utter,12 and assessing static aeroelastic
effects on aerodynamic performance.13 In the HSR program, the
CFL3D method was selected for further improvement of its aero-
elastic modeling capabilities because it offered, at the time this de-
cision was made, the most versatility. Compared to other public-
domain Euler/Navier–Stokes methods, the CFL3D solver offered
more turbulence models; it could handle blocked, overlapped, and
embeddedmultizonestructuredgrids; and it came with an advanced
time-integration algorithm for computing solutions to unsteady
� ow.14

Next, brief discussions are offered of some salient technical fea-
tures of the aeroelastic version of CFL3D employed in the present
studies.These discussionsare intended to set expectationsabout the
capabilities and the limitations of this method. Thereafter, results
will be presentedfor time-accuratesolutions for unsteady,transonic
(M1 D 0:975), and viscous (Rec D 5:9 £ 106 , where c is the mean
aerodynamicchord) � ows over a B-1-like wing/body con� guration
at angles of attack of 7.38, 7.88, 8.00, 8.13, 8.25, and 8.38 deg.
The process for obtaining dynamic aeroelastic solutions will be de-
scribed. Phase diagrams and aerodynamic damping estimates are
used to identify LCO, and some light will be shed on the selection
of proper computational time step sizes for modeling the develop-
ment of LCO.
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Technical Approach
Solution Process

This study was conducted with a closely coupled nonlinear
aeroelastic analysis methodology.The coupling of a computational
structures method (CSM) with a computational � uid dynamics
(CFD) method was based on the approach in the CAP-TSD code.15

Recalling that the CAP-TSD method uses a predictor–corrector
CSM, the time integrationat each time level .n C 1/ involves1) pre-
dicting (estimating) structural displacements using � ow and struc-
tures information from time levels .n/ and (n ¡ 1), 2) adjusting
computational surface and volume grids, 3) updating metric terms
and Jacobians, 4) updating � ow boundary conditions (body surface
speeds, Navier–Stokes solutions only), 5) computing the solution
to Euler/Navier–Stokes equations at time level .n C 1/, 6) recom-
puting structural loads with solution from step 5, and 7) correcting
structural displacements.

Equations of Structural Motion

As proposed by Cunningham et al.,15 the equations of structural
motion are derived by assuming that they can be described by a
separation of time and space variables in a truncated � nite modal
series. This modal series consists of a summation of the free vibra-
tion modes hi weighted by the generalized displacement qi such
that

±x .x; y; z; t/ D
nX

i D 1

qi .t/hxi .x; y; z/

±y.x; y; z; t/ D
nX

i D 1

qi .t/hyi .x; y; z/

±z.x; y; z; t/ D
nX

i D 1

qi .t/hzi .x; y; z/ (1)

where ±x , ±y , and ±z are the structural de� ections and hx , hy , and hz

are the modal de� ections for mode i in each coordinate direction.
After applying Lagrange’s equation to this system, the structural
equations of motion for each mode i assume

mi Rqi C gi Pqi C ki qi D Qi (2)

where mi is the generalizedmass, gi is the generalizeddamping, ki

is the generalized stiffness, and Qi is the generalized aerodynamic
force computedby integratingthe local surfacepressurecoef� cients
weighted by the mode shapes. The generalized aerodynamic force
Qi for each mode i is given by
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The solution to each normal mode equation in Eq. (2) is sketched
in Ref. 15. For the sake of completeness, a detailed description
of the time-marching solution process is provided here. Recasting
Eq. (2) as
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i Qi (4)

permits formulating the equations of structural motion in � rst-order
state-space form:
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Equation (6) is a � nite-dimensional linear differential equation
whose solution is given by

xi .t/ D U .t/xi .t D 0/ C
Z t

0

eA.t ¡ ¿ /BQi .¿ / d¿ (7)

In general,the state-transitionmatrix U canbe calculatedto any level
of accuracy by includinga suf� cient number of terms of a series ex-
pansionof this matrix exponentialfunction.Because the aeroelastic
problem here assumes normal modes, a closed-form expression for
each element of the state-transitionmatrix U is available,15

