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Abstract

A review is given to the major developments in the boundary layer control by means of micro
vortex generator (MVG). The appearance of MVG dates back to about three decades from
the present review and this class of device rapidly spreads as an efficient and robust boundary
layer control strategy for flows with separation in particular. Substantial successful
applications of MVG have been achieved in subsonic flows and its application into
supersonic flow is under progressive development, which requires the current status and
capability of MVG to be reviewed. The fundamental aspects of MVG are first summarized,
including its working principle and various geometries. Understanding of the fluid
mechanics involved in the wake of a MVG device is of uppermost importance: the time-
averaged and instantaneous wakes are discussed respectively. In the former, effects from the
MVG geometry parameters are presented; while in the latter, focus is placed on the
phenomenon associated with flow instability inside the wake. MVG’s applications in the
subsonic regime are discussed, which covers the fundamental flow separation investigations
and studies to tackle several practical problems. The ongoing studies in supersonic regime
dealing with shock wave boundary layer interaction (SWBLI) induced separation are
reviewed later, where the presentation is organized according to different types of SWBLI
with emphasis on the interaction region.

1. INTRODUCTION

In order to achieve improved aerodynamic performance of a flying vehicle in aerospace industry, one
may choose to design advanced aerodynamic components, resulting in the continuous effort in the
optimization of aircraft design [1]. One may, alternatively, opt to flow control. There are active and
passive control techniques, where pros and cons exist. The choice is really on a case-to-case basis.

The active flow control technique mainly contains ejection, suction and synthetic jet. Mechanical
actuator is naturally required, thus additional weight is added, leading to the weight penalty. In some
circumstances, redesign the vehicle component is required such that the mechanical actuator can be
housed. However, on the other hand, the active technique is adaptive to the flow condition, for that it can
be deactivated when flying at less server conditions. The plasma actuator is another novel type of active
technique. Its effectiveness in separation reduction in low speed applications has been confirmed [2]. But
due to the limited available excitation power, its application in supersonic flow is still under development.

The passive technique is different from the active type. It operates through a certain static aerodynamic
device which interacts with the local flow. The device used in passive flow control appears mostly in the
form of vortex generator (VG) and can already be seen in several models of aircrafts. Figure 1 displays
an array of vane-type VGs installed on the wing of an airliner for shock-buffeting control. The recent
development of VG introduces the concept of micro vortex generator (MVG), which maintains similar
overall shape as VG, but has height equaling only a fraction of boundary layer thickness. According to
recent studies, despite of its small size, the MV G still works efficiently in alleviating flow separation in
both subsonic [3] and supersonic regimes [4]. As a result, MVVG becomes an attractive flow control option
in aerospace engineering and has received substantial research focus to advance its applications.



Figure 1. An array of vane—typé VGs on the aircraft wing for shock buffeting control (photo
taken on a B737-800 operated by Transavia flying from Barcelona to Amsterdam).

MVG was originally proposed in the late 1980s to increase the performance of aircraft high-lift device,
such as flap [5]. It has been successfully used on several aircrafts since then and is still under development
for further improvement [6]. Following the success of MV G in subsonic flow, it is recently introduced
into the supersonic flow to tackle the problems caused by shock wave boundary layer interaction
(SWBLI), especially flow separation [7].

The understanding of the flow mechanics involved in the MVG flow grows. At the beginning, due to
the only availabilities of either single point (e,g, laser Doppler anemometry (LDA)) or two-dimensional
velocity field measurement techniques (e.g. planar particle image velocimetry (PIV)) and the limited
computational power, focus can only be placed on the time-averaged flow properties. Study of the
instantaneous three-dimensional flow becomes possible with the invention of volumetric measurement
technology, namely the tomographic PIV (Tomo-PIV) [8], and the realizations of computationally
expensive high-order schemes [9] and the advanced simulation algorithms (e.g. large eddy simulation
(LES), direct Navier-Stokes simulation).

The status of MVG studies and its applications requires this flow control technique to be reviewed,
so that some established understandings scattered in the literature can be concluded and suggestions for
further work can be made. The present paper will review and summarize the existing works on MVG
and its applications into various low speed and high speed flows. The fundamentals of MVG, such as the
working principle and its various geometries, will be first discussed. The wake flow properties produced
by MVG are going to be elaborated in detail in both time-averaged and instantaneous viewpoints, after
which applications of MVG in several flow problems will be summarized. Finally conclusions and
suggestions for future studies are given.

2. MICRO VORTEX GENERATOR

2.1 Principles of Operation

After years of exploration, the working principle of MVG is well understood and has been
elaborated in different works [4,10]. It has been known to control the boundary layer by means of
generating streamwise vortex, through which momentum exchange between the near wall region
with low momentum and the upper region of higher momentum is achieved. A front view of the
wake produced by the ramp type MVG is conceptually sketched in figure 2, where a pair of counter-
rotating vortices can be seen. Following the motion of vortical activity, upwash and downwash are
produced in the center and side respectively. The upwash then lifts the low momentum fluid off the
wall, whereas the downwash entrains high momentum fluid towards the wall. As a result, the near
wall region eventually obtains higher momentum and is capable of enduring the adverse pressure
gradient and more resistant to separation.
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Figure 2. Front view of the micro ramp type MVG wake (free stream velocity is pointing into

the plane).

