AIAA JOURNAL

Vol. 44, No. 6, June 2006

Scaling Properties and Wave Interactions in
Confined Supersonic Turbulent Bluff-Body Wakes
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Results are presented from an experimental study that compares the large-scale structure, mean velocities, and
scaling properties of confined, supersonic, planar, turbulent, bluff-body wakes at M., = 2 and 3 with corresponding
results from incompressible wakes. The large-scale structure of incompressible planar turbulent wakes is recovered
at downstream locations x where the local relative Mach number M, (x) has decreased to about 0.4. Interactions
between these large-scale structures and reflected expansion waves from the near-field recompression region lead
to substantial changes in the scaling properties of the flow. Wave interactions with the flow create local self-induced
forcing as the large-scale structures pass through the reflected expansion waves. In the M, =~ 2 wake, a subsonic
upstream path exists from the first wave interaction point that allows upstream propagation of the wave-induced
forcing, and consequently the measured wake scaling constants match values reported from forced incompressible
wakes. In the M, = 3 wake, no subsonic upstream path exists from the first interaction point, and as a consequence
the measured scaling constants match values reported from unforced incompressible wakes. Downstream of each
wave interaction point, the self-induced forcing leads to an increase in the wake growth rate and in the entrainment
of free-stream fluid. The wake subsequently detrains this fluid and returns to its original growth rate. This local
forcing mechanism and its effects on the wake scaling properties repeat at each downstream location where the

reflected expansion waves intersect the wake.

L

N most supersonic combustors, a subsonic fuel stream must

be mixed and burned with a supersonic air stream under con-
ditions that typically correspond to mixing-limited reaction and
entrainment-limited mixing. The overall combustion process thus
depends on the ability to achieve sufficiently large rates of en-
trainment of oxidizer into the injected fuel stream. However, com-
pressibility effects in turbulent shear flows are known to reduce
the entrainment and mixing rates significantly from those occurring
in a corresponding subsonic flow. For this reason, numerous fun-
damental studies have sought to develop an understanding of the
effects of compressibility on entrainment and mixing processes in
supersonic turbulent shear flows by studying elementary canonical
flows under carefully controlled conditions.

The majority of such studies have addressed entrainment and
mixing in supersonic mixing layers,'?° from which several spe-
cific effects of compressibility have been observed. These include
changes in the scaling properties of the flow, principally a reduc-
tion in the growth rate with increasing convective Mach number
M. and a corresponding reduction in the entrainment and mixing
rates achieved by the flow, as well as changes in the structure and
dynamics of the large scales, including a loss of two-dimensional
spanwise coherence of large-scale vortical structures. Incompress-
ible planar turbulent wakes also have a strongly pronounced and
comparatively well-organized large-scale vortical structure and, like
the mixing layer, they follow relatively simple power-law scalings
in the entrainment and mixing properties of the flow. Correspond-
ing supersonic planar turbulent wakes are closely related to many
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of the flows encountered in practical supersonic combustors. These
include supersonic bluff-body wakes, in which the body thickness
is much greater than the boundary layer thickness and the flow
thus separates from the wake generator. Such supersonic bluff-body
wakes create strong expansion and recompression waves in a rela-
tively complicated base flow region, as well as a supersonic wake
flow farther downstream in which compressibility effects can play a
large role in altering the entrainment and mixing properties relative
to the corresponding incompressible wakes.

Most studies of supersonic planar turbulent bluff-body wakes
have focused on flow properties in the base flow region.?! ~2° There
have been few detailed studies that span from the near-field base flow
region well into the self-similar far-field wake. Amatucci et al.?®
have used two-component laser Doppler velocimetry (LDV) mea-
surements to document profiles of mean velocity and turbulence
statistics in the near and far fields of a supersonic bluff-body wake.
However, to date no studies have investigated the scaling properties
of supersonic turbulent bluff-body wakes, and no detailed compar-
isons have been made with corresponding incompressible turbulent
wakes to determine the effects of compressibility on the entrain-
ment and mixing processes in a manner analogous to that done in
supersonic turbulent mixing layers. Moreover, in practical super-
sonic combustors the presence of sidewalls will lead to reflections
of strong shock and expansion waves from the near-field recom-
pression region, which will subsequently intersect the wake. De-
spite this, no studies have yet examined such effects of confinement
on the far-field of supersonic turbulent bluff-body wakes, though
resulting wave interactions with the flow may be expected to pro-
duce significant changes in the entrainment and mixing properties
of confined supersonic bluff-body wakes.

Here we report results from an experimental investigation of con-
fined supersonic, planar, turbulent, bluff-body wakes to help clarify
the effects of compressibility on entrainment and mixing in prac-
tical supersonic turbulent shear flows. The experiments are based
on planar laser Mie scattering (PLMS) and schlieren visualizations
of the vortical structure and the growth rate of the flow, together
with pressure measurements to determine mean velocity fields and
scaling properties of these wakes. The main focus is on identifying
scaling properties and scaling constants in the wake far field to dis-
cern the effects of compressibility, and on the effects of confinement
on these scaling properties. Comparisons are thus presented of scal-
ing properties in confined supersonic turbulent bluff-body wakes
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at freestream Mach numbers M., ~2 and 3, and these results are
thus compared with corresponding results from forced and unforced
incompressible turbulent wakes.

