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Fig. 4 Uncorrelated plan-view PLS images. (Laser sheet is tilted at a 3-deg angle.)

At the top of the middle image, there is a region that is highly
three dimensional. This is believed to be due to contamination from
turbulence that originated from the outer regions of the upstream
splitter plate boundary layers. We believe that the outboard regions
of the splitter plate boundary layers were forced toundergo transition
by the unsteady plate/side wall corner vortices.

Plan-view PLS images are shown in Fig. 4 where the laser sheet
was rotated about the z axis by about 3 deg, thus allowing the visu-
alization of the outer part of the wake. The upstream half of the left-
most image reveals primarily two-dimensional light and dark bands.
In this region the laser sheet does not pass through the laminar wake
but just outside of it. The initial spanwise bands at left distort with
downstream distance, after which dark round islands of wake � uid
appear. The dark islands apparently result from the bending and
uplifting of the spanwise vortices. The second image downstream
shows that the spanwise vortices become highly three dimensional
and sometimes form a horseshoe-shaped structure. The horseshoe-
shaped structures are similar to those seen in incompressible � at
plate wakes2 and in numerical simulations of compressible planar
wakes.1

IV. Conclusions
A preliminary experimental study has been conducted of the

laminar-to-turbulent transition of a Mach 3 � at plate wake. Side-
view PLS images reveal a vortex street that is remarkably similar to
that found under incompressible conditions. Plan-view images show
that the initially two-dimensional vortex street rapidly develops both
small- and large-scale, three-dimensional instabilities. The effect of
the large-scale instability is to cause the spanwise vortices to distort
into horseshoe-shaped structures. Furthermore, unlike incompress-
ible wakes, the side-view images reveal that the vortices generate
weak eddy shocklets for supersonic relative Mach numbers.
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Introduction

P AST studies have shown that at least two types of organized
structures exist in turbulent boundary layers.1;2 In the outer

region are large-scale motions on the size of the boundary-layer
thickness ±. Near the wall are small-scale, low- (and high-) speed
streamwise streaks, and viscous (C) scaling with the kinematic vis-
cosity º and friction velocity u¿ is used for these small-scale struc-
tures. In a sequence of events called the bursting process, the low-
speed streaks lift up off the wall, oscillate, and then break down.3

This bursting process is responsible for most of the turbulent energy
production near the wall.4 The evolution and breakdown of stream-
wise vortices are thought to be closely associated with the structure
and breakdown of the bursting process.5;6 In the outer region, the
large-scale motion consists of ¡!z spanwise vortical motion, which
entrains nonturbulent � uid from outside the boundary layer.7;8 At
the upstream interface between turbulent and nonturbulent regions,
there is an outward movement of � uid away from the wall ahead
of the interface and an insweep of high-speed � uid toward the wall
behind the interface. 8;9

In � ow visualization studies,10¡12 the bursting process was often
followed by an insweep of high-speed � uid. This suggests an inter-
active relationship between near-wall and outer-region structures.
However, both structures appear randomly in space and time, which
makes it dif� cult to study their exact interactive relationship. To ad-
dress this issue, Myose and Blackwelder13 devised an experiment
to emulate these structures with the proper size and strength but
in a deterministic and periodic manner. Reference 13 used Görtler
streamwise vortices to emulate the near-wall structure and large two-
dimensional spanwise vortices shed from a pitch oscillating airfoil
to emulate the outer-region structure. The near-wall vortices initially
became unstable due to the normal and spanwise in� ectional veloc-
ity pro� les associated with the wall vortices. Breakdown of the wall
vortices was subsequently triggered by the arrival of high-speed � uid
associated with the outer region. Increasing the large spanwise vor-
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tex strength hastened the breakdown of the wall vortices. These re-
sults suggest that the outer region plays a role in the bursting process.

Two-dimensional spanwise vortices were originally used in
Ref. 13 to emulate the outer-region structure. The resulting response
by the near-wall vortices was relatively uniform in the spanwise di-
rection. According to Cantwell1 and others, the outer region of the
turbulent boundary layer consists of three-dimensional eddies of � -
nite spanwise width. A natural question that arises is whether the
near-wall vortices would respond differently to three-dimensional
outer eddies. The goal of the present experiment is to address this
question.

