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Influence of Orifice Orientation on a Synthetic
Jet—-Boundary-Layer Interaction

Amanda Bridges* and Douglas R. Smith’
University of Wyoming, Laramie, Wyoming 82071-3295

The mean streamwise velocity field downstream of a synthetic jet embedded in a turbulent boundarylayer (Rep =
830) was investigated experimentally. Of particular interest was the change in the mean flowfield resulting from
changes in the yaw orientation of the rectangular synthetic jet orifice. Three yaw angles (3 = 0, 10, 20 deg) were
considered. Time-averaged and phase-averaged hot-wire measurements were obtained at two positions downstream
of the synthetic jet actuator. The measurements show that when the orifice is aligned with the mean freestream
velocity (3 = 0 deg), a flow structure consistent with a weak counter-rotating vortex pair was observed in the
boundary layer. For 3 = 10 deg, the mean streamwise velocity contours suggest the presence of a single vortex in
the boundary layer, whereas for 3 = 20 deg, the flow structure resembles a horseshoe vortex formed as a result of

flow blockage by the jet.

I. Introduction

ERHAPS one of the more notable advances to have occurredin
flow controltechnologyin the past 15 yearsis the applicationof

surface-issuingjets for separation control on aerodynamic surfaces.
The concept was introduced by Johnston and Nishi,! who proposed
using circular jets, skewed and inclined to the wall, to generate
streamwise vortices for the purpose of mitigating boundary-layer
separation. The skew and inclinationangles have subsequently been
shown to affect the strength and sign of the ensuing vortices’ and
the control effectiveness of the jet. If the jet orifice is noncircular,
then, in addition to skew and inclination, the yaw angle of the major
axis of the orifice can influence the flow control effectivenessof the
jet3

Early work with flow control jets all used a steady rate of mass
injection until Seifert et al.* revealed that an unsteady blowing jet
could be as effectiveat separationcontrol as a steady jetbut with less
mass flow. More recent work suggests that perhapsthe most efficient
jet control effect comes from a synthetic (oscillatory) jet where
the time-averaged mass flux through the orifice is zero, but the net
momentumis nonzero. The controleffectivenessof syntheticjets has
been demonstrated for several internal and external flowfields.>~’

Although the control effectivenessof syntheticjet actuatorsin an
applicationsetting has been confirmed through a number of studies,
the fluid dynamic mechanism by which control is effected is not
well understood. Issues like yaw angle and velocity ratio that have
been studied for steady control jets have not been investigated for
synthetic jets. Moreover, the role played by the inherently unsteady
nature of a synthetic jet in the interaction with the controlled flow is
not known. Some recent work by Rinehart and Glezer® and Smith®
suggests that away from the immediate vicinity of the jet orifice the
flowfield is steady in the mean and that the interaction of a syn-
thetic jet and a boundary layer creates a secondary flow consisting
primarily of streamwise vortices.

To evaluate the efficiency of a synthetic jet for reducing the
boundary-layer susceptibility to separation, we must evaluate the
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role of actuator configuration in the control effect. For example, to
mix high-momentum fluid from the edge of the boundary-layerwith
low-momentum fluid near the wall, a streamwise vortex structure
should be of the same scale as the boundary-layer thickness. The
streamwise vortices originating from the interactionbetween a syn-
theticjet actuatorand a crossflow boundarylayer would be expected
to have a size that is initially determined by the penetration depth
of the jet. For a rectangular steady jet, Weston and Thames'® have
shown that the penetration depth will depend on the orientation, or
yaw, of the major axis of the orifice relative to the mean cross-stream
velocity direction. Perhaps of equal importance in determining the
penetration depth and ensuing flow structure is the velocity ratio
(jet to freestream) and duty cycle. For steady jets issuing into a
crossflow, the penetration depth has been shown to scale directly
with the velocity ratio.!! If the jet is pulsed, there exists a range
of frequencies where the penetration is also frequency dependent
and duty cycle dependent.'”!® Pulsed jets at low frequencies with
short injection times (and short duty cycles) penetrate deeper into
the crossflow.'

To improve the implementation of syntheticjet actuators in flows
requiring active control, a better understanding of the character
and structure of the interaction between the jet and the embedding
boundary layer is required. In this study, we sought to isolate and
identify the role of orifice orientation (yaw angle) on synthetic jet
flow control effectiveness. Time-averaged and phase-locked mea-
surements were used to build a data set of boundary-layer profiles
with high spatial resolution in the cross-span and cross-stream di-
rections. Using this data set, we examine the near-field behavior
of the interaction, look for the appearance of streamwise-aligned
vortices, and try to understand to what degree yaw angle affects the
origin and formation of these vortices.

