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Inflow-Outflow Boundary Conditions for Two-Dimensional
Acoustic Waves in Channels with Flow
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An analysis of the number and form of the required inflow-outflow boundary conditions for the full
two-dimensional time-dependent nonlinear acoustic system in subsonic mean flow is performed. The analysis is
performed in a rectangular channel with rigid walls and is extendable to more complicated geometries and wall
conditions. The explicit predictor-corrector method of MacCormack is used to integrate the acoustic system
coupled with the derived boundary conditions. The methodology is tested on both uniform and sheared mean
flows with plane and nonplanar sources. Results show that the acoustic system requires three physical boundary
conditions on the inflow and one on the outflow boundary. The most natural choice for the inflow boundary
conditions is judged to be a specification of the vorticity, the normal acoustic impedance, and a pressure
gradient-density gradient relationship normal to the boundary. Specification of the acoustic pressure at the
outflow boundary along with these inflow boundary conditions is found to give consistent reliable results. A set
of boundary conditions developed earlier by K. W. Thompson, which were intended to be nonreflecting, is
tested using the current method and is shown to yield unstable results for nonplanar acoustic waves.

Introduction

A SOLUTION to the equations of acoustics in viscous flow
is necessary to understand the interaction of sound and

boundary-layer flows. Exact solutions to these equations in
their most general nonlinear form are not available, and no
exact solutions are likely to be found in the foreseeable future.
Recently, there has emerged considerable interest in solving
these equations numerically, as an initial-boundary-value
problem.1^5 This has the potential of coping readily with peri-
odic, nonperiodic, or transient acoustic signals and automati-
cally takes into account the nonlinear interharmonic interac-
tions of the acoustic waves in the flow.

As this work has progressed, difficulties with the inflow-
outflow boundary conditions have become evident. In nearly
all unsteady flows, proper specification of these boundary
conditions remains a continuing problem.1"5'11'13 Researchers
in acoustics have avoided this problem by seeking linearized
solutions to the acoustic equations in the form of axially
propagating waves or by making assumptions that reduce
the system to a single linear differential equation.6"10 In fact,
the initial-boundary-value problem governing the nonlinear
acoustic system seems to have never been formally analyzed to
determine the number or mathematical form of the boundary
conditions required for its solution to be well posed.
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In this paper, an analysis of the inflow-outflow boundary
conditions for the full two-dimensional time-dependent non-
linear acoustic system in a subsonic mean flow is performed
using a method originally developed for fluid dynamics.11 The
derived boundary conditions are then examined from a com-
putational standpoint to determine if they reproduce known
solutions available for outgoing waves in a parallel flow. The
explicit predictor-corrector method of MacCormack is used to
numerically integrate the system consisting of the differential
equations interior to the domain coupled with the boundary
conditions.

Equations Governing the Acoustic System
Figure 1 illustrates the computational domain and coordi-

nate system to be used in the study. The flowing fluid is
considered to be subsonic, laminar, viscous, compressible,
without mass diffusion and finite-rate chemical reaction, and
from left to right. The inflow and outflow boundaries are
located at x = 0 and x=L, respectively, as shown in the
figure, and the upper and lower boundaries are considered to
be rigid and nonconducting. It is assumed that for all times
t < 0, the flow in the channel consists only of a known steady
flow. However, for times greater than zero, an acoustic pres-
sure sourceps(y,t) is prescribed in addition to the steady flow
at the outflow boundary. As is common in acoustics, the
source pressure is assumed known for all / > 0 at the outflow
boundary in the presence of the steady flow. (It is the purpose
of this paper to determine the number and form of the inflow-
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Fig. 1 Rectangular channel and coordinate system.
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outflow boundary conditions for the full nonlinear acoustic
system in the presence of the flowing fluid.)

To begin, the fundamental equations governing the fluid
flow are the two-dimensional Navier-Stokes equations; writ-
ten in conservative form, they are

3(U] d[H] t d[G] ,_

to the Navier-Stokes equations ({F} = {0}) that govern the
viscous steady flow. No exact analytical solutions to the equa-
tions of acoustics for an arbitrary steady flow exist, and they
have not yet yielded even to digital-computer solutions in this
most general form. Before the system can be solved numeri-
cally, however, a set of boundary conditions consistent with
Eq. (2c) must be specified.

