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Detailed schlieren and laser lightsheet visualizations of the near wake of micro vortex
generator (MVG) revealed large structures that were diﬀerent from those of the undisturbed turbulent boundary layer. These structures were attributed to the rapid breakdown
of the primary trailing vortex pair. The breakdown was thought to arise from a cylindrical
Kelvin–Helmholtz-like instability surface. The structures appear to be hairpin or ring-like
in nature that showed eruptions into the freestream ﬂow, entraining it.

I.

Introduction

ICRO vortex generators (MVGs), whose height is less than the boundary layer thickness, have been
lately proposed for mitigating the adverse eﬀects of shock/boundary-layer interactions (SBLIs).
M
There is belief that MVGs energize the boundary-layer by vortex entrainment of the freestream although
1–17

the precise physical mechanisms are still not well understood. This belief is based on surface ﬂow visualizations6, 11, 17 which indicate two bright lines downstream of the MVG that apparently disappears after about
two MVG lengths downstream (Fig. 1). The disappearance of these lines has been suggested to be due to
the vortices lifting oﬀ the surface due to upwash from their mutual interaction.6, 11 However, Lu et al.17
through a detailed study of the topology around an MVG suggest that symmetry breaking at the rear of
the MVG leads to a unsteady wake that cannot be captured by surface ﬂow visualization, this technique
being regarded as a steady-state one. Moreover, digitally enhanced images18 show that these two topological
lines actually trail further downstream than previously thought. Further, it is not clear from topological
considerations that the pair of (primary) vortices are speciﬁcally associated with the pair of bright lines.
Additionally, based on observations of experimental and numerical surface ﬂow visualizations, topological
rules suggest a number of secondary vortex pairs and vortex ﬁlament pairs being shed in addition to the
primary vortex pair. There is actually a distinct possibility that the bright lines seen in the surface ﬂow
visualization are due to a pair of corner (secondary) vortices.
A diﬀerent downstream ﬂowﬁeld was suggested by Blinde et al.7 via detailed particle image velocimetry
(PIV) mapping. The postulated ﬂowﬁeld, shown in Fig. 2, includes hairpin vortices streaming from the
trailing edges of an MVG array, separated by high-speed channels. There are no trailing vortices in this
model and this can be interpreted to be due to the breakdown of the trailing vortices but interpreted by
others as a lifting from the mutual upwash of the trailing vortex pair. PIV unfortunately was unable to
resolve the extremely small vortex ﬁlaments.
The mechanism that aﬀects the subsequent shock/boundary-layer interaction, especially separated interactions, also remains the subject of investigation. Thus, the aforementioned model of entrainment of the
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freestream by the counter-rotating trailing vortices to energize the boundary layer may be insuﬃcient. It
appears that Blinde et al.’s7 model may point to new physical mechanisms involving impinging hairpin or
ring vortices on the shock, thereby disrupting it. The present paper reports ﬂow visualizations which suggest
that the trailing vortices downstream of the MVG breaks down. Symmetry breaking19, 20 at the rear of the
MVG destabilizes the trailing vortices in what can be considered as a Kelvin–Helmholtz-like instability.21
This instability is seen to cause the trailing vortices to breakdown rapidly into large vortical structures,
identiﬁed previously as vortex rings in Li and Liu15, 16 and as hairpin vortices by Blinde et al.7 Here, the
emphasis is on identifying the vortex breakdown mechanism experimentally. This breakdown mechanism
can happen rapidly unlike the upwash of a trailing vortex pair in supersonic ﬂow. This latter point is based
on observations of the persistence of the signature of trailing vortices shed from protuberances.22

Figure 1. Surface flow visualization showing
disappearance of wake signature.17
Figure 2. Conceptual sketch of flow downstream of an MVG
array, showing the presence of hairpin vortices.7