II. Experimental Approach

The experiments were performed in the low-speed wind tun-
nel at the University of Wyoming Aerodynamics Laboratory. The
boundary-layerflow was developed on a flat plate mounted parallel
to the test-section floor. The leading edge of the plate was a 4:1 el-
lipse, and transition occurred naturally near the leading edge of the
plate. The plate was adjusted to have a zero pressure gradientalong
the length and uniform pressure across the width. Measurements of
the surface pressure coefficient (C,) varied by less than 1% along
the length of the plate.

The synthetic jet actuator was a resonating-cavity device driven
with two 50-mm-diampiezoelectricdisks mounted on oppositesides
of the actuatorcavity. The orifice of the actuator was rectangularwith
dimensions 50 (L) by 0.51 mm (). The depth of the orifice was
2.4 mm. The resonant, and subsequent operating, frequency of the
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Fig. 1 Experimental setup: a) photograph of the synthetic jet actuator
and mounting plugin the test surface; b) close-up sketch of the synthetic
jet actuator and mounting plug.

actuator was found experimentally to be 500 Hz. The actuator was
mounted in a circular plug, and the plug was installed flush with the
surface of the flat plate. A retainingring secured the plug in the plate
and allowed the plug to be rotated continuously through 360 deg
(Fig. 1). The yaw angle of the orifice, 8, corresponded to the angle
the major axis of the orifice made with the freestream direction;
that s, for 8 = 0 deg the orifice axis and freestream velocity vector
were parallel. Positive values of B were measured counterclockwise
when the actuator is viewed from above (Fig. 1b). Three values of
B were investigated: 0, 10, and 20 deg.

All boundary-layermeasurements were obtained with a nominal
freestream velocity of 17.0 = 0.5 m/s. For all test cases, the bound-
ary layer upstream of the actuator was turbulent. Figure 2 shows
profiles of the mean and fluctuating components of the streamwise
velocity in the upstream boundary layer. The boundary-layerthick-
ness §, at a position immediately upstream of the actuator plug was
9.7 £ 0.3 mm. A referencecoordinatesystem was located at the cen-
ter of the actuator orifice with x in the streamwise direction, z in the
cross-span direction, and y measured normal to the wall (Fig. 1b).
Because the edge of the boundary layer may be obscured by the syn-
thetic jet interaction, all figures presented show the distance from
the wall, y, scaled by the upstream boundary-layerthicknessd,. The
cross-span distance z is shown in dimensional coordinates (mm) to
facilitate comparisons between the three yaw-angle cases.

Mean and fluctuating velocity measurements were acquired us-
ing a single normal-sensor hot-wire. The hot-wire probes were
miniature-sensor boundary-layer probes. The wire was 5 um in
diameter with a 1.2-mm active length. Static hot-wire calibrations
were performed in situ using a King’s law fit. The freestream flow
temperature was recorded both during the calibration and during
the boundary-layer surveys. To account for flow temperature drift
during a survey, all hot-wire voltages were corrected to a reference
temperature.

The mean and fluctuating hot-wire signals were measured inde-
pendently after low-pass (10 Hz) and bandpass (10 Hz-4 kHz) filter-
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Fig. 2 Profiles of the mean (top) and the rms fluctuating (bottom) com-
ponents of the streamwise velocity in the upstream boundary layer.

ing, respectively. At each point in a boundary-layersurvey, 96,000
data points were obtained at a sampling rate of 10 kHz. In the data
acquisition, the actuator driver signal was also recorded to permit
phase-locked analysis of the hot-wire signal. With a data sampling
rate of 10 kHz and an actuator driver frequency of 500 Hz, 20 pro-
files,equally spaced throughoutthe driverperiod, were obtained. For
each pointin a boundary-layerprofile, a linear interpolationscheme
was used to shift the phase-averageddata to the same relative times
in the actuator driver period.

For each yaw angle g, profiles of the instantaneousvelocity in the
boundary layer were measured at two positions downstream of the
actuator. At each streamwise position, the boundary-layer profiles
were obtained at multiple cross-span positions that extended from
the wind-tunnel centerline to the edge of the jet-boundary-layer
interaction on either side.

