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grid noise predictions. This may not be true when it comes to in-
corporating the nonaxisymmetric nozzle geometry and sound/flow
interaction where the mean flow gradients dominate the whole
mechanism of sound radiation. Accurate prediction of the flow-
field including the shock structure is more important in properly
estimating the shock-associated noise.
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Introduction

XPERIMENTS with converging and diverging turbulent

boundary layers near a plane of symmetry are described by
Pompeo et al.! The test section used to generate the boundary lay-
ers on the plane y = 0 is shown in Fig. 1. The experiments were
compared with computations based on a finite-difference bound-
ary-layer code by Bettelini.? The prediction of the diverging flow
agreed fairly well with the measurements and posed no special
problems. The prediction of the converging flow, on the other
hand, was very difficult. The results were very sensitive to the
choice of parameters, and diverging solutions were observed for
some combinations of parameters. It is the purpose of the present
paper to investigate this tendency with different methods. Cases 1
and 2 are based on integral methods for laminar flow as described
by Eichelbrenner.? In case 1 the crossflow satisfies only the corre-
sponding boundary condition at the wall which leads to a simple
equation for the growth of the boundary-layer thickness. In case 2
the crossflow momentum equation is also taken into account, and
case 3 uses Bettelini’s code.? All three methods show that there
exists a critical crossflow intensity beyond which the boundary-
layer thickness 8(x) diverges at some x, in the test section, and the
same holds true also for turbulent flow. The results of case 1 and
case 2 show that the skin friction vanishes at x,. This divergence
can, therefore, be called separation. However, it is a very peculiar
case as no pressure gradient exists that could decelerate the x com-
ponent of the flow. A similar situation exists in the plane of sym-
metry of a cone at angle of attack. Moore* observed that the
diverging flow on the windward side of cone posed no problems
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whereas the converging flow on the leeward side became undeter-
mined before separation of the crossflow took place. Boericke’
observed similar problems when using a finite-difference code.
The flow on the leeward side of a blunted cone, as investigated by
Der,S is very similar to the present case. “Separation” is observed
in both cases in spite of a vanishing axial pressure gradient. Good
surveys of the state of the art are given by Refs. 3 and 7-9.

Assumptions and Equations
The external velocity field near the plane of symmetry (z = 0)

was based on experiments of Pompeo et al.,! namely, w,(x, 8, z) =
w,(x) - z and u,(x, 8, 2) = U + w,(x) - 22/ 2 with

() =A- expl(x—x0)/B -
w,(x) = A - expl(x — x)“/B] Wy = P

For the converging flow good approximations are A =—31.4 57,
B =0.231 m?% and x; = 1 m. The boundary layer was assumed to
start at x = —0.5 m and to end at x = 2.5 m. Figure 7 in Pompeo et
al.! and w, are comparable.

The velocity components near the plane of symmetry can be
written as

u=ugx, ) +u(x,y) z+---
V=v0()€,y)+v1(x,y).z+...
w=wix,y)  -z+---
Introducing these equations into the boundary-layer equations

leads to the following expressions valid in the plane of symmetry
near z = 0.
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Fig.1 Test section and boundary-layer thickness 3(x).
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Fig. 2b Location of the singularity in the test section.

where v =8 X 10~* m%/s was chosen as this resulted in a boundary-
layer thickness of 36 mm at x = 1.5 m, which is typical for the
experiment with two-dimensional flow. At y = & the boundary con-
ditions are uy = U = 42 m/s and w, = w,(x).

Integral Methods

In this classical approach (e.g., Schlichting'®) velocity profiles
are chosen for u, and wy; vy is eliminated with the help of Eq. (1),
and Eq. (2) is integrated from y = O to 8. The Pohlhausen profile
for constant u, = U was chosen as uy = U f(n) with f() = 21 - 2n*
+1* and 1 = y/8.

Case 1

In this case the crossflow w; was also based on a polynomial of
fourth degree which satisfies Eq. (3) at the wall. The result is w; =
w, fn) + 8 S(x) g()/6v with g() =1 —3n* + 3n° —n*.

Two remarks have to be made. First, it is assumed that both the u
and w profiles extend to the same distance & from the wall. This is
reasonable as it is the u defect that drives the crossflow in a curved
flow. Second, w; depends only on local quantities and does not
take into account the upstream history inherent in the momentum
equation. This assumption is much more severe, but it does not
change the general conclusions as a comparison with the results of
case 2 and of the finite-difference code shows. Introducing u, and
w, into the integrated form of Eq. (2) leads to, with ¢ = &2,

dg _2£O v % Tl St
& I-L, U “UYT 30, =Ty VU

4
Here

0 =% m=0) = -
FO =gm=0=2,  J=]hdn
with iy =f, hy =g, h3 =2, and hy = fg.

