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Fig. 6 Mach number contours surrounding the circular cylinder show-
ing minimum chimera-grid overlap and coarse outer-grid conditions,
Moo = 0.5, inner grid = 129 X 31, outer gird = 33 X 17,R2 = 1.5, ATI = 1.0,
and X2 = 17.5.

A final solution demonstrating the effects of reduced chimera
overlap and a coarse outer grid is displayed in Fig. 6. The inner- and
outer-grid dimensions are 129 x 31 and 33 x 17, respectively. Note
that the chimera overlap for this case has been significantly reduced.
The large disparity in grid spacing at the inner-grid outer boundary
is obvious. Nevertheless, the Mach number contours from the two
grids in the overlap region are nearly identical to each other. The
largest discrepancy in the overlap region arises from the straight-
line segments used by the plotting program to represent the contours
within each outer-zone grid cell. The solution at the circular cylinder
surface, including the shock wave structure, is almost exactly the
same as in Fig. 4. The surface pressure coefficient distribution for
this case (not shown) is also in excellent agreement with similar
results computed using different grid arrangements.

Concluding Remarks
A chimera-based full potential algorithm has been studied using

a simple two-dimensional circular cylinder model problem. Both
incompressible and shocked-compressible solutions have been used.
The results indicate that the multizone chimera grid approach is a
viable technique for solving the full potential equation and could
provide a very fast computational tool for aerodynamic analysis
and design.

A careful study of error produced by the chimera approach was
conducted using a two-dimensional, incompressible model problem.
A grid refinement study produced nearly identical results from
single-zone and two-zone chimera grids, both exhibiting second-
order behavior over a wide range of grid refinement. Thus, the
additional interpolation-induced error generated by the chimera
approach does not affect the basic second-order accuracy of the
present numerical scheme.

Numerous chimera-grid arrangements with widely varying over-
laps and cell-interface area ratios produced remarkable accuracy x
(and consistency in accuracy as well) showing little variation in the
solutions being studied. In particular, remarkable accuracy at the
circular cylinder surface was obtained using an extremely coarse
outer grid in the chimera-grid arrangement. These results were pro-
duced with the shocked-compressible solution in which a transonic
shock wave passed through one of the chimera interface boundaries.
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Study of Adaptive Shape Airfoils
at Low Reynolds Number

in Oscillatory Flows
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Introduction

M ICROAERIAL vehicles (/zAVs) with characteristic lengths
under 6 in. (15 cm), flight speeds of 20-40 mph (32-64km/h),

and specific pay load and endurance needs are potentially useful for
many military and civilian applications. The combination of small
dimensions and modest flight speed results in Reynolds numbers
ranging between 104 and 105. Traditional rigid airfoil shapes ex-
perience substantial degradation in performance (specifically, the
lift-to-drag ratio) as the Reynolds number falls through this range.
Thus, even ordinary variations in wind speed can cause unwanted
changes in behavior. In this study, rudimentary adaptive airfoils,
which change their shape in response to changes in velocity, are
examined for potential applications in this arena. Candidate designs
are first evaluated by the application of detailed computational fluid
dynamics simulations in a fluctuating flow. Then, several experi-
mental airfoils are tested in a specially modified wind tunnel to look
for corroboration of the predicted effects and other indications of
potentially useful behavior.

Theoretical Formulation
A computational methodology has been developed to handle the

fluid flow and flexible wing surface structure interaction in the con-
text of a moving boundary problem.1"3 In addition to solving a set
of coupled, nonlinear partial differential equations governing the
fluid and structural dynamics, detailed interfacial conditions must
be prescribed at the solid-fluid interface at each instant in time.
Furthermore, because the location of the solid-fluid interface is not
known a priori, the interface position must be computed as part of
the overall solution. For this study, the membrane is assumed to be
massless with zero thickness and no initial strain. It is considered to
be fixed at the leading and trailing edges. The membrane material
is assumed to be linearly elastic and in a state of uniaxial stress as
it deforms under the aerodynamic loads. The flow is modeled using
the Reynolds-averaged Navier-Stokes equations, representing the
Reynolds stresses in terms of the mean flow strain rate and an eddy
viscosity. The k-oo eddy-viscosity model by Menter4 is used here.