’11 D eat cos.bt/ ¡ .a=b/eat sin.bt/

’21 D ¡[.a2 C b2/=b]eat sin.bt/; ’12 D .1=b/eat sin.bt/

’22 D eat cos.bt/ C .a=b/eat sin.bt/ (8)

with

a D ¡gi=2; b D
£
ki=mi C a2

¤0:5

As proposed in Ref. 15, Eq. (7) is integrated between any two sub-
sequent time levels, n and n C 1, by

xi [.n C 1/ D t] D U . D t/xi .n D t/

C
Z

.n C 1/1t

n1t

expfA[.n C 1/ D t ¡ ¿ ]gBQi .¿ / d¿ (9)

If Qi varies linearly in any time interval D t, Eq. (9) is solved using
a predictor–corrector scheme that � rst extrapolates Qi to predict a
preliminary displacement

Qxn C 1
i D U xn

i C H
¡
3Qn

i ¡ Qn ¡ 1
i

¢¯
2 (10)

The results from Eq. (10) are used to update the � ow� eld solution
and to evaluate the loads QQn C 1

i . These values are then used in the
corrector step to compute

xn C 1
i D U xn

i C H
¡ QQn C 1

i C Qn
i

¢¯
2 (11)

The elements of the integrated state-transitionmatrix 2 are

H 11 D [ea1t=.a2 C b2/][2a cos.bD t/ C .b ¡ a2=b/ sin.b D t/ ¡ 2a]

H 12 D [ea1t=.a2 C b2/][.a=b/ sin.bD t/ ¡ cos.b D t/] ¡ 1=.a2 C b2/

H 21 D .ea1t =b/[b cos.b D t/ ¡ a sin.b D t/] ¡ 1

H 22 D [ea1t=.a2 C b2/][.b C a2=b/ sin.b D t/] (12)

Note that both U and H dependonly on structuralpropertiesand on
the constant user-speci�ed time step size D t. Thus, both U and H
only need to be computedat the beginningof an aeroelasticsolution.
Also, note that Eq. (10), taken together with the solution process at
the beginning of this section, implies Qn

i D QQn
i . This linearization,

although followingestablishedstandards for aeroelasticversionsof
CFL3D, reduces the solution of Eq. (9) back to � rst order, negating
the bene� ts of the predictor–corrector approach. Future implemen-
tors of this coupling of structures and aerodynamics might want to
improve on this process.

Governing Equations of Flow

The CFL3D method solves for the Euler/Navier–Stokes equa-
tions, which are written here as

1

J
@Q
@t

D R.Q/ (13)

where J is the Jacobianof the transformationfrom physical to curvi-
linearbody-conformingcoordinates,Q the vectorof dependent� ow
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variables (i.e., mass, momentum, and energy), and R the so-called
right-hand side

R D ¡
µ

@.F ¡ Fv /

@»
C

@.G ¡ Gv/

@´
C

@.H ¡ Hv /

@³

¶
(14)

with the inviscid and viscous (subscriptv) � ux terms. Details of the
equations can readily be found in Refs. 3–5 and 14. For reasons of
numerical stability, the ¿ –TS method, which uses subiterations at
each time level to remove linearization errors, is employed for the
time integration.This methodneeds to be modi� ed to accommodate
the changes in the Jacobians as the dynamic mesh adjusts to the
aeroelastic deformations of a subject vehicle con� guration:

.1=D ¿ /.Qm C 1=Jm C 1 ¡ Qm=Jm/ C .1=D t/[.1 C W /.Qm C 1=Jm C 1

¡ Qn=Jn/ ¡ W .Qn=Jn ¡ Qn ¡ 1=Jn ¡ 1/] D R.Qm C 1/ (15)

where D ¿ is the pseudo time step size, D t is the physical time
step size, the superscript n denotes the physical time level, and the
solution to Eq. (15) is subiterated in m. When W D 0, the method is
� rst-order temporallyaccurate;when W D 1