The vector components in Eq. (1) are given in virtually any
fluid dynamics text (for example, see Ref. 13) and are not
written explicitly. The unknown variables in { U ] are the fluid
density p, axial component of velocity u, transverse compo-
nent of velocity v, fluid temperature T, and fluid pressure p.
To derive the equations governing the acoustic system in flow,
the unknown fluid variables are decomposed into a mean or
steady flow and an acoustic perturbation component

{ * )=

(2a)

(2b)

in which {*}, {*0}, and {4>} are vectors containing the total,
steady, and acoustic variables in the flow, respectively. Fur-
ther, viscous and heat conduction effects are considered im-
portant only on the mean process and an ideal gas is assumed
to eliminate temperature from the system. Under these as-
sumptions, Eq. (1) can be written as the following hyperbolic
system governing the acoustic perturbation variables:

(2c)
dt dx

u p 0 0
0 u 0 1/p
0 0 u 0
0 pc2 0 u

v 0
0 v
0 0

P 0
0 0
v 1/p

0 0 pc2 v

(2d)

(2e)

——— Txydy y]0

(20

in which c - ^fypTp is the local speed of sound. The compo-
nents of the viscous stress tensor r^, ryy, and rxy and the heat
flux vector qx and qy are computed in the usual manner.13 The
subscript "0" outside each set of braces in Eq. (20 is used to
indicate that all viscous and heat conducting terms within are
calculated using only the steady flow variables.

Equation (2c) is the set of hyperbolic nonlinear equations
governing acoustic disturbances in a viscous flowing fluid.
Note that in the absence of any disturbance, Eq. (2c) reduces

Acoustic Boundary Conditions
Free boundaries, such as those at inflow and outflow,

across which matter and information are free to pass, are quite
difficult to analyze. These boundaries do not arise from a
natural physical situation, and suitable forms of the boundary
condition required on them are not obvious. It is necessary
that some of these conditions model a specified physical situa-
tion, such as a termination or source of noise. Other condi-
tions should be consistent with the compatibility equations of
the acoustic system so that the problem will be well posed.

Recently, there has appeared a paper by Thompson11 that is
aimed at developing nonreflecting characteristic boundary
conditions for Euler's equations. For the specific examples to
which he applied the conditions, the time dependence of the
field exists only over brief intervals. For these he found that
his conditions indeed generated no reflections. On the other
hand, for problems associated with in viscid acoustic waves,
the unsteady behavior never disappears, and it will be seen
that the conditions of Ref. 11 do not reproduce outgoing
acoustic solutions except for planar waves. In this section, an
analysis similar to that of Thompson will be used to derive
boundary conditions for the acoustic system. In addition to
being consistent with the compatibility equations of the acous-
tic system, the derived boundary conditions will be capable of
modeling a specified physical situation.

Derivation of useful inflow-outflow boundary conditions
for the acoustic system, Eq. (2c), is carried out here by writing
the system in characteristic form. Here, the characteristic
form of the equations is considered because the procedures for
the application of boundary conditions are reasonably well
defined and the characteristic method is applicable to any
number of dimensions. Define the matrix [S] whose rows
contain the left eigenvectors of [A]:

1 0 0 -1/c2

0 0 1 0
0 l/2c 0 l/2pc
0 - l/2c 0 l/2pc

(3a)

The matrix [A ] can be diagonalized by the similarity transfor-
mation:

[Asl =

u 0 0 0
0 u 0 0
0 0 w + c 0
0 0 0 u - c

A] 0 0 0
0 X2 0 0
0 0 X3 0
0 0 0 X4

(3b)

Here the diagonal elements of [As] are the eigenvalues of [A ].
To place Eq. (2c) in characteristic form, define the vector
[FS] as

(4)

(5)

dx

Multiplying Eq. (4) by [S] and using Eq. (3) gives
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The solution to Eq. (5) can be expressed in the form into Eq. (2c) gives

2c2 2c2 c2

2pc 2pc (6a)

where

2= - ap av

Tap awl _ Tap awl= - hr + pc T~ r b*s = ~ T " pc T[a* a*j |_d* d*j

(6b)

(6c)

In physical terms, b\s and b2s can be identified with entropy
and vorticity waves, respectively, whereas b3S and b4S are
associated with acoustic waves propagating in opposite direc-
tions. It is this identification of the disturbance field that
enables physical boundary conditions to be determined.