The synthetic jet actuator performance was tested in a quiescent
environment prior to installation in the wind-tunnel test. The ac-
tuator was calibrated by recording the velocity signal u(¢) from a
hot-wire placedin the plane of the orifice along the orifice centerline.
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The outstroke portion of this velocity trace was identified and used
to estimate a velocity U, defined as L/t, where L is the effective
stroke length of the actuatorand t is one-halfthe period of the actu-
ator forcing signal.!’ In these experiments, U, was estimated to be
14 m/s, and to permit comparisons with studies involving a steady
jetin a crossflow, a velocity ratio r was defined as
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Inthe currentsetof experiments, we estimated r to be 0.82. Note that
in previous studies of rectangular vortex generator jets, a value of
r near unity was concluded as optimal for the formation of a single
streamwise vortex within the boundary layer.* Due to constraints
imposed by the synthetic jet actuator, a value of r =0.82 was as
close to unity as possible in the current experiment. Nevertheless,
this velocity ratio is representativeof a typical value for a boundary-
layer flow control application.

III. Results and Discussion

Using the aforementioned techniques, this study explored the in-
fluence of orifice yaw angle on the mean boundary-layer structure
downstreamof a rectangularsyntheticjet. Based on preliminary ob-
servationsthree yaw angles were chosen for study: 0, 10,and 20 deg.
In the preliminary experiments (not discussed here), we discovered
that with the current velocity ratio (r =0.82) a yaw angle greater
than 20 deg produced a very weak interaction that was confined to a
narrow region near the wall and inaccessible to the current hot-wire
probe measurements.

Note that a single, normal hot-wire is insensitiveto flow direction.
In this experiment, velocities normal to the wall tended to increase
the apparent streamwise velocity, and cross-span velocities had the
opposite effect. Measurements by Zhang and Collins® with laser
Doppler anemometry in the boundary layer downstream of a steady
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rectangular jet with velocity ratio of 1.0 showed velocities in the
y-z plane that were at most 10% of the mean freestream velocity.
This suggests that while there certainly is some corruption of the
velocity measurements by wall-normal and cross-span velocities,
the hot-wire is primarily measuring the streamwise component of
the velocity.

A. Time-Averaged Velocity Contours

Figure 3 shows contours of the mean streamwise velocity at two
streamwise locations,x /L = 1.0 and 1.45, for § =0 deg. In thisand
all subsequent figures the abscissa is shown in dimensional coordi-
nates to facilitate a comparison of the interaction scale for different
B. The presenceof the jetin the boundarylayer is quite evidentfrom
these contours and manifests as a region of reduced velocity, almost
circular in shape, centered near y/§, = 0.8 and extending beyond
the edge of the boundary layer. At the upstream position, the effect
of the jet on the boundary-layerflow near the wall does not appear
to be large, but farther downstream, as the jet interaction grows in
the vertical and cross-span directions, we observe regions of high-
momentum fluid pushed down in the boundary layer to either side of
the jet. Immediately beneath the jet, however, the velocity appears
mostly unchanged in magnitude from the contours in the regions
outside of the interaction. Interestingly, the minimum in the veloc-
ity defect does not appear to move away from the wall between
x/L=1.0 and 1.45, yet the top of the defect has moved into the
freestream by more than 0.25, over the same streamwise distance.
The velocity minimum in the defectis decreasingpresumably as tur-
bulence mixes higher momentum fluid from the surroundings into
this region.

Of particularnotein these contoursis the rapid changein spanwise
scale of theinteraction,whichatx /L =1.0is approximately 10 mm.
An appreciation for this change can be obtained by first noting that
the orifice width £ is 0.51 mm. Next, if, during the formation phase,
the jet has a width of 54 (see Ref. 15), then as the jet interacts with
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Fig. 3 Comparison of the mean streamwise velocity contours at two streamwise locations for 3 = 0 deg. Also shown is a sketch of the proposed mean

flow structure.
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the boundary layer, its width increases by a factor of 4 from 2.5 to
10 mm (*20h). Furthermore, noting that 8,/ i is approximately 19,
the interactionattains a width of approximately one boundary-layer
thicknesswithin one orifice length of its inception. The vertical scale
may be partially understood by noting that the orifice length L is
approximately five times larger than the incoming boundary-layer
thickness §,, but the height of the interactionis at most 1.56,.

