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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— diagrams of p’ /e,y = H /2
and b) time histories, x = 0,y = 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

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.'

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.? However, these models do
not deal with thermal turbulence quantities and do not account for
buoyancy eftects.

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 (—u;u;) and heat fluxes (—u;6) (see
Refs. 2 and 3):
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In these two equations, & and ¢ are the turbulence kinetic energy
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and its dissipation rate, S;; = 0.5(3U;/dx; +
rate-of-strain tensor,

aU;/dx;) is the mean
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are the production terms due to the mean flowfield,
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are the production terms due to the buoyancy,
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are the nonequilibrium eddy-viscosity/conductivity correction co-
efficients, T is the mean temperature, f is the volumetric expansion
coefficient, g; is the component of the gravitation vector in the x; di-
rection, 62 is the mean-square temperature, and ¢, and & are model
constants. Summation is implied whenever an index is repeated in
the same term. The equation of the ASM model for determining 62
can be obtained as follows®:

67 = —R,—u;6 — (10)

where R, is assumed to be constant.

As can be seen, the right-hand sides of Egs. (1) and (2) involve
nonlinear terms which are explicit functions of the Reynolds stresses
and heat fluxes; moreover, these two equations are coupled. The
strong nonlinearity and interdependence of these equations are the
source of the deficiencies of the ASM model with respect to compu-
tational time and stability. To overcome these deficiencies, without
compromising the integrity of the model, the nonlinear terms in
Eqgs. (1) and (2) need to be modified.

Since P in the SEV model can be approximated by

oU;
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and since P is the sum of the diagonal terms of tensor P;; (and Cyj),
it follows that we can approximate P;; and Cj; in Eq. (1) by similar
expressions to Eq. (11), viz.,
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In Egs. (11-13),
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serve to describe the anisotropy of turbulence. Based on the
preceding idea, the following nonequilibrium anisotropic eddy-
viscosity/diffusivity turbulence model for determining the Reynolds
stresses is derived from Eq. (1):
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In this model, Eq. (17), the buoyancy production term is kept un-
changed; also, u, is the nonequilibrium Eddy—Viscosity given by

tr = cu (k2 /8)(1 + cuo(k/e) Sie) (18)

where ¢, = fucuo. In a similar manner to that used for deriving
Eq. (17), i.e., by substitution of[ k + M,OSM)(S,, — 240S8;;] and
[(—w10/0:0) (8T /0x;)] for the terms u;u; and u;6 on the right-hand
side of Eq. (2), respectively, the following equation for determining
the Reynolds heat fluxes for a heated turbulent flow is obtained:
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is a resultant mean rate of strain and o, = f,0,0/f; is the nonequi-
librium turbulent Prandtl number. To complete the NAEV model,
Eq. (10) for determining 62 is directly adopted without any change.

Numerical Tests on the Nonequilibrium Anisotropic
Eddy-Viscosity Model

To check the efficacy of the NAEV model, two typical turbulent
flow cases have been examined?®: 1) a heated plane air jet issuing
into ambient air flow and 2) flow past a backward-facing step.

The Reynolds-averaged Navier—Stokes equations in divergence
form are used as the governing equations. These equations are dis-
cretized by the finite volume technique and the resulting nonlin-
ear algebraic equations are solved iteratively by a line relaxation
method. The computational procedure is based on a modified ver-
sion of Patankar’s SIMPLER method.?

A Cartesian x—y coordinate system is used, with flow in the x
direction, A grid of 101 x 51 in the x and y directions, respectively,
is used in all cases. The accuracy of the results obtained with this
grid was tested by comparing them with the results obtained with
a coarser grid of 61 x 31. The maximum differences between the
results based on the two grids are within about 10%, whereas the
grid sizes are about 40% different in each direction.? Accordingly,
the grid of 101 x 51 is fine enough to provide essentially grid-
independent results for both flows.

With the grid of 101 x 51, for each iteration, the SEV model takes
3.64 s and the NAEV model takes 4.89 s of CPU time on a SUN
Sparc 1I workstation. Thus, the NAEV model requires one-third
more CPU time than does the SEV model. About 1600 iterations
are needed to achieve convergence. Additional computational details
and boundary conditions are reported in Ref. 2.