Experimental Technique
Figure 1 shows the experimental situation and emulation method

used. The University of Southern California Görtler wind tunnel6

was used. Counter-rotating streamwise vortex pairs form and de-
velop in the laminar boundary layer (which is about 1 cm thick at
x D 80 cm) along the concave wall due to the Görtler instability
mechanism. It has been shown that Görtler vortical � ow behav-
ior is an excellent emulation of turbulent boundary-layer, near-wall
behavior.6 Only one pair of Görtler streamwise vortices is shown,
although in reality there are many pairs with a wavelength ¸ of about
1–2 cm.

A 36-cm-chord-length NACA 0009 symmetric airfoil was pitch
oscillated to produce large (spanwise-oriented ) vortical eddies,
which were convected downstream. These eddies were produced in
the freestream and allowed to interact with the Görtler streamwise
vortices on the concave wall. The large vortical eddies encompassed
the test section channel width of 15 cm, thus emulating a turbulent
boundary layer (TBL) thickness of ±emulated D 15 cm. The eddy’s
streamwise length was 3.5±e (compared to ±–3± for TBL1 ), and the
streamwise spacing between eddies was 7±e (compared to 2±–9± for
TBL1 ). To produce three-dimensional eddies, the oscillating airfoil
incorporated a sawtooth trailing-edge shape with a 7.5-cm extension
at the sawtooth tip, i.e., 43.5-cm chord, no extension at the sawtooth
valley, and spanwise distance between sawtooth tips of 15 cm, i.e.,
equal to ±e. Otherwise, the experimental conditions of Ref. 13 were
used. The freestream velocity was U1 D 500 cm/s, and the airfoil
was oscillated sinusoidally with a §2-deg amplitude and 5-Hz §
0.1% frequency.

Flow visualization was accomplished by introducing a sheet
of smoke at x D 21:5 cm and y D 0:14 cm using the smoke-wire
technique. 6 The resulting smoke patterns were then videotaped.
Streamwise velocity measurements were also taken using hot-wire
anemometry. The phase angle Á of the large outer eddy was deter-
mined using a sensor mounted on the airfoil driving mechanism.
At the start of each oscillation cycle, the sensor produced a visible
indication via a light-emitting diode (LED) and an electronic pulse
for data acquisition input. The start of airfoil pitchdown was de-
� ned as Á D 0. Using the sensor signal, the phase angle at any given
downstream distance was calculated using the large outer eddy’s
measured convection velocity (equal toU1). The measured instanta-
neous velocity u was decomposed into three parts: the time-averaged
portion Nu, the periodic portion Qu, and the � uctuating portion u 0.
From the three parts, statistical quantities such as the ensemble-
averaged velocity hUi and the standard deviation from the ensemble
average u0

sd D .hu 0.x; Á/2i/1=2 as a function of phase angle Á were
determined. 13 About 100 oscillation cycles of data were measured
for each ensemble-averaged quantity.

Fig. 1 Emulation method and experimental situation.

Results and Discussion
When an airfoil with a sawtooth trailing edge is pitch oscillated,

the resulting shed vortex is three dimensional and complicated.
Myose and Iwata14 conducted a dye � ow-visualization experiment
in a water tunnel under dynamically similar conditions, i.e., the same
reduced oscillation frequency. At the start of pitchdown motion, i.e.,
Á D 0, a seepage of � uid moving from the upper to the lower surface
at the valley region was found. This downward � uid motion (akin
to an insweep) � rst occurs in the valley region before spreading to
the tip region. This seepage motion becomes a circulatory motion,
which results in a bound vortex generally aligned with the saw-
tooth trailing edge. When the pitch direction is changed, the vortex
over the valley region is shed immediately, whereas the vortex over
the tip region remains over the airfoil for a short time. This results
in a three-dimensional outer eddy skewed in the spanwise direction
as illustrated in Fig. 1.

The interaction between near-wall vortices and outer-region eddy
is shown by the � ow-visualization result of Fig. 2. The smoke-
wire technique results in a series of highly visible white smoke
lines consisting of vaporized oil particles carried along by the � ow.
The individual smoke lines remain distinct and parallel to the � ow
when there is no mixing or spanwise � ow. Although Görtler vortices
produce streamwise swirling motion, these vortices are relatively
weak so that their effect is not easily visible by the downstream
location shown in Fig. 2.