2 , the method is second-
order accurate. As m ! 1, the pseudo time term vanishes, and
.Q=J/m C 1 ! .Q=J/nC1 . On applying the chain rule, some rearrang-
ing, and linearizing R as
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Eq. (15) assumes
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where D m Q D Qm C 1 ¡ Qm . All time-implicit terms are kept on the
left-hand side of Eq. (17), and the right-hand side of Eq. (17) con-
tains all time-explicit terms, that is, terms that can be computed
with available � ow and structural information. During the subiter-
ation in m, the structural solution and, thus, the grid remain un-
touched. This means that the Jacobians remain independent of m,
or Jm D Jm C 1 D Jn C 1 , so that Eq. (17) can be simpli� ed to
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Note that Eq. (18) also assumes Jn D Jn ¡ 1. This reduces the formal
temporal accuracy of Eq. (18) to � rst-order accuracy for dynamic
meshes. This comes about because, at the time this aeroelastic ver-
sion of CFL3D was developed, the decision was made to reduce
in-core memory by not carrying an extra array for Jn ¡ 1 . Presently,
in-core memory has become cheap and plentiful.More recent aero-
elastic versions of CFL3D recti� ed this undesirable shortchanging
of numerical accuracy for memory ef� ciency.

Grid Perturbation

Whereas the CAP-TSD method accounted for the aeroelastically
deformingbodysurfaceswith transpirationboundaryconditions,the
current couplingwith an Euler/Navier–Stokes solver requires a grid
perturbation method. This comes about because such structured-
grid CFD methods solve the governing equations on volume grids

that envelop a subject con� guration. As that subject con� guration
deforms under loads, these body-conformingvolume grids have to
adapt dynamically as well. As mentioned before, the present aeroe-
lastic version of CFL3D was developed for realistic High Speed
Civil Transport con� gurations, which required dealing with mul-
tizone grids over wing/body/nacelle con� gurations at a minimum;
there were several applications that involved canards and empen-
nages as well. This requirementwas compoundedwith demands on
robustness,on low in-core memory, and on high computationalef� -
ciency. Some of the salient features of the grid perturbationmethod
developed in response to these requirements are listed here. A mas-
ter/slaveconceptcouples� eldpoints(slaves) to thenearestsolidsur-
face node (master). This conceptmakes the multizonegrid structure
transparentto the user, that is, it obviatestheneed to establishexplic-
itly grid connectivitiesacrossgrid–zone interfaces,whetherblocked
or overlapped, by complex input decks. Memory requirements are
kept low by trading a spring-analogyconcept found in some previ-
ous aeroelastic versions of CFL3D with decay function concepts.
Computational speed was achieved using fast trans� nite interpo-
lation. Details of this grid perturbation scheme can be found in
Ref. 16.

Results
Computational Grid

A C–O-type grid was generated over a B-1-like con� guration.
This grid has 281 nodes in fuselage (or C direction), 137 nodes in
span direction (or O direction), and 65 grid points in the direction
away from the vehicle. The yC values for the � rst nodes off of the
wall were two or smaller.These dimensionswere basedon extensive
parametric studies on grid density and grid stretching in the HSR
program.17

The geometricde� nitionwas basedon CAD de� nitionsof theB-1
B aircraft with nacelles omitted. Wind-tunnel data for � ow-through
nacelles correlated well with � ight-test data for powered nacelles.6

For static aeroelastic cases, computed � ow� eld results for a B-1-
like wind-tunnel model without nacelles matched wind-tunnel data
with � ow-throughnacellesquite well.7 Based on these experiences,
modeling the nacelles was deemed as adding geometric complex-
ity, leading to increased grid size and to commensurately higher
computational expenditure without signi� cantly adding � delity to
the simulationsof the � uid/structures interaction.Similar reasoning
led to the elimination of the empennage from the computational
model.

