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Introduction

ECENT studies of aerodynamic sound generation and radi-

ation are relying more frequently on computer simulations.
Direct simultaneous computation of the flowfield and the radiated
sound offers the most detailed description of aerodynamic sound
generation processes. A primary difficulty in the development of
computational techniques for direct aeroacoustic computation has
been the inadequacy of numerical boundary conditions. For many
flows of interest, and in particular jets, the ideal domain should be
infinite in all directions. Practically, it is necessary to artificially
truncate the domain. The procedure of truncation must be done in
such a way that the solution within the domain is invariant, to within
some prescribed accuracy requirement, to the truncation location.

There is a rich literature discussing nonreflecting boundary con-
ditions that are applicableto compressibleflows. Many of the works
either treat linear hyperbolic equations or, in the case of Euler or
Navier—Stokes equations, linearize the equations for the formula-
tion of boundary conditions.!—> Several boundary treatments are
reviewed by Givoli. It is possible for some linear equations and
domain geometries to obtain exact boundary treatments’; however,
most such schemes are inapplicableto shear flows. Shear flows have
persistent nonlinear downstream hydrodynamics that are analyti-
cally intractable. Approximate boundary conditions that are based
upon linear analysis may be applied but typically lack sufficient
accuracy to preclude the reflection of high-energy flow structures
passing out of the domain. The disparity of amplitudes between
the flowfield vorticity and dilatation and the radiating sound field
requires extreme accuracy at the boundaries for all angles of inci-
dence. The sound field energy may be orders of magnitude smaller
than the flow energy.

In cases where high-amplitude nonlinear disturbances must exit
the domain with minimal reflection, it has been found necessary to
add nonphysicalexit zones onto the computation. This method was
first proposed for direct acoustic simulation by Colonius et al.® and
was based on previousapplicationsin hydrodynamiccomputations’
Colonius et al. employed numerical filtering to damp disturbances
in the exit zone. This was done in such a way as to minimize re-
flections. A different boundary zonal treatment has been proposed
by Ta’asan and Nark,'® who add a convective term to the the linear
Euler equations and thereby force them to be supersonicat the bor-
ders of the numerical domain. Berenger'! proposed another zonal
boundary treatment for Maxwell’s equations, which was extended
to the Euler equations by Hu.!? In this zonal method, a damping term
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is added to the equations that drives the solution toward a quiescent
target state.

In direct turbulence simulations, it is sometimes necessary to
feed turbulence into the computational box, which circumvents the
expense and difficulty of simulating transition to turbulence. In a
direct acoustic simulation, inflow turbulence also requires special
treatment to prevent nonphysicalacoustic radiation from the inflow
boundary. The situation is somewhat different from that of the out-
flow but the problem is the same: to pass flow structuresthrough the
domain edge without generating spurious sound.

This study proposes a novel zonal approach for the inflow and
outflow problems combining basic techniques proposed by Ta’asan
and Nark'® and Berenger.!!

Proposed Boundary Zones

The full compressible Navier—Stokes equations in conservative
variablesare considered. We propose to add two additional terms to
each of the equations that would be effective only in the inflow or
outflow zones of the computation (see Fig. 1). Taking x; to be the
streamwise direction, U(x;) an artificial convection velocity, and
o(x;) an artificial damping function, the equations for the entire
domain with the additional terms are compactly written as

atp+ U(Xl)pl + (p”;)j = —o(xl)(p—/)target)
Oi(pu;) + U(x)(pu;) 1 + (pujuy) j = Tj; — O(xy)
x[p"‘: —(pui)target]

Ore+ U(x))(e) 1 + (eu;) j = (u;T;) j — O(x1)(€ — Crarger)

()