The mean velocity contours, particularly at x /L =1.45, suggest
thata weak counter-rotatingvortex pair may be presentin the bound-
ary layer (see Fig. 3¢). The rotation of this vortex pair would tend
to draw low-momentum fluid up along the centerline of the inter-
action and push high-momentum fluid down in the boundary layer
along the sides of the interaction. The effects are subtle, indicating
the vortex pair is likely weak but persistent with the streamwise di-
rection. Moreover, the velocity contours do not exhibit the kidney
shape typically observed in a steady jet in a crossflow where the
counter-rotating vortex pair is quite evident.

Figure 4 shows contours of the streamwise turbulence intensity,
u, /U, at x/L=1.0 and 1.45 for B =0 deg. The shape of these
contours is more elliptic, or kidney-shaped, in nature than the mean
velocity contours. The size of the interaction appears broader and
tallerin these contours, but this apparenteffectis due to the modula-
tion of the mean flow at the actuator frequency rather than turbulent
fluctuations. It is interesting to note here that at both streamwise
positionsthe peak in the turbulence intensity associated with the jet
occurs farther from the wall than the minimum in the velocity con-

z
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Fig. 4 Contours of the streamwise turbulence intensity for 3 = 0 deg.

tours and also moves away from the wall with streamwise distance
while the mean defect region remains at the same height. Near the
wall, the approximately level contours suggest that the turbulence
intensity is unmodified from the boundary layers to either side.

For B =10 deg, the actuator is no longer symmetrically oriented
aboutthe x-y plane.Inrotating the orifice through 10 deg, the cross-
span length of the orifice, as seen by the incoming flow, increased
to approximately 8.7 mm from a value of 0.51 mm when 8 =0 deg.
The leading edge of the orifice was displaced to z = + 4.4 mm, and
the trailing edge was displaced to z = —4.4 mm.

Figure 5 shows contours of the streamwise velocityatx/L =1.0
and 1.46 for 8 =10 deg. The first point to note in these profiles is
that, in comparison with § =0 deg, the height to which the interac-
tion rises in the boundary layer is considerably reduced, confined
now to the lower 60% of the boundary layer (Fig. 5). This effect is
clearly due to the broaderinitial cross section of the jet. Next, and as
expected, an asymmetry appears with respect to the interactioncen-
terline (z = 0). A region of velocity defectis observednearz =2 mm
and is confined primarily to z > 0. For z < —2 mm, the contours sug-
gest a fuller velocity profile near the wall. For x /L = 1.46, a similar
behavioris observed,but with larger spanwise and vertical scales. In
particular, we note aregion of higher near-wall momentum between
z=—2and —7 mm.

Although there may be more than one interpretation for the con-
tour shapes observed here, we propose that in this case they are
the result of a single streamwise-aligned vortex arising from the
synthetic jet-boundary-layer interaction (see Fig. 5¢). To support
this conclusion, we compared the velocity contours obtained here
with the measurements shown in three prior studies: Shabaka et
al.,' who studied a single vortex embedded in a turbulentboundary
layer; Zhang and Collins,’> who studied the interaction of a bound-
ary layer with a steady rectangular jet; and Khan and Johnston,!”
who studied the interaction of a boundary layer with a skewed and
inclined circular jet. In the latter two studies, the velocity measure-
ments showed very clearly the existence of a single streamwise
vortex in the lee of the interaction. By comparison with these pre-
vious studies, the mean velocity contours here (Fig. 5) suggest the
presence of a vortex with a similar sense of rotation (counterclock-
wise when looking downstreamat the vortex). A vortex of this sense
would lead to a downdraft of high-momentumfluid for z < 0 and an
updraft of low-momentum fluid for z > 0. The agreement between
the contours shown in Fig. 5a and the contours shown in Fig. 5 of
Ref. 17 is particularly striking and provides compelling evidence
for the proposed flowfield.

To understand the directionof rotation of the vortex, the synthetic
jet must behave not only like a skewed jet in a crossflow but also as
an inclined jet in a crossflow. This interpretationis not inconsistent
with the observationsof Smith et al.!® for the formation of synthetic
jets from adjacentorifices. Smith et al. showed that the synthetic jet
formed by the interactionof two adjacentsyntheticjets can be turned
to either side depending on the relative phases of the jet formation
cycles. The turning was the resultof a distortion of the jet formation
vortices due to the phase difference. In this case, the approach flow
distorts the jet formation vortices and does so in such a way as to
lead to a downstream turning of the synthetic jet.