Static Aeroelasticty

The geometric (except for the aforementionedsimpli� cations) as
well as the structural de� nition, that is, the � nite element model,
were taken from the B-1B aircraft. The � ow conditions were spec-
i� ed to match wind-tunnel data. The two sources of speci� cations
and data are reconciled at their interface, namely, the computation
of the generalized forces, which scale with the dynamic pressure
(or point in the sky). There might be some differences in the � ight
and wind-tunnel � ows due to Reynolds number effects; efforts to
quantify these effects in the wind-tunnel tests were planned but not
performed.6

Figure 1 compares computed � ow� eld results for a rigid and
a static aeroelastic case. Depicted are contours of total pres-
sure in crossplanes at 17 fuselage stations. The � ow conditions
(M1 D 0:975, ® D 7:38 deg, and Rec D 5:9 £ 106 ) correspond to
wind-tunnelconditionswhereLCO were observed.The staticaeroe-
lastic solution was computed for near-criticaldamping, which sup-
presses any dynamic aeroelastic motion. For the static aeroelastic
solution, the wing tip bends up by about 32 in. full scale, which in
scaled magnitude correlates well with wind-tunnel measurements
for similar static aeoelasticcases. Note the resolutionof the vortical
� ow in the wake of the juncture between � xed inner wing and the
outer swing wing. A comparison of the contours indicates that the
vortical � ow is better developed for the rigid case than for the static
aeroelastic case; for the latter, the wing is at a lower local effective
angle of attack.
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Fig. 1 Computed vortical � ow over a B-1-like con� guration with and without static aeroelastic structural response.

Fig. 2 Computed surface � ow over a B-1-like con� guration with and without static aeroelastic structural response.

For the same conditions as in Fig. 1, Fig. 2 compares the rigid
with the static aeroelastic solution by means of surface streamlines,
colored by static pressure. As observed before, compared to the
static aeroelasticsolution, the wing is at a higher angle of attack for
the rigid case, leadingto a betterdevelopedleading-edgevortexwith
a well-de� ned secondary vortex system. For the static aeroelastic
case, the � ow in the vicinity of the wing tip appears to be stalled.

The rigid solution in Figs. 1 and 2 is computed using local time
stepping [Courant–Friedrichs–Lewy (CFL) numberof 10], whereas
the static aeroelastic solution was run to asymptotic steady state for
200 time steps using a global time step of about 0.005 s and � ve
subiterationsat each time level. The CFL number based on D ¿ was
10, and the residual associated with the pseudo time term dropped
by more than one orderof magnitude.Doubling the numberof subit-
erationshad negligibleeffect on the convergenceof the subiteration
process. The convergence toward an asymptotic steady state of the
time-accurate static aeroelastric solution is depicted in Fig. 3 by
means of time histories for the four leading structural modes. The

ranking is based on modal frequency and range from the lowest to
the highest frequency. In all calculations presented here, only the
� rst four structural modes were used. This cutoff was chosen be-
cause of a tradeoff between numerical ef� ciency and � delity of the
structural representation for the dynamic aeroelastic solutions. In
previous studies of unsteady � ow, a good resolution of a periodic
motion was de� ned by about 40 time steps per cycle. The full-scale
modal frequencies of the leading six structural modes are 2, 6, 12,
14, 20, and 24 Hz. This means that a time step size of 0.005 s sat-
is� es the resolution requirement for the � rst two modes, that it is
marginal for the third and fourth structural modes, and that it is
clearly outside the parameter space for the � fth and sixth structural
modes.The effect of the time step size on thequalityof thecomputed
dynamic � uid/structures interactionwill be discussedsubsequently.
Check runs with all six structuralmodes indicatedthat the truncation
of the modal representation has the effect of a shift toward lower
angle of attack. As will be seen later on, in trying to capture the
LCO phenomenon, this required running the dynamic aeroelastic
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Fig. 3 Time histories of generalized displacements for static aeroelastic solution.

Fig. 4 Time histories of generalized displacements for dynamic aeroelastic solution triggered by initial generalized velocities.

solutions at an angle of attack higher than in the wind-tunnel
experiment.