The oterms drive the solution toward a quiescent target state. This
target state may be estimated by solving the flow with o = 0, us-
ing only the artificial convection aspect of the proposed conditions.
Global conservation properties and asymptotic behavior also may
be used to estimate the target state. A form is chosen for U and &
suchthat they eitherhave compact support withinthe inflow/outflow
zones or that they become exponentially small within the physical
domain of the problem. Analysis is simplified if the following form

is chosen:
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Fig.1 Top) Numerical domain schematic showing 1) artificial inflow
zone, 2) physical computational domain, and 3) artificial outflow zone.
Bottom) Characteristics associated with discussion in text: Dotted ver-
tical line ( , ) is the physical domain edge, and dashed vertical line
(- —-) is the sonic point for the artificial convection.
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The equation for U(x;) is analogous. The domain in x; extends
from zeroto X, . Wy and W are the widths of the supports for &
or U onthe left orright side indicated by / or r subscripts. U, and g,
indicate the maximum values that the terms will have at the left or
right domain edges. U, is taken to be greater than the sound speed
at each domain edge. This forces the flow to become supersonicand
allows us to specify a hard inflow boundary condition.

Analysis of Zones

Direct analysis is impossible for the full equations. We turn to
a simplified equation with many of the gross features of the full
equations that models a simple shear flow:

0,0+ Ur(x)0, ¢ = _o(x)¢ 3)

Ur(x) is the total convective velocity. It consists of the artificially
imposed velocity U(x) plus any physical convectionassociated with
disturbancemodes that we will be considering. We will considersev-
eral different Ur correspondingto different situations at the inflow
and outflow boundaries; o is the exponential damping coefficient,
¢ is a field variable that is studied as an outgoing disturbance that
we wish to quietly dissipate or as an incoming disturbance that we
want to quietly pass into the domain unchanged. These cases are
considered by studying the characteristic solutions of Eq. (3).

The discussion is centered about a jet flow. We first consider
an acoustic wave traveling toward the inflow in the quiescent fluid
exterior to the jet. The path in x __ ¢ space of such a disturbance is
depicted by characteristiccurve a in Fig. 1. For this curve, Ur(x) =
U(x) —c, where c is the speed of sound. The sound wave will slow
as it encountersthe artificial convection velocity and eventually will
stop. The characteristic asymptotes to the point where U(x) = ¢
and the exponential damping act to annihilate the wave. Because
the wave spends a long time in the neighborhood of the sonic point,
the damping need not be large.

Next we consider the turbulence in the jet shear layer to estimate
the effect that the inflow zone has upon it. We invoke Taylor’s hy-
pothesis in applying Eq. (3) to this situation. Structures in the jet
will travel at a convective velocity U,, and the characteristic path
for such a structure is shown as curve b in Fig. 1. The structure
is accelerated through the inflow zone by the artificial convection
termand then slows, reaching its natural convectionvelocity outside
the zone. The damping of a particularturbulent structure, in this case
undesirable, is dependant upon the time spent by the structure in the
region of positive 0. To estimate the maximum amount of damp-
ing that might occur, we consider a structure with zero convective
velocity. The characteristic curve correspondingto this behavior is
depicted by c in Fig. 1. We may solve Eq. (3) for this case and ob-
tain the value of ¢ entering the physicaldomain relative to its initial
value ¢,. All f exponents are taken to be 3. This forces the first
three derivatives of oand U to be continuous across the interface,
and this was found necessary to yield smooth numerical solutions.
The analytical solution is
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Fig.2 Maximum pressure difference normalized by initial maximum
pressure difference as the vortex passes out of the domain: ----, pro-
posed zonal boundary condition; and ——, Thompson boundary condi-
tion.

the domainand thus will be exposedto the positive oregion for some
time. The oneed not be small as for the inflow, and a reflected sound
wave, such as that indicated by characteristice in Fig. 1, should be
mostly dissipated before it enters the physical domain.

One-dimensional tests of the proposed scheme applied to the
full equations showed that the power form for U(x;) as used in
the preceding analysis caused low-amplitude 20 type disturbances
near the boundary between the physical and nonphysicaldomains.
This was remedied using a hyperbolic-tangent-tased function that
becomes exponentially small within the domain:

U(x1) = 3U, [ 1+ tanh(_fix))]
+3U, {l + tanh [ £ (v — X1,,)]} (5)

Performance

The quantification of boundary condition performance is ex-
tremely problem dependent, and it is beyond the scope of this Note
to do a detailed parametric study of these proposed boundary condi-
tions. We considertwo model problems to evaluate the performance
of the proposed scheme relative to the local boundary condition of
Thompson,'? which is well known.

