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Fig. 3 Critical dendrite tip concentration as a function of shrinkage
parameter for quasisteady VDS.

in the iterations is not necessarily that given by the steady-state
boundary condition, the term quasisteady is used to describe this
approach.

The model was used with the property values and growth condi-
tions of Tables 1 and 2, respectively.

Figure 2 presents selected neutral stability curves for various lev-
els of shrinkage/expansion flow, and Fig. 3 iltustrates the depen-
dence of critical dendrite tip concentration on such flow. A shrinkage
flow in the direction opposite that of the solidification direction tends
to make the system more susceptible to convective breakdown, and
an expansion flow tends to stabilize the system. There is a 14%
difference between the stability criteria predicted for the case with
shrinkage flow (y = 0.295) as opposed to the case with no shrink-
age flow (y = 0).

Conclusions

The effects of shrinkage flow are significant in determining the
onset of convection during VDS of NH4C1-H,O. Shrinkage flow was
found to be destabilizing if in the direction opposite solidification,
and stabilizing if in the direction of solidification. A difference of
14% was found between stability criteria for cases with and without
shrinkage flow illustrating the importance of including the differ-
ence in phase densities in studies of convection during phase change
processes.
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Introduction

TMOSPHERIC disturbances encountered by a high-speed

civil transport (HSCT) may induce an inlet unstart (expul-
sion of the normal shock) depending on the magnitude of the distur-
bance and the unstart tolerance of the inlet/engine combination. The
NPARC! flow simulation software is being used to evaluate the un-
start properties of a variety of inlet concepts, to support wind-tunnel
tests aimed at evaluating inlet stability, and to support design of the
inlet control system. Development of appropriate boundary condi-
tions for unsteady Euler/Navier—Stokes inlet flow simulations has
been under way for some time.> Now that appropriate boundary
conditions are available for these simulations, the numerical time
accuracy of the code for these tasks has become an important issue.
Although NPARC can in theory be used to produce time-accurate
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inlet flow simulations, it was not originally intended for this pur-
pose and validation of the code for unsteady flow has not yet been
reported.

In an inlet unstart induced by a weak disturbance, the shock prop-
agates forward (relative to the inlet geometry) at a velocity of only
a few percent of the local speed of sound upstream of the shock.
The purpose of the present study is to define a shock propagation
problem with an analytic solution where the velocity and strength
of a normal shock propagating upstream are similar to the velocity
and strength of a normal shock in the throat of a mixed compression
inlet during unstart. The use of the analytic solution to evaluate the
accuracy of NPARC predictions with various solver and Courant—
Friedrichs—-Lewy (CFL) settings is then demonstrated. The analytic
shock propagation problem is useful for investigating the effects of
CFL number, grid stretching and density, and algorithm selection
on the numerical accuracy of CFD solutions where a normal shock
moves at low velocity.

Test Problem and Analytic Solution

Shapiro* reports an analysis to compute the propagation velocity
of a normal shock from the Mach number upstream and downstream
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of the shock. With reference to Fig. 1, the Mach numbers at states 1

and 2 are relative to a fixed frame of reference. The Mach number

M, is relative to a frame of reference moving with the shock.
From Shapiro, the following relation can be derived:

M; =
—ZMf + @ —-—1DMM, +2
V20 — Dy ME+[(y + D? — 2(y — 12IMZ —

2y — 1)

If M, and M, are assumed known, this equation can be solved for
the Mach number of the flow relative to the shock wave. The Mach
number of the shock relative to the geometry is M, — M. The shock
velocity in the test problem can be set equal to the shock velocity
expected in aninlet through specification of M1, M;, and the strength
of the downstream disturbance M.

Results

The time accuracy of the various algorithm options in NPARC
and the effect of step size on the accuracy of the solution were
investigated by applying NPARC to the problem illustrated in Fig. 1.
The values expected in a typical inlet wind-tunnel model with the
normal shock in the design position were used to set the Mach
number upstream of the shock, disturbance strength (change in Mach
number at the right-hand boundary), distance from the right-hand
boundary to the shock, and the distance from the shock to the left-
hand boundary.

With M; = 1.3327 and M, = 0.7699, the normal shock is sta-
tionary. At a reference At = 0.001265 s, the Mach number at the
exit plane was assumed to decrease by 5% to a value of 0.731405.
The decrease in M, causes a disturbance to propagate from the exit
upstream to the shock and then the shock to propagate upstream
as shown in Fig. 2. In the NPARC Euler simulations, constant in-
flow conditions were assumed, a slip wall was assumed at the up-
per and lower edges of the computational domain, and a constant
Mach number outflow boundary condition with a step change at
At = 0.001265 s was assumed. At the subsonic outflow, the den-
sity and velocity were extrapolated from upstream and the static
pressure adjusted to hold the Mach number at the desired value (the
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Fig.3 Comparison of NPARC and analytic results at x = —5.0 in.
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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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