Dynamic Aeroelasticity

For a dynamic aeroelastic solution at nominal wind-tunnel LCO
condition, Fig. 4 shows the time history for the four leading
structural modes utilized in this study. This dynamic aeroelastic
analysis was started from the asymptotic static aeroelastic solu-
tion discussed in Fig. 3 by specifying a small initial generalized

velocity (0.1). Using � nite generalized velocities reduces the tran-
sient phase compared to specifying initial values for generalized
displacements.9;15 Increasing the magnitude of the initial general-
ized velocity for only the � rst bending mode by an order of mag-
nitude affects the transient phase, but leads to the same damped
behavior seen in Fig. 4. To quantify the magnitude of the physi-
cal de� ections, realize that the generalizeddisplacementof the � rst
bending mode, that is, mode 1, translates to the tip de� ection mea-
sured in inches, that is, the wing tip oscillates with a maximum
amplitude of about §1 in.
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Fig. 5 Time histories of generalized displacements for dynamic aeroelastic solution initialized by change in angle of attack.

Fig. 6 Measured and computed aerodynamic damping.

From the experiment,6 it is known that the LCO phenomenon is
very sensitive to the angle of attack; it was observed only within
an angle-of-attackrange of less than half of a degree. This led to a
systematic variation of the angle of attack in the current nonlinear
aeroelasticanalyses.All of these caseswere startedwithout specify-
ing any initial values for generalized displacements or generalized
velocities;just lettingthe solutionproceedfrom the static aeroelastic
solution for ® D 7:38 deg resulted in a dynamic response. With the
same layout as Fig. 4, Fig. 5 shows the time histories for ® D 8 deg.
The response of the � rst bending mode still indicates damping, yet
it appears to be signi� cantly less than for ® D 7:38 deg in Fig. 4.
Also note the beating in the third bending, which is characteristic
for LCO.

Figure 6 summarizes computed and measured6 aerodynamic
damping for 0 · ® < 9 deg. Whereas all computations are carried
out without any structural damping, the structural damping for the
wind-tunnel model is estimated to be about 1.1%. The computa-
tions with the leading four structural modes capture the trend ob-
served in the experiment: for 7 · ® < 8:5 deg, there is a narrow

Fig. 7 Effect of computational time step size on structural mode
evolution.

dip in aerodynamic damping that is indicative of LCO, whereas
for 7:3 < ® < 7:9 deg, LCO (i.e., sustained structural response with
beatingbut no buildupin amplitude) that correspondto zero aerody-
namic damping were observed in the wind-tunnel tests. The numer-
ical solutions fall short of actually indicating LCO; there is always
residual aerodynamic damping. Also shown in Fig. 6 is a solution
in which only the leading bending mode was used. For this mode,
the time history of the generalized displacement over more than
10 cycles indicated LCO because no aerodynamic damping could
be established based on the beating, that is, growing and decaying,
amplitudes.

Figure 7 displays the time histories of the � rst bending mode
as recorded for four different solutions. These solutions are 1) a
solution involving the four leadingstructuralmodes with the default
time step size of 0.005 s; 2) a solution involving the four leading
structuralmodes computedwith half the defaultcomputationaltime
step size, that is, D t D 0:0025 s; 3) a solution involvingonly the � rst
two structural modes computed with the default time step size of
0.005s; and 4) the LCO solutioncomputedwith thedefault time step
size of 0.005 s and retainingonly the � rst bendingmode. The single
structural mode solution resolves each cycle of structural response
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Fig. 8 Phase diagram, lift vs generalized displacement of � rst mode.

with an average of about 100 time steps. Given that this single-
mode solution is the only aeroelastic analysis that suggests LCO-
like behavior,one could conclude that this representsabout the right
temporal resolution of the � uid/structures interaction for capturing
the B-1 LCO behavior. Whereas the � rst bending mode gets as
well resolved, if not better (for the solution with D t D 0:0025 s),
in the other three solutions, the higher-frequencymodes experience
a lower resolution. It is conjectured that the error introduced by
not properly resolving the higher-frequencymodes aliases into the
� rst bending mode, suppressing the development of an LCO-like
structural response observed for the single-mode solution.