To test the outflow boundary, the two-dimensional fully com-
pressible Navier-Stokes equationsare solved with a zero circulation
vortex'* as the initial condition. The vortex has Uy, / ¢ = 0.6 and
is convectedwith U,/ ¢ = 0.75 through the boundary.o?he bound-
ary zone was 7.2 D, wide, where D, was the diameter corresponding
to the maximum velocity of the vortex. Other boundary parameters
were U,, = L15c 4 q, = 1. 125604 D,, and f, in Eq. (5) was

) g, 3 2 205 Wi
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6~ P\ —ws (Wo —Wu)'s + 60Wq Wy, Wo, +2U,s | 20,
-_— Wy, [ 2U, (Wr_Wg)2 _(Wr/2U,,)
1 2u, 3 _wy) W[ fw2) + Qu, [ )W [ v 20 (v, 1-Cwe 120, )
Xy WE, * W, * 2Uo @

Taking practical values for the parameters Wy, = r,, Wy, = 2.5r,,
U, = 1.15¢_, and g, = 0.05¢_[r,, where r, is the jet radius
(or similar problem length scale) and ¢ __is the speed of sound,
we estimate that an incoming turbulence structure is damped by a
maximum of 1.5%.

At the outflow, flow structures are accelerated out of the domain
by the U(x) term (characteristicd in Fig. 1). Any sound generatedin
the outflow zone will either be convected out of the computational
box ortravelagainstthe artificially imposed convectionvelocity into

s=0

set so that U( Xy — Wy,) = 0.00015¢ . The other boundaries
in the problem were far away and did not affect the results. The
nondimensionalized disturbance pressure is plotted in Fig. 2. An
ideal boundary condition would have the disturbance pressure be-
come zero as the vortex exits the domain at nondimensionaltime 5.
The zonal boundary condition offers a dramatic improvement over
Thompson’s condition.

We next test the inflow zone. The linearized Navier—Stokes equa-
tions are solved with a packet of plane acoustic waves inclined at
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Fig.3 Normalized pressure perturbation evolutionas the vortex passes
out of the domain vs angle of incidence on boundary measured from
normal: - -- -, proposed zonal boundary condition; and ——, Thompson
boundary condition.

an angle to the boundary as the initial condition. The waves propa-
gate toward the inflow boundary. The boundary zone is 2.54 wide
where Ais the acoustic wavelength. Other boundary parameters are
= 1.15c , o, = 0. O3560<{A, and f; in Eq. (5) is set so that
U ( KNnax — WO% = 0.01¢ ., Thetransverse boundaries are periodic.
Reflection amplitudes are plotted in Fig. 3 as a function of angle.
The reflected amplitude would be zero for an ideal boundary condi-
tion. The zonal boundary condition is seen to perform significantly
better than the Thompson boundary condition, especially at angles
away from normal incidence.
Reflections are strongly dependent on zone size, and accuracy
may be increased by increasing the size of the zones.

Conclusions

A simple new zonal boundary condition has been proposed. It is
based upon the addition of dissipative and convective terms to the
compressible Navier—Stokes equations. The scheme has been ana-
lyzed using a one-dimensional model equation and validated with
two model problems. Boundary reflections are very significantly
reduced compared to the local boundary condition of Thompson.

Acknowledgment

We are very grateful to Ted Manning, who performed the vortex
computations.

References

'Enquist, B., and Majda, A., “Absorbing Boundary Conditions for the
Numerical Simulation of Waves,” Mathematics of Computation, Vol. 31,
No. 139, 1977, pp. 629-651.

2Gustafsson, B., “Far-Field Boundary Conditions for Time-Dependent
Hyperbolic Systems,” SIAM Journal of Scientific and Statistical Computing,
Vol. 9, No. 5, 1988, pp. 812-828.

3Giles, M. B., “Nonreflecting Boundary Conditions for Euler Equations
Calculations,” AIAA Journal Vol. 18, No. 12, 1990, 2050-2058.

4Tam, C. K. W., and Dong, Z., “Radiation and Outflow Boundary Con-
ditions for Direct Computation of Acoustic and Flow Disturbances in a
Nonuniform Mean Flow,” ATAA Paper 95-007, June 1995.

