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Fig. 3 Head-on collision of two shock waves.

right (x = 60) ends as shown in Fig. 2. The movement & given
to the particle at the left end is

_Ax 1 osz—wi> =1 15 (13)
== c 30 i=1,...,

where i indicates the time ¢ = iAf and 6 = Ax when { = 16. The
movement of the particle at the right end is given by —6. As
aresult of these movements, two waves are generated. In other
words, a finite slope of the density distribution is created by
the movements added to the particles at the ends so that finite
acceleration given by Eq. (11) is induced on the rest of the
particles. Consequently, the density variation, i.e., (o — pg)/po,
of amplitude 0.125 travels from one particle to another, al-
though each particle moves slightly around the initial position.

As depicted by the loci of the waves in Fig. 2 (indicated by
dash-dotted lines), the two waves created at the ends travel at
a constant speed toward the opposite ends. The waves merge
at the center of the x axis, at around time 36. At this time, the
amplitude of the waves is doubled, and the distance between
the particles at the center becomes the smallest. After this, the
wave separates into the original waves, and they travel to
opposite ends. As can be observed, this collision does not
affect the shape of the waves or the speed at which they travel.

C. Equation for a Compressible Fluid with the Diffusion Term

In this section, we consider application of the particle
method to the equation for finite waves with the diffusion
term, Eq. (9). At time ¢t = — 50, the particles are placed at a
distance of 0.8Ax apart for — 80 <x < —20, 1.0Ax apart for
—20 < x =60, and 0.6Ax apart for 60 < x =< 120 (Fig. 3). As
a result, the density distribution is discontinuous. The varia-
tion of the density distribution (o — pg)/po is depicted by a
solid line. The dashed line and the dash-dotted line indicate
the particle velocity and the locus of the shock wave, respec-
tively. The values of the other parameters used in this calcula-
tion are »(At/Ax?) =0.5, »/(aAx)=5.0, Ax/o=1.0, and
vy = 1.4. As shown in Fig. 3, the particles accelerated accord-
ing to Eq. (12) generate a head-on collision of two shock
waves of different magnitude. The shapes of the shock waves
vary when the two waves are merged; however, they recover
after separation. Because of this collision, the velocity of the
shock wave traveling to the right changes from U*/q, = 1.07
to 0.85 and the velocity of the shock wave traveling to the left
changes from U~ /ay,= —1.16 to — 1.07. These values agree
with the analytic solutions.57

IV. Conclusion

A grid-free numerical method is presented for solving the
equations of compressible fluids by using the particle model.

This model is used to simulate numerically the time-dependent
one-dimensional phenomena that arise by solving the linear
wave equation, the Burgers equation, and the equation for
compressible fluids, both with and without the diffusion term.
The formation of the steady shock wave and the interactions
of the linear waves and of the nonlinear shock waves are
successfully simulated by our method. The ability of the
method to treat the compressibility has been adequately
shown. As far as we know, this is the first successful simula-
tion of the compressible fluids by the particle scheme.
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Vortex-Induced Energy Separation in
Shear Flows

J. J. O’Callaghan* and M. Kurosakaf
University of Washington, Seattle, Washington 98195

I. Introduction

NE of the interesting features of unsteady aerodynamics

is its wealth of counterintuitive phenomena. An excellent
example of these is that of energy separation in a flow, where
regions of high and low energy can be identified in the flow-
field. A measure of the energy of the flow is the total temper-
ature 7,.