In this paper, the total axial velocity component at the
inflow and outflow boundaries is considered to be subsonic so
that u0 + u < c. In addition, it is assumed that I w I < w0, be-
cause u is meant to be a disturbance to the steady flow.
Therefore, the sign of the characteristic velocities in Eq. (6a)
can be determined at the inflow and outflow boundary. Note
that the characteristic velocities \i, X2, and X3 are all positive
whereas X4 is negative. It follows therefore that the character-
istics associated with Xi, X2, and X3 have positive slope at the
inflow boundary and are entering the domain whereas the
characteristic associated with X4 has a negative slope at inflow
and is leaving the domain. Additionally, characteristics that
enter the inflow boundary leave the outflow boundary and
vice versa. It is therefore convenient to split (Fs } into contri-
butions from the positive and negative slope characteristics in
the form

(la)

where

IFS
+ } =

\,b is
2c2

2pc (7b)

pc (7c)

Here, (jFs
+ ) represents wave components propagating in the

positive x direction, and (Fs~ ) denotes wave components
propagating in the negative x direction. Substituting Eqs. (7)

dt (F] ='«'??(.fy
Equation (8) expresses the temporal derivatives of the acoustic
system at the inflow or outflow boundary in terms of the
characteristic velocities X! , X2 , X3, and X4, To develop bound-
ary conditions for Eq. (2c), it is fruitful to work with Eq. (8),
which will be referred to as the characteristic form of Eq. (2c).

The characteristic theory13 indicates that either the incoming
wave field or at least a relationship between it and the out-
going wave field must be specified at the boundaries using
known data. Therefore it is necessary to specify the quantities
&is» b2S, and Z?35 at the inflow boundary or at least to specify
these unknowns in terms of the outgoing wave quantity 64S.
Thompson11 suggests that, in hydrodynamics, a nonreflecting
inflow boundary condition is obtained by annihilating the
quantities composing the incoming wave field (i.e., biS =
b2s = b3S = 0), giving (Fs

+ } = {0} at inflow. The results of
the current work show that this does not eliminate reflections
of acoustic waves at the inflow except in the planar case.

A correct specification of b\s> b2S, and &3S at inflow remains
one of the most interesting questions associated with acoustic
problems. It is necessary that three physical conditions be
prescribed at inflow to determine these quantities. Further, it
is necessary to specify these quantities such that the appropri-
ate physical situation of reflecting or nonreflecting inflow is
modeled. The boundary conditions derived here are based on
the following assumptions:

1) The quantity bis is specified as some known function
b(y) at inflow, so that

(9a)

Note that c is the local and not the ambient sound speed.
Although the entropy function b(y) is usually assumed to be
zero for linear acoustic disturbances, it may be quite difficult
to determine for more practical problems.

2) The inflow vorticity of the disturbance f is known. This
allows the quantity b2s to be written in terms of the known
inflow vorticity as

aw (9b)

3) By analogy with the procedure used with many mechani-
cal systems, the ratio between the acoustic pressure and nor-
mal velocity at the boundary z is assumed known:

(9c)

The quantity z will be referred to here as the acoustic
impedance, although it is not the complex quantity usually
defined for steady-state harmonic motion. Differentiation of
Eq. (9c) with respect to time gives

dp du (9d)

Then substitution of the time derivatives of p and u into
Eq. (9d) via the fourth and second components of Eq. (8)
allows the quantity 635 to be written in terms of the given
inflow impedance in the form

1
X3[l - (z/pc)}

(9e)

(9f)
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= 2( F4 - zF2 u -~ (9g)

in which F/ denotes the /th component of [F], One way of
considering an inflow boundary condition of the form of
Eqs. (9) is as a means of determining the incoming waves at
inflow in terms of those that are outgoing:

(Fs
+(x,y,t)} = lD(x,y,t)](Fs-(&y,t)} + (E(x,y,t)}

where the matrix [D] and vector {E } can be determined from
Eqs. (9). In this vein, the current method does not represent a
departure from other analyses.