Before examining the supersonic wake of an MVG, it will be useful to brieﬂy review the eﬀect of threedimensionality on a vortex line perpendicular to the ﬂow direction convecting past a three-dimensional
surface mounted obstacle. The vorticity equation, ignoring body forces, can be written as
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The middle two terms on the RHS of the above equation are absent for incompressible ﬂow while the last
term is the viscous dissipation of vorticity, τ̄¯ being the stress tensor. For a two-dimensional ﬂow, the ﬁrst
term on the RHS also vanishes since the velocity vector lies in a plane that is perpendicular to the vorticity
vector. Therefore, vorticity is not created and, instead, for a steady, two-dimensional ﬂow, is dissipated.
However, for an obstacle with a ﬁnite span mounted on a surface, an incoming, two-dimensional boundary
layer that the obstacle is submerged in develops three-dimensionality.a Therefore, the ﬁrst term on the RHS,
which is known as the vortex stretching term, is now nonzero due to crossﬂow terms so that vorticity
is created. As has been observed, the vorticity is distributed in such a way that one or more so-called
horseshoe vortices wrap around the object, regardless of whether the protuberance is sub-boundary layer in
height or taller.26–28 Such a horseshoe vortex system is extremely persistent since lengthening it increases
its vorticity and its well-organized structure even in a turbulent ﬂow. Studies of the downstream evolution
of the horseshoe vortex have shown that it eventually breaks down, depending on the Reynolds number
a Flows past tall obstacles are known as junction ﬂows. Both protuberance and junction ﬂows are common occurrences,
ranging from ﬂows past buildings and other structures, vehicles and circuit boards. Moreover, protuberances of various shapes
are used for enhancing heat transfer,23, 24 improving ﬂows when occurring as vortex generators and for tripping boundary
layers.25
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of the ﬂow and the geometry of the obstacle.29 Compressibility introduces extra terms into the vorticity
equation, namely, the second term on the RHS is vortex stretching due to dilatation and the third term
is known as the baroclinic torque. Depending on the velocity, density and pressure gradients, these terms
can enhance or diminish vorticity. Speciﬁcally, for protrusions, such as the MVG in the present study,
these gradients increase vorticity due to shocks forming around the obstacle, amongst other causes. The
vorticity is mostly conﬁned within the boundary layer, with some arising from the shock envelope around
the MVG. The conﬁned vorticity is forced into trailing vortices which stretch, strengthening them. These
counter-rotating trailing vortices are regions with high momentum. Sidewash caused by the MVG results in
a low momentum, or momentum deﬁcit, region along the centerline of the MVG wake4, 6, 7, 11, 14–16, 30 and the
high-momentum vortex ﬂows on either side. The shape of the MVG is such that the trailing vortices converge
which destabilizes them. Finally, visualizations of a small negative value of λ2 [31] and an instantaneous
numerical schlieren image are shown in Fig. 3.15 Figure 3(a) shows what are thought to be vortex rings.
Analogous, large density structures are visible in the instantaneous schlieren image of Fig. 3(b). These
numerical visualizations reveal large structures using diﬀerent diagnostics than the stereo PIV mapping of
Blinde et al.7

(a) Iso-surface of a small negative value of λ2 .

(b) Instantaneous numerical schlieren.

Figure 3. Visualizations of [15].

Lightsheet visualizations are reported in this paper, including a rarely used local lightsheet technique.32, 33
These visualizations are combined with schlieren visualizations to reveal a highly unsteady wake with large
roller structures. There appears to be a distinct diﬀerence between these structures and those in the turbulent
boundary layer ahead. The present visualizations provide further evidence of a potential vortex breakdown
mechanism. The train of either hairpin vortices or vortex rings impinging on the downstream shock is
thought to be the key mechanism for disrupting any separated SBLIs downstream which are the subject of
future papers.

II.

Experiment

The experimental approach is summarized here with details available in [34]. A blowdown wind tunnel
operating at a Mach number of 2.47 ± 0.005 was used. The tunnel reached steady-state pressure conditions
in 2–3 s.35 The total pressure was generally kept at 200 ± 6 kPa (29 ± 0.9 psia). The run times of less than
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10 s resulted in a total temperature drop of only 1–2 K. The temperature can be considered to be nearly
steady and so can the unit Reynolds number be considered at 43 million per m.
The test section was 15.2 cm2 × 81.28 cm long
(6 in.2 × 2.67 ft). It was outﬁtted with extensive
optical access from both sides and from the top.
A ﬂat plate, 73 cm long (28.75 in.), with a sharp
leading edge of 15 deg was mounted in the test section36 to develop a boundary layer naturally, with
transition occurring within 3 cm (1.2 in.) from the
leading edge (Fig. 4). The ﬂat plate was supported
in the test section by a sharp-tipped rail on each
side. The plate was made in layers. The top layer
was made of a number of small, thin plates butted
tightly together to form a continuous, ﬂat surface.
This modular design allowed for quick conﬁguration Figure 4. Test section showing flat plate. Flow from
changes. A cavity below allowed pressure tubing, right to left.
transducer wiring and other elements to be placed.
The wiring and tubing were channeled to the rear from the side of the test section. Finally, a bottom cover
encases the cavity.
Six MVGs in the form of skewed tetrahedra were distributed evenly across the ﬂat plate such that their
leading edges were located 272 mm (10.7 in.) downstream of the leading edge of the ﬂat plate, Fig. 5. The
MVGs were 12.95 mm (0.51 in.) long and 1.57 mm (0.062 in.) high. The front of each MVG was 11.7 mm
(0.46 in.) wide. The center-to-center spacing between the MVGs was 30.5 mm (1.2 in.). Two styles of MVGs
were fabricated based on the designs from [16], with the trailing edge angle of either 45 or 70 deg, labeled as
MVG45 and MVG70 respectively. Flow visualizations of either MVG45 and MVG70 are qualitatively very
similar. The “nvg431” style based on [37] was also available.