II. Experimental Facility and Diagnostics

The experiments were conducted in a facility specifically de-
signed for studies of supersonic coflowing turbulent jets and wakes.
Figure 1 shows the test section, which has interior cross-sectional
dimensions of 34.6 x 38.4 mm and is 553 mm in length. There are
eight probe ports on each of the test section sidewalls to allow pres-
sure probe measurements along the transverse direction at several
streamwise locations. The test section sidewalls were kept parallel
for all results presented here; variations in wall static pressure due
to the displacement effect of the wake were negligible in compari-
son with variations induced by the repeated reflections of the wake
expansion and recompression waves from the tunnel sidewalls. The
test section has 38.5 x 229 mm Vycor windows on each of the front
and back walls. Two side windows each have a 7.5 x 229 mm view-
ing area and replace the pressure-port sidewalls to allow access for
optical diagnostics.

A subsonic slot nozzle also shown in Fig. 1 was centered in the test
section entrance plane, with exterior dimensions of 4.2 x 38.4 mm
and interior dimensions of 2.0 x 36.2 mm. This entered the tunnel
through a 1/4-in. i.d. round tube and then flattened in the span-
wise direction as it extended into the test section 2 mm past the
end of the supersonic nozzle. The slot nozzle was packed with
glass beads and screens to produce a uniform low-speed seed flow
across the exit plane of the slot, at volume flow rates typically below
1.0 x 107> m*/s. Reynolds numbers Re; based on the length L from
the throat of the supersonic nozzle to the end of the slot nozzle were
in the range of 3 x 10° to 5 x 10°, and thus the boundary layers on
the outside of the slot nozzle wall were turbulent. These produced
a drag per unit span D = p,, U2 9. that greatly exceeded the mo-
mentum flux per unit span Jy = pyUZb, created by the seed flow
through the slot nozzle; here ;. is the boundary layer momentum
thickness and b, is the width of the slot nozzle. The nozzle thus
acted as a bluff-body wake generator, with the seed flow through it
allowing visualization of the resulting turbulent wake. The resulting
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net drag (D — Jy) = poo Uozoz? produced an initial wake momentum
thickness #. In incompressible wakes without any streamwise any
pressure gradient, this initial ¢ remains constant at all downstream
locations. In a confined supersonic wake, the changes in density and
velocity produced by wave reflections create changes in the local
momentum thickness once the reflected waves from the near-field
recompression region intersect the wake. However, upstream of the
first wave intersection point, the momentum thickness remains con-
stant at the inital value, here denoted by ¢. For the Mach 2 and
Mach 3 wakes, free stream velocities were Uy, =471 and 573 m/s,
freestream Mach numbers were M., = 1.81 and 2.63, initial wake
momentum thicknesses were ¢ =0.40 mm and 0.55 mm, and the
wake Reynolds numbers were Rey =3.1 x 10* and 2.1 x 10*.

A shadowgraph system was used to image wave patterns in the
Mach 2 and Mach 3 wakes. In addition, imaging of planar laser
Mie scattering (PLMS) based on ethanol vapor seeding in air is-
suing from the slot jet was used to document the instantaneous
two-dimensional structure and the visual width §(x) of the wake.
For these freestream temperature and flow conditions, the resulting
ethanol fog droplet sizes are below 20 um (Ref. 27). A 532-nm laser
sheet from a Nd:YAG laser with pulse duration 10 ns and energy
of 80 mJ/pulse passed through the wake with 5 mm thickness. Mie
scattering from the ethanol fog was imaged on a charge-coupled
device (CCD) camera.

The sidewall static pressure distribution was monitored with a
total of 16 sidewall pressure taps on the left and right sidewalls, as
indicated in Fig. 1. From these, local values of the freestream Mach
number M., (x) were obtained; note that M, varies with down-
stream position x in a confined supersonic bluff-body wake due to
the repeated reflections of the expansion and compression waves
from the sidewalls. Static wall pressures were measured by taps on
the front and back walls, each of which had three rows of 15 taps, one
located on the test section centerline and two others located 0.4 in.
on either side of the centerline. Pitot pressures were measured along
the transverse direction in fine increments using a digital microm-
eter traverse at 21 downstream locations in the Mach 2 wake and
at 16 downstream locations in the Mach 3 wake, using 0.025-in.
(600-pm) pitot probes. Using the measured wall static pressures,
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Fig. 1 Schematic of the supersonic nozzle, the test section, and the subsonic slot nozzle.
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the measured pitot pressure profiles were converted to Mach number
profiles at each downstream location using the Rayleigh supersonic
pitot formula and subsequently converted to velocity profiles.

