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where the terms without subscripts correspond to the three-
dimensional shock. In an analogous manner, Eq. (4) along
with the scalings for £, 5, and 7 may be used to relate the
pressure distribution obtained in a two-dimensional ex-
periment or a numerical solution of Eq. (3) to that for a three-
dimensional focusing problem.

In conclusion, the focusing of a weak, three-dimensional
shock wave at a cusp in a caustic has been studied. It has been
shown that although the focusing is initially three-
dimensional, the flow in the vicinity of the aréte is essentially
two-dimensional. The details of the flow are governed by Eq.
(3); once these are obtained, the pressure distribution is given
by Eq. (4). It has also been shown that the similarity
parameter used in Ref. 7 was unnecessary and, as a result, Eq.
(4) delineates the dependence of the resultant pressure levels
on the initial shape and strength of the shock. For three-
dimensional shock waves satisfying the conditions discussed
here, the similitude also allows us to determine once and for
all the pressure distribution simply by analyzing, either ex-
perimentally or numerically, a two-dimensional focusing
problem.
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Approach to Self-Preservation
in Plane Turbulent Wakes
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Introduction
HE purpose of this Note is to examine the manner in
which moderate Reynolds number, plane turbulent wakes
behind wake generators of different shapes approach a unique
self-preserving state, and to point out what appear to be some
surprising features of the process.
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Experiments

Table 1 lists details of the several wake generators used in
the experiments discussed here. Except for two cases, ! all of
the wakes were generated in an open-circuit suction-type wind
tunnel with a contraction ratio of about 10, and a 30 cm
square, 4.27 m long test section. The wind speed was constant
to within about 1.5% and the freestream turbulence was
about 0.15%.2 All mean velocity measurements were made
with a round pitot tube of 1 mm o.d. using a micromanometer
capable of reading 0.05 mm alcohol; no corrections for finite
turbulence levels were attempted for the pitot measurements.

Background

By self-preservation, we mean here that the mean velocity
and the Reynolds shear stress distributions must be in-
dependent of the streamwise position when normalized by the
same velocity and length scales. In the asymptotic limit of
vanishing velocity defect, a two-dimensional self-preserving
(linear) turbulent wake is characterized by constant values of
two parameters defined in Ref. 7as W= (w,/U) v (x/6) and
A=8/~/x8. Here, w, is the maximum of the velocity defect w,
6 is the half-wake thickness given by the distance from the
centerplane to where the defect is half the maximum, x and y
are, respectively, the distances from the trailing edge of the
wake generator and from the wake centerplane, and 6 is the
momentum thickness defined by

9=S:o (w/wy) (1—w/wy)dy )

If the asymptotic self-preserving state is unique, the
parameters W and A must assume universal values, say W*
and A*. As appropriate to small but finite defect wakes, the
nature of correction terms to W* and A* cannot be assessed
on the basis of linear theory alone, but it was argued in Ref. 8
that the correction terms are of O(w,/U). Thus, the behavior
of the measured values of W and A against w,/U gives us a
gross indication of the manner in which the unique asymptotic
state (if one exists) is approached.

Results

Figures 1 and 2 show, respectively, the variation of the
parameters W and A with w,/U; corresponding variation in
x/6 ranges typically from about 10 to about 1000. (Where
necessary, convergence corrections according to the
suggestions of Refs. 2 and 9 have been applied to the data.)
Although it is not surprising that different wakes approach
self-preservation through different routes, the degree of
variability and the non-monotonic behavior shown by W and
A was unexpected. It should be emphasized that both 6/6 and
w,/U showed monotonic variations with x/6 for all of these
wakes. Although all wakes seem to approach the asymptotic
values W* and A* indicated on the figures (more about which
will be said shortly), thus indicating an approach to the self-
preservation state, there are substantial differences among
them even when the defect ratio is as low as 5%: the large
eddies seem to remember the manner of their generation even
so far downstream! The wake behind a twin-plate generator
appears to have the simplest behavior and attains self-
preservation in the shortest distance (as was indeed found by
Narasimha and Prabhu,” who first used it) probably because
large eddies in the flow are rendered weak by the nature of the
mean strain field that occurs there.

The relatively simple behavior of the wake parameters in a
twin-plate generator wake led us to make detailed far-wake
measurements with the sole purpose of determining the
asymptotic values W* and A*. These were determined by
extrapolating linearly to zero defect the parameters W and A
obtained from measurements in the region of small but finite
defect. The chief conclusion of these measurements, reported
elsewhere,® can be stated as W*=1.63+0.02, and
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Table1 Summary of wake data examined
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Fig. 1 Variation of the wake parameter W with the defect velocity
ratio.