Figure 5. Micro-vortex generator array.

Diagnostics that were applied included schlieren still and video imaging,38 mean surface pressure measurements downstream of an MVG and at the bisection of two MVGs, surface ﬂow visualization18 and laser
lightsheet visualization using PIV hardware and software. The same setup was used to obtain quantitative
velocity data. The schlieren images were obtained by a Nikon D300S camera with a VR 18–200 mm f/3.5–5.6
lens. In still mode, the shutter speed is 1/8000 s and the image consisted of 12.3 megapixels. High-deﬁnition
video from the camera was at 24 fps and 720 p.
Due to the uniqueness of the lightsheet visualization, some details are provided here. A schematic of
the laser lightsheet system is given in Fig. 6. The imaging hardware is a LaVision FlowMaster 3D SPIV
system that was installed on a custom-built mounting system. A cylindrical lens with a focal length of
−10 mm spreaded a beam of light from a New Wave Research Solo 120 Nd:YAG double-pulsed laser into a
2.5 mm thick sheet. The ﬁgure shows the lightsheet incident on the centerline of the ﬂat plate, which also
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bisected one of the MVGs. An alternate arrangement had the lightsheet in a crosswise plane, 20.6 (0.81 in.)
downstream of the MVG trailing edge.
The lasers were pulsed at 5 Hz with a pulse duration of 0.7 μs. The images were captured by a Flow
Master 3S ImagerIntense/ImagePro ICCD camera with 1376 × 1040 pixel resolution and a 12-bit dynamic
range. Other major components of the imaging system included a frame grabber, control electronics and a
host computer running the DaVis 7.1 PIV data acquisition and processing software.
A high-pressure seeding system was installed in the plenum chamber of the wind tunnel to spray calcium
carbonate particles (Specialty Minerals CalEssence 70) with an average diameter of 0.7 μm. It is thought
that this is the ﬁrst time that calcium carbonate has been used for such a purpose.39 The suitability of
calcium carbonate for seeding high-speed aerodynamics ﬂows and a novel surface treatment to reduce glare
are discussed in [34].
In addition to seeding the ﬂow from the plenum chamber, local seeding was accomplished by naturally
aspirating acetone from a 2.8 mm (0.11 in.) diameter surface pressure tap 138 mm (5.44 in.) upstream
along the centerline of an MVG. A ﬂexible tubing connected the pressure tap to a vial of acetone. Since
the pressure in the test section was subatmospheric during a run, the acetone was drawn into the boundary
layer via the tap. This local lightsheet visualization technique had been used previously in three-dimensional
shock/boundary layer interaction studies.33, 40

Figure 6. Schematic of laser lightsheet visualization hardware.

III.
A.

Results and Discussion

Schlieren Visualization

Figure 7 shows schlieren images of the boundary layer past the ﬂat plate and with MVG45. The ﬂow is
from right to left as indicated by the large arrow. Due to the high resolution of the cameras, the images
show a large number of weak wave reﬂections which can be traced to joints and surface roughness. Noting
that the schlieren technique is sensitive to density gradients, the boundary layer is visible as a bright band
with the horizontally mounted knife edge. Figure 7(a) shows a slight irregularity on the boundary-layer edge
attributable to a wave from the side wall. Since a schlieren image is integrated along the line of sight, this
irregularity appears exaggerated by the dark wave reﬂection oﬀ the boundary layer.
Figure 7(b) shows a curved oblique wave system impinging from the leading edge of the MVG. The
curvature is due to the lower Mach number of the ﬂow closer to the surface. The wave system appears to
have a λ-foot shape but with the leading and trailing legs inclined close to one another, indicating a weak
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American Institute of Aeronautics and Astronautics

(a) Flat plate.

(b) With MVG45.