III. Planar Laser Mie Scattering and
Shadowgraph Visualizations

Figures 2 and 3 show typical examples of the instantaneous PLMS
images for the Mach 2 and Mach 3 wakes, spanning from the nozzle
exit well into the wake far field. In the Mach 2 wake, beginning at
about x = 3 cm, large-scale organized vortical structures with alter-
nating signs of circulation can be seen to begin forming. By about

x = 6 cm, these structures have formed into a characteristic, quasi-
periodic, vortex streetlike pattern that continues downstream. In the
Mach 3 wake the Mie scattering intensity in the PLMS images is
very weak up to about x =4 cm. Condensation of the ethanol vapor
injected at the wake generator does not occur until the injected fluid
mixes with the much colder supersonic freestream fluid. The volume
fraction of cold freestream fluid in ethanol-containing fluid must be
at least 20% for the ethanol vapor to begin condensing.’ This sug-
gests that, upstream of x =4 cm in the Mach 3 wake, the mixing
between the slot-jet fluid and the freestream fluid has not reached this
value, whereas in the Mach 2 wake sufficient mixing occurs almost

0 1 2 3 4 5 6 7 8 9 10 11

12 13 14

Fig. 2 Typical instantaneous PLMS images for the Mach 2 wake, showing development of characteristic vortex street-like large-scale structures in
far-field region and the lack of any apparent structures immediately downstream of the base flow region, where the relative Mach number remains

comparatively high.

Fig. 3 Typical instantaneous PLMS images for the Mach 3 wake, showing dramatically different large-scale structure from those in Fig. 2 for the
Mach 2 wake. Note that the PLMS signal is low for x <3.5 cm due to reduced mixing between slot jet and freestream where M, (x) 2 0.4.
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immediately beyond the slot-jet exit so that condensation can oc-
cur. Because the relative Mach number M, (x) = My(x) — M (x),
namely the local Mach number difference between the wake cen-
terline and the free stream flow, is highest at these relatively small
downstream locations in the Mach 3 wake, this suggests a reduc-
tion in the mixing rate in the supersonic wake with increasing rel-
ative Mach number. Further evidence of this will be seen in what
follows.

Beginning at about x =4 cm in the Mach 3 wake in Fig. 3, a
distinct “zigzag” pattern appears that reflects the development of
large-scale organized structures. The large-scale structures seen in
Fig. 3 have a fundamentally different appearance than do the struc-
tures in the Mach 2 wake in Fig. 2. Over the range 6 cm <x < 10cm
the Mach 3 wake grows at a much faster rate than does the Mach 2
wake. Figure 3 shows that the increased wake width results princi-
pally from increased entrainment of freestream fluid into the wake,

rather than from increased mixing between this freestream fluid and
wake fluid. Beyond about x =10 cm in Fig. 3, the Mach 3 wake
appears to show a reduction in width due to detrainment of unmixed
ambient fluid, instead of the continued growth that might normally
be expected. The origins of this are examined in following sections.

Figures 4 and 5 show ensemble-averaged PLMS images, together
with typical instantaneous shadowgraph images on which the mean
PLMS images are superimposed. The growth in the visual thickness
of the wake with increasing downstream distance can be clearly seen,
as can the slight deflections of the wake by small asymmetries in the
reflected expansion and compression wave patterns. At the higher
Mach number, the angles of the expansion and recompression waves
become shallower, and the reflected waves thus intersect the wake
farther downstream than in the Mach 2 wake. Figure 5 also shows
a dramatic increase in the growth rate of the wake, beginning near
x /9 =120, where ¥ is the initial wake momentum thickness, as was

0 25 50 75 100 125 150

Fig. 4 Ensemble-averaged PLMS image for the Mach 2 wake (top) and instantaneous shadowgraph image showing wave structure (bottom). Scales
show absolute downstream locations (centimeters) and corresponding relative downstream locations (x/1) for the Mach 2 wake.
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Fig. 5 Ensemble-averaged PLMS image for the Mach 3 wake (top) and instantaneous shadowgraph image (bottom); compare with Fig. 4.



NAKAGAWA AND DAHM 1303

STh-

x=0cm 1cm 2cm 3cm 4 cm 5cm 6.cm

flau] i

[wo]
G20 G20~ SL0-

S0

7 cm 8.cm 9 cm 10 cm 11 cm 12 cm 13 cm

ra%

a) Mach 2 wake

[wo]
G20 G20~ GL0- gz'L-

S0

x=0cm 1cm 2cm 3 cm 4 cm 5cm 6 cm

7 cm 8 cm 9 cm 10 cm 11 cm 12cm 13 cm

N
(&)

b) Mach 3 wake

Fig. 6 Ensemble-averaged PLMS intensity profiles at various downstream locations.
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Fig. 7 Similarity of measured mean streamwise velocity profiles for Mach 2 and 3 wakes, showing good agreement of profile shapes at all downstream
locations. Solid lines indicate the incompressible wake profile shape reported in Ref. 23.

suggested by the zigzag structure in Fig. 3, as well as the subsequent
reduction in visual width of the wake.

Figure 6 shows lateral profiles of the mean PLMS intensity at sev-
eral downstream locations in the Mach 2 and 3 wakes. To quantify
the visual thickness of the wakes, a Gaussian fit was determined for
each mean PLMS profile by matching the three lowest moments over
the central portion of the flow to a Gaussian function. From these
moments the local centerline position yo(x), the local maximum
PLMS intensity, and the local visual width §;/,(x) of each profile
were determined. Here 8;/,(x) denotes the half-width at the half-
maximum point of the local intensity profile. The resulting §; > (x)
for each wake are examined below, together with analogous widths
obtained from measured pitot pressure profiles in the following
section.