A*=0.3+0.005. These are the asymptotic values marked in
Figs. 1 and 2. One further relevant conclusion of Ref. 8 is that
I,=2.06 and I, =1.51 for a self-preserving wake, where the
integral parameters I, and /, are defined as

L={"_wwprawm), =12 @
Now, it follows from Eqs. (1) and (2) that

0/6=(wo/U)I; = (wo/U) 1] 3)

If the velocity profiles preserve their shapes when scaled on
w, and 6, a plot of 8/6 vs w,/U must be unique for each wake.

ratio.

If, further, this shape is the same for all wakes, data from all
of them must collapse onto a common curve. Figure 3 shows
that all of the data do indeed collapse together from almost
immediately downstream of the wake generators, suggesting
that all of the wakes—no matter how created—quickly
assume essentially the same shape of mean velocity profile.
Also-shown in Fig. 3 is Eq. (3) with I, and I, appropriate to
the self-preserving wake. As this curve represents all of the
data fairly well for w,/U=0.15, it is clear that the common
mean velocity shape attained under this condition is indeed
that of the asymptotic self-preserving wake itself. However,
W and A have not attained a common value at this stage (see
Figs. 1 and 2); this can only mean that the Reynolds stress
profile does not preserve its shape on w, and é—an ob-
servation found to be true from very limited measurements.
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Fig. 3 A plot of 6/8 vs w,/U. For wy/U<0.05, Eq. (4) and the
linear approximation to it are indistinguishable.

Some relation can be expected to exist between the near-
wake behavior and the boundary layers just before they leave
the wake generators. The boundary layers near the trailing
edge of both flat plates examined here were known to be
turbulent; the boundary layers on the bluff bodies become
unstable and turbulent soon after they separate. In view of
this, it is quite surprising to find that 6/6 values for all wakes
seem to approach, as w,/U—1, the value (=0.856) ap-
propriate to a flat-plate laminar boundary layer (with 8 and §
both defined as done here for wakes); although the
corresponding number for a turbulent boundary layer
depends on the Reynolds number, it is at least an order of
magnitude higher. As our measurements stopped short of
extending all the way up to the wake generator only by a
dozen or so momentum thicknesses, the last result should
simply mean that, within a few momentum thicknesses after
leaving the wake generator, the flow quickly readjusts as if the
boundary layers leaving the wake generator were laminar, a
curious behavior worth a closer examination!

At lower Reynolds numbers (R, of the order of 300 or
lower), preliminary measurements behind flat plates showed
an even more complex behavior in which the parameters W
and A showed discontinuous jumps when plotted against
w,/U. Presumably, some of this is associated with the
Karman vortex patterns that have an important influence on
flow development at these Reynolds numbers.
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HIS Note concerns the propagation of small amplitude
inviscid and unsteady disturbances on steady nonuniform

mean flows. Problems of this type arise in a wide variety of
fields, including aerodynamic noise, flutter, forced vibration,
and buffeting of structures; for example, when a purely
vortical disturbance is incident on an airfoil at /arge angles of
attack. Indeed, the present discussion is restricted to the
analysis of the distortion of vortical and entropic disturbances
as they convect, with the mean flow, past a ‘‘bluff”’ object
(flow separation is ignored) and to the generation of certain
irrotational fields that permit the enforcement of boundary
conditions on the body surface. A classical approach is to
reconstruct the velocity field from the vorticity and then to
obtain the pressure field from the former.! Goldstein? has
developed a much simpler approach which requires the
solution of a single inhomogeneous wave-like equation for the
irrotational (roughly the acoustic) field. Because the mean
flow is nonuniform, this equation has variable coefficients.

The purpose of this Note is to show that, when the behavior
of the two-dimensional and compressible mean flow is ap-
proximated by the tangent gas relations, 3 the inhomogeneous
wave equation can be transformed into a much simpler form
involving only one variable coefficient. Further sim-
plifications are possible when the mean flow is a small per-
turbation of a uniform stream.

We consider small amplitude disturbances superimposed on
a steady, irrotational, compressible mean flow. Linearizing
the equations of motion about the mean flow, and neglecting
viscous effects, Goldstein? has shown that the perturbations
are described by the following equations

u'=vG+v 1)

s’ =b(X—iU_t) (2a)
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