Figure 7. Schlieren images of Mach 2.47 flow.

separation.41
Downstream is a light uniform zone due to the ﬂow past the top of the MVG. This is followed by a dark
zone as the ﬂow expands past the trailing edge of the MVG. A more complicated wave system is visible
impinging the top of the MVG rear. These waves coalesce just at the edge of the boundary layer to form a
single wave. These features are visible in Babinsky et al.6 as well as in the instantaneous schlieren images
of Herges et al.11
An important feature in Fig. 7(b) is a broad wispy line downstream of the MVG, this being pointed to by
the thin white arrow. This feature is apparently not visible in the instantaneous schlieren images of Herges
et al.11 but is visible and highlighted in Babinsky et al.6 Babinsky et al. identiﬁed this faint line as the
outer boundary of a low-momentum region.
B.

Lightsheet Visualization

Figure 8 presents global laser lightsheet visualization along the centerline of MVG70. The ﬂat plate is
outlined in the image for clarity. Due to the multiple MVGs and the camera perspective, blurred images
of the other MVGs outside of the camera’s depth of focus are also visible in Fig. 8. The ﬁgure shows large
structures in the undisturbed boundary layer as faint dark objects inclined downstream. In the near wake of
the MVG, however, the visualization shows a distinct train of large billowing structures that appears to be
diﬀerent from those upstream. The increased prominence of the large structures downstream of the MVG
can be compared with the numerical schlieren results of Fig. 3(b).
Note that since the boundary layer is devoid of particles in global lightsheet visualization, boundary layer
structures tend to appear as dark images. Further revelation of the inﬂuence of the MVG on the boundary
layer is obtained using local laser lightsheet visualization where the boundary layer is seeded by a port
located directly upstream of the MVG (see Section II). Figure 9 shows local lightsheet visualizations of the
ﬂat plate and when an MVG is mounted on it. The change in the large structures due to the presence of
the MVG is obvious. Figure 9(b) is able to show smaller structures that are not visible in Fig. 8.
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It is also worthwhile to compare these images with those of Fig. 7. It appears that the faint line identiﬁed
in Fig. 7(b) may be associated with the intermittent outer boundary of the large downstream structures,
absent in the boundary layer over a ﬂat plate. This intermittent outer boundary appears as a faint feature
in the schlieren image since it does not spread over the entire span of the ﬂat plate, noting that schlieren
imaging integrates all density gradients along its ﬁeld of view. Babinsky et al.6 remarked that the faint
line as indicated in Fig. 7(b) is the upper boundary of a low-momentum region. The present visualizations
shown in Fig. 7(b) indicates a broad band instead of a thin line. Thus, the present visualizations suggest
more speciﬁcally that this faint broad band marks the intermittent interface between large structures in the
MVG wake. The visualizations also suggest that time-resolved schlieren may not be able to reveal such a
band whereas an averaging procedure can.

Figure 8. Global lightsheet visualization of MVG70 with lightsheet aligned along MVG axis.

(a) Flat plate

(b) With MVG70

Figure 9. Comparison between local lightsheet visualization of flat plate and MVG70.

Kleine42 remarked that videographic imaging allows small or obscure features to be revealed that may
otherwise be thought to be “noise” or other ﬂaws. Following this argument, even if the images are not time
resolved, video images are expected to help in understanding the MVG wake. Thus, Figs. 10 and 11 show
consecutive frames from local lightsheet visualizations of the ﬂat plate and with MVG70 respectively. Despite
the low framing rate of the camera, two important observations can be made. First, as in the previous global
visualization, there is a distinct diﬀerence in the shape of the large turbulent structures over the bare ﬂat
plate and downstream of an MVG. Secondly, there are features around the MVG that appear relatively
steady and others that show a highly intermittent edge. The visualizations show that the ﬂowﬁeld nearest
the MVG, namely, the primary vortex is turbulent but does not show evidence of large-scale intermittency.
Further downstream, it appears that the primary vortex breaks down to form the large roller structures
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which exhibit severe intermittency, identiﬁed by Li and Liu15 as ring vortices and Blinde et al.7 as hairpin
vortices.
For further clariﬁcation, portions of Fig. 11(j) are enlarged and shown in Fig. 12. The diﬀerence between
the large structures of the incoming boundary layer as shown in Fig. 12(a) compared to downstream of the
MVG as shown in Fig. 12(c) is clearly evident. In the latter, large swirls of boundary layer ﬂuid are seen to
erupt into the free stream. It is fair to conclude, at least along the centerplane of the MVG wake, that there
is signiﬁcant entrainment of the freestream ﬂuid and a high level of intermittency.
Further, Fig. 12(b) shows a sharp inclined demarcation between the incoming boundary layer and the
MVG wake. The demarcation appears to be relatively steady with some ﬂutter between frames. This
demarcation is thought to indicate the primary vortex shed oﬀ the MVG side.17 Note that the lightsheet
is located at the centerplane while the primary vortex is slightly oﬀ the centerplane. Therefore, less light is
scattered oﬀ the primary vortex and thus it appears a little darker in all the frames of Fig. 11. Figure 12(b)
shows the rapid breakdown of the primary vortex at about two lengths behind the MVG trailing edge. This
is consistent with surface ﬂow visualizations which shows the disappearance of two bright lines.6, 11, 17 (Note
that digitally enhanced images show that these two lines extend much further downstream.18 )
C.

