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Nomenclature
= total energy
= jc-direction flux vector, i.e., [pu, pu2 + p, puv,

u(e + p)]T

= £-direction flux vector
, F4 = related to the spatial gradient of steady flow flux in the

£, rj direction and the perturbation flux in the 77
direction, Ref. 1

= frequency
= y-direction flux vector, i.e., [pv, pvu, pv2 + p,

v(e + p)]T

= r] -direction flux vector
= Jacobian transformation

P"1 = matrix by which U is related to W, Ref. 9
= conservative variable vector in the generalized

coordinate system
= nondimensionalized source strength
= real time
= time at fixed £

Subscripts

s
0

= sound source
= steady flow quantity

Superscripts

' = perturbed quantity
= dimensional quantity

I. Introduction

R ECENTLY, several investigators1"4 have attempted to simu-
late acoustic problems numerically by using well-developed

numerical schemes. Two approaches have been used for numerical
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simulations of acoustic problems. One is to use the linearized Euler
equations1'2 and the other is to use nonlinear equations3'4 of fluid,
motion, such as Euler/Navier-Stokes equations. In any approach,
the appropriate solvers should be applied because the amplitude of
the acoustic wave is small and most problems of aeroacoustics are
fully unsteady. Consequently, a numerical solver for acoustic prob-
lems should have minimal dissipation and dispersion errors.5 In ad-
dition, unlike the flow problems, inflow/outflow/far-field boundary
conditions are critical for accurate long range simulations.1'2'5

Acoustic source conditions are also important in the simulation
of complex acoustic phenomena, such as the reflection and trans-
mission of an incident wave that might occur wherever there exists
an area change, e.g., a rocket nozzle,6 a muffler, or a cascade stator
and rotor, etc. Thompson's idea7 is employed for the nonreflecting
boundary conditions and two kinds of acoustic source conditions,
which are compatible with the nonreflecting boundary condition, are
compared in this paper; one is similar to the condition implemented
by Watson and Myers1 and the other is proposed here, which also
has nonreflecting properties in the source model. The source models
are tested for a uniform duct with a primary source located to the
right and with a secondary source located to the left.

II. Boundary and Acoustic Source Conditions
We choose the strong conservative form of two-dimensional Euler

equations of inviscid gas dynamics as governing equations. Con-
ventional numerical schemes for the Euler equations are employed,
using an upwind finite difference formulation8 and Runge-Kutta
time stepping.9 The numerical flux is based on Roe's approximate
Riemann solver with an entropy fix.8 Higher order schemes can be
constructed from MUSCL.8 In addition, the slope limiter function,
called Koren's differentiate limiter, is used to prevent the numerical
solution from oscillations.8 Based on this numerical scheme for the
governing equations, the nonreflecting boundary condition and the
two source conditions are described.

A. Nonreflecting Boundary Conditions
First we will briefly describe Thompson's boundary condition,7

which is closely related to the acoustic source condition to be de-
scribed later. At the inlet or outlet boundary of f = const as shown
in Fig. 1, the wave can be considered as one dimensional so that

(D

Then, using Eq. (1), we can rewrite the two-dimensional Euler equa-
tions at the £ boundary as7

(2)

where
U = (p, pu, pv, e)T / J

We must evaluate the terms 3U/8r^ in order to integrate in time at
the boundaries. The terms 3U/3r^ can be obtained from Eq. (1) by
diagonalizing the flux Jacobian matrix A = 8F/3U as

(3)
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Fig. 1 Schematic diagram and coordinate system of a uniform duct.
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where

= (Sp - 8p/c\ 8qt, 8p ± pc8qn)T

A = diag (A,i, X2, A.3,4) = diag (qn, qn, qn ± c)

qn = f ji* + |y v, 4, = |yM - fji;

For the case of source excited at the outlet, the outgoing wave
is related to bL,, b2x, and &3iV and the incoming wave is related to
b4x only. The terms &Lv, b2x, and Z?3iV are calculated by one-sided
difference, and b4x is obtained with the outgoing wave component
bis and the specified source quantity p's as follows:

+ F4) -

p's = s sin Or)
(11)

etc'

Equation (3) can be decomposed into incoming and outgoing parts
based on the directions of the eigenvalue A- i ,

lin + A|in3$ W = 0, + A|out(% W = 0 (4)

For example, the eigenvalues Xi , A.2, and A. 3 correspond to the incom-
ing part and A4, to the outgoing part at the inlet. To be a nonreflecting
boundary,10 A|in is set to zero. Thus, the values of incoming char-
acteristic variables remain unchanged at the boundaries. Therefore,
we can rewrite Eq. (4) as

(5)

In Eq. (5), A|out(3W/3f) are calculated by one-sided difference.
Then, the terms 3p/3r$, 3p/3r^, 3qn/3r^, and 3qt/3T^ in dU/Br^
in Eqs. (2) are obtained by solving Eqs. (5) simultaneously. Then
Eqs. (2) are integrated in time along with the interior values.

B. Acoustic Source Conditions
Now consider the acoustic source condition^which can be also

considered as an incoming wave. The term, 3W/3r^\-m in Eq. (4)
should be specified by appropriate relations to make the incoming
wave equivalent to a sound source. First, we use the linear plane
wave relations,10 which are valid in stationary or uniformly moving
medium, where + is right going and — is left going,

(6)

s^qt = o, 3Tfp
At the inlet, Eq. (5) can be rewritten as

At the outlet,

(7)

(8)

These source conditions are specified as a transparent source in this
paper, which permits the nonreflecting property at the boundary on
the source side.

