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time accuracy of NPARC outflow boundary conditions for unsteady
flow simulations is still an issue).

Figure 3 shows the pressure as a function of time at a point 5.0 in.
upstream of the initial normal shock location. Results are shown for
the fourth-order Runge—Kutta solver without smoothing, CFL. = 0.9,
and the pentadiagonal solver with CFL = 0.9, 1.8, and 4.4. Results
obtained with the Runge—Kutta solver with smoothing and CFL =
0.9 and 4.4 are not shown in Fig. 3 since the residual smoothing
caused the wave speed to be underpredicted by approximately 50%
for both CFL = 0.9 and 4.4.

It is apparent from Fig. 3 that the Runge-Kutta solver without
smoothing and CFL = 0.9 gives excellent agreement with the an-
alytic result. The pentadiagonal solver gives reasonable agreement
for CFL numbers up to 4.4. The error in the predicted arrival time
for the normal shock is 0.6 ms (3.2%) with CFL = 0.9 and 2.2
ms (11.2%) with CFL = 4.4. Note, however, that the calculations
with the pentadiagonal solver are significantly less expensive with
the required computer time reduced to between 8 and 41% of the
computer time required for the Runge—Kutta solver. Also note that
the shape of the pressure profile is nearly the same regardless of the
solver or CFL setting.

Conclusions

The following conclusions are drawn from this study.

1) The standing wave flow proposed for evaluation of numerical
accuracy issues associated with inlet unstart simulations is similar
to the unsteady flow in the throat of an inlet in an inlet unstart
simulation. The disturbance strength in the standing wave analysis
can be selected so that the velocity of the normal shock relative to
a fixed frame of reference is almost identical to the velocity of the
normal shock near the throat of an inlet during an inlet unstart. Since
the shock propagation velocity for a shock tube is several orders
of magnitude higher than that in the throat of an inlet for even
a weak shock, the standing wave analysis is better for evaluating
unsteady flow solver, grid, and time step options for inlet unstart
simulations.

2) Residual smoothing causes the wave speed to be underpre-
dicted (by about 50% for the conditions analyzed).

3) For the disturbance magnitudes anticipated for an HSCT in-
let, the shape of the wave was preserved for all of the smoothing,
solver, and CFL options investigated (i.e., fourth-order Runge—-Kutta
solver, pentadiagonal solver, and CFL = 0.9, 1.8, and 4.4).

4) Without residual smoothing, the fourth-order Runge—Kutta
solver predicted a wave speed that was almost exactly equal to
the analytic wave speed at a CFL = 0.9. For the same CFL num-
ber, the pentadiagonal solver was nearly as accurate. At CFL. = 4.4,
the wave speed predicted with the pentadiagonal solver was within
11.2% of the analytic. This would cause a lag in the wave arrival of
about 2.2 ms for a typical inlet wind-tunnel model.

5) The CPU time required to achieve a solution with the pen-
tadiagonal solver with CFL = 4.4 is only 8% of that required for
Runge—Kutta solver with CFL = 0.9. A substantial saving in CPU
time is possible if preliminary unsteady inlet siniulations are done
with the pentadiagonal solver with a CFL below 5. For more accu-
racy, the pentadiagonal solver can be used at a CFL less than 1. For
best accuracy, the Runge—Kutta solver should be used at a CFL less
than 1.
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Introduction

HE adaptive wall test section technique has a distinct advantage

over other devices for reduction of wall interference in wind-
tunnel testing. For two-dimensional steady flows, the wall adapta-
tion strategy has been well established and, to some extent, has been
effectively applied to three-dimensional steady flows. For unsteady
flow testing, wall adaptation would be conceptually perfect if the
streamline could be obtained for a dynamic model in free flight for
which the wind-tunnel test section wall is to be instantaneously ad-
justed. However, this idea has never been realized in wind-tunnel
experiments. Fixed steady wall adaptation with an interference cor-
rection has been used instead in earlier unsteady flow experiments.!
Since this approach was originally developed for pure subsonic or
supersonic flows, it has limitations in application to transonic flows
that contain a large supersonic flow region. There have also been
difficulties for flows oscillating with large amplitude.! Instead, slot-
ted or perforated walls have been widely put into practice with a
reduced model size to lower the wall interference. In this study rel-
atively simple unsteady adaptive two-dimensional wall models that
can be used for the supercritical as well as subcritical oscillatory
flows are proposed.

Numerical Procedure

The finite volume method? is used for the Euler equations to
numerically assess performance of the wall models for the wind-
tunnel test section mounted with an oscillating airfoil. A resultant
system of ordinary differential equations is integrated by a four-stage
Runge-Kutta time-stepping scheme. The cell area changes with time
when the airfoil and/or the wind-tunnel wall are in unsteady motion.