Further Discussion

Babinsky et al.6 and Herges et al.11 thought that the disappearance of the bright lines is due to the
two primary vortices being lifted from the surface due to mutual upwash. However, based on topological
considerations, the two bright lines in surface ﬂow visualization are not associated with the primary vortex
pair but may be attributed to two secondary vortices along the corner of the MVG with the ﬂat plate that
originate from the leading-edge tips of the MVG. These vortices, as they clash behind the MVG, are likely
to be unsteady due to symmetry breaking and break down.
However, it is the break down of the primary vortex pair that is important here due to their relatively
large size and the outcome on downstream interactions. The breakdown of the primary vortex pair may be
due to the presence of an inﬂection surface of the velocity proﬁle in the MVG wake, the so-called momentum
deﬁcit. This inﬂection surface is somewhat circular15 and is analogous to the inﬂection point in plane shear
ﬂow. Thus, this type of instability is labeled Kelvin–Helmholtz-like21 and observed in the wakes of wallmounted obstacles at low speeds by various authors.29, 43–45 Mason and Morton43 suggested that inner
vortices, which may be the primary vortices of MVGs, are dominant and, even though they become unstable
and break up, the presence of these vortices is noticeable far downstream.
Velte et al.46 observed the presence of embedded longitudinal vortices shed from sub-boundary layer
vanes and discussed how vorticity rearranges the axial momentum distribution to the crosswise direction.
Lögdberg et al.’s47 visualizations showed a pair of turbulent vortical structures being convected downstream.
Their hotwire measurements indicated the presence of strong counter-rotating vortices emanating from the
MVGs but no evidence of unsteadiness was oﬀered. These authors suggested the presence of a “hooklike”
vortex core motion persisting as far as 200 vortex heights downstream.
Other studies have provided evidence that the ﬂow downstream of an MVG array is unsteady.48 Angele
and Grewe48 suggested that the unsteadiness contributes to maximum Reynolds stresses around the mean
vortex centers which should not be the case if the vortices were steady. Duriez et al.49 suggested that steady
spatial forcing at diﬀerent wavelengths produces a self-sustaining process between the streamwise velocity
streaks in a turbulent boundary layer and the streamwise vortices generated by an MVG array.
The circular upwash with momentum deﬁcit has been observed in the wakes of surface-mounted obstacles
at low and high speeds. Present evidence of this feature is provided indirectly by visualizations where the
lightsheet is located in a crosswise plane 20.6 mm (0.81 in.) downstream of the MVG trailing edge. A
few sequential frames at 15 Hz are shown in Fig. 13(a)–13(d). These individual frames show an unsteady
roundish blob of light scattered by the acetone droplets. This local lightsheet visualization technique was
deliberately used to highlight the ﬂow within the boundary layer, as contrasted against the spanwise global
lightsheet visualization of Bur et al.8 In the latter technique, the lack of seeding in the boundary layer
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

Figure 10. Sequence of frames at 15 Hz from local laser lightsheet visualization of bare flat plate.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

Figure 11. Sequence of frames at 15 Hz from local laser lightsheet visualization of MVG.
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(a)

(b)

(c)
Figure 12. Enlargements of Fig. 11(j).

resulted in these regions being dimly lit.
The rms of the light intensity of 118 images is shown in Fig. 13(g) to highlight the roundish structure.
The ﬁgure reveals that there is a structure with an unsteady rim. This unsteadiness can be interpreted to
be due to the convection of the large structures arising from the trailing vortex breakdown. It is not entirely
clear in the visualization whether these structures are haipin or ring shaped, although this distinction may
not be a critical one on how these vortical structures interact with a downstream separated zone.

IV.

Conclusions

Detailed lightsheet visualizations of the near wake of an MVG reveal the presence of large roller structures
that were previously identiﬁed as hairpin or ring vortices. These structures show a high level of intermittency.
These structures are considered to arise from the rapid break down of the primary vortex pair due to a
cylindrical Kelvin–Helmholtz-like instability surface.
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(a)

(b)

(c)

(d)

(e)

(f)

(g) RMS of 118 frames.

Figure 13. Spanwise, local laser light sheet visualization of MVG45.
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