Figure 6 shows contours of the streamwise turbulence intensity,
u, /U,atx/L=1.46for =10 deg. The shapes of these contours
support the conclusion of a secondary flow pattern redistributing
turbulent fluid within the boundary layer. That is, low-momentum
fluid, with high turbulencelevels, is swept away from the wall, and
high-momentum fluid, with low turbulence levels, is drawn toward
the wall.

For g =20 deg, the projected area of the jet was approximately
17 mm, with the leading edge of the orifice at z=48.5 mm and
the trailing edge at z=—8.5 mm. Figure 7 shows contours of the
mean streamwise velocity at x/L =1.0 and 1.46 for § =20 deg.
The presence of the synthetic jet in the boundary layer is much less
pronounced in these profiles and is confined to the lower 50% of
the boundary layer. For —2 mm < z < 0 (Fig. 7), the contoursreveal
a region of higher momentum near the wall. This region is located
closer to the centerline of the interaction than the high-momentum
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Fig. 5 Comparison of the mean streamwise velocity contours at two streamwise locations for 3 = 10 deg. Also shown is a sketch of the proposed

mean flow structure.
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Fig. 6 Contours of the streamwise turbulence intensity for 3 = 10 deg:
x/L = 1.46.

region for § =10 deg. For this yaw angle, we propose that the jet
acts primarily as an obstruction in the boundary layer and that the
high-momentumregionnear the wall is a consequenceof a weak pair
of counter-rotating vortices that are, in fact, the legs of a horseshoe
vortex formed by the blockage (see Fig. 7¢). That the blockage
is weak and is modulated at the actuator frequency tends to blur
the time-averaged velocity contours; however, the phase-averaged
velocity contours, presented in the following section, show more
clearly the flowfield structure.

B. Phase-Averaged Velocity Contours
By analyzing the hot-wire signal and the actuator driver signal
simultaneously, phase-averaged velocity profiles for the boundary

layer were constructed. The angle ¢ is used to denote the phase in
the period of the actuator driving signal.

Figure 8 shows phase-locked contours of the streamwise veloc-
ity for B =0 deg. A sequence of four phase angles in the actuator
period (0, 90, 180, and 270 deg) are shown. These contours show
very clearly the “pulsing” of the defect region during one actuator
cycle. At this streamwise position, the maximum penetration depth
of the jetis achievednear the 0-deg phase angle. From 90 to 180 deg,
the velocity defect region becomes shallower and shifts down in the
boundary layer and is accompanied by a reduction in the vertical
scale of the region. Between 180 and 270 deg, the depth of the de-
fect region increases significantly with a steepening of the velocity
gradients due to the smaller vertical scale of this region. Finally, in
the last quarter of the period, the defectregionrises rapidly from be-
low y/6, =0.8 to above y /6, = 1.1. Throughout the actuator cycle,
the relative shapes of the contours are consistent with the structure
proposed from an inspection of the time-averaged contours. This
observationsuggests that at this location the general features of the
boundary-layerstructure are established but that the strength, scale,
and position are modulated at the actuator frequency.

Figure 9 shows a similar sequence of phase-averaged contours
for =10 deg. Unlike the contours at 8 =0 deg, where the flow
structure was similar throughout the actuator cycle, these contours
show that the flowfield changes quite significantly during the actu-
ator cycle. For z > 0, the defect region appearingat y/3, = 0.3, and
signifying the core of the single vortex, collapses between ¢ = 180
and 270 deg. This segment of the actuator cycle presumably corre-
sponds to the suction phase when fluid in the boundary layer either
flows past the orifice mostly undeflected or into the orifice. During
the blowing phase of the actuator cycle (between 0 and 90 deg), the
defect region becomes quite pronounced, and the jet contributes to
the formation of a single longitudinal vortex. During this segment of
the actuator cycle and for z < 0, fluid with high streamwise momen-
tum has been swept in toward the wall from higher in the boundary
layer.
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Fig. 7 Comparison of the mean streamwise velocity contours at two streamwise locations for 3 = 20 deg. Also shown is a sketch of the proposed
mean flow structure.
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Fig. 9 Phase-averaged contours of the mean streamwise velocity for 3 = 10 deg at x/L = 1.0.