The three inflow boundary conditions specified in Eqs. (9a),
(9b), and (9e) have the advantage of allowing for the most
free-flow adjustment at inflow but have the disadvantage of
requiring that the three critical input parameters f, b(y), and
z are known. A significant effort may be required to obtain
these three parameters, and depending upon their specifica-
tion, the acoustic waves may or may not be reflected from the
inflow boundary. Values of these three parameters that simu-
late an outgoing plane wave are easily determined since, in
that case, all the>> derivatives in [F] vanish and the only way
to eliminate the incoming information in {Fs

+ } is by annihi-
lating bis, b2s> and &3S. The following value of the three
inflow parameters will simulate such a condition:

f=0, -PC

Thus for plane waves, the conditions of the current work
reduce to those of Thompson11:

Boundary condition treatment along the outflow boundary
is very similar to that at inflow. Only one characteristic A4
enters the computational domain at outflow. Thus &4S is spec-
ified at the outflow boundary in terms of the outgoing wave
components and the known source pressure. The form that
properly models the sound source is readily obtained by re-
placing (dp/dt) with (dps(y,t)/dt) in the fourth component of
Eq. (8) and solving for the incoming wave component &4S,
which yields

T-A4
(10a)

(lOb)

The upper boundaries, y = 0 and y - H, are considered rigid
and nonheat-conducting, and the proper physical boundary
conditions in this case are

v = 0, -f = 0, -^ = < (H)

The axial velocity u cannot be given along a rigid boundary or
the initial-boundary-value problem will in general be over-
specified.

While the procedure for the application of boundary condi-
tions may appear to be straightforward, some words concern-
ing their implementation are appropriate to avoid any confu-
sion. The implementation of boundary conditions into various
numerical schemes has been known to produce spurious oscil-
lations that may destabilize the scheme. The boundary condi-
tions are implemented here as follows:

1) Along the inflow boundary, Eq. (2c) is integrated numer-
ically in time using the expressions for &1S, b2s, and b3S given
in Eqs. (9a), (9b), and (9e) but with b4S given by Eq. (6c).

2) At outflow, Eq. (2c) is integrated numerically using the
expression for 64S given by Eq. (lOa) with &1S, &2s> and b3S
given by Eqs. (6).

3) Along the solid walls, Eq. (11) is used to determine v, p,
and p whereas the second component of Eq. (2c) is integrated
numerically along the wall to determine the axial velocity u.
First-order one-sided differences are used to determine all
derivatives normal to the solid boundary.

4) Finally, u is determined at the inflow corners from the
known vorticity condition and the rigid wall condition

Numerical Solution Technique
Having developed boundary conditions for the acoustic sys-

tem, attention is now focused on a numerical solution tech-
nique so that the derived boundary conditions can be tested.
One specific algorithm that has gained wide use and accep-
tance for solving time-dependent problems in fluid dynamics
was developed by MacCormack.12 To date, this algorithm has
not been used to integrate the acoustic system. It is used here
to integrate both the differential equations and boundary con-
ditions for the acoustic system. It should be noted that the
differential equations and boundary conditions are fully cou-
pled, and both are integrated using MacCor mack's algorithm.
For more details on MacCor mack's method in fluid dynamics,
consult the excellent reference by Anderson.13

Results and Discussion
It is instructive to see how well the algorithm described in

this paper works in practice. To do so, the solution to the
equations of acoustics using MacCormack's algorithm have
been vectorized and programmed on the VPS-32 computer
(i.e., a 64-bit vectorizable computer). A series of model prob-
lems were chosen to verify the integrity of the numerical
solution to the acoustic system and to test the effects of the
derived boundary conditions. Dimensions of the channel are
in meters with L = H = 0.5 (throughout this work, the MKS
units of measure will be used). A 41 x 41 grid was specified
with uniformly spaced increments in both coordinate direc-
tions. Results presented here are restricted either to uniform
flow results for which exact steady-state solutions to the
acoustic system are known or to parallel sheared flows whose
steady-state solutions were calculated numerically using a
modal method.14 Results were calculated with an ambient base
state (i.e., p0 = 101,325 N/m2, c0 = 343 m/s, p0 = 1.2 kg/m3)
with v0 = 0. The sound source is considered to be a single
mode oscillating sinusodially with a frequency of 1100/Tr Hz
(i.e., co =

Plane Wave Source in Uniform Flow
The first problem to be given consideration is that of a plane

acoustic wave propagating through the domain in the presence
of a uniform flow. The critical inflow parameters were chosen
such that the acoustic waves will exit the channel without
reflecting (i.e., b(y) = Q, z= - pc, T=0). the channel is
assumed to be initially quiescent; that is, at t = 0 the acoustic
variables are taken as zero everywhere except at the outflow
boundary. Application of the noise source at outflow will
drive the acoustic disturbance through the domain. An exact
solution derived from linear theory is used to initialize the
disturbance at outflow, and the sound source is defined as

Ps(y»t) = Ag sin(o;0, Ag = epQ (12)

where the parameter e must be considerably less than unity for
the solution to exhibit linear properties. Finally, plane wave
results are plotted only at the centerline (i.e., y = ///2), since
calculated results did not show any dependence on y.