IV. Velocity and Mach Number Results

At each downstream position x/¥ for the Mach 2 and 3
wakes, Fig. 7 shows the local mean velocity deficit profiles
u(y)=Uy — U(y), where U(y) are the mean streamwise velocity

profiles obtained from the pitot probe measurements. Each profile
is shown normalized by the local maximum value u((x), and the
lateral position y from the maximum location y, is normalized by
the local velocity half-width &, ,,(x), where ug, yo, and 8;,, were
obtained from Gaussian fits to the mean velocity deficit profiles in
the same manner as for the mean PLMS intensity profiles. In both
cases the profiles are very nearly self-similar, except at the first two
locations in the Mach 3 wake, where near-field effects lead to de-
partures from self-similarity. The agreement among these profiles
demonstrates that compressibility effects in supersonic wakes do
not invalidate the fundamental self-similarity traditionally associ-
ated with incompressible turbulent shear flows, despite the complex
wave interactions with the flow noted above and in Secs. V and VI.

Owing to the self-similarity in these mean profiles, compressibil-
ity effects on the mean flow properties can be determined from the
local outer-variable scalings 8;/,(x) and uo(x). These scalings in
incompressible, planar, turbulent wakes are properly expressed in
terms of the momentum thickness ¢, given by

9= (D= Jo)/p=Us, )
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Fig. 8 Relative Mach number M, (x).

which is invariant with downstream location x in incompressible
wakes. Indeed, the local momentum thickness ©(x) determined
by integrating each of the velocity defect profiles in Fig. 7 was
confirmed to be essentially invariant up to the x location where
the reflected expansion wave from the near-field recompression re-
gion first intersects the wake. The resulting values were found to be
¥ (x) =0.40 £ 0.03 mm for the Mach 2 wake and 0.55 £ 0.07 mm
for the Mach 3 wake.

The relative Mach number M, (x) plays arole in supersonic wakes
as an indicator of the local extent of compressibility to that of the
convective Mach number M, in supersonic mixing layers. Here

M, (x) = up(x)/as )
where a,, = (yRToo)% and
To/Tw =1+ [(y — )/2IMZ 3)

with ay and T, denoting the sound speed and temperature, re-
spectively, in the freestream. Whereas in mixing layers M, does
not vary with downstream location x, in wakes the velocity deficit
uo(x) decreases with increasing x, and thus the relative Mach num-
ber M, (x) also decreases with x. As a result, supersonic turbulent
wakes will evolve from comparatively large compressibility effects
atrelatively small values of the downstream location x, where M, (x)
may be quite large, to an essentially incompressible wake flow at
downstream locations sufficiently large for M, to have decreased to
near-zero values. However, in confined supersonic wakes, even at x
locations where M, (x) has decreased to essentially incompressible
values, local interactions of the wake with the reflected shock and
expansion waves may still lead to compressibility effects, as will be
seen in Secs. V and VL.

From the local measured uy(x) values in Fig. 7 and the corre-
sponding freestream Mach number M, (x) obtained from the side-
wall static pressures, Fig. 8 shows the resulting relative Mach num-
ber M, (x). Inboth the Mach 2 and 3 wakes, M, (x) decreases rapidly,
and it is apparent that both wakes are at nearly incompressible lo-
cal flow conditions over most of the downstream extent shown in
Figs. 2-5. In supersonic turbulent mixing layers, reductions in the
growth rate d§/dx of at least 20% relative to the incompressible
value are observed even at convective Mach numbers as low as
0.2. This suggests that comparable effects might be expected for
(x/9) < 100 in the Mach 2 wake and (x/¥) < 150 in the Mach 3
case, where M, (x) > 0.2.

Table 1 Scaling constants ¢s and ¢, from PLMS and velocity
measurements in confined supersonic planar turbulent wakes,
and corresponding scaling constants for unforced and forced
incompressible planar turbulent wakes from Ref. 23

My < 1 Moo =2 My =3
Quantity Unforced Forced 812 ug 81,2 ug
(x0/7)visual — — =31 25 -90 12
(x0/9) —128 —128 22 25 5 12
cs 0.27 035+003 039 — 026 ——
Cu 1.88 146+ 01 —— 141 —— 2.00

V. Supersonic Wake Scaling Properties

To look for such effects of the relative Mach number M, (x) in su-
personic wakes, the measured local outer-variable scalings §;/(x)
and u((x) are compared with corresponding results from incom-
pressible wakes. In incompressible planar turbulent wakes, the local
flow width scales as

1
81 (0)/0 = es[(x — x0) /D)2 (C))
and the centerline velocity deficit scales as
_1
uo(x)/Uso = cs[(x — X0) /]2 (&)
The scaling constants ¢s and ¢, and the virtual origin x, depend on

the wake generator.?®?° For incompressible planar turbulent bluff-
body wakes, Ref. 28 reports

c; = 0.270 (6)
c, = 1.88 @)
(.)C()/l?) =—128 (8)

These constants are summarized in Table 1. For later reference,
various other steady wake generators in Ref. 28 give the scaling
constants as ¢ =0.29 & 0.03 and ¢, =1.70 & 0.2.