2.2 MVG and Macro Vortex Generator (MaVG)

MVG is actually a recent development of MaVG concept, which was initiated by Taylor in the late 1940s
[11]. MaVG usually consists of an array of small vertical plates or airfoils that emerge out of the boundary
layer (see figure 3). An angle of attack was set relative to the local flow so that vortices could be produced
in streamwise direction. After development for more than 50 years, MaVG obtains various geometries,
such as vane and ramp. However, all the geometrically different devices share the similar principle of
generating streamwise vortex.

Different from MaVG, MVG features a height smaller than the boundary layer thickness. It is thus
also named sub-boundary layer vortex generator [12]. The MaVG and MVG are compared in figure 3.
According to the definition by Holmes et al. [12], MVG has a height equivalent to the boundary layer
momentum thickness (6). But, in recent studies carried out in the supersonic regime, VG devices with
height larger than the momentum thickness but smaller than the boundary layer thickness are also
practically used in the class of MVG [4, 13].

Apart from the height difference, the MVG is devised to increase the momentum exchange between
the outer and inner portions within the boundary layer, leading to a fuller velocity profile close to the
surface, as well as a velocity deficit above (see figure 4). Difference can be found in the boundary layer
profile controlled by MaVG, which is a result of momentum exchange between the region outside the

boundary layer and the wall region.

Boundary layer
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MaVG
Boundary layer edge

Figure 3 Size comparison of MaVG and MVG (adapted from Holmes et al. [12])
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Figure 4 Boundary layer (BL) profiles controlled by MaVG (a) and MVG (b) (adapted from
Holmes et al. [12]).



2.3 MVG geometry

2.3.1 Vane-type and ramp-type devices

Various types of MVVG have been investigated in literature, however, the two most studied ones in both
low speed and high speed flows are the vane and ramp types (see figure 5). The vane type MVG, namely
micro vane, is a piece of vertically installed plate with finite thickness. It has triangle [14], rectangle [15]
or trapezoid [3] profiles. The most important geometrical parameters of micro vane are height (h), chord
length (c) and angle of attack («). Single micro vane produces one streamwise vortex. When it is used in
array configurations, the micro vane may form co-rotating or counter-rotating (CR) configurations (see
figure 6), whose resulted vortex systems are sketched in figure 7. According to recent works, both
configurations have been used in low speed flows, while CR micro vane configuration are mostly applied
for high speed applications.

The micro ramp is a ramp-shaped MV G device with slatted side edges (see figure 5(b)). Similarly, its
geometry is defined by height h, chord length ¢ and half span angle a (equivalent to the angle of attack
for micro vane). As the micro ramp generates a pair of CR vortices, it is also the CR device. Although
the micro ramp and CR micro vanes produce similar streamwise vortex structures, the CR micro vanes
are able to generate stronger vortex in the immediate downstream [13].

(b)

Figure 5 Micro vane (a) and micro ramp (b).

Figure 7 Schematic cross-sections of streamwise vortex systems behind co-rotating MVG
array (a) and counter-rotating MVG array (b) (Kuethe 1972 [16]).

2.3.2 Development of MVG geometry

Recent studies on MVG propose revised MVG geometries in order to increase the control performance.
The split counter-rotating micro vane (figure 8(a)) is proposed by separating the two adjacent vane
elements with a certain distance, namely the trailing edge gap (g), through which the interaction between
the two vortices is reduced and eventually the decay of vortex intensity is delayed [13]. Following the
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same principle, the split micro ramp [13] (figure 8(b)) is devised. Another novel type of device was
proposed by mixing the features of micro ramp and micro vane. It thus has the name of ramped vane [17]
(figure 8(c)) and is expected to endure higher aerodynamic loads, which is especially advantageous for
supersonic applications.

(a) | — /

CI—

Figure 8. Recent development of MVG geometry: (a) split micro vane (counter-rotating); (b)
split micro ramp; (c) ramped vane.

3. WAKE PRODUCED BY MVG

Understanding the wake produced by MVG device is crucial for application. Fundamental investigations
dedicated to the MVVG wake were thus carried out. Their results on the time-averaged and instantaneous
descriptions will be discussed in the present section. It should be noted that the coordinate system adopted
here follows that used in most publications, namely the streamwise direction points to positive X, the wall
normal direction points to positive y, the z-axis follows the spanwise direction forming the right-hand
coordinate system, while the origin o locates at the point where the MVG trailing edge and wall connects.

3.1 Time-averaged wake

3.1.1 The velocity field

The time-averaged flow organization has been understood since the era when MVG concept was
introduced [18]. The typical velocity distribution pattern of the micro ramp wake is shown in figure 9.
The streamwise vortex pair is visualized through the projected vectors in figure 9(c). The circulation
induced by the streamwise vortex increases the tangential and radial velocity, thus the streamwise
velocity is reduced, resulting in a region containing lower magnitude of streamwise velocity, namely the
momentum deficit. Due to the velocity difference between the deficit region and free stream, a curved
shear layer wrapping the momentum deficit is formed. It is actually this shear layer plays a crucial role
in shaping the transient flow structure [19]. Following the motion associated with the vortex pair, upwash
and downwash are produced respectively. A similar wake structure is produced by the counter-rotating
micro vane, featuring the deficit region and curved shear layer (see figure 10).
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Figure 9 Cross- sectlon of micro ramp wake at x/h=9 (Ma=2.0, 6=5.3 mm): (a) U/U=, (b) V/U-,

(c) W/U-. Vectors are projected in the contour of w (data acquired from the Tomo-PIV
measurement of Sun et al. [20]).