Graphs of the normalized acoustic pressure computed from
MacCormack's method at the 50th and 100th time step are
compared to the exact steady-state solution in Figs. 2a and 2b,
respectively. Computations are for a Mach number of 0.1 and
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Fig. 2a Comparison of normalized steady-state acoustic pressure at
the 50th time step for a plane wave source at 0.1 Mach number.
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Fig. 3a Comparison of normalized steady-state acoustic pressure at
the 100th time step for a plane wave source at 0.5 Mach number.
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Fig. 2b Comparison of normalized steady-state acoustic pressure at
the 100th time step for a plane wave source at 0.1 Mach number.

1.5

1.0

P(x. t) .5

< °
-.5

-1.0

£ =10
-2

0 .1 .2 .3 .4 .5
AXIAL LOCATION, x

1.5

1.0

P(x. t) .5

^ °
-.5

-1.0
0 .1 .2 .3 .4 .5

AXIAL LOCATION, x

Fig. 3b Comparison of normalized steady-state acoustic pressure at
the 400th time step for a plane wave source at 0.5 Mach number.

for values of e shown. The solid curve denotes the exact
steady-state solution from linear theory, whereas the broken
line denotes the solution obtained from MacCormack's
scheme. At the 50th time step, the initial transient has propa-
gated over approximately 50% of the channel. Further, the
initial transient has already reached the inflow boundary at the
100th time step. No evidence of any reflections as a result of
the chosen inflow boundary condition appears in the figures,
and the solution reaches the exact steady state at each axial
location as soon as the initial transient has passed. Note that
for even this low Mach number case, there are differences
between the exact linear solution and the numerical solution
for the largest value of source amplitude (i.e., e=10~1).
Further, this difference appears to grow with distance from
the sound source. This is evidence that nonlinear acoustic
effects are starting to occur for the higher amplitude source,
an effect that is not accounted for in linear theory. Note that
the choice of z = —pc gives no reflections for large values of e.

On the other hand, when the linearized expression z = -P(A
was used with the larger values of e, unstable results were
obtained.

As the mean flow Mach number increases, the acoustic
wavelength is compressed by the flow. This is illustrated in
Figs. 3a and 3b in which the Mach number was increased from
0.1 to 0.5. At the 100th time step, the initial transient has not
reached the inflow boundary. At the 400th time step, the
initial disturbance has already passed the inflow boundary,
and no reflections are generated as a result of the inflow
boundary conditions. Thus, the inflow boundary conditions
are truly nonreflecting. When compared to the 0.1 Mach
number case, these calculations show that the convected ef-
fects of the flow have shortened the acoustic wavelength con-
siderably and have substantially increased the time required
for the initial disturbance to exit the channel. Therefore, as
Mach number increases, the computational cost for obtaining
the steady-state solution using this algorithm will increase
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substantially. Note also that the numerical solution at axial
location x reaches steady state as soon as the initial distur-
bance passes. Finally, the largest source amplitude results in
significant nonlinear effects at steady state (Fig. 3b) and in the
occurrence of an acoustic shock at approximately 0.085 m
from the inflow boundary.

in which the sound source was nonplanar. In each case, these
so-called nonreflecting boundary conditions led to reflections
and eventually to unstable results for each problem attempted.
To simulate a reflection-free inflow, it was decided that the
following expressions derived from linearized theory should
be used in Eqs. (9a-9g):

Higher-Order Mode in Uniform Flow
The second problem to be considered is that of a higher-

order mode propagating down the channel. This case is of
particular interest since transverse acoustic gradients will be
present in the acoustic solution, although not in the mean
flow. Again, the channel is initially quiescent, and the initial
condition at outflow is initialized with an exact solution
derived from linear theory. The sound source is the first-order
hard wall mode:

Ps(y,t) = A* cos(Try/H) sin(o>0, A* = epQ (13)

The inflow boundary condition should simulate a reflec-
tion-free condition, since this is the basis for the exact solution
to which the numerical solution will be compared. At the
outset of this work, Thompson's conditions were tried with
the current numerical scheme on a number of model problems

EXACT LINEAR THEORY
MacCORMACK SCHEME
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Fig. 4a Comparison of normalized acoustic pressure at the 400th
time step for a nonplanar source at 0.5 Mach number.
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Fig. 4b Comparison of normalized acoustic pressure at the 1000th
time step for a nonplanar source at 0.5 Mach number.

z = — " (14a)

(14b)

(14c)

where KI is the axial propagation constant obtained from
linear theory. Note that this choice for the three inflow
parameters does not annihilate the quantities b2s and &3S .