Based on the incompressible scaling in Eq. (4) in terms of the
initial momentum thickness ¢, Fig. 9 shows (81/2/19)2 vs (x/v) for
both the Mach 2 and 3 wakes. The circles denote the visual width
81/2(x) from the mean PLMS intensity profiles in Fig. 6, and the
squares denote the velocity width §;,(x) from the mean velocity
deficit profiles uo(x) in Fig. 7. If the present supersonic wakes follow
the same %-power-law scalings as do incompressible wakes in terms
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Fig. 9 Flow width scalings: a) measured flow width 6; /,(x) for Mach 2 wake from mean PLMS intensity profiles (visual thickness) in Fig. 6a (O)
and from mean velocity profiles (velocity thickness) in Fig. 7a (H). Straight lines show (6/9) ~ (x/9)1/2 scalings and allow virtual origins x¢ and
scaling constants cs to be determined. Two peaks in the visual thickness indicated by black arrows near (x/99) = 180 and 330 coincide with locations of
recompression wave intersections in Fig. 4. Arrow near (x/99) =90 indicates location where leading characteristic of expansion wave intersects wake;
b) flow widths 6y />(x) in log-log form, with lines indicating %-power-law scaling for near-field scaling constant cs from forced incompressible wakes

(——-) and unforced incompressible wakes (: ) from Ref. 23.

of the initial ¥, then the symbols in Fig. 9 should fall on straight
lines, with the slopes being related to the scaling constant ¢;, and
the virtual origin (xo/?) being identifiable by the x intercepts. The
results for the Mach 2 and 3 wakes are discussed separately next.

A. Mach 2 Wake Scaling

The first few circles in Fig. 9a, giving the visual width §;/>(x)
for the Mach 2 wake, are within the near-field base-flow region and
thus show 6/, (x) decreasing with increasing x due to the narrow-
ing effect of the expansion and recompression process. Beyond the
recompression zone, the wake widths §;>(x) for the next 15 points
increase in accordance with the %-power-law scaling evident from
the straight line. Because these points are upstream of the first inter-
section of the wake by the reflected expansion wave, the momentum
thickness remains constant at the initial value . The virtual origin
implied by the x intercept based on these points gives

(XO/ﬁ)vis = -31 (9)
and the slope gives the scaling constant as
¢s =0.39 (10)

The downstream shift in the virtual origin in Eq. (9) relative to
the incompressible value in Eq. (8) is consistent with the results in
Ref. 29. However, it is remarkable that ¢; in Eq. (10) is substantially
higher than the incompressible value in Eq. (6), because experience
from supersonic mixing layers might suggest a reduction in ¢; due
to compressibility. Whereas the value in Eq. (10) is significantly
higher than that found for any steady-wake generator in Ref. 28,
the same study found that periodic forcing introduced at the wake
generator can dramatically increase the scaling constant cs over the
value obtained from the same generator without forcing (see Table 2
inRef. 28). Such forced wakes typically produced values in the range
of

¢c; =0.35+0.03 (11)

depending on the details of the forcing. This compares well with
the present value in Eq. (10), and it will be seen later that there
is strong evidence that confined supersonic bluff-body wakes are
subject to wave-induced periodic forcing from interactions of the
reflected expansion waves with the organized large-scale vortical
structures of the flow. The remainder of the circles in Fig. 9a, which
depart from the straight line for the %—power—law scaling, are related
to effects of such forcing and will be discussed later.

The squares in Fig. 9a give the velocity width §,/,(x) obtained
from the mean velocity profiles in Fig. 7. The first 10 of these points,
for which the momentum thickness remains constant, follow the
same %—power—law scaling indicated by the straight-line fit through
them, and give the same value for the scaling constant as in Eq. (10),
namely c; = 0.39. Only the virtual origin is different for the velocity
width, giving

(xo/V) =22 (12)

The fact that the virtual origin for the visual thickness in Eq. (9) is
more negative than that for the velocity width in Eq. (12) is consis-
tent with the common observation that the scalar (visual) width of
turbulent shear flows is greater than the velocity profile width.
Based on the corresponding % -power-law scaling in Eq. (5) for the
mean velocity deficit in incompressible turbulent wakes, Fig. 10a
shows (uo/Us) ™2 vs (x/1) for the Mach 2 wake. The centerline
velocity deficit scaling shows similar features as did the indepen-
dently measured flow width scalings in Fig. 9a. Over roughly the
same x range where §,,,(x) followed the incompressible scaling,
uo(x) in Fig. 11a also follows the —%-power—law incompressible
wake scaling. The departure from this straight-line scaling begins
at the same x location, indicated by the first arrow, at which §; > (x)
departed from its scaling. Moreover, the virtual origin in Fig. 10a is