Unsteady fiow around an oscillating airfoil in the wind-tunnel test
section is treated by a composite grid system sketched in Fig. 1. The
grid includes the buffer region I between the fixed H-mesh block and
the oscillatory wall, and the buffer region II between the fixed H-
mesh block and the O-mesh block embedding the airfoil that is under
rigid oscillatory motion with the airfoil. The computational cells in
these buffer regions undergo temporal deformation prescribed by
spatial interpolation between the adjacent time-dependent boundary
positions.

Unsteady Adaptive Wall Models

Three adaptive wall models based on the streamline concept
can be considered when the airfoil is in harmonic oscillation,
o = a, + agsinwt. Here, o is angle of attack and w is o0s-
cillation frequency. The simplest model will be the conventional
adaptive wall model we call steady-streamline fixed adaptive wall
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(SSFAW), which does not require time-dependent movement of the
wall. Its wall shape coincides with the steady streamline induced
by the stationary airfoil at the mean angle of attack «,,. Because of
its simplicity and capability of reasonable prediction, the SSFAW
model has been widely used with unsteady correction for unsteady
fiow wind-tunnel testing.!

However, in reality the streamlines of unsteady flow vary with
time. For the oscillatory airfoil, considering that the streamlines are
also in harmonic motion, we can propose two additional unsteady
adaptive wall models. The steady-streamline model-synchronized
adaptive wall (SSMAW) is the wall oscillating between two limiting
wall shapes in synchronization with the airfoil. The two limiting
wall shapes here coincide with the steady streamlines induced by
a stationary airfoil at the extreme angles of attack, «,, + oy and
a,, — . The other model we propose is the unsteady-streamline lift-
synchronized adaptive wall (USLAW). The two oscillation limits of
the test section wall are now patterned after the unsteady streamlines
that could be obtained at the instants of maximum lift and minimum
lift in an oscillation cycle. In other words, oscillation of the wall in
this case is synchronized with the aerodynamic force instead of the
airfoil motion.

The wall adjustment mechanism for the SSFAW model will
be somewhat different from that of the steady flow testing model.
The additional requirement for the SSMAW or USLAW model is
the mechanism to drive the wall time dependently in a prepro-
grammed mode. This will not be technically difficult in view of
modern computer-base control technology.

Results and Discussion

We consider two existing AGARD test results® for the harmoni-
cally oscillating airfoil, NACA 0012, in free flight:

AGARD CT1

M, = 0.6, a, = 2.89 deg, oy = 2.41 deg
x = 0.0808
AGARD CT5
M, = 0.755, oy, = 0.016 deg, oy = 2.51 deg
x =0.0814

where k¥ = wC/(2U) is the reduced frequency and C denotes the
airfoil chord. These unsteady flows with no tunnel wall are computed
by the present multiblock, deforming and moving mesh approach.
Its results are compared with a separate computation made with an
airfoil and mesh oscillating as a rigid body for validation purposes.
The two results turned out very close and showed the same trend as
the experimental data of the AGARD tests.

One major concern in testing the oscillatory flow is the resonance
in the test section. Fromme and Golberg* have shown, using the
results of the Bland integral method, that there are resonance heights
in the test section for the oscillating airfoil:
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where M, is the freestream Mach number and H is the distance to
the wall from the oscillation center of the model.

Should there be resonance, the signal reflected from the test sec-
tion wall would be canceled out by a succeeding disturbance ra-
diated from the model surface. Consequently, measurement of the
aerodynamic forces will vanish, and the phase shift angle will be
abruptly changed to 90 deg.!* In the present computation, simi-
lar phenomena can be observed in Fig. 2, where sudden change
of |C,| and ¢, is apparent at H/C = 8.38. Here, the peak val-
ues of both amplitude and phase shift angle of the lift coefficient
are attenuated much faster than the linearized inviscid theory has
predicted.*

The computational results for the test case AGARD CT1 are rep-
resented in the upper curves of Fig. 3. They show that the three adap-
tive wall models, SSFAW, SSMAW, and USLAW, are all basically
reasonable for the subcritical flow, with the three models having
successively higher accuracy in eliminating the wall interference.
However, the SSFAW model failed to reduce the wall interfarence
sufficiently well for the supercritical flow or the AGARD CTS5 case,
as shown in the lower curves of Fig. 3. Here, the USLAW model
exhibits the best performance, whereas SSMAW is superior to the
SSFAW model whose wall is fixed with time.

The USLAW model remained best even near the resonance con-
dition (not shown here), where the SSMAW model was evidently no
longer accurate. The USLAW model, in this case, showed nearly cor-
rect amplitude with slight phase error. It should be noted, however,
that testing near the resonance condition is the most severe case and
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will be avoided in real wind-tunnel testing. When all of these factors
are taken into account, one can conclude that the SSMAW model,
which dispenses with the more complex unsteady streamlining pro-
cedure required by the USLAW model, can be generally a useful
adaptive wall model.