Plots of the acoustic pressure distribution at various axial
stations for a uniform, 0.5 Mach number flow are shown in
Figs. 4a and 4b. The distribution across the channel has been
plotted with e = 10 ~4 so that a comparison with linear theory
can be made. Two important points should be observed. First,
although approximately 250 time steps are required for the
initial disturbance to reach the inflow boundary, the steady-
state solution has not been reached after 400 time steps (Fig.
4a). Second, the numerical solution and the exact steady-state
solution are nearly identical at the 1000th time step (Fig. 4b)
with no evidence of any reflections as a result of the chosen
inflow boundary conditions. It should be noted that the al-
gorithm gave unstable results for e = 10"1. This was simply
another indication that use of linearized expressions such as
Eqs. (14a-14c) may lead to invalid results for nonlinear acous-
tic propagation.

Higher-Order Mode in a Sheared Flow
The third and final problem considered is that of a higher-

order mode propagating through a sheared mean flow. Unlike
the two previous examples, this problem does not have exact
analytical steady-state solutions, and even no flow linear re-
sults are difficult to obtain.14 An approximate solution, based
upon the sheared flow modes, has been used as a basis for
comparison. The mean flow Mach number profile is a noslip
profile of the form

M(y) = MO sm(*y/H)

where M0 is the center line Mach number chosen as 0.5 for
results presented here. Note that this mean flow profile is an
exact solution to the steady form of Eq. (1). Again, the chan-
nel is assumed initially quiescent except at outflow, where the
modal solution for the second-order mode is employed. The
sound source is expressed in the form

ps(y,t) = sin(«/), = epQ

where P\(y) is the second sheared flow mode obtained from
linear theory and e = 10~4. To simulate a reflection- free in-
flow, the three critical inflow parameters b(y), f, and z are

MODAL THEORY
MacCORMACK SCHEME

P(x,y,t)

*?

.61-

.4

.2

0

-.2

-.4

-.6

x-L/4

L__^^
; ^-— —
-

i i i i

P(x,y,t)

0 .10 .20 .30 .40 .50
TRANSVERSE COORDINATE, y

X-3L/4

0 .10 .20 .30 .40 .50
TRANSVERSE COORDINATE, y

Fig. 5 Comparison of normalized acoustic pressure for a sheared
mean flow at the 1500th time step.
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determined from a solution technique similar to that of Ref.
14 for the second-order mode.

Figure 5 compares the MacCormack and modal solution at
the 1500th time step. Excellent agreement between the two
approximate solutions has been obtained. It should be noted
that it takes approximately 500 time steps before the distur-
bance reaches the termination and that 1000 additional time
steps are needed before the solution reaches steady state. It is
clear, however, that the derived inflow-outflow boundary con-
ditions give good results in a sheared mean flow and that no
instabilities arise.

Conclusions
Based upon the results of this paper, the following conclu-

sions have been drawn:
1) The full two-dimensional time-dependent nonlinear

acoustic system requires three physical boundary conditions
on an inflow boundary and one physical boundary condition
on the outflow boundary.

2) When generalized to acoustic systems, the conditions in
Ref. 11 give unstable results for nonplanar acoustic sources.

3) The most natural choice for the three inflow boundary
conditions appears to be a specification of the normal acoustic
impedance and a pressure density relationship, along with the
acoustic vorticity. On the other hand, a specification of the
acoustic pressure on the outflow boundary was shown to give
stable and consistent results.

4) The explicit predictor-corrector method of MacCormack
represents a stable numerical method for integration of the
full time-dependent nonlinear acoustic system interior to a
domain coupled with the boundary conditions.

Although the boundary conditions employed here were
tested only on model problems for which exact solutions were
known, they should be applicable to more complicated prob-
lems, provided the three critical inflow parameters can be
determined. In many cases of practical interest, these parame-
ters could be measured or approximated, particularly when
steady-state solutions are sought.
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