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Abstract

WO compressibility corrections to the standard k-e tur-

bulence model are used with the Navier-Stokes equations
to compute the mixing region between two streams of the same
gas flowing under a variety of low- and high-speed freestream
conditions. The model corrections are assessed by comparing
1) computed spread rates for a series of unconfined flows with
data for a range of convective Mach numbers, and 2) velocity
profiles for a confined flow.

Contents

Since 1972, it has been known that application of the classi-
cal k-e turbulence model in parabolic computations of the
flow in single-stream free shear layers shows more spreading
than actually occurs.! Several modifications to either k-e or
full Reynolds stress modeling have recently been developed
that purport to be able to correct this modeling deficiency.>*
Here, the relative performances of two compressibility correc-
tions applied to the k-e turbulence model, as well as its stan-
dard form, are assessed for free-shear layers under a variety of
high-speed freestream conditions by comparing the computed
flowfields with experimental data.’~'© Results are also pre-
sented for a shear layer developing within the confines of walls
and with boundary layers of finite thickness on an upstream
splitter plate between the streams.!!

In this study, a fully implicit Navier-Stokes solver'? was
employed, which allowed departure of conditions from thin-
layer or boundary-layer assumptions. The corrected turbu-
lence models, identified as the SEHK and Zeman theories,
Refs. 2 and 3, respectively, were developed originally as full
second-order closure models. Here, only their modifications
to the dissipation rate pe in the standard turbulence kinetic
energy equation are employed. These dissipation rates are as
follows:

SEHK:

pe(l + M?),  M? =2k/(yRT)

Zeman:
pe[l + 0.75F (M,.))

F(M,) = (1 —exp( — [(M,c — 0.1)/0.6)*})H (M, — 0.1)

Received June 14, 1991; presented as Paper 91-1783 at the AIAA
22nd Fluid Dynamics, Plasma Dynamics, and Lasers Conference,
Honolulu, HI, June 24-26, 1991; synoptic received Aug. 6, 1991;
accepted for publication Dec. 7, 1991. Full paper available from
AIAA Library, 555 W. 57th St., New York, NY 10019. Copyright ©
1991 by the American Institute of Aeronautics and Astronautics, Inc.
No copyright is asserted in the United States under Title 17, U.S.
Code. The U.S. Government has a royalty-free license to exercise all
rights under the copyright claimed herein for Governmental purposes.
All other rights are reserved by the copyright owner.

*Research Scientist, Experimental Fluid Dynamics Branch, Mail
Stop 229-1. Associate Fellow AIAA.

tSenior Scientist, MCAT Institute, Mail Stop 229-1. Fellow ATAA.

2369

where M2 = (1 + y)M? /2, H(x) is the Heaviside step function
and M, and M, are turbulence Mach numbers (M, is based on
the critical speed).

For the unbounded free-shear layers, two types of flow
conditions were considered for the mixing streams. In both
cases, the static pressures of the streams were matched. For
most of the examples, the total temperatures of the streams
were also matched. For others, however, the densities of the
mixing streams were matched.

Two alternative correlation techniques for comparing the
spread rates were employed. The first represents the spreading
rate of a free-shear layer in compressible flow as
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o G(M)(1 — r)(1 + Vs)/(1 + rvs)

M

where r = U,/ Uy, s = py/p1, subscripts 1 and 2 correspond to
the high-speed and low-speed streams, respectively. M, is a
convective Mach number defined as
M, = MNs — My)/(1 +Vs) 2)
for streams composed of the same species. The shear layer
thickness &, at a given station is the distance between points
in the free-shear layer where the local impact pressures are
0.05 and 0.95 of the difference in the local freestream impact
pressures on either side of the free-shear layer. The value of
the function G(M,) is found from Eq. (1) by comparing
spread rates found from experiments or calculations for vari-
ous values of M.. The effect of compressibility, distinct from
density ratios in the streams, is then expressed as G (M.)/G(0).
A second way of correlating free-shear layer spread rate data®
is to employ the vorticity thickness defined as §,= (U, — Uy)/
QU/8Y)max. With this definition, the spread rate is repre-
sented by
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Fig. 1 Effect of compressibility on normalized impact pressure
thickness growth rate.
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The effects of compressibility are represented by C,(M.)/
C.(0), where C,(M.) is found from experimental measure-
ments or from calculations. Low Mach number and T} = T»
computations were used to establish C,0)=0.168 and
G(0) = 0.079 with all the models.

Figures 1 and 2 summarize the comparison of experimental
and computed spread rates of free-shear layers based on the
two definitions of thickness and on different turbulence mod-
els. All of the data and computed cases have matched total
temperatures. This is consistent with the assumption that the
experimental data for single streams flowing over backward-
facing steps were obtained with adiabatic wall conditions and
recovery factors close to unity. The total temperatures, static
pressures, and Mach numbers for the two streams as well as
the turbulence model used in the computations are indicated in
the figures. The experimental data are identified by solid
symbols, and in Fig. 1 the solid line represents the parabolic
computations of the standard k-e¢ model by Launder et al.!
Open symbols filled by a cross or an x differentiate between
cases where overlapping occurs.

This consistently defined treatment yields better agreement
between the different sets of data than has appeared in many
recent papers where all sorts of spread rate definitions are
mixed together indistinguishably. In particular, the data of the
‘‘Langley compilation’’ converted to these coordinates agree
reasonably well with the behavior of the Papamoschou and
Roshko data. Also, the Launder et al. k-¢ line on Fig. 1 shows
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growth rate.
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some reduction in spread rate with M, that was not apparent
in the coordinate system of Ref. 1.

Figures 1 and 2 each show the experimental decrease in the
spread rate with increased M,. The computed results with the
standard k-e model do not predict the extent of the reduction.
Each tested compressibility correction reduces the spread rate,
with the Zeman model giving the largest reduction and yield-
ing results most like the data. However, even this model
overpredicts the spread rate by about 30% at M, = 1.5. Agree-
ment exists between the present standard model two-stream
and Launder’s single-stream calculations for relatively small
differences between M; and M,. Reduced spread rates occur
for the standard model as the differences between M, and M,
become very large for fixed M,. This Mach number effect
(fixed M,, but variable M, or M,) contributes to the vertical
spread in the data on this figure. In Fig. 2, however, the large
Mach number effect in Fig. 1 has very nearly vanished. This
suggests that the vorticity thickness correlation function is far
superior to the impact pressure thickness correlation for spread
rate comparisons. Furthermore, although the Zeman model
was the best of the three examined here, it can still stand
improvement.

Figure 3 shows comparison of measured and computed
velocity profiles of a confined shear layer.!! This is a flow with
an M., of about 0.5 and for which previous computations with
the standard k-¢ model had agreed quite well with the mean
values of the experimental velocities, and there was concern
that accounting for compressibility would introduce effects to
upset this agreement. It is satisfying that the compressibility
corrections did not alter the good results previously obtained
with the standard model.
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