—
Figure 10 Cross-section of micro vane wake at x/h=18.9 (Ma=3.0). The contour is colored by
U/U- (adapted from Lee et al. [13]).

The wake velocity magnitude evolves when travelling downstream, which can be represented through
a decay process. Babinsky et al. [4] and Nolan & Babinsky [21] measured the wake velocity decay
resulted from micro ramps with different heights. Their studies discovered that the maximum deficit
velocity (Umin within the wake region) follows similar trajectory when the wake is scaled with ramp
height. As a result, the ramp height is later commonly chosen as the length scaling parameter. The decay
of wake velocity profile was also studied by Herges et al. [22] using Stereo-PIV. Sun et al. [23] paid
special attention on the decay behavior till downstream position of x/h=30 in the center plane using planar
PIV and formulated an exponential decay law for both the maximum deficit velocity (Umin) and peak
upwash velocity (Vmax). The recovery of deficit velocity as well as the elevation of the deficit region are
visualized in figure 11, whereas the decay of upwash velocity in center plane can be seen in figure 12.
Moreover, the faster decay of the upwash velocity can be identified through cross-comparison of U and
V profiles.
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Figure 11 Profiles of tlme -averaged streamwise velocity U in the center plane (data acquired
from planar PIV experiment in [23]).
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Figure 12 Profiles of time-averaged wall-normal velocity V in the center plane (data acquired
from planar PIV experiment in [23]).

3.1.2 The streamwise vortex

A conceptual model describing the organization of multiple streamwise vortex filaments was provided
by Babinsky et al. [4], see figure 13. The primary vortex in the wake center dominates the vortical
structures, while several other secondary filaments also co-exist. The secondary vortex originating from
the junction of MVG trailing edge and wall has been identified in wind tunnel experiments through
surface flow visualization [4, 22, 24, 25]. The visualization image of Lu et al. [24] is shown in figure 14,
where the traces of secondary vortices vanish till about 5 ramp heights downstream, suggesting its
relatively shorter life.

Secondary vortices

. /
Primary vortex

Corner separation

Figure 13. A conceptual model for the streamwise vortex system [4].

Secondary vortex

>

Primary vortex

Figure 14. Surface flow visualization for the primary and secondary vortices [24].

3.1.3 Effects of geometry parameters on the MVG wake
The MVG wake and the embedded vortex are closely correlated with MVVG geometry. In this section,
effects from MVG height and device sweep angle (angle of attack) will be discussed.

Effect from MVG height

The micro ramp height effect has been studied by Lee et al. [13] using implicit large eddy simulation
(ILES), where a baseline micro ramp with height h and one with half height (0.5h) were simulated. Their
wakes, represented through velocity deficit, from both devices obtain similar width at the immediate
downstream. However, a lower wake from the half-height ramp can be observed downstream at x/h=19
(see figure 15(a)(b)).

The height effect on vorticity intensity (wmax) Was studied by measuring single vane type VG of two
heights (4/6=0.2, 1) in low speed flow by means of Stereo-PI1V [15]. The non-dimensional peak vorticity
produced by the smaller vane is about 1/3 strength of that produced by the larger vane in the close
proximity of device trailing edge, see figure 16. This difference in intensity is maintained till 40 vane
heights downstream.
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Figure 15 Wake cross-sections (x/h=0, 19) of micro ramp with different device heights (h,
0.5h) and sweep angles (a, 0.5a): (a) baseline micro ramp, (b) half-height micro ramp, (c) half
sweep angle micro ramp (adapted from Lee et al. [13]).
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Figure 16 Peak vorticity produced by vane-type vortex generators with different heights
(adapted from Yao et al. [15]).
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Figure 17 Peak vorticity produced by micro vane at three different angles of attack (adapted
from Yao et al. 2009 [15]).

Effect of sweep angle

The sweep angle of micro ramp or the angle of attack of micro vane also influence the velocity field
and the resulted vorticity strength. In the same ILES study [13], the wake produced by the baseline micro
ramp («) and a micro ramp with half sweep angle (0.5a) were compared (figure 15(a)(c)). It is apparent
that the wake from the half-sweep ramp is smaller in width. However, both wakes exhibit similar heights,
suggesting that the sweep angle determines the wake width.
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The sweep angle effect on vortex intensity was also studied experimentally by installing a micro vane
at three angles of attack [15]. The device at a larger angle of attack was revealed to generate stronger
vorticity (see figure 17), but the difference shrinks at downstream locations. Eventually, all the vortices
approach similar magnitude at about x/h=50.