(x0/9) =25 (13)

in good agreement with the value in (12) obtained from the velocity
profile widths given by the solid symbols in Fig. 9a. The slope of
the line in Fig. 10a gives the scaling constant as

c, = 1.41 (14)

In agreement with the results in Fig. 9, this is lower than the value
in Eq. (7) found in Ref. 28 for unforced incompressible wakes and
is close to the value

¢, =146+0.1 (15)

found in Ref. 28 for forced incompressible wakes. This can be seen
in log—log form in Fig. 10b, where the dashed and solid lines cor-
respond respectively to the —%—power—law scalings with the scaling
constants ¢, for forced and unforced incompressible wakes. Based
on these independent measurements of the flow width scaling §; > (x)
and the centerline velocity deficit scaling u((x) in the Mach 2 wake,
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indicate (ug/Uso) ~ (x/9)~1/2 scalings, allowing virtual origin x( and scaling constant ¢, to be determined. Arrow indicates where leading characteristic
of expansion wave intersects the wake; b) wake centerline velocity deficit #((x) in log-log form, with lines indicating —5 -power-law scaling for values
of the scaling constant ¢, from forced incompressible wakes (——-) and unforced incompressible wakes (——) from Ref. 23.
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Fig. 11 Flow width scalings: a) measured flow width 6; /,(x) for Mach 3 wake from mean PLMS intensity profiles (visual thickness) in Fig. 6b (O)
and from mean velocity profiles (velocity thickness) in Fig. 7b (M). Straight lines show (6/9) ~ (x/9)'/2 scalings and give virtual origins x, and scaling
constants c¢s. Peak in the visual thickness indicated by arrow near (x/1%) =190 coincides with location of recompression wave intersection in Fig. 5.
Arrow near (x/9)=120 indicates where leading characteristic of expansion wave intersects wake; b) flow widths 8 /,(x) in log-log form, with lines
. . . 1 . . . o . .

indicating ;-power-law scaling for near-field scaling constant ¢s from forced incompressible wakes (—--) and unforced incompressible wakes (——)

from Ref. 23.

it is apparent that, upstream of the location where the reflected ex-
pansion wave in Fig. 4 first intersects the wake, the flow follows
the same power-law scalings and scaling constants as are found in
Ref. 28 for forced incompressible wakes.

For (x /%) > 90, 8,,>(x) in Fig. 9a no longer follows the %-power—
law scaling of incompressible wakes, even though at these large x
locations the relative Mach number M, (x) in Fig. 8 has decreased
to essentially incompressible values. The origin of the departures
from the %-power-law scaling can be understood by noting that the
symbols in Figs. 9a and 10a show two peaks centered roughly at
(x/9) =190 and 330, as indicated by the arrows, corresponding
respectively to x =7.6 and 13.0 cm. These positions coincide with
the locations in Fig. 4 where the reflected recompression shocks
intersect the Mach 2 wake. In addition, the leading Mach wave of
the reflected expansion wave in Fig. 4 first intersects the wake at
(x/¥) =90, indicated by the first arrow in Fig. 9a, corresponding
to x = 3.6 cm, which is precisely where the circles in Fig. 9a begin
to depart from the %—power—law scaling. These observations sug-
gest that the deviations from the %-power-law scaling in Fig. 9a
are connected to these wave interactions with the flow. Moreover,
in Fig. 9b the same data for the visual and velocity widths 8 ,,(x)
are shown in log—log form, with the %—power—law scalings given by

the dashed and solid lines corresponding to the scaling constants c;
from Ref. 28 for forced and unforced wakes.

The change in density within the wake as a result of the wave
intersection would be expected to produce changes in the local mo-
mentum thickness, and thus at least part of the departures from the
incompressibile scalings in Figs. 9a and 9b may be attributable to
simple density changes. However, the fact that, upstream of the first
wave intersection with the flow, the results for the Mach 2 wake
follow the forced wake scaling constants from Ref. 28 suggests that
there may be a further mechanism contributing to the local depar-
tures from the (8/%) ~ (x/9)'/? scaling, namely a local forcing of
the wake due to the reflected wave interactions. This will be consid-
ered further after corresponding results from the Mach 3 wake have
been discussed.

B. Mach 3 Wake Scaling

Figure 11 presents results for the Mach 3 wake analogous to
those given in Fig. 9 for the Mach 2 case. In the Mach 3 wake, the
x location at which the reflected expansion wave first intersects the
wake occurs further downstream than in the Mach 2 case. Figure 11a
shows (81/2/19)2 vs (x/9), with circles denoting the visual width
81,2(x) from mean PLMS intensity profiles in Fig. 6b, and squares
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Fig. 12 Centerline velocity deficit scalings: a) wake centerline velocity deficit z((x) for Mach 3 wake from velocity profiles in Fig. 7b. Straight lines
indicate (¢/Uxo) ~ (x/9)~ 1/2 scalings, allowing virtual origin x( and scaling constant ¢, to be determined. Arrow indicates where leading characteristic
of expansion wave intersects the wake; b) wake centerline velocity deficit u((x) in log-log form, with lines indicating —%-power-law scaling for values

of the scaling constant ¢, from forced incompressible wakes (——-) and unforced incompressible wakes (

denoting the velocity width 8,,,(x) from uo(x) in Fig. 7b. Except
for the first few points in the near-field recompression region, both
profiles follow the %—power—law scaling of incompressible wakes
indicated by the straight lines, up to about (x /1) ~ 120. Recall that
the momentum thickness remains constant at its initial value 9 up
to this point. The virtual origins for the visual and velocity widths
implied by the intercepts of these lines are