In the numerical method used, a discrete form of the elastic bound-
ary value problem is obtained at a finite number of points using
appropriate second-order accurate finite volume approximations.
A pressure-based sequential-implicit algorithm, as described by
Shyy,5 is adopted as the flow solver. The turbulence and membrane
equilibrium equations are simply appended to the basic conservation
law equation set. All computations are done using time-dependent
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body-fitted grids with the membrane imbedded in the center of the
computational domain and with the outer boundary located approx-
imately seven chord lengths away. An iterative procedure is used to
solve the coupled boundary value problem by computing the elastic
and aerodynamic problems cyclically until a converged stationary
solution is obtained at every time instant. Details of the present
computational algorithm as well as assessment of the numerical ac-
curacy, including a grid dependency test, can be found in Refs. 3
and 6.

For this study, three different airfoil types are analyzed. First, to
serve as a basis for comparison, a rigid, circular camber airfoil is
selected. Then, an airfoil with a flexible surface, set with an initial
circular camber, is used for examination of a simple, purely passive,
response. Finally, a hybrid, or tailored passive response, airfoil is
used. This airfoil is mathematically constrained to allow increases in
camber beyond the preset amount while prohibiting smaller values
of camber. The velocity is assumed to fluctuate 30% around the
mean value at 1 Hz.

Results of Simulations
Figure 1 shows the variation (at angle of attack = 3 deg, Reynolds

number = 7.5 x 104, and Strouhal number = 0.1) in lift coefficient,
pitching moment coefficient, and lift-to-drag ratio through one cy-
cle of velocity variation for a 4% circular camber rigid airfoil, a 4%
camber flexible airfoil, and a hybrid airfoil limited to 4% camber or
greater. Each of the three airfoils shows some sensitivity to the veloc-
ity variation, with the flexible airfoil exhibiting the largest swings.
Because the separation bubble is still fairly small at this angle of at-
tack, even the rigid shape shows reasonable performance throughout
the cycle. The hybrid shape offers no clear advantage under these
conditions.

Figure 2 shows the same wings at 7-deg angle of attack. Under
these conditions, the separation bubble becomes quite extensive on
the rigid shape (see the streamline plots in Ref. 7). The rigid airfoil
shows consistently poor lift to drag performance and little sensitiv-
ity to variations in velocity throughout the cycle. The flexible wing,
on the other hand, is quite responsive to the velocity and shows im-
provements in lift to drag during the accelerated portion of the flow,
with some degradation during the slower portion. The streamline
plots for this case show that flow separation is largely confined to
the leading-edge region most of the time, probably because of the
spontaneous changes in shape of the flexible membrane. By stop-
ping the camber at 4%, the hybrid wing seems to effectively limit the
degradation in performance while retaining the favorable behavior,
resulting in an obvious net improvement.

These simulations are not limiting cycle cases; rather, they rep-
resent the state of affairs shortly after the oscillating flow begins.
The simulations of the flexible airfoils should not be confused with a
simple series of rigid, circular camber airfoils subjected to different,
fixed velocities. First, the computed airfoil shape is not circular at
any given instant. Instead, the shape responds in some way (appro-
priately or not) to the instantaneous pressure distribution developed.
Second, the flow solution and the elastic solution at each time in-
stant depend on the starting conditions presented by the previous
solutions at the previous time instant. The passive response of the
flexible membrane used here is obviously a very crude form of adap-
tation, but it at least represents a useful first step and one that can
be verified experimentally.

Experimental Program
To provide a fluctuating freestream velocity environment for the

experimental studies, a low-turbulence, 3 x 3 ft wind tunnel was
modified by adding a flow modulating device similar to that sug-
gested by Al-Asmi and Castro.8 In this case, the flow restrictor is
placed at the exhaust of the open circuit tunnel, as shown schemat-
ically in Fig. 3. Depending on the mean velocity in the tunnel and
the speed of rotation, the velocity can be modulated by up to 25%.
The variation in velocity was found to be approximately sinusoidal,
with some improvements expected in the nature by slight trimming
of the shape of the openings. The turbulence in the test section with
no modulation was measured at 0.04% using a hot-wire anemometer.

Because a two-dimensional study was required, vertically orien-
ted splitter plates were added to the test section. The test airfoils,
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Fig. 1 Time series for 4 % camber circular arc airfoils, Re = 7.5 X 104,
Sr = 0.10, and angle of attack = 3 deg.
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Fig. 3 Oscillating-flow wind tunnel used in the experimental study,
showing the flow-restricting device on the exhaust.

c) Hybrid
Fig. 2 Tune series for 4% camber circular arc airfoils, Re = 7.5 x 104,
Sr = 0.10, and angle of attack = 7 deg.