3.2 Instantaneous flow organization

The instantaneous flow exhibits structures strikingly different from the time-averaged one due to the
flow instability of Kelvin-Helmholtz (K-H) type that takes place in the wake shear layer. The feature of
this phenomenon is that the flow interface, namely the shear layer, rolls up and gives rise to intermittent
vortices in cross flow plane [26]. One instantaneous flow snapshot and the time-averaged velocity field
at the center plane are compared in figure 18, where the instantaneous MVG wake appears to be
dominated by intermittent packets containing high/low velocity. This instability phenomenon was also
qualitatively observed through laser smoke visualization (figure 19(a)) and nanoparticle-based planner
laser-scattering (NPLS) visualization [27] where the imprints of roller structure are apparent [28] (figure
19(b)).

0.6

0 15 20 25 30 0-4

x'h
Figure 18 Instantaneous (a) and time-averaged (b) velocity field in the center plane of micro

ramp wake measured by planar PIV, contour colored by velocity magnitude vu? + v2/U2
(data acquired from Sun et al. [23]).
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Figure 19 Visualization of the instantaneous micro ramp wake, (a) laser smoke visualization
(Lu et al. [24]); (b) NPLS visualization (Wang et al. [28]).

The shear layer has been shown earlier to curve around the velocity deficit region. As a result, the
associated K-H vortices shall follow the wake curvature in the lateral plane. Li & Liu [29] first visualized
the three-dimensional K-H vortices in the micro ramp wake using ILES, and the discovery was later
confirmed by Sun et al. [20] experimentally through Tomo-PIV, see figure 20(a)(b) respectively. The
three-dimensional vortical organization was actually conceptually sketched earlier by Blinde et al. [30]
through a Stereo-PIV investigation of micro ramp wake in the horizontal planes, where the cross sections
of leg portions of the K-H vortices were identified. Arecent LES simulation of the micro ramp flow (Xue
et al. [31]) again confirmed the complex vortical structure in the near wake, see figure 20(c). A first effort
on the analysis of the generation of K-H vortex chain was given by Li & Liu [32]. According to the
analysis of Sun et al. [33], the K-H vortex is subject to growth from the arc-shape to a full ring, based on
the spatial auto-correlation in different regions in the wake center plane [23]. The co-existence of the
streamwise vortices and K-H vortices triggers the vortex interaction. Cross-correlation of their intensities
revealed that the generation of K-H vortex decreases the strength of streamwise vortices [23]. It is well
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known that the streamwise vortices execute the flow control function, the reduced streamwise vortex
intensity due to vortex interaction, in the transient sense, may affect the control result. However, in the
time-averaged sense, the local adverse effect can be averaged out, as the K-H instability is not shown in
the time-averaged flow field.

$
5
&

;-\-

.\g\
\&:f
¥

/
slrga %
P
(b) (©)

Figure 20 The vortical structure in the micro ramp wake: (a) the Az isosurface representing the
wake vortical structure from ILES simulation [29]; (b) the conditional averaged result of Tomo-
PIV measurement [20]; (c) the Az isosurface representing the near wake vertical structure
from LES [31].

3. APPLICATIONS OF MVG

The growing understanding on the MVG wake accelerates MVG’s readiness for application. It has
received established applications in subsonic flow, although its usage in supersonic flow is still under
exploration. In the present section, the existing works will be discussed according to the speed regimes
where the MVG is installed.

3.1 MVG in subsonic flow

3.1.1 Fundamental separation control

Fundamental studies have been carried out in the subsonic regime so that MVVG’s capability in
separation reduction can be evaluated. An exploratory experimental study performed by Rao &
Kariya [10] compared several types of MVG including the vane VG (4/0~1), semi-circular rod
(h/6=0.35, 0.56) and concave slat (4/0=0.56). These three types of devices were installed in both co-
rotating and counter-rotating configurations on a flat plate. The free stream velocity was 12 m/s and
the boundary layer thickness was 22.9 mm. A nearly two-dimensional separation zone was
established on the flat plate by adjusting the upper wall to a deflection angle of 20°, see figure 21(a)
for the experimental setup. The flow field was evaluated by measuring the static pressure recovery
across the separation zone as well as the total pressure loss for each type of device. The effects of
device height, lateral spacing and angle of attack were tested. Finally, the results showed that MVG
device has the potential of exceeding the performance of a conventional VG.

9:1 PRIMARY

CONTRACTION

4:1 2-D

CONTRACTION

ADJUSTABLE FLAP
FOR PRESSURE

GRADIENT CONTROL

LAYER PLATE Ty
VORTEX / B
GENERATORS
CENTERLINE ROW—-/ EXIT TOTAL\
OF STATIC TAPS PRBS%EIF(!E
(a) (b)

Figure 21 Experimental setups for fundamental separation control by MVGs: (a) separation
established by deflecting wind tunnel roof [10] (b) separation established on the backward
facing ramp [5], the arrow points to the MVG device.
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Fundamental studies on separation control were also carried out by Lin et al. [5,18]. The
experiments were performed in a shear flow wind tunnel with free stream velocity of about 40 m/s
and boundary layer thickness of about 32.5 mm. Instead of adjusting the wind tunnel top wall, the
separation was established on a backward facing ramp, see figure 21(b). Three types of MVG with
various heights were installed: micro vane (4/6=0.1, 0.2, 0.8), Wheeler doublet MV G (#/6=0.1, 0.4)
and wishbone MVG (4/6=0.1, 0.2, 0.4). Moreover, the effects of installation location and the device
lateral spacing were also investigated. The flow fields were eventually evaluated through the static
pressure recovery along the wind tunnel centerline in combination with surface flow visualization.
These experiments confirmed the effectiveness of MVG in separation reduction.