For Á 1:75¼ , � ow visualization showed some � uctuations in
the smoke in the valley region. Figure 2 shows that violent mixing
of the smoke ensued for Á 0. During the same time period, Fig.
2 shows that the tip region is generally undisturbed. According to
water-tunnel observations, wallward � uid motion occurs in the val-
ley region at the start of pitchdown (Á 0) but not in the tip region.
Thus, this violent mixing of smoke in the valley region is due to
the arrival of high-speed � uid associated with the large outer eddy.
During phase angles of 0 Á 0:5¼ , � ow-visualization results indi-
cate the presence of spanwise w velocity, which moves smoke lines
away from the valley and toward the tips. This is consistent with the
spread of circulatory motion from the valley to the tips observed in
the water-tunnel experiment. In the later part of the large outer eddy,
the valley region becomes devoid of smoke as the high-speed sweep
clears away the smoke. Shortly thereafter in time, undisturbed wall
vortices return, and the entire process is repeated during the next
phase cycle.

Figure 3 shows isocontours of hUi=U1 and u0
sd=U1 at x D

82.5 cm, y D 0:3 cm (yC D 34) for the sawtooth valley centered
at z D 9:5 cm. During the later part of the phase cycle (Á 1:3¼ ),
Fig. 3a shows low-speed streaks centered at z ¼ 8:8 and 9.8 cm.
For Á 1:7¼ in Fig. 3b, there are moderately high standard de-
viations (u0

sd=U1 > 0:05) to the spanwise sides of the low-speed
streak (z ¼ 9:5 and 10 cm). This is consistent with the appear-
ance of � uctuating smoke lines centered around the valley in the
� ow-visualization results. Violent mixing of the smoke followed
these prebreakdown � uctuations. An indicator of breakdown is ces-
sation of the streak structure during 0:2¼ Á 1:2¼ in Fig. 3a.
This was accompanied by the presence of high standard deviation
(u 0

sd=U1 > 0:1/, which occurs during 0 Á ¼ in Fig. 3b. Note that
the highest standard deviation .u 0

sd=U1 ¼ 0:2/ occurs at Á ¼ 0:2¼

Fig. 2 Flow visualization of the interaction: Photograph is mirror im-
aged; horizontal and vertical grid lines shown are 10 cm apart; sawtooth
valley located at z = 9:5 cm (near the middle horizontal line). The span-
wise extent of the data in Fig. 3 is indicated by [.
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a) Isocontours of the ensemble-averaged velocity

b) Standard deviation

Fig. 3 Quantitative results of the interaction taken at x = 82:5 cm,
y = 0:3 cm (y++ = 34): Saw-tooth valley is located at z = 9:5 cm.

centered about the low-speed streak (z ¼ 9:8 cm). Because the high-
speed wallward (insweep) motion occurs at Á ¼ 0, the wall eddy
breaks down soon after the arrival of the insweep at that location.

Breakdown phase angles were quite different for wall eddies lo-
cated near the sawtooth tip. In this case, the streak structure was
terminated during 0:4¼ Á ¼ , which is shorter in duration than
the valley region. This difference in breakdown phase angle was due
to the late arrival of the high-speed insweep at the tip location. Thus,
breakdown of wall eddy is driven by the arrival of the high-speed in-
sweep, which is associated with the three-dimensional, outer-region
structure.

Summary
An experiment to study the interactive effect of large, three-

dimensional outer eddies on small streamwise vortices was con-
ducted. The TBL near-wall structure was emulated by Görtler
streamwise vortices. Outer-region, three-dimensional eddies were
shed from the pitch oscillation of an airfoil with sawtooth trail-
ing edge. The three-dimensional eddies included skewed leading
and trailing edges and a wallward motion similar to insweeps ob-
served in TBLs.The interaction involved � uctuation of the near-wall
structure as the outer eddy approached. Violent mixing of � uid and
breakdown of the near-wall structure ensued as high-speed � uid as-
sociated with the outer eddy arrived. This suggests that the insweep
associated with the outer region helps trigger the bursting of the
near-wall structure in bounded turbulent shear � ows.
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Introduction

O VER the past 10 years, a considerable amount of attention
has been paid to modal-based damage detection algorithms.

In most instances, the damage detection problem is simpli� ed to
the detection and characterization of stiffness failures. However,
several authors have attempted to simultaneously classify both mass
and stiffness changes.1;2 Recently, it has been noted that modal data
cannot be used to correctly identify these combined failures due to
the nonunique nature of the mode shapes.3 This arbitrary scaling of
the mode shapes creates an in� nite number of mass and stiffness
matrices that satisfy the eigenvalue equation. However, it will be
shown that it is possible to perform simultaneous updating of both
matrices if the problem is properly constrained.
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