Other acoustic source conditions have been used by Watson and
Myers.1 They decompose the fluid variables into a steady flow and
an acoustic perturbation component as

w = w() + w' (9)

In their paper, the unknown dW/dr$ in the Eq. (4) is written in
terms of their notation b\s, b2s, £3*, and b4x where

(I = 2, 3, 4)
(10)

The inlet source condition, which is derived here, can be described
as follows by using the isentropic relation and the zero vorticity
condition:

bis = b2s = 0

(12)

u' = s sin(&>r)

and &4.¥ is calculated using one-sided differencing. These inlet/ outlet
source conditions are called the Watson-Myers' source in this paper.
For this type of source, the nonreflecting property on the source side
is not satisfied because the specified acoustic source propagating to
the interior domain is related to the outgoing wave components b^
and &4>v for the outlet and the inlet source cases, respectively, in
Eqs. (11) and (12).

III. Results and Discussion
The length and time scales are nondimensionalized by the duct

height H and H/CQ, respectively, where c() is the speed of sound
in the flow at rest. The density and the pressure are nondimen-
sionalized by the quantities in the flow at rest. The velocity is
nondimensionalized by the speed of sound. Tests are carried out
in a uniform duct as shown in Fig. 1, where L = 3 and H = l.
The time step Ar = 0.0025 and / = !. At the outlet (jc = L/2),
two kinds of primary source conditions described in the preceding
section, i.e., transparent source and Watson-Myers' source condi-
tions, are continuously excited for each case using the following
relation:

3Tpf = (13)

where co = 2nf. A wavelet is generated at the inlet (x = —L/2) to
find the nonreflecting property on the primary source side located
at the outlet as follows:

SO) COS(O)T) if 0 < 0)T < 7T
.

0 otherwise
(14)

which are related to 3Wf/3%.

A grid system, which is 181 x 15 in the £ and 77 directions, is
used, and the space is discretized by uniform meshes. The source
amplitude s is 0.001, which is within the linear range.

In Fig. 2a, the isolines of the perturbed pressure are shown. The
secondary wavelet generated at the inlet collides with the outlet
boundary at t = 3. On the left side of Fig. 2a, i.e., the case of
Watson-Myers' primary source, the wavelet is reflected by the outlet
source, which is described with dense contour lines. As shown on
the right side of Fig. 2a, however, the wavelet generated at the inlet
propagates without reflection when the transparent source proposed
in this paper is excited at the outlet and the interior field is not
contaminated by the reflected wavelet. Figure 2b show these facts
quantitatively. For the case of Watson-Myers' primary source, the
reflection is detected at t = 5 with a large negative peak value in
the time histories. This is a natural result of the formulation for the
transparent source condition. The Watson-Myers' source represents
a physically existing source, such as a speaker at the boundary, and
so the wavelet is reflected at the boundary. The transparent source
model is useful for simulating the acoustic source numerically in
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Fig. 2 Tests of nonreflecting property for sound source side at outlet by
a wavelet generated at inlet, M^ = 0: a) x-t diagrams of p'/e, y = H/2
and b) time histories, x = 0,j = H/2.

the computational domain when the actual source is located far
downstream.

IV. Conclusion
It can be concluded from the present calculations that the trans-

parent source model proposed here is useful to numerically simulate
an acoustic source in the computational domain that is located far
downstream. Thus, it is possible to simulate a complex acoustic
problem, such as the reflection and transmission of an incident wave.
On the other hand, the Watson-Myers' source is a physically ex-
isting source, such as a speaker at the boundary. Therefore, care
should be taken when choosing acoustic source conditions as well
as nonreflecting boundary conditions.
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Introduction

I N general, there are two types of turbulence models in use, viz;
1) the standard eddy-viscosity /diffusivity (SEV) model and 2)

the Reynolds stress/flux (RS) model.
The SEV model is relatively simple and effective; in addition,

it is easy to incorporate into most turbulence computational fluid
dynamics (CFD) computer codes. However, it has three major defi-
ciencies: 1) It is subject to the assumption that all normal Reynolds
stresses are essentially equal (the isotropic assumption). 2) It is sub-
ject to the assumption of local equilibrium, which implies that the
eddy-viscosity coefficient is a constant throughout the whole field.
3) It does not account for the effect of buoyancy explicitly.

In contrast, the RS model can account for buoyancy effects, as
well as the anisotropy and nonequilibrium properties of turbulence.
But, this model (even in its algebraic form) is computationally less
efficient than the SEV model and is often numerically unstable.1

Because of the deficiencies of the SEV model just noted, con-
siderable research effort has been directed toward the development
of a nonlinear eddy- viscosity model.2 However, these models do
not deal with thermal turbulence quantities and do not account for
buoyancy effects.

In the present study, a nonequilibrium anisotropic form of the
eddy-viscosity /diffusivity turbulence (NAEV) model has been de-
veloped for heated turbulent flows. The NAEV model is designed to
deal with both the Reynolds stresses and Reynolds heat fluxes with
the advantages of numerical efficiency and stability.

Derivation of the Nonequilibrium Anisotropic
Eddy- Viscosity Model

The NAEV model is derived from the algebraic second-moment
(ASM) model which has the following complete form for deter-
mining the Reynolds stresses (—UjUj) and heat fluxes (— w/#) (see
Refs. 2 and 3):

(1)

(2)
___3T ——dUj

(JXj (JXj

In these two equations, k and s are the turbulence kinetic energy
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