Ashill et al. [34] performed a separation control experiment where the separation was introduced
by placing a bump in the test section. A boundary layer tunnel was used with free stream velocity
of 40 m/s and a boundary layer thickness of 40 mm over the bump. Three types of MVGs including
the micro ramp, micro vane and split micro vane (with the gap g=1h) were tested. All the devices
had the same height of h=10 mm, resulting in a height ratio of #/0=0.25. Different from the previous
two experiments, velocity was measured by LDA. A significant reduction in separation was
achieved at the rear of the bump for all three devices, among which the split micro vane yielded the
best outcome. Since then the split MVG device is adopted in later studies.

The above fundamental studies are summarized in table 1. Note that the ratio /0 is considered
important for MV G study because it determines the relative size of MVVG compared to the boundary
layer. This ratio will also be stressed in the remainder of present review.

Table I. Studies of MVG for fundamental separation control.

U, (Mls) o (mm) h/d MVG

Rao & Kariya [10] 12 22.9 0.35, 0.56 semi-circular rod
0.56 concave slat
1.0 vane

Linetal. [5] 40 325 0.1,0.2,0.8 micro vane
0.1,04 Wheeler doublet
0.1,0.2,04 wishbone

Ashill et al. [34] 40 40 0.25 micro vane
0.25 split micro vane (g=1h)
0.25 micro ramp

3.1.2 Applications in subsonic flow
The above fundamental studies verified MV G’s ability in separation reduction and led to applications of
MVG into various engineering problems.

The most successful application of MVG in aeronautical industry is its alleviation of flow separation
on the wing high-lift device, namely flap. This idea was initiated by Lin et al. [5]. Wind tunnel
experiments were carried out and the measurements were made on a single-flap three-element airfoil
model (see figure 22) at Ma=0.2. The MVGs tested were the triangle and trapezoid micro vane in both
co-rotating and counter-rotating arrays. They were placed at three distances from the flap leading edge.
The counter-rotating trapezoid vane was found to work most effectively when placed at 25% of the flap
chord. An additional benefit of this installation position is that the MVG could be stowed under the main
wing at cruise thus no additional drag will be introduced.

Low-profile

VGs deployed for high lift

Figure 22 Multi-element airfoil at high lift configuration with trapezoid micro vane in counter-
rotating configuration [5].

11



Another study with similar objective was performed within the aircraft wing advanced technology
operations program from Airbus [6], which includes a series of wind tunnel experiments and flight tests.
The first wind tunnel experiment was carried out at Reynolds number of Re=2.2x10°. Two arrangements
of micro ramps were used and the wing lift coefficient increased by 2% for the flap deflection of 35°.
Follow-up tests were performed at a higher Reynolds number of Re=6.6x10°, where flow separation was
significantly reduced by the MVGs at the same flap deflection angle of 35°. The MVGs were finally
tested on an A340 flying testbed. It was demonstrated that MV Gs can improve the low speed performance
by reducing flow separation on the flap at full-aircraft scale.

Apart from the multi-element wing, MVG is also possible to be used in other places of an airframe.
It was once installed on the V-22 aircraft for forward flight performance improvement, as flow separation
over the midwing can be reduced [35].

3.2 MVG in supersonic flow

Aunique flow feature in the supersonic flow is the shock wave, an aerodynamic interface bridging abrupt
change of aerodynamic parameters, e.g. velocity, pressure. As soon as the shock wave encounters the
boundary layer, comes the problem of shock wave boundary layer interaction (SWBLI), resulting in
undesired problems, one of which is the boundary layer separation caused by the adverse pressure
gradient associated with the shock wave. MV G was recently proposed to reduce shock induced separation.
Although its early applications may date back to the late 1980s [36], the boom of studies on this topic
occurs only very recently. The present review on MVG in supersonic flows will be organized according
to the types of SBWLI, namely SWBLI produced by incident and normal shock wave respectively, and
SWBLI on the compression ramp.

3.2.1 MVG and incident shock wave boundary layer interaction (ISWBLI).

The ISWBLI has been discussed extensively by Dussauge et al. [37]. The incident oblique shock wave
and the reflected shock wave are among the most significant flow structures in ISWBLI. An interaction
region exists between the two shock feet. According to the occurrence of flow separation in the
interaction region, ISWBLI can be classified into unseparated case and separated case. In the latter case,
a reattachment shock wave forms immediately downstream of the separation bubble, see figure 23.

Reflected shock wave

Incident shock wave \

.
Expansion waves ,-* -7

Reattachment shock wave

Compression waves

1ding streamline “ Sonic line

Separation bubble

Figure 23 Schematic of the features of ISWBLI with separation (from Humble [38], based on
Delery & Dussauge [39]).

The separated case of ISWBLI has been widely adopted to test the separation control effects of MVG.
Babinsky et al. [4] performed an important experimental study, which later becomes the datum for
subsequent numerical studies. The experiment was carried out in the supersonic wind tunnel operating
at Ma=2.5. The boundary layer (6~6 mm) that develops over the wind tunnel floor was used to interact
with the shock wave generated by a 7° wedge. Two geometrically similar micro ramps with heights of 3
mm and 6 mm (4/6=0.5, 1.0) were installed and they were placed in both single and array arrangements
respectively. The control effects were evaluated through oil flow visualization (see figure 24(a)) and
surface static pressure variation across the interaction region. Velocity profiles were also studied at
various streamwise and spanwise positions such that the three dimensional effects could be evaluated.