Because a damping estimate for the time history of the � rst bend-
ing mode only solution in Fig. 7 is inconclusive, a phase diagram
analysis is used in Fig. 8 to determine whether this single-mode
solution indeed indicatesLCO. In Fig. 8, lift is plotted as a function
of the generalized displacement of the � rst bending mode. As the
wing moves up, the local angle of attack gets reduced, weakening
the leading-edge vortex and leading to a reduction in lift. As the
wing moves downward, the local angle of attack increases as does
the vortex-induced lift. The lift traces are recorded for several cy-
cles of structural motion and generally describe a � gure-eight-like
pattern. In the lower part of this pattern, the structural motion leads
the lift response. This extracts energy from the structural system.
In the upper portion of the traces, lift leads the structural response,
thus injecting energy into the structural system. For LCO, the area
circumscribed by these two components of the � gure-eight pattern
are of about equal size. It is obvious from the phase diagram that
the overall system is still damped as the energy drawn from struc-
tural system during the down-bending wing motion outweighs the
mechanical work the � ow exerts on the wing structure during the
up-bendingphase.As a corollary,note the high degreeof nonlinear-
ity in this � uid/structure interaction as indicated by the small loop
at near-maximum lift.

Figure 9 summarizes for � ight and wind-tunneltests the LCO be-
havior and for CFD the LCO-like behavior for the B-1B and for its
wind-tunnel and CFD approximations.There is good agreement re-
gardingtheoscillationfrequencyamong all threedata sets. Note that
the wind-tunnelmodelLCO maximumamplitudeis halfof thatmea-
sured in � ight, whereas the computed LCO solution predicts wing
tip amplitudes that are an order of magnitude smaller than those
recorded during � ight. Some of the discrepancies in the measured
and computed amplitudesmight be due to different load conditions.

Fig. 9 Frequencies and amplitudes of LCO phenomenon as observed
in � ight, in wind-tunnel tests, and in computations.

For instance, in � ight, the LCO phenomenon is encountered dur-
ing transonic turn, which adds centrifugal forces to the aircraft
loads that occur in neither the wind-tunnel test nor in the nonlinear
analysis.

Figure 10 shows an experimentaloil � ow pattern alongwith mea-
sured steady pressure distributionsat selected span stations.6 These
data were taken at an angle of attack low enough to avoid LCO. The
quality of the photograph allows one only to discern some rough
overall � ow patterns, which become easier to interpret when taken
in conjunction with the computed surface � ow patterns in Fig. 11.
Figure 11 shows four snapshots taken during the LCO-like mo-
tion as computed in the � rst bending mode only solution discussed
earlier. These snapshots are taken at the wing maximum bent-up
position (peak), at the maximum bent-down position (trough), and
at the maximum wing speed conditions on its way up or down.
The instantaneousstreamlines are colored with static pressure. The
computed separationand reattachment lines attributed to secondary
vortex � ow velocity compare qualitatively well with the experi-
mental surface � ow pattern in Fig. 10. In addition, the computed
surface � ow pattern shed some light on the interaction of vortical
� ow with the wing structural motion. At the wing-down (trough)
position, the effective local angle of attack is at a maximum, lead-
ing to strong vortical � ow as indicated by a well-formed secondary
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Fig. 10 Surface oil� ow and surface pressures for B-1-like con� guration in wind-tunnel test.

Fig. 11 Computed instantaneous streamlines for B-1 wing undergoing LCO-like motion.

vortex system (judged by its footprint in terms of separation and
reattachment lines) and a maximum of nonlinear vortex lift. At the
wing-up position (peak), the local angle of attack is at a minimum,
leading to a weaker vortical system and less vortex-inducedlift.

Conclusions
One of the more recent aeroelastic versions of the Euler/Navier–

Stokes solver CFL3D was applied to LCO simulations for a B-1-
like con� guration. Although falling short in predicting a true LCO
phenomenon, the predicted aerodynamic damping closely matched
experimentallydeterminedtrends.Proper temporalresolutionof the
� uids/structures interaction was identi� ed as key to capturing the
LCO phenomenon.Several areas improvement to future aeroleastic
versions of CFL3D were suggested.
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