A. Heated Plane Turbulent Air Jet Flow

The similarity profiles of the Reynolds stresses, heat fluxes, and
temperature fluctuations are shown in Fig. 1. It can be seen that
for all of the Reynolds stress components the results predicted by
the NAEV model are in good agreement with the experimental data
of Ramaprian and Chandrasekhara.* The RS model used by Malin
and Younis® predicts values for the axial normal stress u? that are
higher than the experimental data, and it predicts the same values
for the cross stream and spanwise normal stresses v? and w?. The
SEV model predicts essentially the same values for the Reynolds
normal stresses since it is subject to the isotropic assumption and
does not account for buoyancy effects. In the case of the axial tur-
bulent heat flux (#6), the results obtained by the NAEV model
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Fig.1 Similarity profiles of Reynolds stresses, heat fluxes, and temper-
ature fluctuations for a heated jet: — NAEV model, - - - SEV model, - -
RS model,’ o experiment.

show a significant improvement over those obtained by the SEV
model but are lower than the experimental data of Ramaprian and
Chandrasekhara,* whereas the RS model® yields much higher results
than the experimental data. In the case of the cross stream turbulent
heat flux v6 and temperature fluctuations §2, the three models pre-
dict different results, but the results predicted by the NAEV model
are closer to those predicted by the RS model,® whereas the results
of v8 predicted by the SEV model display the closest agreement
with the experimental data of Ramaprian and Chandrasekhara.

B. Flow Past a Backward-Facing Step

This flow has served as a primary benchmark for the perfor-
mance of turbulence models in the prediction of separated flows
(e.g., Ref. 6). It is well known that the SEV model substantially
underpredicts the reattachment point for this flow. The separation
length (L/H, where H is the step height) is predicted by means of
the SEV model as 5.7, whereas experiments indicate that it should
be about 7.0.

The NAEV model predicts L/H = 7.0, which is a significant
improvement over the result predicted by means of the SEV model.
In comparison, the local equilibrium anisotropic model (i.e., in the
NAEYV model obtained with f,, = 1) predicts L/H = 6.0, whereas
the nonequilibrium isotropic model (i.e., in the NAEV model ob-
tained with a; = o = 0) predicts L/H = 7.0. Thus, we can
conclude that, for this flow, the improvement in the predictions of
the separation length is essentially due to the fact that the NAEV
model accounts for the nonequilibrium effects; the anisotropy of the
flow has only a second-order effect.

Concluding Remarks
The NAEV model can effectively account for the nonequilibrium
and anisotropic properties of a turbulent shear flow. This model is as
equally capable as the RS model of accounting for buoyancy forces
when the flow is heated, and it has the same advantages of numerical
efficiency and stability as does the SEV model.
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Shock Wave/Vortex Interaction
in a Flow over 90-deg
Sharp Corner
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Introduction

SHOCK wave diffraction over a 90-deg sharp convex corner

provides one of the most basic flows in the field of compressible
fluid dynamics. A variety of diffraction patterns dependent on inci-
dent shock Mach number has been extensively studied theoretically,
experimentally, and numerically. However, it seems that the evolu-
tion process of a vortical flowfield near the corner has not been fully
addressed compared to the shock wave diffraction process itself.
For example, it is controversial whether or not secondary shock
waves appearing in the vortical flowfield have a branch-like struc-
ture. Uchiyama and Inoue! suggest by computation that the branch-
like structure may appear, although in experiments this structure
has not been observed so far. This discrepancy may stem from some
practical limitations in both experimental and computational stud-
ies. In the case of experiment, the characteristic time scale required
for detectable growth of shear layer instability is relatively much
larger than that for shock wave propagation and, hence, in order
to capture distinct phenomena caused by shear layer instability, a
pretty wide area of a test section is necessary. In the case of compu-
tation, capturing details of the flowfield such as rollup of the shear
layer is not an easy task even with recent high-resolution schemes
with large numbers of computational cells, since a numerical dif-
fusion mechanism is inherent in any shock capturing scheme. To
minimize the effect of numerical diffusion and to capture the vortex
motion as accurately as possible under limited computer power, the
use of adaptive mesh methods is desirable. In the present study,
two-dimensional unsteady Euler computation with adaptive mesh
refinement (AMR) algorithm? was performed to study the evolution
process of a vortical flowfield generated near the corner. The results
show that due to the growth of the Kelvin—-Helmholtz instability, a
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