SHayder, M. E., and Turkel, E., “Nonreflecting Boundary Conditions for
Jet Flow Computations,” AIAA Journal, Vol. 33, No. 12, 1995, pp. 2264—
2270.

Givoli, D., Numerical Methods for Problems in Infinite Domains, Else-
vier, Amsterdam, 1992.

"Grote, M., “Nonreflecting Boundary Conditions,” Ph.D. Thesis, Mathe-
matics Dept., Stanford Univ., Stanford, CA, 1995.

8Colonius, T, Lele, S. K., and Moin, P., “Boundary Conditions for Direct
Computation of Aerodynamic Sound Generation,” AIAA Journal, Vol. 31,
No. 9, 1993, pp. 1574-1582.

Rai, M. M., and Moin, P, “Direct Numerical Simulation of Transition
and Turbulence in a Spatially Evolving Boundary Layer,” Journal of Com-
putational Physics, Vol. 109, No. 2, 1993, pp. 169-192.

10Ty’asan, S., and Nark, D. M., “An Absorbing Buffer Zone Technique
for Acoustic Wave Propagation,” ATAA Paper 95-0146, Jan. 1995.

11 Berenger, J. P., “A Perfectly Matched Layer for the Absorption of Elec-
tromagnetic Waves,” Journal of Computational Physics, Vol. 114, No. 2,
1994, pp. 185-200.

I2Hy, F. Q., “On Absorbing Boundary Conditions for Linearized Euler
Equations by a Perfectly Matched Layer,” Inst. for Computer Applications
in Science and Engineering, Rept. 95-70, Hampton, VA, 1995.

3Thompson, K. W., “Time-Dependent Boundary Conditions for Hyper-
bolic Systems,” Journal of Computational Physics, Vol. 68, No. 1, 1987, pp.
1-24.

14Colonius, T, Lele, S. K., and Moin, P, “The Free Compressible Viscous
Vortex,” Journal of Fluid Mechanics, Vol. 230, Sept. 1991, pp. 45-73.

S. Glegg
Associate Editor

Diffusion Flame Adjacent
to a Rotating Solid Fuel Disk
in Zero Gravity

Joe M. Holcombx
NYMA Inc., Brook Park, Ohio 44135
and
James S. T’ien’
Case Western Reserve University,
Cleveland, Ohio 44106-7222

Introduction

N the past, a number of studies have examined the characteristics

of one-dimensional laminar stagnation-point diffusion flames
burning adjacent to solid fuel surfaces. The stagnation flowfield in
these past studies has been created by free or forced convection,i.e.,
by buoyancy effects or by an air jet impinging on the fuel surface
(see, for example, Refs. 1 and 2). The focus of the current study is
to examine the characteristics of a diffusion flame established ad-
jacent to an infinitely large rotating solid-fuel disk in the absence
of buoyancy forces. In this different type of one-dimensionaldiffu-
sion flame, the flowfield is created by rotation of the fuel disk and
the viscosity of the gases next to the disk. For laminar, incompress-
ible, nonreacting flow, this problem is reduced to the well-known
von Karman rotating disk problem.> A similarity solution is possi-
ble, which is an exact solution of the Navier—Stokes equations. Heat
transfer in a compressible flow adjacent to a rotating disk has been
treated by Ostrach and Thornton* The first work involving com-
bustion of a rotating disk is by Vedha-Nayagamet al.,’ in which a
diffusion flame analysis has been performed under the assumption
of infinitely fastkinetics. In the present work, we extend the analysis
to include a finite-rate chemical reaction and surface thermal radia-
tion loss. This enables us to study the question of flame extinction
and the flame behavior at low disk rotation rates. The flammability
of a rotating subject can be an important considerationin spacecraft
fire safety.

Theoretical Model

The combustion model used here assumes the following: a one-
step forward gas-phasereaction of second order occurs near the fuel
surface, all gases and mixtures of gases follow the ideal gas law,
the product of density and viscosity is constant, the diffusion coeffi-
cientsofall gas speciesare equal, the specific heats of the gas species
are constant and equal, the Prandtl ( Pr) and Schmidt (Sc¢) numbers
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