(XO/ﬁ)vis =-90 (16)
(xo/P) =5 a7

which are again shifted downstream from the value in Eq. (8) for
incompressible wakes.?®?° The scaling constant ¢; implied by both
straight-line slopes is again the same for both the visual and velocity
widths, and corresponds to

cs = 0.26 (18)

Note that this is much lower than the value in Eq. (10) from the
Mach 2 wake and is comparable to cs in Eq. (6), found in Ref. 28
for unforced incompressible wakes.

Figure 12 shows (ig/ Us,) "2 vs (x /1) for the Mach 3 wake, where
itis evident that the data follow 7% -power-law scaling up to the point
where the expansion wave first intersects the wake, indicated by the
arrow. The virtual origin was found to be

(x0/¥) = 12 19)

Thisis in reasonable agreement with the value in Eq. (17) for velocity
profile widths and with the result in Ref. 29. The scaling constant
from the slope in Fig. 12a is

¢, =2.00 (20)

and this is also comparable to the value in Eq. (7) from Ref. 28 for
unforced, incompressible, bluff-body wakes. This is verified by the
log—log form in Fig. 12b, where the present data are shown together
with solid and dashed lines that, respectively, give the unforced and
forced incompressible scalings from Ref. 28. Thus unlike the Mach
2 wake, the Mach 3 wake follows the same power-law scalings and
scaling constants, for both §;>(x) and u,(x), as found in unforced
incompressible wakes up to the x location at which the reflected
expansion wave first intersects the wake.

Beyond (x/?}) &~ 120, the data in Fig. 11a depart from the straight
line, as was seen in Fig. 9a, despite the fact that the relative Mach
number M, (x) in Fig. 8 has decreased to nearly incompressible
values. In this case, the departure shows only one peak over the
range of downstream distances considered, now centered roughly
at (x/9) =190, as indicated by the arrow, which corresponds to

) from Ref. 23.

x = 10.5 cm. This coincides with the location in Fig. 5 where the re-
flected recompression shocks intersect the Mach 3 wake. Moreover,
the point where the leading Mach wave of the reflected expansion
wave in Fig. 5 first intersects the wake is at (x /) & 120, indicated
by the first arrow in Fig. 11a, which corresponds to x = 6.6 cm. This
again is precisely where the data in Fig. 11a begin to depart from
the 3-power-law scaling.

As in the Mach 2 wake, at least some of the departures from
the incompressible scaling are due to density changes produced by
the reflected waves, which create changes in the local momentum
thickness. However, as was suggested by the results from the Mach 2
wake, these further observations in the Mach 3 wake give additional
indications that some of the departures from the %—power—law scal-
ings in Figs. 11 and 12 may be directly connected with a dynamical
effect of the wave interactions with the wake flow. In particular, the
Mach 2 wake, which allowed upstream propagation of disturbances
from the reflected-wave intersection point, was seen to follow the
forced wake scaling constants up to the first intersection point. In
contrast to this, the Mach 3 wake, for which no upstream propaga-
tion was possible for any disturbances introduced by the interaction
of the reflected wave with the wake, was seen to follow the unforced
wake scaling constants up to the first intersection point. This indi-
cates that the reflected wave interaction with the wake introduces
some type of local forcing in the wake. Forcing is known to have a
significant effect on the growth rate dé/dx of incompressible wakes,
suggesting the possibility of changes in the growth rate of super-
sonic wakes as a result of such wave-induced local forcing. This is
examined in the Sec. VL.

VI. Wave-Induced Forcing Effects

The fact that the Mach 2 wake in Fig. 9b follows the forced scal-
ing constant given by the dashed line, whereas the Mach 3 wake in
Fig. 11b follows the unforced scaling constant given by the solid
line, provides important information on the mechanism by which
wave interaction with the wake causes the departures seen in Figs. 9—
12 from the nominal wake power-law scalings. The intersection of
the reflected expansion wave with the wake in confined supersonic
bluff-body wakes results in forcing of the flow induced locally by
interaction between the large-scale vortical structures in the wake
far field and the pressure field established by the reflected expansion
wave as it intersects with the flow. At the wave intersection point, the
forcing frequency will be automatically matched to the characteris-
tic frequency u(x)/38(x) of the large-scale vortical structures in the
wake, irrespective of the downstream location x at which the inter-
section occurs, because it is the passage of the vortices through the
stationary wave that is central to the forcing. Consequently, the lo-
cal large-scale vortices will automatically “lock on” to the resulting
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Fig. 13 Feedback mechanism leading to change from forced scaling constant c¢s in Mach 2 wake to unforced scaling constant in Mach 3 wake, showing
shadowgraph image for a) Mach 2 and b) Mach 3 wakes. White lines indicate leading characteristic of expansion wave and approximate region where
centerline Mach number changes from subsonic and supersonic. If expansion wave intersects wake where the local average centerline Mach number
M (x) is sufficiently close to subsonic, as shown in the bottom figures (shaded), then instantaneous subsonic path exists for local wave-induced forcing
to propagate upstream to bluff body, leading to forced-wake flow in the Mach 2 wake and unforced-wake flow in the Mach 3 wake.