Finally, the phase-locked contours for 8 =20 deg are shown in
Fig. 10. In these figures, we observed a structure that helps eluci-
date the structure inferred from the time-averagedcontours and that
appears to evolve from the interaction between the boundary layer
and the edges of the jet orifice. This structure is clearly visible for
¢ =180 deg at positions of z==5 mm, which lie just inboard of
the outer edges of the orifice. From 180 to 0 deg, this structure drifts
toward z < 0 as it convects downstream and through the measure-
ment plane. The contours at 90 deg indicate that the formation of
this interaction begins near this phase in the actuator cycle. The ap-
pearance of the interaction, a double-humped low-velocity region
to either side of a high-velocityregion, suggests that the interaction
resembles the horseshoe vortex that forms around an obstacle placed
in a boundary layer. Here, of course, the obstacle is the blowing jet
that appears periodically at the actuator driving frequency.

C. Effect of Orifice Yaw

For zero orifice yaw, the flow structure downstream of the syn-
thetic jet is similar to that observed for a steady jet in crossflow.
Here, the momentum impulse from the formation phase of the syn-
thetic jet gives rise to a weak counter-rotating vortex pair.'! At this
velocity ratio, the vortex pair is centered near the boundary-layer
edge and would likely provide little assistance in boundary-layer
separation control. For nonzero yaw angles, it appears that an in-
creasein orifice yaw angle has two effects on the jet-boundary-layer
interaction. First, orifice yaw distorts the jet formation vortex on the

upstream side of the orifice leading to a turning of the forming jet
toward the downstream edge; second, the increased projected area
of the jet leads to a greater downstream deflection by the incoming
flow. For B =10 deg, these two effects combine to create sufficient
cross-streamand spanwise momentato lead to the formationof a sin-
gle streamwise vortex similar in character to the streamwise vortex
created by a vortex generator jet (see, for example, Refs. 3 and 17).
For B =20 deg, these effects lead to a rapid and acute downstream
turning of the jet with the result that the jet functions primarily as a
fluid obstacle in the boundary layer with a rapidly closing wake and
a horseshoe vortex whose legs help to mix high-momentum fluid
into the lee of the actuator.

With respectto the second of the two effects due to yaw, a simple
alternativeinterpretationof this effectis that changing the yaw angle
of the orifice changes the apparent spanwise scale of the jet. A
simplified control volume analysis of a synthetic jet in a crossflow
boundary layer shows that, for a constant velocity ratio, the angular
deflection of the jet should vary as

tana ~ (w/L)""(h/8)

where « is the angle of the deflected jet measured relative to the
horizontal, w is the jet width at the orifice, and § is a boundary-
layerlengthscale, notnecessarilyequal to the boundary-layerthick-
ness. We note that w/L increases from 0.01 at 8 =0 deg to 0.17
at B =10 deg and finally to 0.34 at 8 =20 deg. This alternative
interpretation provides some useful perspective for understanding
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Fig. 10 Phase-averaged contours of the mean streamwise velocity for 3 = 20 deg at x/L = 1.0.

the effect of orifice yaw on the change in the flowfield. Although
the magnitude of the change in the yaw angle appears modest, the
relative spanwise scale of the jet changes by a factor of 34, and
the deflection of the jet changes notably as indicated in the results
shown. Finally, we can also conclude from this simple analysis that
a wider orifice (h), relative to the boundary-layerthickness, would
be expected to increase the range of 8 values for which a single
vortex is formed in a synthetic jet-boundary-layerinteraction.

IV. Conclusions

The mean flow features in the boundary layer downstream of
a wall-mounted synthetic jet were studied for three yaw orienta-
tions of a rectangular synthetic jet. When the orifice was aligned
with the mean freestream velocity (8 =0 deg), a flow structure con-
sistent with a weak counter-rotating vortex pair was observed in
the boundary layer. This structure was established within one ori-
fice length downstream of the actuator center and appeared to be
a steady feature of the flow but with an amplitude and position
in the boundary layer that varied at the actuator driver frequency.
For B =10 deg, contours of mean streamwise velocity across the
span of the interaction suggested the presence of a single vortex in
the boundary layer. Looking downstream, the vortex had a coun-
terclockwise rotation, sweeping high-momentum fluid toward the
wall for z < 0 and pushing low-momentum fluid up in the boundary
layer for z > 0. For B =20 deg, a flow structure more closely re-
sembling a horseshoe vortex appeared. For all three yaw angles, the

observedflow structures were modulated at the driving frequency of
the actuator indicating a persistent unsteadinessin the near field of
the interactions. Also for all three yaw angles, elevated streamwise
turbulenceintensity levels were observedin the boundary layer, and
cross-spancontours of this quantity resembled in shape the contours
of the mean streamwise velocity.
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