Fig. 4 Test airfoil support system; force measurement links 1, 2, and
3 are used to make dynamic measurements of lift, drag, and pitching
moment.

which are 12 in. long with a 4-in. chord, are supported horizontally
between the splitter plates. The test airfoil frames were fabricated by
welding together lengths of |-in.-diam steel rod and square stock.
Flexible membrane wings were made by gluing a sheet of 0.004-in.
latex rubber to the frame, with very little prestretch. For the rigid
shapes desired, 0.020-in.-thick fiberglass sheets were glued to the
prepared top surface of the frame after removing a commensurate
amount of material. In this way, the shapes of all of the test wings
were kept as similar as possible so that meaningful comparisons
could be made. The hybrid airfoil was difficult to emulate exper-
imentally. It was finally approximated by placing a curved wire
screen beneath the flat flexible membrane. With some trial and er-
ror, an initial curvature (close to 6% camber) was found that allowed
the membrane to lift free of the screen for about half of the cycle and
then be constrained by the screen for the next half cycle. Dynamic
measurements of the very small lift and drag forces required the
fabrication of a sensitive force measurement system, which utilized
thin beam load cells connected to three links at two of the airfoil
support points. Data were digitally recorded at 2-kHz sampling rate
on each of the three channels. Figure 4 shows the arrangement of
the support and measurement components.

Results of Experiments
The first series of experiments, which is reported here, was con-

ducted at a mean freestream velocity of 35.4 fps, resulting in an
average Reynolds number of 7.5 x 104, chosen to be the same as
in the numerical study. The modulation frequency was set at 1.7
Hz to achieve a Strouhal number of 0.1, as in the simulations. At
this velocity, the variation caused by the flow modulator was about
10%. The angle of attack was fixed at 7 deg for all of the tests.
An initially flat flexible membrane wing was observed to assume an
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c) Hybrid wing with curved wire screen camber stop
Fig.5 Experimental time series at Re = 7.5 X 104,Sr = 0.10,and angle
of attack = 7 deg.

approximate 6% camber at this mean velocity, and so the results can
be reasonably compared with the simulation flexible airfoil with an
initial camber value. Because many hundreds of cycles take place
before the data are recorded, this is a limiting cycle case, unlike the
case examined in the numerical simulations.

Figure 5 shows measured lift-to-drag ratios throughout one com-
plete cycle for the three test airfoils described. The 6% camber rigid
wing (shown in Fig. 5a) exhibits a mild sensitivity to the velocity
variation. The membrane covered flat wing, which was observed
to fluctuate around approximately 6% camber, is shown in Fig. 5b.
Substantial variation in the lift-to-drag ratio is observed, consistent
with what would be expected with the observed changes in camber
as the velocity changes. The lift-to-drag ratio is improved during
the accelerating part of the cycle; however, some degradation in
performance occurs during the decelerating portion. Finally, the hy-
brid wing with the curved screen insert gives the results shown in
Fig. 5c. The sensitivity to velocity variation is smaller than that of
the pure flexible wing, and yet the overall performance is higher.

Conclusions
The focus of the present study is on the aerodynamic perfor-

mance of the /zAV in low Reynolds number unsteady flows. Each
of the experimental wings showed behavior qualitatively similar to
that shown in their numerical simulation counterparts, even though
the shapes and construction features were not exactly the same, as
mentioned. The hybrid wing in particular demonstrated that it is
possible to combine improvements during accelerating flows with
sustained performance during deceleration. It seems likely that, by
using more aggressive and more active adaptation strategies than

the very simple ones presented here, practical /xAV wings with im-
proved performance qualities can be realized.
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Introduction

IMPLICIT time-marching methods are preferred for computing
many unsteady aerodynamic flows because of physical and nu-

merical stiffness. However, a fully implicit method can be expensive
because the solution of a nonlinear problem is required at each time
step. The approximately factored algorithm of Beam and Warm-
ing with local time linearization1 is an efficient option, capable of
retaining both second-order accuracy in time and unconditional sta-
bility. In practice, first-order time accuracy is often obtained as a
result of approximate linearization of the artificial dissipation and
turbulence models, low-order treatment of boundary and interface
conditions, and loose coupling of a field-equation turbulence model.
An alternative approach, which has become popular in recent years,
is to apply an algorithm developed for steady flows to the nonlin-
ear problem arising at each iteration of the implicit time-marching
method.2"8 Thus one can apply an algorithm with non-time-accurate
convergence acceleration techniques such as local preconditioning,
local time stepping, diagonalization, and multigrid. Such methods
are typically called dual-time-stepping or subiteration methods.
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