forcing frequency, in contrast to the externally introduced periodic
disturbances that are typically used to force the growth rate of turbu-
lent shear flows,**=33 for which the frequency must be tuned to the
local characteristic frequency of the large-scale structures. This self-
excited forcing mechanism in the confined supersonic wake causes
departures of 8 (x) and uo(x) from their power-law scalings past the
point where the reflected expansion wave first intersects the wake.

The effect of this local forcing is to produce a rapid downstream
increase in the growth rate of the wake, consistent with previous
studies? of forced incompressible wakes, leading to a local depar-
ture from the %-power—law scaling beginning immediately down-
stream of the point where the expansion wave intersects the wake.
Furthermore, the ability of this locally induced forcing to propagate
upstream, and thereby affect the growth rate of the entire wake, de-
pends on the existence of a subsonic path near the flow centerline.
The presence of such a path depends on the centerline Mach num-
ber My(x) = Mo (x) — M, (x). As shown in Fig. 13, in the Mach 2
wake My(x) is sufficiently low at the location (x /) ~90 where
the reflected expansion wave first intersects the wake so that such
an instantaneous subsonic upstream path will extend to the wake
generator. In the Mach 3 wake, however, two factors prevent such
a subsonic path. First, the centerline Mach numbers M,(x) are in-
herently higher throughout the wake. Additionally, due to the shal-
lower wave angles, the downstream location at which the reflected
expansion wave first interacts with the wake is moved much farther
downstream, where the centerline Mach number My(x) is super-
sonic. As a result, no subsonic upstream path exists along which the
local forcing produced by the wave interaction with the wake can
propagate upstream. Consequently, upstream of the first expansion
wave interaction the Mach 3 wake is unforced and thus grows with
the unforced scaling constant c¢; in (18), whereas in the Mach 2
wake the forcing propagates upstream and the wake in that case
grows with the forced scaling constant ¢; in (10).

VII. Conclusions

The experimental results from this study have identified several
specific features of the far-field scaling properties of confined, su-
personic, planar, turbulent, bluff-body wakes. The classical vortex

street-like large-scale structure of incompressible, planar, turbulent
wakes is recovered in the far field of the present Mach 2 and Mach
3 wakes at x locations where the local relative Mach number M, (x)
has decreased to around 0.4. Mean velocity profiles in the wake far
field are self-similar when scaled by the local flow width and mean
centerline velocity deficit, even after the reflected waves from the
near-field recompression region interact with the wake. The flow
width and mean centerline velocity deficit in the supersonic wakes
follow the %-power law scalings of incompressible planar turbulent
wakes in Egs. (4) and (5), but with changes in xq , ¢5, and ¢,,. In partic-
ular, the virtual origin (x¢/¢) in these scalings shifts downstream in
supersonic wakes due to the near-field recompression region.”” The
changes in ¢s and ¢, depend on the ability of disturbances produced
by the local self-induced forcing of the wake to propagate upstream.

Interactions between the reflected expansion waves originating
from the near-field recompression region and the large-scale struc-
tures in the wake far field create a local self-induced periodic forcing
mechanism that is inherently matched to the local natural frequency
of the wake vortices, leading to lock on of the vortical structures
to this forcing. The effect is similar to the response of incompress-
ible turbulent mixing layers and wakes to imposed forcing,**~33 but
in confined supersonic wakes the forcing is self-induced. Because
of this self-induced forcing mechanism, the local growth rate and
velocity decay rate of the wake increase dramatically immediately
downstream of the point where the reflected expansion wave inter-
sects the wake. Sufficiently far downstream of the wave intersection
point, the wake returns to its natural growth and velocity decay
rates. Upstream of the point where the reflected near-field expan-
sion wave first intersects the wake, the measured far-field scaling
constants ¢; and ¢, of the wake can display either the forced or
unforced values from incompressible turbulent wakes, depending
on whether the local centerline Mach number M,(x) provides a
subsonic path for the wave-induced forcing to propagate upstream.
Though the entrainment rate increases dramatically due to this self-
induced forcing, the available evidence (e.g., see Fig. 3) suggests
that the mixing rate does not increase. As the wake returns to its
natural growth rate, much of the additionally entrained freestream
fluid appears to be detrained. This local forcing mechanism and its
effects on the wake-scaling properties repeat at each downstream
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location where the reflected expansion waves interesect the wake.
The wave interactions with the flow and the resulting self-induced
forcing mechanism may represent a stronger effect of compressibil-
ity in confined supersonic, planar, turbulent, bluff-body wakes than
does any dependence of the scaling constants ¢s and ¢, on the local
relative Mach number M, (x).
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