The experimental setup of Babinsky et al. [4] was later simulated by Galbraith et al. [40] using
Reynolds averaged Naiver-Stokes simulation (RANS), where the micro ramps with height of 3 mm were
arranged in the forms of single and staggered rows. The flow topology in the interaction region was
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discussed in detail. The separation appears to be modulated in spanwise direction containing several
individual "owl-face" separation bubbles, see figure 24(b). Another follow-up RANS study using
immersed boundary treatment was carried out by Ghosh et al. [41], where the micro ramps were only in
the single row configuration. The visualization of separation region qualitatively confirmed the previous
experimental and numerical findings, see figure 24(c).

vortical structures

foci of separation

@ o (b) (©)
Figure 24 Flow visualizations in the interaction region: (a) oil flow visualization [4], (b)
numerical surface streamlines [40], (c) near surface streamlines [41].

MVG effects on ISWBLI at a higher Mach number of Ma=3.0 was studied by Lee & Loth [13] using
ILES, where the incident shock wave was generated by an 8° wedge and various types of MVG were
considered. Investigation in the cross-flow planes allowed to quantify the decay of streamwise vortex
intensity. Among all the devices studied, the peak vorticity produced by ramped vane produces the
strongest intensity and the slowest decay, confirming the conclusion from experiment in subsonic flow
[42]. The ramped vane also yields the best performance in terms of separation reduction.

Another experimental study was carried out by Blinde et al. [30] at Ma=1.84. Stereo-PIV was used to
study the flow resulted from micro ramps in single-row and staggered-row arrangements. The time-
averaged velocity and velocity fluctuation were investigated in two planes parallel to the wall, see figure
25 for the time-averaged streamwise velocity distributions in the interaction region. According to the
statistical analysis, probability of separation decreases in the position downstream of the micro ramp
trailing edge, whereas increased probability was found in the rest regions. Relating the aforementioned
studies, it could be concluded that separation in the interaction region is strongly modulated by the
presence of MVG.

Figure 25 Streamwise velocity in the wall parallel plane showing effects of micro ramp arrays
on ISWBLI, contour colored by U/U-: (a) uncontrolled; (b) controlled by micro ramps in single
row; (c) controlled by micro ramps in staggered rows [30].

Figure 26 NPLS visualizations of ISWBLI without control (a) and with micro ramp control (b).

Another experimental study on micro ramp was carried out by Bo et al. [43] using NPLS, a technique
taking advantage of the much shorter response time of nanoparticles [27].The interaction regions with
and without micro ramp control are compared in figure 26. It is obvious that the interaction region is
significantly altered by the passing K-H vortices, moreover, the foot portion of reflected shock wave is
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distorted. At this point, one may wonder whether the distorted shock wave will place any additional
effect on the interaction. The answer is not clear so far and further investigation is needed.

Optimization studies of micro ramp [44, 45] were carried out making use of ISWBLI. In the work of
Anderson et al. [44], geometrical parameters including ramp height (h), chord length (c), device lateral
spacing (s), the number of devices and the distance between ramp trailing edge and interaction region of
SWBLI were considered as inputs. The pressure jump across the SWBLI (4P/Pg) and boundary layer
shape factor (H) were chosen as response target and the response surface method (RSM) was used to
determine the optimum. Results showed that H is not minimized in the design space as AP/Py is
maximized. In the other optimization study by Hirt & Anderson [45], only (h, c, s) were chosen as inputs,
while the boundary layer thickness (5) and shape factor (H) were alternatively taken as response
parameters. The RSM results revealed again that H is decreased at the cost of & increase. Therefore, it
can be concluded for MVG that optimization of one parameter is at the detriment of the other, and trade-
off should be taken into consideration.

The MVG studies in this category are summarized in table II.

Table Il. Studies of MVG for ISWBLI control.

Shock
Ma 6 (mm) h/o generator MVG
Babinsky et al. [4] 25 6 0.5,1.0 7° Micro ramp
Galbraith et al. [40] 25 75 0.4 7° Micro ramp
Ghosh et al. [41] 2.5 6 0.5,1.0 7° Micro ramp
Lee & Loth [13] 3.0 -* 0.25,0.5 8° Micro ramp
0.5 micro vane
0.5 split micro ramp
0.5 split micro vane
0.5 ramped vane
Blinde et al. [30] 1.84 19 0.2 10° Micro ramp
Bo et al. [43] 2.7 6.3 0.48 10.5° Micro ramp
Anderson et al. [44] 2.0 114 0.26,0.35,0.44 10° Micro ramp,
micro vane
Hirt & Anderson [45] 2.0 114 0.26,0.35,0.44 8.5° Micro ramp

* Data not available.