In adiabatic, inviscid flows that do no mechanical shaft
work, we are used to thinking of the total temperature as being
constant, since the energy of the flow is conserved. However,
T, is constant along a streamline only for steady flows; in
unsteady flows, the T; along the fluid particle trajectory can
vary significantly. This phenomenon is reflected in the follow-
ing energy equation:

DT, 14

e =0 s 1)
t pat

We see that if the flow is steady, then the T is constant
along the streamline; but if an unsteady pressure field is im-
posed on the flow, then the 7, of the flow can change both in
space and time. In the latter case, we can say that the energy
of the flow becomes separated; some regions of the flowfield
contain more energy than others.
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Energy separation has been observed in the wakes of circu-
lar cylinders® and in free and impinging jets.2 Kurosaka et al.!
and Fox et al.? have suggested that the energy separation in
these flows is produced by the unsteady static pressure fields
associated with the vortical structures that dominate the flows.
Although the mechanism of vortex-induced energy separation
predicts the nonuniform 7, distributions in these flows ade-
quately, the flows themselves are complicated by other extra-
neous factors, such as three dimensionality and counter-rotat-
ing vortical structures that may affect energy separation.

The purpose of this research is to confirm the mechanism of
vortex-induced energy separation in the simplest context, i.e.,
to study 7 distribution in a flow that can be modeled by a row
of vortices convecting downstream in an otherwise uniform
flow. Such a flow can be approximated by a shear layer, in
which vortical structures are convected downstream between
two uniform streams. The shear layer contains the essential
features of wake and jet flows as far as energy separation is
concerned—large, convecting vortical structures—but lacks
the complicated three dimensionality of wakes and jets. In this
experiment, we create shear layers by inserting a wire mesh
screen or a plate normal to a uniform flow in a wind tunnel;
the velocity gradient behind these obstructions causes a shear
layer to be shed from the screen or plate tip.

II. Experiments
A. Experimental Apparatus

The experiments were performed in an existing blow-down
wind-tunnel facility described in Refs. 1 and 2, modified to fit
a new square test section of 8.9 x 8.9 cm and 50 c¢m in length,
which exits to room air.

The test section walls are made of Plexiglas to minimize
thermal conduction, which can contaminate near-surface tem-
perature measurements. Holes in the tunnel ceiling provide
access for a total temperature and total pressure probe to
traverse the test section vertically and obtain measurements at
various distances from the tunnel floor. In the screen tests, a
screen that spans half the height of the tunnel is placed at the
test section entrance. In the flat plate tests, this screen was
replaced by a solid plate that was set to extend 0.64, 1.27,
1.90, and 2.54 cm into the test section.

Prior to the main test, a check-out test for the uniform flow
(without any physical objects within the tunnel) was con-
ducted to establish the baseline condition; the distributions of
the total pressure and temperature were confirmed to be those
of the standard turbulent boundary layer. For these and other
details see Ref. 3.
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Fig.1 Profiles behind screen: a) total pressure, Pg = 168 kPa;
Tw = 293 K and b) total temperature, Py = 168 kPa; T = 293 K.

B. Results 1: Screen

Figure la shows the total pressure P, and Fig. 1b total
temperature 7T profiles corresponding to the settling chamber
pressure Py, of 168 kPa and temperature T of 293 K.

The growth of the shear layer from the top of the screen is
evident from the P, profiles. Note that at x/d = 0.6 it appears
that the shear layer lies slightly above the top of the screen;
this suggests that the shear layer curves upward from the
screen tip as part of the flow ahead of the screen accelerates
over the top of the screen instead of passing directly through
it. Farther downstream, the layer straightens and flows paral-
lel to the walls, though its original curvature has shifted it
above the vertical centerline of the tunnel. As the layer spreads
downstream, the velocity gradient across it becomes less
severe, and P, in the high-speed stream decays in the down-
stream direction. P; in the slower stream increases down-
stream; at P, = 168 kPa, P, — Py= —78 kPa in the slow
stream at x/d = 0.6 and z/d = — 0.5, but P, — Py = —65kPa
in that stream at x/d = 11.1 and at the same z/d. The shear
layer stops spreading upward at about x/d = 7.7 as the tunnel
ceiling starts to interfere with the flow. However, the off-cen-
ter position of the layer gives it room to spread downward and
toward the tunnel floor even at large x/d.

The T; profiles of Fig. 1b confirm the mechanism of vortex-
induced energy separation, as is evident from the following
observations.

1) The energy separation region encloses the shear layer and
grows with it, suggesting strongly that this region is the result
of the vortex structures which make up the shear layer.