Conclusion

The existing SSFAW model is a reasonable means to reduce
the wind-tunne] wall interference for the unsteady subcritical flow.
However, the more sophisticated models such as SSMAW or
USLAW are required for unsteady supercritical flows. The SSMAW
model is an efficient wall model for both subcritical and supercritical
flows provided we avoid testing near the wall resonance condition.
The USLAW model produces the most accurate result, even near
the resonance condition.
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Introduction

LUID/STRUCTURE interaction problems are of great inter-

est to aeronautical engineers, since some components of mod-
ern aircraft tend to be flexible to achieve high performance. In this
Note, the interaction problem caused by inviscid transonic flow in
a two-dimensional, convergent-divergent nozzle with flexible walls
is considered.

Felker! studied the static aeroelastic problem by means of a di-
rect method that solved the fully coupled discretized fluid dynamic
and structural equations to obtain the equilibrium solution. His com-
puted solution of wall pressure ahead of the throat agreed reasonably
well with the test data of Mason et al.2 But Felker’s solution deviated
from the test data downstream of the throat. Therefore, the objective
of this paper is twofold. The first is to obtain a reasonably accurate
(equilibrium) solution by establishing a proper spring model for
representing the wall flexibility. Felker used a simple spring model
in which the wall deformation was assumed to be linearly related to
the difference between the local internal wall pressure and the am-
bient static pressure. The deformed wall shape was represented by
a set of discrete displacements at selected nodes. The elastic spring
constant k£ was assumed to be constant at each node. To achieve

Received Oct. 31, 1994; revision received March 23, 1995; accepted for
publication March 23, 1995. Copyright © 1995 by the American Institute
of Aeronautics and Astronautics, Inc. All rights reserved.

*Professor, Institute of Aeronautics and Astronantics. Member AIAA.

¥ Graduate Student, Institute of Aeronautics and Astronautics; currently
Associate Professor, National Tainan Teachers College, Tainan 701, Taiwan,
Republic of China.

¥ Associate Professor, Institute of Aeronautics and Astronautics. Member
AIAA.

good accuracy, however, it is desirable to use a grid with grid points
clustered near the throat. With Felker’s spring model the nozzle wall
may be too stiff at the throat region. To avoid this deficiency, the
wall stiffness at each node is modified (described later) so that a
more uniform wall elasticity is assured.

The second objective is to numerically investigate the transonic
flow with shock oscillation caused by a downstream pressure fluc-
tuation. Thus, the paper is an extension of our past research interest
which was related to unsteady transonic flow with shock wavesin a
convergent-divergent channel with rigid walls.? The numerical sim-
ulation has been widely used for other aeroelastic problems.* The
successful simulation of the two-dimensional problem is a stepping
stone for studying three-dimensional aeroelastic nozzle problems.

Mathematical Formulation
Governing Equations
Without consideration of fluid flow viscosity and heat flux at the
nozzle wall, the equations governing the nozzle flow with flexible
walls are the time-dependent Euler equations.

Model of Wall Flexibility

The wall flexibility is represented by the discrete spring model
described subsequently. The discrete displacement s at a selected
node is assumed to be linearly related to the difference between the
local internal wall pressure and the ambient static pressure. Unlike
Felker’s spring model, the elastic spring constant at node i, denoted
by k;, is set to be a constant £ multiplied by a factor w; (<1) which
is defined to be the ratio of the average of two adjacent element
lengths, from point (x;, y;) to points (x;_;, ¥;—1) and (x;..1, yi+1) on
the wall, to the total length of the nozzle wall. If w; is set to be
unity, the present spring model is reduced to Felker’s model. The
constant k is chosen such that the computed wall pressure matches
the experimental data at some point.

Numerical Procedure

Discretization

The time-dependent Euler equations are discretized by a finite-
volume approach associated with an improved implicit total-
variation-diminishing (TVD) scheme of second order in time and
space for unsteady flow calculation.’ The present TVD scheme is
basically the implicit TVD scheme of Yee and Harten® with an im-
proved flux limiter.” The improved flux limiter allows the use of a
larger Courant number for convergence. The discretized equations
are solved with an approximate factorization of Beam and Warming’
for computational efficiency.

Boundary Conditions
Flexible Wall

Since the nozzle wall is flexible, the wall surface can move out-
ward or inward. Let (x;, ;) be the wall velocity at node i at time ¢
and s; the wall displacement at node ¢ from time ¢ to time 7 + At.
The wall velocity (X;, y;) is determined by

S Ax;
T At 4

si Ay
P = T Yi

At d;

where (Ax;, Ay;) are defined as one-half of the coordinate dif-
ferences between point (x;;1, ¥;31) and point (x;_;, y;—;) on the
wall; i.e.,

Xivl — Xi | Xi — X1 Xigl — Xi—1
Ax; = =
X; 2 + 3 3
Yi+1 = Vi Yi — Yi-1 Yit1 — Yi-1
Ay; = =
Vi 2 T3 2

Also d; = / Axi2 + Ay} is the length of line segment formed by
(Ax;, Ay;); in other words, the line length d; is assigned to node i.
The boundary condition on the wall is the condition of no normal
flux across the wall (called the slip condition). Thus, the normal fluid
velocity V,, on the wall relative to the wall velocity must be zero, i.e.,

Vai =0