4.2.2 MVG and normal shock wave boundary layer interaction (NSWBLI)

The NSWBLI usually occurs at the entrance of a supersonic diffuser and may also takes place on an
airfoil at transonic speed (typically when Ma=0.7~0.9). For the latter case, it is known as shock-buffeting
phenomenon [46]. A typical NSWBLI is represented schematically in figure 27. The normal shock wave
features a A-pattern shock system. The front leg is located at the beginning of the separation region and
the rear leg is generated at the other end due to the boundary layer reattachment. A slip line forms at the
intersection of the front and rear legs.

I J_ Slip line

Figure 27. Schematic of the features of NSWBLI with flow separation [38].
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The aerodynamic group of the University of Cambridge has carried out a series of studies on the
NSWBLI control using MVG. Holden & Babinsky [14] performed experiments at Ma=1.5, where the
normal shock wave was produced by adjusting the second throat downstream the test section. The
turbulent boundary layer that naturally develops over the tunnel floor was used to interact with the normal
shock wave and had a thickness of about 5.7 mm. The micro vane with height of 1.25 mm (4/0=0.22)
and the micro ramp with a height of 2 mm (4/6=0.35) were tested. The normal shock wave was set at two
positions, one at the MVG trailing edge and the other at 50 mm downstream the MVG trailing edge (40h
for micro vane and 25h for micro ramp). Pressure measurement across the interaction region in
combination with Schlieren photography and oil flow visualization were used to assess the effectiveness
of MVGs. The micro vane was revealed to be more effective in separation reduction and induce the least
wave drag among those tested.

Another study by Babinsky et al. [47] investigated the effect of micro vanes for a NSWBLI at Ma=1.3
and 1.5. In addition to shock induced separation, flow separation at a 6° expansion corner, replicating a
supersonic diffuser, was studied. The normal shock wave was shifted at two locations by adjusting the
supply and exhaust pressures. The micro vane was the same as that used in the previous study of Holden
& Babinsky [14], thus the height ratio h/ is 0.18 and 0.22 for Ma=1.3 case and Ma=1.5 case, respectively.
The flow separation was also monitored by oil flow visualization.

In the follow-up study of Titchener & Babinsky [48], a shock holder was installed above the expansion
corner in order to stabilize the normal shock wave. The Mach number was changed to Ma=1.4 and the
shock wave was positioned exactly at the entrance of the expansion corner. A micro ramp and a ramped
micro vane with the same height of h=2 mm (h/8=0.38) were placed at three distances upstream the shock
wave, namely x,/h=1.7, 31.5, 46.5. According to the pressure measurement and the oil flow visualization,
separation reduction was achieved at the cost of increased three-dimensionality. Using the same
experimental setup, the ramped vane with h=2, 3, 4 mm (h/6=0.38, 0.57, 0.76) and the split micro ramp
with h=3, 4 mm (h/6=0.57, 0.76) were investigated by Rybalko et al. [49]. The MV G arrays were placed
at three distances from the diffuser entrance, namely 80, 133, 187 mm. An optimum was obtained for the
largest ramped micro vane (h/6=0.76) when placed at 133 mm, namely 33.25h, upstream of the
interaction region. For this configuration, the smallest centerline incompressible boundary layer shape
factor and least streamwise oscillations of normal shock wave were achieved.

A supersonic diffuser geometry featuring a 5° expansion angle was simulated by Lee et al. [50] and
Lee & Loth [17] using ILES. A normal shock wave was located immediately upstream of the diffuser
entrance and the free stream Mach number was Ma=1.3. Three types of MVVGs were simulated: micro
ramp, split micro ramp and ramped vane. A wide range of parameters including device height, width and
split distance were considered. In the former study, the performance of MVGs was evaluated in terms of
separation reduction, downstream boundary layer shape factor, and total pressure recovery. The split
micro ramp and ramped vane with largest split gap were able to reduce the separation area by as much
as 27%, while the largest shape factor was produced by the ramped vane of smallest height. An example
of the flow field downstream of the MV G is shown in figure 28. In the latter study [17], focus was placed
on revealing the mean and instantaneous flow structure as well as the turbulence properties in the wake
of the ramped vane.

- : .. - ey > ;
%i SR LD S e ()
- - -
L — . Lok - - Ve R
! ;ﬂr,- s B AN O )
.“- ﬂ. : ,;..; sora »” —— -
. & ~ . e -
> S e TR
2 =W o i S - R at
oo, N T U T T

-0.03 -002 -001 0.00 001 002 004 005 0.06 007 0.08

Figure 28 Contours of instantaneous streamwise velocity at y+=1 in the MVG control of
NSWABLI: (a) uncontrolled; (b) micro ramp; (c) ramped vane [50].
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Herges et al. [22] used Stereo-PIV to study the NSWBLI controlled by micro ramp, which was
installed upstream of NSWBLI at Ma=1.3. Five spanwise planes were measured allowing the three
dimensional effect to be studied. The field of view (FOV) has long extension in streamwise direction
such that development of the velocity components and the turbulent quantities can be evaluated across
the interaction region. The boundary layer shape factor (H) was studied. A smaller H was measured
directly downstream of the micro ramp trailing edge, whereas a larger H was found away from the center
plane. Afurther experimental investigation performed by Herges et al. [51] concerned the effect of MVGs
on stabilizing shock oscillation. A similar experimental setup as the one in Herges et al. [22] was used,
but a diffuser was added. The micro ramp and ramped vane were studied and shock waves were
positioned immediately upstream and downstream of the diffuser entrance respectively. It was found that
the MVGs were able to stabilize the shock unsteadiness when the shock wave was positioned in the
diffuser. In contrast, the shock unsteadiness increased slightly when the shock wave was upstream
diffuser entrance.