2) T, increases on the upper side of the vortices where the
velocities induced by the shear layer vortices coincide with the
freestream motion and decreases on the lower side where these
velocities oppose the freestream motion (see Refs. 1 and 2; the
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vortices generated in the shear layer rotate clockwise in the
view taken for the present). '

3) The magnitudes of heating and cooling are comparable.
However, the nonuniformity of the shear-layer flow results in
more cooling than heating. For instance, at x/d = 4.6, the

maximum heating is 2°C, although the maximum cooling i is

7°C. This can be observed more easily in Fig. 2.

4) The results corresponding to different P, show that the
T, separation is roughly proportional to the square of the
difference AM in the Mach numbers between the fast and slow
streams.? For example, Fig. 2 shows that there is 3°C of
cooling and 1°C of heating at P,=127 kPa where
AM = 0.55, compared to 7°C of cooling and 2°C of heating at

=168 kPa where AM =0.82. Thus, the square of the
difference between the Mach number is (0.82/0.55)2 = 2.2,
which compares favorably with the correspondmg ratios for
heating and cooling.

C. Results 2: Flat Plates

Figure 3 obtained for # = 1.27 cm is typical for the flat-
plate results. Notice that each of the plots contains a ‘‘for-
ward-facing probe’’ curve and a ‘‘backward-facing probe’’
curve. The total temperature and total pressure probe used in
this experiment only reads accurately when it faces the oncom-
ing air; i.e., the air must be blowing into the probe to get good
data. However, a recirculation zone exists behind the plate,
where somie of the air may actually be moving upstream, that
is, toward the tunnel inlet (see, e.g., Ref. 4 for a similar flow
behind a backward-facing step) To correctly measure 7; and
P, of upstream-flowing air in the recirculation region, the
probe must face downstream, toward the tunnel exit. At some
point between the tunnel floor and the top of the shear layer
shed from the plate tip, the air reverses direction from up-
stream flow to downstream flow; at this point, the velocity
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should be zero and the 7, and P, measured by both an up-
stream-facing probe and a downstream-facing probe should
be the same. The results shown in Fig. 3, indeed, show such an
intersection between the backward- and forward-facing probe
data somewhere between the tunnel floor and the plate tip.
Above this intersection, the air flows downstream and we
expect the forward-facing probe data to be valid; below the
intersection, the air flows upstream and we expect the back-
ward-facing probe data to be valid.

From Fig. 3b, the presence of the total temperature separa-
tion is again easily observed. Compared to the screen tests, the
amount of cooling is larger. This is due to the recycling of the
air trapped in the recirculation zone where it is repeatedly
subjected to the cooling effects of the vortices. Therefore, the
dependence on the Mach number is more complicated here
than in the screen tests.

Plate height does not appear to have much effect on the
magnitude of temperature separation, as long as the plate.is
high enough for the shear layer and its vortices to develop.

III. Conclusions

The results obtained in this experiment are consistent with,
and are predicted by, the mechanism of vortex-induced energy
separation. As expected, the 7T, of the flow increases in a
region where the vortex-induced velocities coincide with the
freestream motion, and decreases where these velocities op-
pose the freestream motion. The greater cooling in the slow
stream of the shear layer is explainable as the result of the
velocity gradient through the shear layer. The extent of the
energy separation region coincides with the location of the
vortex structures, leaving no doubt that the two are intimately
linked. The energy separation increases as the severity of the
shear layer generating the vortices increases; the energy sepa-
ration is, in general, roughly proportional to the square of the
dlfference in Mach number between the shear layer’s fast and
slow streams. .

Given this evidence, we can conclude that the mechanism of
vortex-induced energy separation is real and correct. Energy
separation and unsteady vortical structures are inseparable
phenomena; 7, separation will always exist to some degree
whenever unsteady vortical structures are present. This fact
can be used to detect the presence of unsteady vortices by
point measurements, using a conventional 7, probe: a nonuni-
form T, distribution indicates a region of separated flow or
another kind of flow in which unsteady vortices are found.
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