Equation (4) was integrated with g(x = —0.5) = 0 for different
crossflow parameters A using fourth-order Runge-Kutta. Results
are shown in Fig. 1. The obvious influence of lateral divergence (A
> 0) or convergence (A < 0) on g and thus J is determined by the
term with w, in Eq. (4). More important in the present case is the
contribution due to w,, in S(x). It takes into account the secondary
flow induced by the curvature of the external streamlines. For con-

verging flow this secondary flow is directed toward the plane of
symmetry for x < 1 which leads to the rapid growth of &(x). As the
crossflow grows with 8% and as 8 grows with increasing crossflow,
a singularity can occur at some x; < 1 for A < —22.

With the numbers appropriate to the experiment the last term in
Eq. (4) dominates close to x,, and Eq. (4) can be approximated
with dg/dx = p(x)g>. Starting with a given g.(x;) the solution
becomes

1 =
q (x)

1 X
- x)dx
. LJ’"

Sufficiently negative w,, lead to p(x) > 0 which results in 1/g =0
at some x, and thus to the singularity of &. The skin friction will
vanish at x; as it is proportional to 1/3.

Case 2

To take into account the upstream history of the crossflow, the
corresponding profile was extended, following Eichelbrenner,’ to
wi=w, f(M)+2rgM)+6 (r—s)m g(n) with s = ¢S/12 v. An addi-
tional equation dr/dx = fn(x, g, r, A) was derived with lengthy
algebra from the integrated form of Eq. (3). The equation corre-
sponding to Eq. (4) was integrated as for case 1, and the integra-
tion of the additional equation was started at x = —~0.45 m with the
solution of case 1, namely, r = s. The resulting 8(x) are also shown
in Fig. 1. In this case singularities occur for A < —19.9, but 8(x) is
quite different from case 1 as the upstream history of w; is now
taken into account.

Finite-Difference Code: Case 3

Bettelini’s? finite-difference code was used by D. Gasser to cal-
culate the flow shown in Fig. 2 for a laminar boundary layer. The
results are fairly similar to those of case 2 but the parameter A is
quite different. Singularities (“floating overflow”) were observed
for A < —12. Computations for turbulent flow were based on the
turbulence model described by Pompeo et al.! and indicated diver-
gence for A < —30. The location of the singularity predicted with
the different methods is also shown in Fig. 2. It shows that singu-
larities occur for sufficiently strong convergence (sufficiently neg-
ative A) independent of the method used.

Conclusion

Families of boundary layers converging toward a plane of sym-
metry were investigated. The external axial velocity in the plane of
symmetry was assumed to be constant. Therefore, no pressure gra-
dient could decelerate the axial flow. In spite of this singularities
with excessive boundary-layer thickness and vanishing skin fric-
tion were encountered for sufficiently strong convergence of the
outer flow toward the plane of symmetry. This singularity, caused
by the boundary-layer assumptions, can also generate unexpected
problems in more complicated calculations of three-dimensional
boundary layers. It has not occurred in calculations based on the
full Navier-Stokes equations, and it was not observed in the exper-
iments.
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Introduction

ERFORMANCE of the k-€¢ turbulence model as used to

compute two-dimensional turbulent wakes has been examined
by calculating symmetric and asymmetric wakes in nominally
zero-pressure gradients in the absence of such complicating
parameters as pressure gradient and curvature. Wakes with small
asymmetry are computed accurately, but the accuracy diminishes
for strong asymmetry even in the near wake region. It is found that
it is due to increasing importance of the turbulent transports in
strongly asymmetric flows, which the k- model does not represent
well, particularly the counter-gradient diffusion found in strongly
asymmetric wake flows.

Calculation Method and Test Cases
The standard k-€¢ method of Launder and Spalding' with the
standard values of constants has been used to assess its perfor-
mance. In the present test cases, the pressure variation is small and
can be considered to be given; hence, a parabolic method is used
starting the calculation at the trailing edge of the wake-producing
model. The initial conditions are taken from the experimentaily
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X
Fig.1 Configuration of test flows.
Table1 Characteristics of the test flows at x=0
Symmetric, Case A, Case B, Case C,
mm mm mm mm
g5, upper side 20 60 34 88
895, lower side 20 12 25 15
0, 4.7 6.8 5.0 11.3
Cy, upper side 0.0035 0.0033 0.0043 0.0027
Cy, lower side 0.0036 0.0034 0.0030 0.0038
Reg, upper side 1840 7420 4200 13800
Rey, lower side 1840 1647 3300 1210
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Fig.2 Comparison of calculation and experimental data: a) symmet-
ric wake, b) asymmetric wake case A, and ¢) asymmetric wake case C.