The studies of MVG control for NSWBLI are summarized in table 111.

Table Ill. Studies of MVG for NSWBLI control.

Ma J (mm) h/o MVG
Holden & Babinsky [14] 15 5.7 0.22 Micro ramp
0.35 micro vane
Babinsky et al. [47] 13 6.9 0.18 Micro vane
15 5.7 0.22
Titchener & Babinsky [48] 14 5.3 0.38 Micro ramp
0.38 ramped vane
Rybalko et al. [49] 1.4 5.3 0.38,0.57,0.76  ramped vane,
0.57,0.76 split micro ramp
Lee et al. [50] 13 -* 0.34 Micro ramp
0.34 split micro ramp
0.23,0.34,0.52  ramped vane
Lee & Loth [17] 1.3 -* 0.52 Ramped vane
Herges et al. [22] 1.3 4.77 0.36 Micro ramp
Herges et al. [51] 13 4.77 0.4 Micro ramp
0.4,0.6 ramped vane

* Data not available.

4.2.3 MVG and the compression ramp interaction

The compression ramp interaction is the third type of SWBLI that is usually encountered in supersonic
aerodynamics. A schematic overview of the compression ramp interaction is shown in figure 29. Due to
the flow deflection and associated obligue shock waves, a strong adverse pressure gradient is generated
at the corner region, where a separation bubble is resulted. In the case of figure 29, an oblique shock
wave is formed at the beginning of the separation region and a reattachment shock wave is produced at
the point where boundary layer reattaches.

reattachment
compression fan

separation
compression fan Separated

shear layer

undisturbed
boundary-layer

prr_\'x:’p
Figure 29 Schematic of the flow over a compression ramp [52].

16



Figure 30 Surface streamlines at the ramp corner [29].

In the work of Li & Liu [29] the effect of micro ramp on the flow separation at a 24° ramp was
investigated using ILES. The reduction of flow separation was visualized right after the micro ramp
trailing edge, which is similar to the observation in the previous studies on ISWBLI and NSWBLI control.
The shock structure is also significantly altered due to the presence of micro ramp. The leading foot of
the shock system in the uncontrolled case disappears in the center plane (figure 31). Distortion of shock
wave similar as that occurred in figure 26 can be observed in figure 31(b), which leads to the investigation
of the K-H vortex and shock interaction [53]. However, the study remains in the stage of qualitative
observation and is not sufficient to give definitive suggestions.

(a) (b)
Figure 31. Numerical Schlieren at the center plane of compression ramp control: (a) no
control; (b) micro ramp control [29].

The effect of the micro ramp on the flow unsteadiness in the separation region of a 24° compression
ramp interaction was investigated experimentally by Verma et al. [52]. A close correlation between the
pressure fluctuation and the device lateral spacing was detected. It was thus concluded that a smaller
lateral spacing is beneficial in stabilizing the pressure oscillation in the separation region.

Studies of MV G control towards compression ramp interaction are summarized in table IV. It can be
seen that studies in this class has not received as much attention as in the previous two types.

Table IV. Studies of MVG for compression ramp interaction control.

Ma J (mm) h/o Ramp angle MVG
Li & Liu [29] 2.5 -* 0.5 24° Micro ramp
Verma et al. [52]. 2 1.53,3.85 0.26,0.65  24° Micro ramp

* Data not available in the literature.

5 CONCLUSIONS
Areview on the MVG wake flow and its impact to flow separation that occurs in different flow regimes
has been presented. MVVG’s potential in separation control has been initially demonstrated in low speed
flows. Numerous scholars and engineers are being inspired to conduct follow-up studies in order to
extend its applications. The recent research boom in MVG for SWBLI control has confirmed its control
capability in high speed aerodynamics.

Considering the achievements out of the studies reviewed above, some general conclusions on
boundary layer control by means of MVVG can be made:

MVG wake
e Co-rotating and counter-rotating configurations are adequately used in subsonic flow, but
the latter is preferred for high speed flow applications.
e The counter-rotating MVG array has similar major flow structure when used in both
subsonic and supersonic flows.
e The MVG wake is affected by the device geometry. The device height determines the wake
height, while the span angle determines the wake width.
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e The micro vane (counter-rotating) generally produces stronger vortex than the micro ramp
with the same height.

e The primary vortex pair is affected by the device tailing edge gap, which reduces their
mutual interaction.

e Flow instability happens at the wake shear layer and gives rise to the K-H vortex.

MVG flow control

e The MVG is able to reduce flow separation at both subsonic and supersonic flows.
e The MVG controlled separation region exhibits three-dimensional effect and most
reduction happens in the locations right after the MVG trailing edge.

As can be seen in the above review, the engineering application of MVG to tackle the flow
problems in supersonic flow is still in progress. Fundamental studies are needed to address the
unsolved problems, such as the K-H vortex and shock interaction. Moreover, further studies on
MVG installation in certain actual test rigs, such as model supersonic intake, may be beneficial to
the realization of this flow control technology in high speed flows.
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